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Foreword

River training works have often led to a reduced hydrodynamical and morphodynamical variability 
and an impoverished ecological value. The effective implementation of renaturalization projects 
requires a good knowledge on hydrodynamical, morphodynamical, and ecological processes occurring 
in river systems. Specifically, the mutual interactions between the physical and biological components 
of the ecosystem represent a main challenge for projects aiming to increase stream biodiversity. Recent 
research projects handling both physics and biology in rivers have demonstrated the importance of 
cross-disciplinary research.

One of those projects concerns a collaboration between the Leibniz-institute for Freshwater Ecology 
and Inland Fisheries, Delft University of Technology and Ecole Polytechnique Fédérale de Lausanne, 
which is sponsored by the German Research Foundation (DFG) and the Netherlands Organisation for 
Scientific Research (NWO). This project has led to the initiative to organise a small-scale colloquium 
on ecohydraulics with the aim to bring together scientists and engineers with a strong interest in 
environmental flows, river morphodynamics and aquatic ecology. The main topics are:

 • Drift, distribution and biodiversity of invertebrates related to hydraulic stress,
 • Sediment transport, morphodynamic processes and dispersion,
 • Fish behaviour in relation to flow and morphology,
 • Vegetation development and flow and sediment interactions,
 • Eco-engineering and stream restoration.

This book contains the extended abstracts of the oral and poster presentations given during the 
colloquium that was held June 15-17, 2011, in Clermont-Ferrand, France.

Wim Uijttewaal, Johannes Steiger, 
Xavier Francois Garcia, Koen Blanckaert
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KEYNOTE LECTURE 
Bed-sediment engineering by running water, plants and animals: 

implications for sediment transport and morphodynamic processes

B. STATZNER1

ABSTRACT. Recent developments in biogeomorphology in combination with the increasing interest 
of ecologists in ecosystem engineering by organisms initiated considerable research on the impact of 
running water (i.e. lotic) animals and plants on fluvial bed sediments and the transport of solids. This 
research provided multiple evidence from field and laboratory observations and experiments that many 
species among algae, larger macrophytes, riparian vegetation, mammals, amphibians, fish, insects, 
crustaceans, mollusks, and worms engineer bed sediments of running waters with diverse mechanistic 
“tools”, thereby perturbating or consolidating the sediments in many running water types across 
continents, seasons, habitat types, particle sizes, and discharge levels (baseflow vs. flood). Furthermore, 
many animals modify the bed-sediment engineering by plants. Modeling effects of bioturbating lotic 
animals across species and relatively simple environmental conditions (in mesocosms) provided highly 
significant results for nine sediment variables describing baseflow and flood-induced sediment transport 
as well as sediment surface modifications. For example, bioturbator biomass and/or algal abundance 
in combination with physical variables such as baseflow shear stress or gravel size explained ~80% of 
the variability in sediment responses such as the overall baseflow sediment transport and, as a result of 
the baseflow sediment-surface engineering by the animals, the flood-induced gravel or sand transport. 
Confronting these seemingly encouraging experimental results with real world conditions, however, 
illustrates considerable problems to unravel the complexity of biotic and physical factors that vary 
temporally and interfere/interact non-linearly in a patchy pattern in small parts of real river beds, 
where baseflow bed-sediment engineering by lotic organisms prevents or fosters mass erosion during 
subsequent floods. Despite these complications, these problems must be solved, as bioturbators such 
as crayfish and bioconsolidators such as silk-spinning caddisflies may locally modify (i) transport rates 
of fluvial sediments over three orders of magnitude and (ii) frequencies of mass transport events over 
five orders of magnitude.

KEYWORDS: animal-plant-flow interactions, bioconsolidation, bioturbation, sediment transport frequency, 
sediment transport rate, biogeomorphology.

1. CNRS – Écologie des Hydrosystèmes Fluviaux, Université Lyon 1, France.
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among fine sediment particles, thereby increasing τc 
for finer sand by up to 3 000%. Macrophytes reduce 
the local flow velocity with stems and leaves and fix 
the bottom substrate with rhizomes so that it requires 
up to 200% higher forces to dislodge cobbles. Finally, 
roots of riparian alder trees prevent the erosion of 
large quantities of soil from river banks (3-4 m3 per 
m river length).
Among lotic animals, caddisflies, aquatic moths, and 
dipterans produce silk, thereby creating consolidating 
silk bridges among sediment particles. For example, 
hydropsychid larvae may spin silk threads that, over 
a year, may reach a cumulative length of hundreds of 
kilometers per m2. Therefore, across natural biomass 
gradients, larvae increase τc for gravel by up to 240%. 
A different mechanism to consolidate bed sediments 
is to perturbate the sediment surface. Predaceous 
stoneflies bioturbate fine sediments among cobbles 
in river runs when hungry, thereby clearing the upper 
interstitial space from fine sediments, which increases 
cobble τc by ~50%. At a totally different scale (being 
~5 orders of magnitude heavier than the stonefly), 
female salmonids perturbate bed sediments when 
digging spawning redds, thereby increasing gravel τc 
by ~60% near the egg pocket. Finally, many mussel 
species are so heavy that they compress sediments, 
which increases τc for sand and gravel by 24%.
In comparison to examples on sediment consolidation 
by lotic animals, we have many more examples on their 
role as bioturbators. Feeding, burrowing, building 
tubes and ventilating them, small worms, midges, or 
crustaceans increase the mixing rates of fine sediments 
at the bottom surface by up to 750%. Similarly, 
hunting predaceous stonefly larvae erode sand from the 
interstices among cobbles (estimated to 200-400 kg 
m-2 yr-1). Because of their size and their behavior 
(walking, swimming, fighting), freshwater crayfish are 
extremely effective bioturbators of river sediments. 
They may transport considerable amounts of gravel 
during baseflow, thereby modifying the sediment 
surface and reducing τc for sand and gravel by up to 
75% across natural biomass gradients. Furthermore, 
benthic fish affect bed sediments through feeding, 
swimming, or reproductive activities. Gudgeon 
digs with the mouth in sand for food, therefore 

1. Introduction

The role of organisms as geomorphic agents has been 
traditionally acknowledged when this role is obvious. 
Because of the enormous erosive power of floods, 
running water organisms are apparently not obvious 
geomorphic agents. Therefore, lotic ecology focused 
on the question how organisms deal with the physical 
harshness of running waters and geomorphology 
focused on sediment-water interactions when 
considering channel form and processes. Over recent 
decades, however, fluvial geomorphologists and 
ecologists began to learn that organisms interfere in 
such sediment-water interactions, which is witnessed 
by increasing research on fluvial “biogeomorphology” 
and “ecosystem engineering”.
Accepting an invitation to provide a synopsis on the 
effects of lotic organisms on channel form and processes 
(see Statzner, 2011, for the long version), I organized 
it in four sections: (1) a review of the diversity of 
biotic mechanisms that interfere in the consolidation 
or perturbation of river sediments; (2) an analysis of 
experiments conducted under controlled mesocosm 
conditions with bioturbating crayfish and fish to assess 
if the baseflow transport of gravel and sand, associated 
sediment surface modifications, and resulting changes 
of the critical shear stress (τc) for gravel and sand can 
be reliably modeled; (3) an integration of material 
from (1) & (2) into hypothetical scenarios of potential 
geomorphological implications; and (4) suggestions 
for future research on actions of organisms that 
complicate fluvial geomorphology by far more than 
currently acknowledged.

2. Biotic mechanisms interfering  
in consolidation and perturbation  
of river sediments

The mechanistic abilities of river organisms to 
consolidate and perturbate bed sediments are extremely 
diverse, i.e. I had to select examples that illustrate 
this diversity here. Most plants consolidate fluvial 
sediments. Very small algae produce extracellular 
polymeric substances that function like cement 
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Bed-sediment engineering by running water, plants and animals: …

ranged between 7.4-9.4 mm (D50) or 9.3-11.7 mm 
(D84), and mean wet mass of the individuals of the 
species (crayfish, barbel, gudgeon) ranged between 
11-70 g. Thus, the local τ range was relatively wide, 
covering baseflow conditions prevailing in pools, 
runs, or riffles, whereas the ranges of sediment and 
animal size were relatively narrow. The experiments 
covered three seasons (spring-autumn) and thus a 
wider range of day length (11-16 h), although the 
temperature range was relatively narrow (e.g. 14-18°C 
for the mean maximum daily water temperature). 
Using the mean values per flume, I simplified by 
circumventing considerable variation in time (across 
12 experimental days) and space (across the baseflow 
τ gradient along the flumes).
Modeling the effects of the three bioturbating animals 
across species provided highly significant results 
(P-range: <10-6-<10-15) for nine sediment variables 
describing baseflow and flood-induced sediment 
transport as well as sediment surface modifications. 
For example, overall baseflow transport increased 
significantly with bioturbator biomass (per m2) and 
baseflow τ but decreased with gravel size, which 
physically makes sense. Furthermore, overall baseflow 
transport decreased with day length but increased 
with mean maximum water temperature, which 
biologically makes sense (the three bioturbators are 
night active and ectothermic, i.e. shorter nights should 
decrease and higher temperatures should increase 
their effects on the baseflow transport). Surface algal 
abundance expectedly decreased more significantly 
with overall baseflow transport (a variable directly 
affecting algal surface cover) than with bioturbator 
biomass (a variable indirectly affecting algae through 
the bioturbator-induced baseflow transport). 
Given that bioturbator effects on the flood-induced 
sediment transport are geomorphologically more 
important than their effects on the baseflow sediment 
transport (see below), it is seemingly comforting 
that a combination of biotic and physical variables 
explained ~80% of the variation of the flood-induced 
gravel and sand transport. As I will discuss below, 
however, the biotic complexity of the problem in real 
streams is by far greater than in these relatively simple 
mesocosm experiments, which produced results on the 

contributing much more to the baseflow transport of 
sand than of gravel. Consequently, through associated 
sediment surface modifications, gudgeon decreases τc 
for sand (up to 65%) to a higher percentage than for 
gravel (up to 35%). In comparison, European barbel 
digs with the mouth in both sand and gravel for food, 
therefore contributing to the baseflow transport of 
both sediment types and decreasing τc by a similar 
percentage for both sand and gravel (50-60%). Finally, 
spawning female salmonids loosen the gravel in the 
tailspill of the redd, which decreases gravel τc by ~40%.
Overall, the available examples provide multiple 
evidence from field and laboratory observations and 
experiments that many plant and animal species 
engineer bed sediments of running waters. Because 
these engineers represent various systematic groups 
and thus have different evolutionary histories, 
they engineer bed sediments with a diverse set of 
tools, thereby perturbating or consolidating them. 
Furthermore, they affect bed sediments in many 
running water types across continents, seasons, habitat 
types, particle sizes, and discharge levels (baseflow 
vs. flood).

3. Modeling effects  
of bioturbating animals across species  
and environmental conditions

A bioturbating lotic animal moves a particle at the 
bed surface by adding momentum to it when walking, 
digging, or swimming near the bottom. This should 
be easier for the bioturbator when the prevailing τ 
is near the τc for that particle than at far lower τ. 
Furthermore, it should be easier for a large (i.e. strong) 
animal to mobilize a relatively small (i.e. light) particle 
than for a smaller animal to mobilize a relatively 
large particle. Thus, knowledge on τ, sediment 
grain size, and animal size (mass) is an essential 
prerequisite when trying to model lotic bioturbator 
effects on bed sediments, which was available for 
8 experiments surveying 84 mesocosm flumes. Across 
these experiments, local baseflow τ ranged between 
0.3-2.3 N m-2, sand size (when sand was tested) was 
invariant (D50: 0.6 mm; D84: 0.8 mm), gravel size 
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to the domain of physical factors, all these biotic 
responses and activities are typically non-linearly 
related to interacting factors driving them. As a 
consequence, non-linear interactions within the 
physical and the biological world produce typically 
non-linear interactions between the physical and the 
biological world when lotic organisms act as engineers 
of bed sediments. Even more complicating, sediment 
consolidating or perturbating organisms described in 
section 2 co-exist partially in river reaches, using the 
same or different habitat units at a given moment.
Overall, the geomorphological implications of the 
organism-induced Qc changes are considerable. 
Focusing on the engineering animals here, they could 
change Qc by more than an order of magnitude in both 
directions at a given location and a given moment. For 
a hypothetical example illustrating the consequences of 
such changes, I use real river data and assume that no 
organisms were involved in the transport of solids. Per 
m river width, a discharge of 2 m3 s-1 would transport 
~0.4 kg s-1. Adding crayfish to the river, such transport 
rates would locally occur at much lower discharge 
levels, where purely physical factors would transport 
perhaps less than 1% of 0.4 kg s-1. On the other hand, 
adding silk-spinning caddisflies to the river, such 
transport rates would locally occur at much higher 
discharge levels, where purely physical factors would 
transport perhaps 10-times more than 0.4 kg s-1. Thus, 
these two types of sediment-engineering animals 
alone would generate local deviations from the 
purely physical transport spanning over three orders 
of magnitude. Furthermore, Qc changes induced by 
crayfish and caddisflies have major consequences for 
the frequency (i.e. the return period) of fluvial mass 
transport events. For another hypothetical example, 
I use other real river data and assume again that 
organisms are not involved in the transport of solids. 
Then, one would expect mass mobilization of bed 
sediments at bankfull discharge, which often has a 
return period of ~1.5 yr. Adding crayfish to the river, 
local mass transport would be initiated by a discharge 
occurring every day. In contrast, adding caddisflies to 
the river, local mass transport would be initiated by a 
discharge being less frequent than the 100-yr flood, 
i.e. these animals would modify the purely physical 

flood-induced gravel transport that require cautious 
interpretations. Expectedly, gravel τc increased with algal 
abundance and decreased with bioturbator biomass, 
but unexpectedly, gravel τc increased with baseflow 
gravel transport and mean maximum temperature 
and decreased with overall bed elevation (which was 
perhaps interfering with the method to measure τc). 
In comparison, the model on the flood-induced sand 
transport can be reasonably interpreted as sand τc 
increased with algal abundance and gravel size, which 
reflects the consolidating function of algae, rugosity, 
and interstitial space at the bed surface, whereas 
decreasing sand τc with baseflow sand transport reflects 
surface sand perturbations through the animals. Thus, 
when modeling the flood-induced sand transport, the 
baseflow activities of the bioturbators produce chained, 
indirect effects via algal abundance and baseflow 
sand transport on the sand τc. Such chained, indirect 
bioturbator effects are likely common and obviously 
an additional complication for the understanding of 
the geomorphological implications of bed-sediment 
engineering by lotic animals.

4. Spatial and temporal variability  
of bed-sediment engineering  
by lotic animals  
and its geomorphological implications

Undoubtedly, discharge and its variation are key 
factors in fluvial geomorphology. At a site, flow depth 
(D) and slope (S) scale approximately to discharge 
(Q) by D ∝ Q0.45 and S ∝ Q0.05 and bottom τ scales 
approximately to S * D, hence τc ∝ Qc

 0.5. Thus, the 
physical factor being relevant for the mobilization of 
bed sediments is not linearly related to discharge. In 
addition to τ, many other physical factors interfere 
in the fluvial sediment transport at a river site, i.e. 
many non-linearly interacting physical factors that 
vary in space and time have geomorphological 
implications. As for the bed sediments, bottom τ is 
of major relevance for organisms living on or near 
the bed as it affects their population loss by drift, all 
types of behavior and thus spatio-temporal variation 
in the abundances of these organisms. Comparable 
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baseflow has undoubtedly greater geomorphological 
implications for the subsequent flood-induced bed 
mobilization in many rivers (invertebrates and smaller 
fish are by far more common than larger fish).
Thus, it is rather safe to conclude that future research 
in fluvial biogeomorphology should focus on the 
baseflow sediment engineering by animals that changes 
the physical (bedform, particle mixture, particle 
loosening or consolidation) and biological (biofilm, 
larger algae, macrophytes, animal products such as silk) 
properties of the bed surface and thus the thresholds 
of subsequent bed mobilization during floods. Given 
that multiple factors interfere in this process, this will 
be a complicated research task that would require 
expensive joint research by fluvial geomorphologists, 
hydrologists, and ecologists. Fortunately, the mutual 
understanding among these disciplines and the 
perception to progress faster together than alone 
increased considerably over the last decade, i.e. the 
readiness in all these disciplines to participate in such 
joint research should be great. Furthermore, it should 
be possible to obtain appropriate funding for such 
research: the scientific evidence accumulated over 
the recent years and the importance of the fluvial 
transport of solids for humans (and so many other 
animals and plants) both call for its rapid realization.

frequency of mass transport events over about five 
orders of magnitude. Even if fictional, these examples 
illustrate the potential implications of these animals 
in units that are familiar to every geomorphologist.

5. Conclusions and outlook

The previous sections illustrate a frustrating great 
number of organism-induced complications of 
geomorphic processes so that the net outcome of 
all these actions in real running waters is currently 
unclear. Despite this problem, however, future research 
routes emerge from what we know so far.
Fluvial biogeomorphology will blossom because we 
have now enough convincing evidence that lotic 
organisms should have major geomorphological 
implications in many locations and running water 
types. Concerning the contribution of bioturbators to 
the baseflow transport, large fish species such as salmon 
may have major effects on bedload and bedform in 
locations where mass spawning occurs. In comparison, 
the direct contributions of smaller bioturbating 
animal species to the baseflow sediment transport 
have seemingly only marginal geomorphological 
implications, whereas their sediment engineering at 

Statzner, B., 2011. Geomorphological 
implications of engineering 
bed-sediments by lotic animals. 
Geomorphology (in press).
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Wood addition to improve macroinvertebrate habitat suitability  

in Dutch lowland streams

J.H.F. DE BROUWER1, P.F.M. VERDONSCHOT1  
& A.A. BESSE-LOTOTSKAYA1

ABSTRACT. Nowadays, Dutch lowland streams are more often characterized by uniform channels 
designed for efficient water run-off. Therefore, extreme high peak discharges occur in both 
summer and winter and cause floods downstream, whereas low discharges in summer cause 
increasingly more droughts. Because of this hydrology most lowland streams are strongly incised 
and have a homogeneous bottom substrate. Absence of habitat heterogeneity in combination with 
water discharge dynamics prevent re-establishment of natural lowland stream macroinvertebrate 
communities. Furthermore, current management methods often include removal of all wood and 
organic material that enters a stream. In this project we question to what extend woody debris will 
have a positive effect on the biodiversity and functioning of stream macroinvertebrates. 
 The effects of introducing six wood patches along a stretch of a stream, that each cover the full 
width of the streambed and stretch out over 10-15m, is studied. The woody debris is expected to 
improve environmental conditions by increasing current and substrate variation and as such do 
increase habitat heterogeneity as well as food supply (e.g. leaves and detritus caught in the wood 
patches). The study follows a BACI-design with three sampling moments before and six after 
woody debris input. The macroinvertebrate community development and the variation in current 
and substrate types across the streambed were analysed. Wood addition increased heterogeneity of 
bottom substrate. Structural complexity increased in between wood patches and downstream as 
more large twigs and stems were found there compared to the control stretch. Species composition 
of macroinvertebrates changed due to wood addition, but the total number of species remained 
the same. Some taxa with positive indication for the hydrological and morphological condition 
of a stream increased, whereas many species that prefer silt or sand decreased in numbers in the 
stretch where woody debris was added.

KEYWORDS: wood addition, habitat heterogeneity, macroinvertebrates, lowland stream, restoration.

1. Alterra Wageningen UR, Freshwater Ecology, Wageningen, The Netherlands.
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Gurnell et al., 2002) it is thought wood addition can 
improve ecological quality. 
In theory, introduction of woody debris would increase 
hydrologic variation that contribute to a diverse 
substrate composition. Heterogeneity of habitat and 
increased food availability would stimulate species 
diversity and establishment of typical lowland stream 
organisms. Woody patches are a new habitat on itself 
as well as a source for detritus patches downstream. 
Leaves and other organic material can be caught in 
the ‘net-structured’ patches of wood.
Stems and twigs constitute natural obstacles that cause 
changes in morphology of the stream including pools, 
riffles, dams and patches with organic or mineral 
material. Net-shaped dams could lead to changes 
of current patterns and can support meandering on 
the long run by erosion of banks. Stems and twigs 
increase resistance of current and thereby retention, 
which could decrease droughts in the upstream parts 
and in the adjacent valley and level off high peak 
flows. Sedimentation processes could reduce stream 
incision by raising the bottom level and thus reduce 
the effects of drainage.
Woody debris is a decisive factor for formation and 
development of stream morphology, hydrology and 
ecology. Removal of wood and leaves disintegrates 
functioning of natural processes of ecosystems. 
Covering fifty percent of the bottom with organic 
debris could re-establish those processes. In this 
experiment we tested whether this hypothesis holds. 

2. Materials & methods

2.1. Wood addition

Wood patches were gradually introduced to the 
Jufferbeek during spring and summer of 2006. Along 
a 500 m stretch, 5-10 m2 patches of interwoven stems 
and twigs that cover the full width of the Jufferbeek 
were introduced. The constructions of woody 
debris made up 20-25% of the stretch assuming 
that replenishment of leaves would double bottom-
coverage by organic material in fall.

1. Introduction

High quality, lowland streams are scarce in the 
Netherlands. Anthropogenic disturbance by 
deforestation, channelization, fertilization and 
maintenance have changed the Dutch lowland streams 
and decreased their ecological values dramatically. 
This study examines the prospects of wood addition 
as a restoration measure following a three year study 
in a Dutch lowland stream.
Benthic invertebrates are good indicators for ecological 
status. Apart from increasing biodiversity, the aim is to 
retrieve indicative lowland stream species that occurred 
under reference conditions. Return of these indicators 
would show ecologic conditions have improved.
Currently, most Dutch lowland streams are dominated 
by ubiquitous macroinvertebrates. The current 
environmental conditions mostly do not fit the more 
sensitive or indicative species.
Homogeneous environments do not favor high 
biodiversity. With a low bottom substrate and current 
velocity variability and a homogenous morphology, 
the average Dutch stream sustains a low biodiversity. 
These lowland streams are designed for effective water 
run-off. Fallen trees, twigs, and accumulations of 
leaves are often removed to guarantee free downstream 
flow. This type of maintenance damages the stream 
ecosystem as habitat for typical lowland stream species. 
The accelerated water run-off causes even a deeper 
incision of the stream, which results in drought of the 
stream and its nearby valley. These cleaned, canalized 
streams are sensitive for floods and droughts. The 
accompanying dynamics in flow causes an amount 
of stress only few organisms can endure.
Under undisturbed conditions lowland streams run 
through forests and contain large amounts of organic 
material. Approximately twenty-five percent of the 
natural stream bottom is covered with woody debris 
and with deposition of fine material half of the stream-
environment is of organic origin (Verdonschot, 1995). 
More than ten times the coverage found in most 
Dutch streams at the moment. Since woody debris has 
an important role in the ecosystem of the stream and 
accompanying zone (Bilby & Likens, 1980; Smock 
et al., 1989; Allan, 1995; Gerhard & Reich, 2000; 
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explained by this method that compares treatment 
with control situations. We used a partial RDA 
that was first corrected for the effects of time on 
macroinvertebrate species composition. Treatment (in 
this case wood addition) is used to clarify the variation 
of macroinvertebrate species composition. Statistical 
analysis was done with a Monte Carlo Permutation 
test that uses F-type statistics based on the eigenvalue 
of the component (Ter Braak & Smilauer, 1998).
Similar analysis was done without taking time-effects 
into account using a Before-After Control-Impact 
(BACI) study design. Instead of using variables 
‘treatment x time’, we now only used treatment (wood 
addition). 
Statistical tests for both PRC and BACI analyses were 
done with SPSS 15.0 and for the multivariate analyses 
we used CANOCO 4.51 (Ter Braak & Smilauer, 
2003).

3. Results

3.1. Disposition of woody debris
Different types of wood patches were created in the 
stream. Woody debris patches occurred stable as 
accumulations of more than 10 twigs or stems in a 
5 m stretch. These were only observed in the first 300 m 
stretch. In between the constructed patches, densities 
of woody material were higher than upstream (Fig. 1).

2.2. Monitoring

We used a BACI-design with control situations 
upstream of the impact stretch, where woody debris 
was introduced. Macroinvertebrate- and water 
samples for chemical analyses were taken in April 
2005, 2006 and October 2005 before introduction of 
woody debris. After the wood addition, the sampling 
frequency was increased to once every two months. 
Samples were taken in all substrates using a standard 
pondnet (mesh width 500 mm). Subsamples from 
different substrate types constituted one sample 
representing the given site.
Water level was measured continuously with divers in 
monitoring wells since August 2006 upstream- and 
since January 2007 downstream of the woody debris 
constructions. Historical data (1996-2006) based 
on measurements 5 km downstream of the research 
transect, showed vast water level fluctuations.
Substrate cover estimates of the full stream stretch 
was done once before (July 2005). Therefore, the 
stream was divided in 30 m stretches. Of each 5 m 
stretch along the stream, the cover percentage of 
substrates were estimated. Current velocities were 
measured above each substrate type. We distinguished 
the following classes: silt & fine detritus (< 2 mm), 
course detritus (> 2 mm), leaf, twigs and roots, gravel 
& stones (> 2 mm), sand (< 2 mm), vegetation, living 
vegetation (immersed, submerged and overhanging 
vegetation), rest (clay, bog and Fe-concretions). On 
days when macroinvertebrates were sampled, substrate 
coverage was estimated as well.
We also used the 30 m stretches to monitor 
development and accumulation of wood within the 
stream. The amount of wood within such area was 
classified as follows: 0. no twig or tree in stream, 
1. single (1 twig), 2. accumulation of 2-5 twigs, 
3. accumulation of 6-10 twigs, 4. accumulation of 
> 10 twigs.

2.3. Statistical analysis

The composition of macroinvertebrate samples 
was analyzed with PRC (Principal response Curve 
Analysis). Both effects of time and wood addition are 

Figure 1. Organic structures in the Jufferbeek, as observed 
on 10 November 2006 over a distance of 1 310 m starting at 
the discharge? measurement point upstream. Configurations 
of organic structures with diameters > 5 cm are noted: 0. no 
twigs or trees in stream, 1. single (1 wooden structure > 5 cm 
thick), 2. accumulation of 2-5 twigs or trees, 3. accumulation 
of 6-10 twigs or trees, 4. accumulation of > 10 twigs or 
trees. Woody debris is introduced at 375 m and 675 m.
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3.2. Substrates

Before the introduction of dead wood, the impact- 
and control transects were comparable concerning 
substrate coverage. At both sites, the bottom was 
mainly covered with sand, leaves and fine detritus. 
After the restoration measure, dramatic changes 
were observed in the impact transect, where woody 
debris was introduced to the system, whereas sand 
coverage remained higher than 50% at the control 
site. In time, there was hardly any change of substrate 
dominance in the control transect. Wood addition 
resulted in dominance of silt in October 2006, but all 
measurements of 2007 show heterogeneity of substrate 
coverage (Fig. 2). Dominance of sand has decreased 
after wood addition and branches, macrophytes, silt, 
course detritus and wood increased (Fig. 3).

3.3. BACI-analysis

Comparing situations before- and after wood addition 
in both the control- and impact stretch, without 
variations in time, shows significant effects of the 
treatment occurred (Fig. 4).

3.4 Macroinvertebrates

The number of  taxa and abundance of 
macroinvertebrate species remained unchanged 
after introducing woody debris (data not shown). 
Differences were found within the species composition 
of the macroinvertebrate community between control- 
and impact transects. The number of mollusk taxa 
increased in the wood debris stretch (positive taxon 
weight, whereas the number of oligochaeta taxa 
decreased (negative taxon weight). Fig. 5 shows the 
number of species that increased taxon weight was 
higher than the number that decreased taxon weight, 
but more interesting is the indicative value of the 
species.
Environmental indicators have been determined 
by Verdonschot et al. (2003) based on preference 
of current velocity, hydrology and morphology. 
Species. Some indicative species for high current 
velocities increased in the stretch where wood was 

Figure 4. BACI analysis. After introduction of woody debris, 
there is a difference between the control- and the impact 
transect.

Figure 2. Coverage percentages of different substrates in 
the stream. On the left: changes over time in the control 
transect, on the right: changes in the transect with wood 
addition. The following substrates are taken into account: 
fine detritus, course detritus, silt, leaf, immerse vegetation.

Figure 3. Change of substrate coverage in the impact transect 
after addition of woody debris with reference to the control 
transect upstream. Substrate weight illustrates significance of 
a given substrate-type. Negative weights indicate substrate-
types are less abundant in the impact transect compared to 
the control site at the same moment in time. Weights are 
acquired by a BACI analysis (RDA).
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morphological condition of a stream e.g., Bereodes 
minutus, Stempellina sp., arrenurus cylindratus and 
Baetis vernus, have increased and species that prefer 
silt or sand e.g., Tubifex tubifex, Potamothiricx bedoti, 
Prodiamesa olivacea, Limnodrilus profundicola and 
Aulodrilus japonicus, decreased in the impact stretch.

4. Conclusion & Discussion

It is clear that introducing woody debris patches in 
the Jufferbeek has changed conditions of the stream 
locally. Twigs and tress form natural obstacles that have 
altered bottom substrate coverage of the bottom in 
a short time span. The effects on macroinvertebrates 
are subtle as species composition is slightly different 
after introducing woody debris. Changes in 
macroinvertebrates in the Jufferbeek can for 6.5% 
be described to the addition of woody debris to the 
stream. When effects of variations due to differences 
in time were excluded, the restoration measure caused 
significant changes.

added, such as Trichopterans Micropterna lateralis and 
Bereodes minutus. Others, for example Chironomids 
Eukifferiella claripennis and Polypedilium scalaneum, 
decreased in numbers. There was no difference in 
number of strictly rheophile taxa as indicative species 
for higher flow were found in both stretches (Fig. 5). 
Taxa with positive indication for the hydrological and 
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Figure 5. Taxon weight of taxa < -0.9 and > 0.9. Species 
with negative scores showed a decrease in numbers at the 
impact transect (wood addition), positive values indicate 
increases. Great deflections from 0 indicate large differences 
between the control- and impact site.
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Shift in the diet of benthic invertebrate species  

according to flow conditions

X.F. GARCIA1, R. WILKES1 & M.T. PUSCH1

ABSTRACT. Flow conditions influence the distribution of benthic invertebrates by shaping habitat 
conditions and availability of food resource. Numerous studies have explored flow preferences as 
well as preferential food resource of invertebrate species. However, few studies have investigated 
the interaction between hydrodynamics and food consumption of benthic invertebrates. In the 
present study, we compared the diet composition of key invertebrate species colonising sediment 
patches exposed to contrasted bed shear stresses using isotope analysis. Collected species of filterers, 
grazers, detritus feeders and predators significantly assimilated different proportions of suspended 
(SPOM) and benthic (BPOM) particulate organic matter along flow velocity gradients. This result 
highlights that local hydraulics may govern carbon and nitrogen fluxes in lotic food webs. The 
wide plasticity in resource utilization of invertebrate species shown here also indicates significant 
resilience of the ecological functioning of the system.

1. Leibniz-Institut for Freshwater Ecology and Inland Fisheries, Müggelseedamm 301, 12587 Berlin, Germany.
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in substrate type and available food resources but 
differing in flow conditions (Tab. 1). A total of five 
different food resources used by invertebrates were 
collected: suspended particulate organic matter 
(SPOM), fine and coarse particulate organic matter 
[FPOM (< 1 mm), CPOM (> 1 mm)], benthic algae 
(= Aufwuchs) in the Mulde, and deposited tree leaves 
in the Spree (Tab. 2). Each sample was replicated 
three times. Samples were carried to the laboratory 
in cooled standardized fish test water (DIN EN ISO 
7346-3) and prepared the same day for stable isotope 
analysis. Invertebrate individuals were sorted alive 
and identified to species level. Food resource samples 
were cleaned from any living animals or other food 
resources particles. Samples were dried for 48 hours 
at 60°C, then ground with mortar, before being sub-
sampled into three replicates of min. 500 µg dry mass.
Carbon (12C and 13C) and nitrogen (14N and 
15N) content of the sub-samples were analysed on 
a Thermo-Finnegan Flash HT elemental analyser 
coupled with a Thermo-scientific Delta V advan tage 
isotope ratio mass spectrometer at the Zentrum für 
Agrarlandschaftsforschung in Mün cheberg (ZALF) 
(calibration IAEA-CH-6 sucrose for 13C / IAEA-N-1 
ammonium sulphate for 15N, accuracy 0.1‰, stable 
isotope values given relatively to PeeDee Belemnite 
(δ13C) and atmo spheric N (δ15N) standards.
The contribution of food resources to consumer diet 
was determined by mixing model analysis (SIAR 
software, V.4.0.2, Parnell et al., 2010). Fractionation 
factors and uncertainties of 0.1 ± 1.82‰ for δ13C 
and 2.71 ± 2.20‰ for δ15N (Caut et al., 2009) were 
used to assign invertebrate feeding to collected food 
resources. Because of the strong temporal variation 
in SPOM compo sition, δ13C-δ15N signatures of 

1. Introduction

It is a basic recognition in stream ecology that local 
flow velocity not only largely determines sediment 
composition, but also the composition of local 
assemblages of benthic invertebrates colonizing 
them. Stream invertebrates exhibit species-specific 
preferences in flow and simulation models have been 
developed on that basis, which link hydraulic models 
to flow preferences of invertebrate (e.g. CASiMiR, 
Bloesch et al., 2005). However, flow also influences 
food availability and feeding rates of invertebrates 
(Lancaster & Downes, 2010). Very little attention 
have been given so far to the effect of flow on the 
distribution of food resources within stream channels, 
which influences invertebrate distribution as well, and 
to the ability of invertebrate species to shift among 
food resources according to flow conditions.
Hence, we explored the relationships between river 
hydraulics, food availability and invertebrate food 
assimilation using stable isotope technique. We 
hypothesized that species will shift their food regime 
according to flow conditions, in order to preferentially 
feed on the most available food resource.

2. Method

Benthic invertebrates and available food resources 
were collected on one day in autumn 2009 in natural 
meander bends of two sandy lowland rivers from 
north-eastern Germany, the rivers Mulde (Dessau-
Roßlau, 51°52’32”N 12°14’40”O) and Spree 
(Neubrück, 52°16’55”N 14°16’34”O). Samples 
were taken along two cross-sections comparable 

coupled with a Thermo-scientific Delta V advan-

tage isotope ratio mass spectrometer at the 

Zentrum für Agrarlandschaftsforschung in Mün-

cheberg (ZALF) (calibration IAEA-CH-6 sucrose 

for 
13

C / IAEA-N-1 ammonium sulphate for 
15

N, 

accuracy 0.1‰, stable isotope values given 

relatively to PeeDee Belemnite (�
13

C) and atmo-

spheric N (�
15

N) standards. 

The contribution of food resources to consumer 

diet was determined by mixing model analysis 

(SIAR software, V.4.0.2, Parnell et al., 2010). 

Fractionation factors and uncertainties of 0.1 ± 

1.82‰ for �
13

C and 2.71 ± 2.20‰ for �
15

N (Caut 

et al., 2009) were used to assign invertebrate 

feeding to collected food resources. Because of 

the strong temporal variation in SPOM compo-

sition, �
13

C-�
15

N signatures of obligate filterers 

tissues (Sphaeridae in the Mulde and Dreissena 

polymorpha in the Spree) were used as baselines 

in the mixing model, as they represent the long 

term composition of SPOM (Post, 2002). The 

mixing model was run for single species as well 

as for feeding groups. Means, percentiles and 

variances were calculated from the 33 201 diet 

proportions given by the model. Differences in 

mean diet proportions among paired locations 

differing in flow condition were tested by Chi² 

test. All statistical tests were performed with 

PASW 17 (SPSS Inc., Chicago, IL, USA). 

 

Table 1. Habitat characteristics of sampling locations. Location is given as distance from the inner bend, d50= median 

sediment grain size, u*: bottom shear velocity (BSS), POM: sedimentary particulate organic matter. 

 

RESULTS 

In the Mulde, δ
13C values of SPOM and benthic 

algae were comparable (ANOVA Scheffé’s post 

hoc test, n=10, p=0.758), suggesting that SPOM 

mainly originates from Aufwuchs suspended by 

variations in current velocity (autochthonous 

origin). FPOM and CPOM δ
13C values did not 

differ from each other as well (n=12, p=0.503) but 

significantly differed from SPOM/algae δ
13C 

values (n=21, p<0.001 at the lowest) (Tab.2). In 

the Spree, FPOM, CPOM and leaves δ
13C values 

were identical (n=24, p=0.999 at the lowest), 

suggesting that FPOM and CPOM originate from 

the degradation of tree leaves fallen into the 

channel from the surroundings (allochthonous 

origin), and significantly differed from SPOM 

signature (n=24, p<0.001 at the lowest) (Tab.2). 

Hence, FPOM/CPOM were considered as a single 

benthic food resource (BPOM in the following), 

as well as SPOM and Aufwuchs (SPOM in the 

following). 

The filter feeding species Hydropsyche 

contubernalis (Trichoptera) preferentially fed on 

SPOM (60 to 90%) (Fig.1). However, at sites 

exposed to low bed shear stress diet was 

significantly shifted towards BPOM (Chi²=4.79, 

n=2, p<0.05 for the least significant test), which 

even dominated their diet in the Spree (Fig.1). 

Similarly, the filter-feeding and grazing species 

Viviparus viviparus (Gastropoda) preferentially 

consumed SPOM when exposed to high flow 

conditions (>70%) but showed a significant shift 

towards BPOM under low flow conditions 

(>55%) (SPOM Chi²=6.23, n=2, p<0.05 ; BPOM 

Chi²=23.71, n=2, p<0.001). Similar patterns of 

significant shifts in the diet were observed for the 

filter feeding species Hydropsyche pellucidula, 

the grazer Athripsodes cinereus, as well as for 

combined filter feeders (Mulde: H. contubernalis, 

H. pellucidula, Pisidium sp., Sphaerium sp. ; 

Spree: Bithynia tentaculata, H. contubernalis, 

Unio tumidus, D. polymorpha). 

Patterns observed for the predator species Erpob-

della octoculata (Hirudinea) fully reflected those 

observed for filter feeding and grazer species 

(Fig.1). Significantly more prey (up to 50%) 

mainly feeding on SPOM were ingested by E. 

octoculata at sites exposed to high flow 

(Chi²=6.21, n=2, p<0.05). At low flow E. octocu-

lata significantly increased its consumption of 

prey feeding on BPOM two fold (Chi²=23.67, 

River Cross-section Wet section Location Substrate d50 u* POM 

  (m) (m)  (mm) (cm/s) (%) 

Mulde Riffle 46 4 Coarse sand 3.00 2.7 0.47 ± 0.07 

 Riffle 46 41 Sand 1.90 6.0 0.38 ± 0.07 

Spree Pool 28 20 Sand 1.80 3.6 0.86 ± 0.15 

 Riffle 31 14 Sand 1.80 5.2 1.13 ± 0.25 

Table 1. Habitat characteristics of sampling locations. Location is given as distance from the inner bend, d50 = median 
sediment grain size, u*: bottom shear velocity (BSS), POM: sedimentary particulate organic matter.
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The filter feeding species Hydropsyche contubernalis 
(Trichoptera) preferentially fed on SPOM (60 to 90%) 
(Fig. 1). However, at sites exposed to low bed shear 
stress diet was significantly shifted towards BPOM 
(Chi² = 4.79, n = 2, p < 0.05 for the least significant 
test), which even dominated their diet in the Spree 
(Fig. 1).
Similarly, the filter-feeding and grazing species 
Viviparus viviparus (Gastropoda) preferentially 
consumed SPOM when exposed to high flow 
conditions (> 70%) but showed a significant shift 
towards BPOM under low flow conditions (> 55%) 
(SPOM Chi² = 6.23, n = 2, p < 0.05; BPOM 
Chi² = 23.71, n = 2, p < 0.001). Similar patterns of 
significant shifts in the diet were observed for the 
filter feeding species Hydropsyche pellucidula, the 
grazer Athripsodes cinereus, as well as for combined 
filter feeders (Mulde: H. contubernalis, H. pellucidula, 
Pisidium sp., Sphaerium sp.; Spree: Bithynia tentaculata, 
H. contubernalis, Unio tumidus, D. polymorpha).
Patterns observed for the predator species Erpob-
della octoculata (Hirudinea) fully reflected those 
observed for filter feeding and grazer species (Fig. 1). 
Significantly more prey (up to 50%) mainly feeding on 
SPOM were ingested by E. octoculata at sites exposed 
to high flow (Chi² = 6.21, n = 2, p < 0.05). At low flow 
E. octocu lata significantly increased its consumption 
of prey feeding on BPOM two fold (Chi² = 23.67, 
n = 2, p < 0.001). Similar significant shifts in their 
diet were observed in the Spree for the two other 
predator species collected there, the leach Helobdella 
stagnalis and the caddisfly Neureclepsis bimaculata. 
Conversely, these patterns were not observed on the 
River Mulde for the two predator species (Athericidae 

obligate filterers tissues (Sphaeridae in the Mulde 
and Dreissena polymorpha in the Spree) were used as 
baselines in the mixing model, as they represent the 
long term composition of SPOM (Post, 2002). The 
mixing model was run for single species as well as for 
feeding groups. Means, percentiles and variances were 
calculated from the 33 201 diet proportions given 
by the model. Differences in mean diet proportions 
among paired locations differing in flow condition 
were tested by Chi² test. All statistical tests were 
performed with PASW 17 (SPSS Inc., Chicago, IL, 
USA).

3. Results

In the Mulde, δ13C values of SPOM and benthic 
algae were comparable (ANOVA Scheffé’s post hoc 
test, n = 10, p = 0.758), suggesting that SPOM mainly 
originates from Aufwuchs suspended by variations in 
current velocity (autochthonous origin). FPOM and 
CPOM δ13C values did not differ from each other 
as well (n = 12, p = 0.503) but significantly differed 
from SPOM/algae δ13C values (n = 21, p < 0.001 at 
the lowest) (Tab. 2). In the Spree, FPOM, CPOM and 
leaves δ13C values were identical (n = 24, p = 0.999 
at the lowest), suggesting that FPOM and CPOM 
originate from the degradation of tree leaves fallen 
into the channel from the surroundings (allochthonous 
origin), and significantly differed from SPOM signature 
(n = 24, p < 0.001 at the lowest) (Tab. 2). Hence, 
FPOM/CPOM were considered as a single benthic food 
resource (BPOM in the following), as well as SPOM 
and Aufwuchs (SPOM in the following).

n=2, p<0.001). Similar significant shifts in their 

diet were observed in the Spree for the two other 

predator species collected there, the leach 

Helobdella stagnalis and the caddisfly 

Neureclepsis bimaculata. Conversely, these 

patterns were not observed on the River Mulde for 

the two predator species (Athericidae and 

Aphelocheirus aestivalis) collected (Fig.1, SPOM 

Chi²=0.004, n=2, p>0.05 ; BPOM Chi²=0.007, 

n=2, p>0.05). However, Athericidae were only 

found at low flow in few abundance and A. 

aestivalis at high flow in high abundance, so that 

this result may be biased by species-specific 

differences in diet or density. 

Oligochaeta, which are mainly detritus feeders, 

preferentially fed on BPOM (>50%). Conversely 

to filter feeder and grazer species, they slightly 

but significantly ingested more SPOM, and less 

BPOM, at sites exposed to low bed shear stress 

(SPOM Chi²=5.23, n=2, p<0.05 ; BPOM 

Chi²=5.06, n=2, p<0.05) (Fig.1). 

 
Table 2. Isotope signatures of food resources (mean ± SEM in ‰). SPOM, FPOM and CPOM respectively refers to 

suspended, fine and coarse particulate organic matter. Different letters indicate significantly different values [ANOVA 

with Scheffé’s post hoc test, n=21 (Mulde), n=24 (Spree), p significance of the ANOVA is given]. 

 
DISCUSSION 

Filter feeding species, grazers and predators were 

found to feed less on suspended particles of 

autochthonous origin (SPOM) and more on 

allochthonous benthic particles (BPOM) under 

low hydraulic stress. As SPOM and BPOM were 

available on both sites, the observed shift may be 

explained by potential difficulties in capturing and 

handling SPOM under low flow condition or by 

an active choice of the available BPOM in order 

to optimise foraging strategy. 

Conversely, the detritus feeder Oligochaeta tended 

to consume less SPOM under higher hydraulic 

stress, favouring BPOM intake. In rivers, most 

species of Oligochaeta are found in lentic or 

interstitial environments and feed on organic 

material trapped in sediment. 

Both observations can be explained assuming that 

SPOM will be better available for filter-feeding 

invertebrates at higher flow velocities. At low 

flow velocities, the technique of passive filter 

feeding is not sufficiently effective any more, and 

does not meet energetic requirements. Conversely, 

a loosely deposited top sediment layer of 

deposited SPOM (fluff) is available for sediment 

eaters like Oligochaeta under low flow condition 

only. 

Since SPOM is mainly composed of suspended 

living particles (zoo- and phytoplankton), whereas 

BPOM is dominated by deposited coarse particles 

of dead organic material (detritus), the observed 

diet shift proves a marked plasticity in food type 

required by invertebrates. This plasticity is known 

from microscopic observations of gut contents for 

most of the species studied here (see Tachet, 

2000). However, it is also known that assimilation 

of various components of gut content may vary 

with their digestibility. Hence, the current isotope 

analysis not only confirmed these observations, 

but also enabled to quantify this shift based on 

assimilated food. 

In lotic ecosystems, invertebrates are exposed to 

frequent changes in river discharge and flow 

velocity, which will modify local food availa-

bility. We assume that the plasticity of food 

assimilation documented here by spatial compa-

risons also occurs on a temporal scale on the same 

spot. Such high plasticity thus allows 

invertebrates to shift from one source to another 

without leaving their micro-habitat, which 

decreases the risk to be preyed upon. Hence, 

feeding plasticity of species appears to 

significantly contribute to the general ability of a 

given species to colonise dynamic environments. 

Hence, observed changes in the micro-distribution 

of benthic invertebrate with changing discharge 

should be mainly due to other factors, like 

hydraulic stress or inter-specific interactions. At 

 SPOM FPOM CPOM Algae Tree leaves p 

River Mulde       

δ
13

C  
-35.04 ± 0.27

 a
 -27.41 ± 0.18

 b
 -28.07 ± 0.09

 b
 -35.18 ± 2.08

 a
 - <0.001 

δ15Ν  
10.73 ± 0.42

 a
 09.34 ± 0.17

 b
 08.90 ± 0.21

 b
 10.79 ± 0.35

 a
 - <0.001 

River Spree       

δ
13

C  
-37.39 ± 0.27

 a
 -30.79 ± 0.42

 b
 -31.13 ± 0.11

 b
 - -31.37 ± 0.32

 b
 <0.001 

δ15Ν  
09.16 ± 0.09

 a
 09.14 ± 0.04

 a
 06.78 ± 0.02

 b
 - 04.12 ± 0.28

 c
 <0.001 

Table 2. Isotope signatures of food resources (mean ± SEM in ‰). SPOM, FPOM and CPOM respectively refers to suspended, 
fine and coarse particulate organic matter. Different letters indicate significantly different values [ANOVA with Scheffé’s post 
hoc test, n=21 (Mulde), n=24 (Spree), p significance of the ANOVA is given].
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at sites exposed to low bed shear stress (SPOM 
Chi² = 5.23, n = 2, p < 0.05; BPOM Chi² = 5.06, 
n = 2, p < 0.05) (Fig. 1).

4. Discussion

Filter feeding species, grazers and predators were found 
to feed less on suspended particles of autochthonous 
origin (SPOM) and more on allochthonous benthic 

and Aphelocheirus aestivalis) collected (Fig. 1, SPOM 
Chi² = 0.004, n = 2, p > 0.05 ; BPOM Chi² = 0.007, 
n = 2, p > 0.05). However, Athericidae were only found 
at low flow in few abundance and A. aestivalis at high 
flow in high abundance, so that this result may be 
biased by species-specific differences in diet or density.
Oligochaeta, which are mainly detritus feeders, 
preferentially fed on BPOM (> 50%). Conversely 
to filter feeder and grazer species, they slightly but 
significantly ingested more SPOM, and less BPOM, 

ecosystem level, the observed plasticity of food 

assimilation contributes to an optimized 

exploitation of carbon resources from various 

origins present into the stream ecosystem. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Proportion of food resources in the diet of invertebrates. SPOM / BPOM: suspended and benthic particulate 

organic matter, BSS: bed shear stress. Box plot: median, 25/75 quartiles, black dot: mean, bars: 5/95% percentiles. 

Different letters indicate significant differences between sites (Chi² test performed separately for SPOM and BPOM). 
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Figure 1. Proportion of food resources in the diet of invertebrates. SPOM / BPOM: suspended and benthic particulate organic 
matter, BSS: bed shear stress. Box plot: median, 25/75 quartiles, black dot: mean, bars: 5/95% percentiles. Different letters 
indicate significant differences between sites (Chi² test performed separately for SPOM and BPOM).
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of gut content may vary with their digestibility. Hence, 
the current isotope analysis not only confirmed these 
observations, but also enabled to quantify this shift 
based on assimilated food.
In lotic ecosystems, invertebrates are exposed to 
frequent changes in river discharge and flow velocity, 
which will modify local food availa bility. We assume 
that the plasticity of food assimilation documented 
here by spatial compa risons also occurs on a temporal 
scale on the same spot. Such high plasticity thus allows 
invertebrates to shift from one source to another without 
leaving their micro-habitat, which decreases the risk to 
be preyed upon. Hence, feeding plasticity of species 
appears to significantly contribute to the general ability 
of a given species to colonise dynamic environments. 
Hence, observed changes in the micro-distribution of 
benthic invertebrate with changing discharge should 
be mainly due to other factors, like hydraulic stress 
or inter-specific interactions. At ecosystem level, the 
observed plasticity of food assimilation contributes to 
an optimized exploitation of carbon resources from 
various origins present into the stream ecosystem.
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2. Study case

2.1. Introduction of study area

The study area of the hybrid model is a compound 
channel, which locates in the middle reach of Lijiang 
River in South-West China. The annual average 
discharge is 120 m3 s in this area, but the discharge 
can vary dramatically from 12 m3 s to 12 000 m3 s. To 
ensure the water requirements for aquatic ecosystems 
and local water supply, several reservoirs have been or 
planned to be constructed. Under reservoir operations, 
the discharge during dry season can be increased to 
60 m3 s compared to the original discharge of 28 m3 s. 
Flow regulation satisfies water needs for human use, 
while it imposes serious impacts on the distributions 
of aquatic systems. In order to evaluate the influences 
of flow regulation on the macroinvertebrate spatial 
distribution, a hybrid model was applied in this 
research.

2.2. Field data

The field data were collected among three reaches 
(upstream, middle stream and downstream) of the 
Lijiang River. There are 260 data records available over 
a 2 year period (2009-2010). The data sets include the 
physical data, chemical data and biological parameters.
The hydrological data (2008-2010) used in two 
scenarios include the water level, daily averaged 
discharge, temperature, dissolved oxygen, BOD5 
and the manning coefficient.

3. Model development

3.1. Habitat module

The habitat module is based on a feed-forward back-
propagation artificial neural network (BP-ANN) with 
three layer construction. In order to map the presence of 
S. amurensis and hydro-environmental parameters, five 
hydro-environmental parameters were selected as the 
inputs in the ANN model: water temperature, dissolved 
oxygen, water depth, water velocity and manning 

1. Introduction

In recent years, great efforts have been made to evaluate 
the flow variability on aquatic ecosystem (Chen et al., 
2009; Li et al., 2010). As an important component, 
benthic macroinvertebrates play an important role 
in aquatic systems. So it is meaningful to investigate 
the relationships between flow conditions and 
macroinvertebrate distributions. Numerous recent 
studies focused on macroinvertebrate (Cortes et al., 
2002; Sheldon & Thoms, 2006; Dunbar et al., 2010), 
and most of theses researches are qualitatively assessed 
the impacts of river changes.
This research focuses on quantifying the spatial 
changes of macroinvertebrate distribution caused 
by flow regulation. Spatial distributions of 
macroinvertebrates were simulated by using a hybrid 
model which couples a water quality module with a 
habitat presence module. The habitat module was 
based on the ANN technique which was trained and 
validated by two-year datasets. The realistic scenario 
together with the hypothesis scenario were executed 
and compared.
In order to make quantifications of scenarios, the 
cellular automata techniques were introduced in this 
study. In the past few years, the cellular automata 
paradigm was applied to ecohydraulic systems and 
already proved to be a useful approach in ecohydraulics 
modeling (Mynett et al., 2002; Yuqing Lin et al., 
2010). In this research, two criterions which based 
on cellular automata are adopted for quantification. 
Patch analysis use cellular automata to generate the 
patches of macroinvertebrate, and to calculate patches 
area and extra. Cellular automata homogeneity is 
another criterion value used in this research which 
presents the cluster characteristics of the whole system 
(Hutt & Neff, 2001).
The next step is to develop a CA based 
macroinvertebrates evolution model which can reflect 
the interaction between macroinvertebrate neighbors 
beside the hydro-environmental effects.
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Analyses and quantification of macroinvertebrate spatial distribution…

4. Quantification of spatial distribution

4.1. Cellular automata technique

First proposed by Von Neumann (1949), the classical 
cellular automata system usually consists of a set of 
regular cells. Each cell updates its states in discrete 
time steps according to local evolution rules, which 
are functions of the states of the cell itself and its 
neighbors. Figures 2(a) and (b) respectively illustrate a 
two-dimensional CA system with the four neighbors 
and Moore type neighbors’ scheme. The corresponding 
evolution rules are expressed in Equations (1) and (2).

coefficient. The absence/presence of S. amurensis was 
taken as the output of the ANN model (Qingrui Yang 
& Qiuwen Chen, under review).

3.2. Water quality module

For the purpose of displaying spatial distributions of 
macroinvertebrates, the study area was discretized by 
20 m * 20 m meshes. Each mesh indicates an element, 
which demonstrates the state of the macroinvertebrate 
(presence/absence). The same set of meshes was used 
in the habitat module and the quantification process.
Delft-3D software (flow module and WAQ module) 
were used to simulate the hydrodynamic and water 
quality process. For boundary conditions, daily 
averaged discharge was used at upstream, while 
the daily water level was set as boundary condition 
downstream. The time step in the model was set to 
6 seconds and the spatial interval was 40 m.

3.3. Results of hybrid modeling

The results of S. amurensis distributions from two 
scenarios are shown in figure 1. Under original 
discharge (28 m3 s), the dry area was found to be 
5.12 × 105 m2, and the absence area of S. amurensis was 
8.06 × 105 m2. The possible presence of S. amurensis 
area was 11.35 × 105 m2. When discharge increased 
to 60 m3 s, the dry area decreased to 4.69 × 105 m2, 
while the empty area became 13.49 × 105 m2. The 
possible presence area was 6.36 × 105 m2.
From the two scenarios, it can be found that after flow 
regulation, the possible presence area of S. amurensis will 
decrease. The growth of discharge increases the water 
depth and flow velocity, resulting in the shrinkage of the 
dry area (shallow water area). According to the physical 
characteristics, S. amurensis is a sessile benthic species. 
If the velocity is higher than a threshold (about 1 m/s), 
it is hard for S. amurensis to adhere to the cobble. The 
S. amurensis may be washed away by the flow.
It seems that the flow regulation during dry season 
has negative impacts on the spatial distribution of 
S. amurensis., that means some other alternatives or 
improvements needs to be found from ecological 
point of view.

Figure1. The S. amurensis distribution patterns of the two 
scenarios (Left: 28 m3 s, Right: 60 m3/s).

reservoirs have been or planned to be constructed. 
Under reservoir operations, the discharge during 
dry season can be increased to 60 m

3
/s compared 

to the original discharge of 28 m
3
/s. Flow regula-

tion satisfies water needs for human use, while it  
imposes serious impacts on the distributions of 
aquatic systems. In order to evaluate the influ-
ences of flow regulation on the macroinvertebrate 
spatial distribution, a hybrid model was applied in 
this research.  

2.2 Field data 

The field data were collected among three reaches 
(upstream, middle stream and downstream) of the 
Lijiang River. There are 260 data records avail-
able over a 2 year period (2009-2010). The data 
sets include the physical data, chemical data and 
biological parameters. 

The hydrological data (2008-2010) used in two 
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this research.  

2.2 Field data 

The field data were collected among three reaches 
(upstream, middle stream and downstream) of the 
Lijiang River. There are 260 data records avail-
able over a 2 year period (2009-2010). The data 
sets include the physical data, chemical data and 
biological parameters. 

The hydrological data (2008-2010) used in two 
scenarios include the water level, daily averaged 
discharge, temperature, dissolved oxygen, BOD5 
and the manning coefficient. 

3 MODEL DEVELOPMENT 

3.1 Habitat module 

The habitat module is based on a feed-forward 
back-propagation artificial neural network (BP-
ANN) with three layer construction. In order to 
map the presence of S. anmurensis and hydro-
environmental parameters, five hydro-
environmental parameters were selected as the in-
puts in the ANN model: water temperature, dis-
solved oxygen, water depth, water velocity and 
manning coefficient. The absence/presence of S. 
amurensis was taken as the output of the ANN 
model. (Qingrui Yang & Qiuwen Chen, under re-
view) 

3.2 Water quality module 

For the purpose of displaying spatial distributions 
of macroinvertebratea, the study area was discre-
tized by 20m*20m meshes. Each mesh indicates 
an element, which demonstrates the state of the 
macroinvertebrate (presence/absence). The same 
set of meshes was used in the habitat module and 
the quantification process. 

Delft-3D software (flow module and WAQ 
module) were used to simulate the hydrodynamic 
and water quality process. For boundary condi-
tions, daily averaged discharge was used at up-
stream, while the daily water level was set as 
boundary condition downstream. The time step in 
the model was set to 6 seconds and the spatial in-
terval was 40 m. 

3.3 Results of hybrid modeling 

The results of S. amurensis distributions from two 
scenarios are shown in figure 1. Under original 
discharge (28 m

3
/s), the dry area was found to be 

5.12 10
5
 m

2
, and the absence area of S. amuren-

sis was 8.06 10
5
 m

2
. The possible presence of S. 

amurensis area was 11.35 10
5
 m

2
 When dis-

charge increased to 60m
3
/s, the dry area decreased 

to 4.69 10
5 

m
2
, while the empty area became 

13.49 10
5
 m

2
. The possible presence area was 

6.36 10
5
 m

2
. 

Figure1. The S. amurensis distribution patterns of the two 

scenarios (Left: 28 m
3
/s, Right: 60 m

3
/s.) 

 

From the two scenarios, it can be found that after 
flow regulation, the possible presence area of S. 
amurensis will decrease. The growth of discharge 
increases the water depth and flow velocity, re-
sulting in the shrinkage of the dry area (shallow 
water area). According to the physical characteris-
tics, S. amurensis is a sessile benthic species. If 
the velocity is higher than a threshold (about 
1m/s), it is hard for S. amurensis to adhere to the 
cobble. The S. amurensis may be washed away by 
the flow. 

It seems that the flow regulation during dry 
season has negative impacts on the spatial distri-
bution of S. amurensis., that means some other al-
ternatives or improvements needs to be found 
from ecological point of view. 

4 QUANTIFICATION OF SPATIAL 
DISTRIBUTION 

4.1 Cellular automata technique 

First proposed by Von Neumann (1949), the clas-
sical cellular automata system usually consists of 

Dry 

area  
Absence of S. amurensis     

Presence of S. amuren-

sis  

a set of regular cells. Each cell updates its states in 
discrete time steps according to local evolution 
rules, which are functions of the states of the cell 
itself and its neighbors. Figures 2(a) and (b) re-
spectively illustrate a two-dimensional CA system 
with the four neighbors and Moore type neigh-
bors’ scheme. The corresponding evolution rules 
are expressed in Equations (1) and (2). 

 
 
 
 
 
 

         
 

 

 

 

 

Figure2 (a) Four neighbors   (b) ‘Moore’ type neighbors 
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where t

ji
a
,

is the state of the central element (i,j) at 
time t;  is a function of local evolution rules 

 
By defining simple interaction rules between 

local components, cellular automata can lead to 
complex spatial patterns on a global scale. For this 
reason, recently CA became more popular and its 
application covers broad fields, like economic 
modeling, hydrodynamic modeling, and ecologi-
cal modeling and so on. 

In fact, if the proper CA rules are constructed, 
the cellular automata based habitat module could 
be developed to simulate the evolution of mac-
roinvertebrates in this research. The next step of 
our research is to find the spatio-temporal depend-
ence of the macroinvertebrate distribution, and ex-
tract the proper rules for CA based evolution 
modeling. In case of the cellular automata tech-
nique applied in the habitat module, beside the 
hydro-environmental parameters, the interaction 
between neighbors of macroinvertebrate elements 
were taken into account. 

4.2 Patch analysis 

The cellular automata technique was applied for 
analyzing the spatial patches of macroinvertebrate 
distributions with an ‘four neighbors’ scheme in 
the CA paradigm (Figure2 (a)). The states (pres-
ence/ absence) of CA elements could be obtained 
from the habitat module. Firstly, if the element’s 

state is ‘presence’, we consider this element as an 
alone patch and assign this CA element with a 
patch ID number as the initial condition. The next 
step is to check the state of central element with 
neighboring elements, reallocate the patch ID 
number so as to unify the patch ID number be-
tween adjacent elements if they have the same 
states. Repeat the second step until total patches 
have stabilized. After running the CA model, the 
elements are clustered and patches are generated. 
Meanwhile, the areas of patches are calculated 
based on the area of each element. The patch 
analysis results are listed in Table1: 

 
Table 1.  Patch Analysis ________________________________________________ 
                          Discharge _________________________________ 
Patch Analysis                 28 m

3
/s         60 m

3
/s  ________________________________________________ 

Patches number               37          45 
Max patch’s area(m

2
)    779359      137576 

Min patch’s area(m
2
)        166         218  

Average patch area(m
2
)    30683       14135 

Presence area(m
2
)        1135276      636104 ________________________________________________ 

 
Although the total patches number increased from 
37 to 45, the possible total presence area of S. 
amurensis decreased by 44% (from 1135276m

2
 to 

636104m
2
) after flow regulation. The max patch’s 

area drop to 137576m
2 

compared to the original 
one. From the average patch area, it can be imag-
ined that due to the flow regulation, some of the 
patches disappeared or decomposed to small 
patches (It can be checked in next section).  

In this research, ‘Four neighbors’ scheme was 
adopted in the CA model, that means the four 
neighbors who have common sides with the cen-
tral element are considered be the related cell. If 
‘Moore’ type scheme (Figure2 (b)) were used, it 
would involve more possible neighbors to com-
pose the patch. The scheme of CA should be 
modified correspondingly if the patch’s clustering 
criteria were changed. 

Furthermore, CA technique is easy to be ap-
plied for irregular patches’ analysis. The unstruc-
tured cellular automata (UCA) are flexible and 
can be refined locally and arbitrarily. 

4.3 Cellular automata Homogeneity 

In this section, the cellular automata homogeneity 
(M.-Th. Hutt & R.Neff, 2001) was calculated to 
quantify the spatial distribution of S. amurensis. 

Because the local interaction could be taken 
into account in the CA model, the first step is to 
translate the state of a macroinvertebrate element 
into a meta-state by an analysis rules. The corre-
sponding analysis rule was given as following 
(Equation 3): 

Figure 2. (a) Four neighbors - (b) ‘Moore’ type neighbors
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Although the total patches number increased from 37 
to 45, the possible total presence area of S. amurensis 
decreased by 44% (from 1 135 276 m2 to 636 104 m2) 
after flow regulation. The max patch’s area drop to 
137 576 m2 compared to the original one. From the 
average patch area, it can be imagined that due to the 
flow regulation, some of the patches disappeared or 
decomposed to small patches (It can be checked in 
next section).
In this research, ‘Four neighbors’ scheme was adopted 
in the CA model, that means the four neighbors 
who have common sides with the central element 
are considered be the related cell. If ‘Moore’ type 
scheme (Figure2 (b)) were used, it would involve 
more possible neighbors to compose the patch. The 
scheme of CA should be modified correspondingly if 
the patch’s clustering criteria were changed.
Furthermore, CA technique is easy to be applied for 
irregular patches’ analysis. The unstructured cellular 
automata (UCA) are flexible and can be refined locally 
and arbitrarily.

4. Cellular automata homogeneity

In this section, the cellular automata homogeneity 
(Hutt & Neff, 2001) was calculated to quantify the 
spatial distribution of S. amurensis.
Because the local interaction could be taken into 
account in the CA model, the first step is to translate 
the state of a macroinvertebrate element into a meta-
state by an analysis rules. The corresponding analysis 
rule was given as following (Equation 3):

where t
jia , is the state of the central element (i,j) at 

time t; φ is a function of local evolution rules.

By defining simple interaction rules between local 
components, cellular automata can lead to complex 
spatial patterns on a global scale. For this reason, 
recently CA became more popular and its application 
covers broad fields, like economic modeling, 
hydrodynamic modeling, and ecological modeling 
and so on.
In fact, if the proper CA rules are constructed, 
the cellular automata based habitat module 
could be developed to simulate the evolution of 
macroinvertebrates in this research. The next step of 
our research is to find the spatio-temporal dependence 
of the macroinvertebrate distribution, and extract 
the proper rules for CA based evolution modeling. 
In case of the cellular automata technique applied in 
the habitat module, beside the hydro-environmental 
parameters, the interaction between neighbors of 
macroinvertebrate elements were taken into account.
Patch analysis
The cellular automata technique was applied for 
analyzing the spatial patches of macroinvertebrate 
distributions with an ‘four neighbors’ scheme in the 
CA paradigm (Figure 2 (a)). The states (presence/
absence) of CA elements could be obtained from 
the habitat module. Firstly, if the element’s state is 
‘presence’, we consider this element as an alone patch 
and assign this CA element with a patch ID number 
as the initial condition. The next step is to check the 
state of central element with neighboring elements, 
reallocate the patch ID number so as to unify the 
patch ID number between adjacent elements if they 
have the same states. Repeat the second step until total 
patches have stabilized. After running the CA model, 
the elements are clustered and patches are generated. 
Meanwhile, the areas of patches are calculated based 
on the area of each element. The patch analysis results 
are listed in Table 1:

a set of regular cells. Each cell updates its states in 
discrete time steps according to local evolution 
rules, which are functions of the states of the cell 
itself and its neighbors. Figures 2(a) and (b) re-
spectively illustrate a two-dimensional CA system 
with the four neighbors and Moore type neigh-
bors’ scheme. The corresponding evolution rules 
are expressed in Equations (1) and (2). 

 
 
 
 
 
 

         
 

 

 

 

 

Figure2 (a) Four neighbors   (b) ‘Moore’ type neighbors 
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where t

ji
a
,

is the state of the central element (i,j) at 
time t;  is a function of local evolution rules 

 
By defining simple interaction rules between 

local components, cellular automata can lead to 
complex spatial patterns on a global scale. For this 
reason, recently CA became more popular and its 
application covers broad fields, like economic 
modeling, hydrodynamic modeling, and ecologi-
cal modeling and so on. 

In fact, if the proper CA rules are constructed, 
the cellular automata based habitat module could 
be developed to simulate the evolution of mac-
roinvertebrates in this research. The next step of 
our research is to find the spatio-temporal depend-
ence of the macroinvertebrate distribution, and ex-
tract the proper rules for CA based evolution 
modeling. In case of the cellular automata tech-
nique applied in the habitat module, beside the 
hydro-environmental parameters, the interaction 
between neighbors of macroinvertebrate elements 
were taken into account. 

4.2 Patch analysis 

The cellular automata technique was applied for 
analyzing the spatial patches of macroinvertebrate 
distributions with an ‘four neighbors’ scheme in 
the CA paradigm (Figure2 (a)). The states (pres-
ence/ absence) of CA elements could be obtained 
from the habitat module. Firstly, if the element’s 

state is ‘presence’, we consider this element as an 
alone patch and assign this CA element with a 
patch ID number as the initial condition. The next 
step is to check the state of central element with 
neighboring elements, reallocate the patch ID 
number so as to unify the patch ID number be-
tween adjacent elements if they have the same 
states. Repeat the second step until total patches 
have stabilized. After running the CA model, the 
elements are clustered and patches are generated. 
Meanwhile, the areas of patches are calculated 
based on the area of each element. The patch 
analysis results are listed in Table1: 

 
Table 1.  Patch Analysis ________________________________________________ 
                          Discharge _________________________________ 
Patch Analysis                 28 m

3
/s         60 m

3
/s  ________________________________________________ 

Patches number               37          45 
Max patch’s area(m

2
)    779359      137576 

Min patch’s area(m
2
)        166         218  

Average patch area(m
2
)    30683       14135 

Presence area(m
2
)        1135276      636104 ________________________________________________ 

 
Although the total patches number increased from 
37 to 45, the possible total presence area of S. 
amurensis decreased by 44% (from 1135276m

2
 to 

636104m
2
) after flow regulation. The max patch’s 

area drop to 137576m
2 

compared to the original 
one. From the average patch area, it can be imag-
ined that due to the flow regulation, some of the 
patches disappeared or decomposed to small 
patches (It can be checked in next section).  

In this research, ‘Four neighbors’ scheme was 
adopted in the CA model, that means the four 
neighbors who have common sides with the cen-
tral element are considered be the related cell. If 
‘Moore’ type scheme (Figure2 (b)) were used, it 
would involve more possible neighbors to com-
pose the patch. The scheme of CA should be 
modified correspondingly if the patch’s clustering 
criteria were changed. 

Furthermore, CA technique is easy to be ap-
plied for irregular patches’ analysis. The unstruc-
tured cellular automata (UCA) are flexible and 
can be refined locally and arbitrarily. 

4.3 Cellular automata Homogeneity 

In this section, the cellular automata homogeneity 
(M.-Th. Hutt & R.Neff, 2001) was calculated to 
quantify the spatial distribution of S. amurensis. 

Because the local interaction could be taken 
into account in the CA model, the first step is to 
translate the state of a macroinvertebrate element 
into a meta-state by an analysis rules. The corre-
sponding analysis rule was given as following 
(Equation 3): 

Table 1.  Patch Analysis.

a set of regular cells. Each cell updates its states in 
discrete time steps according to local evolution 
rules, which are functions of the states of the cell 
itself and its neighbors. Figures 2(a) and (b) re-
spectively illustrate a two-dimensional CA system 
with the four neighbors and Moore type neigh-
bors’ scheme. The corresponding evolution rules 
are expressed in Equations (1) and (2). 

 
 
 
 
 
 

         
 

 

 

 

 

Figure2 (a) Four neighbors   (b) ‘Moore’ type neighbors 
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where t

ji
a
,

is the state of the central element (i,j) at 
time t;  is a function of local evolution rules 

 
By defining simple interaction rules between 

local components, cellular automata can lead to 
complex spatial patterns on a global scale. For this 
reason, recently CA became more popular and its 
application covers broad fields, like economic 
modeling, hydrodynamic modeling, and ecologi-
cal modeling and so on. 

In fact, if the proper CA rules are constructed, 
the cellular automata based habitat module could 
be developed to simulate the evolution of mac-
roinvertebrates in this research. The next step of 
our research is to find the spatio-temporal depend-
ence of the macroinvertebrate distribution, and ex-
tract the proper rules for CA based evolution 
modeling. In case of the cellular automata tech-
nique applied in the habitat module, beside the 
hydro-environmental parameters, the interaction 
between neighbors of macroinvertebrate elements 
were taken into account. 

4.2 Patch analysis 

The cellular automata technique was applied for 
analyzing the spatial patches of macroinvertebrate 
distributions with an ‘four neighbors’ scheme in 
the CA paradigm (Figure2 (a)). The states (pres-
ence/ absence) of CA elements could be obtained 
from the habitat module. Firstly, if the element’s 

state is ‘presence’, we consider this element as an 
alone patch and assign this CA element with a 
patch ID number as the initial condition. The next 
step is to check the state of central element with 
neighboring elements, reallocate the patch ID 
number so as to unify the patch ID number be-
tween adjacent elements if they have the same 
states. Repeat the second step until total patches 
have stabilized. After running the CA model, the 
elements are clustered and patches are generated. 
Meanwhile, the areas of patches are calculated 
based on the area of each element. The patch 
analysis results are listed in Table1: 

 
Table 1.  Patch Analysis ________________________________________________ 
                                                       Discharge _________________________________ 
Patch Analysis                     28 m

3
 s            60 m

3
 s  ________________________________________________ 

Patches number                  37               45 
Max patch’s area (m

2
)    779359      1 37576 

Min patch’s area (m
2
)          166             218  

Average patch area (m
2
)      30683         14135 

Presence area (m
2
)          1135276       636104 ________________________________________________ 

 
Although the total patches number increased from 
37 to 45, the possible total presence area of S. 
amurensis decreased by 44% (from 1135276m

2
 to 

636104m
2
) after flow regulation. The max patch’s 

area drop to 137576m
2 

compared to the original 
one. From the average patch area, it can be imag-
ined that due to the flow regulation, some of the 
patches disappeared or decomposed to small 
patches (It can be checked in next section).  

In this research, ‘Four neighbors’ scheme was 
adopted in the CA model, that means the four 
neighbors who have common sides with the cen-
tral element are considered be the related cell. If 
‘Moore’ type scheme (Figure2 (b)) were used, it 
would involve more possible neighbors to com-
pose the patch. The scheme of CA should be 
modified correspondingly if the patch’s clustering 
criteria were changed. 

Furthermore, CA technique is easy to be ap-
plied for irregular patches’ analysis. The unstruc-
tured cellular automata (UCA) are flexible and 
can be refined locally and arbitrarily. 

4.3 Cellular automata Homogeneity 

In this section, the cellular automata homogeneity 
(M.-Th. Hutt & R.Neff, 2001) was calculated to 
quantify the spatial distribution of S. amurensis. 

Because the local interaction could be taken 
into account in the CA model, the first step is to 
translate the state of a macroinvertebrate element 
into a meta-state by an analysis rules. The corre-
sponding analysis rule was given as following 
(Equation 3): 
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where a, b demonstrate the state of the central 

element  and its nearest neighbors correspond-

ingly, 
Nij

 denotes the number of neighbors of 

the central element ij
a
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Here, there is no distance difference in state-
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After translating the macroinvertebrate’s state 
into a meta-state, combining Equation (3) and 
Equation (4), and normalized summation among 
all elements, the CA homogeneity H was calcu-
lated by Equation (5): 

! !
"

=
ij Nb

ij

ij

ba
NijN

H ),(
11

#                 (5) 

where N is the total number of the elements 
 

Using a ‘Four neighbors’ scheme for the spatial 
distribution analysis yields a CA homogeneity 
value of 0.5183 for a discharge of 28 m

3
/s, while 

the resulting value reduces to 0.2466 for a dis-
charge of 60 m

3
/s. It was verified that after flow 

regulation, some of the large patches were disas-
sembled and segregated.  

 From the definition of CA homogeneity, it can 
be found that the CA homogeneity value presents 
the cluster characteristics of the whole system 
(image). If executing the CA homogeneity value 
on a full image (Figure1), the results turn out to be 
0.8008 and 0.8162 for discharges of 28 m

3
/s and 

60m
3
/s, respectively. The numerical value changes 

a little, because this value does not reflect the fact 
that the macroinvertebrate patches are more scat-
tered in the higher discharge scenario. Figure 1 il-
lustrate that the increase of the velocity and water 
level in the middle reach make it unsuited for S. 
amurensis. The gathering of absence area results 
in the increasing of CA homogeneity value of the 
full image. 

5 DISCUSSIONS 

This paper simulated and quantified the effect of 
flow regulation on the spatial distribution of mac-
roinvertebrates. A hybrid model which integrates 
a two-dimensional water quality module with an 
ANN based habitat module was applied. Later, the 
cellular automata technique was adopted in order 
to quantify the spatial distribution of the macroin-
vertebrates. 

The study case is a compound reach in the 
middle of the Lijiang River in China, where the 
discharge is regulated by an upstream reservoir. 
The hybrid model mimics the distribution of S. 
amurensis under the two scenarios (28 m

3
/s and 

60 m
3
/s). 

This study maps macroinvertebrate presence 
with environmental factors based on an ANN 
modeling. There are some other alternatives such 
as statistics, fuzzy logic; genetic algorithm and ex-
tra. These techniques are efficient to extract the 
non-linear relationships between species evolution 
and environmental factors, and also available to 
explore CA rules for macroinvertebrate evolution 
modeling which will be developed in our ongoing 
research. The effect from local interaction be-
tween nearest neighbors can be presented, beside 
the environmental factors, in CA based macroin-
vertebrate evolution modeling. By coupling the 
numerical water quality modules with the habitat 
module under different scenarios, the hybrid 
model is able to demonstrate the influence of flow 
regulations on habitats distribution. 

Cellular automata technique was utilized for 
calculating two criterions of spatial distribution. 
One is patch analysis, which includes the total 
number of patches, patch area and so on. The re-
sults show that after flow regulation, some small 
patches appeared while the total possible presence 
area of S. amurensis decreased by 44%. Another 
criterion for spatial distribution used in this re-
search is cellular automata homogeneity. This 
value presents the cluster characteristics of a full 
image (presence area together with absence area). 
From this value, it can be seen that the increased 
discharge caused some scattered presence area, 
and assembled the absence area of habitat mean-
while. In our future work, the meshes will be re-
fined within a small scale. We will concentrate on 
exploring the new CA rules for CA based mac-
roinvertebrate evolution modeling which com-
bines the environmental factors with the local in-
teraction between adjacent elements. The 
unstructured cellular techniques could be applied 
as an alternative as well. 

Furthermore, in this study the discharge was 
considered as constant in two scenarios. The flow 
regulation value could be a time series so that the 
spatial distribution of macroinvertebrates will turn 
out to a dynamic evolution process. The result 
from the hybrid modeling would be a spatial-
temporal phenomena. Maybe the CA fluctuation 
number (M.-Th. Hutt & R.Neff, 2001) could be 
tested to understand the spatial-temporal dynamics 
of macroinvertebrates. 
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5. Discussions

This paper simulated and quantified the effect 
of flow regulation on the spatial distribution of 
macroinvertebrates. A hybrid model which integrates a 
two-dimensional water quality module with an ANN 
based habitat module was applied. Later, the cellular 
automata technique was adopted in order to quantify 
the spatial distribution of the macroinvertebrates.
The study case is a compound reach in the middle 
of the Lijiang River in China, where the discharge is 
regulated by an upstream reservoir. The hybrid model 
mimics the distribution of S. amurensis under the two 
scenarios (28 m3 s and 60 m3 s).
This study maps macroinvertebrate presence 
with environmental factors based on an ANN 
modeling. There are some other alternatives such as 
statistics, fuzzy logic; genetic algorithm and extra. 
These techniques are efficient to extract the non-
linear relationships between species evolution and 
environmental factors, and also available to explore 
CA rules for macroinvertebrate evolution modeling 
which will be developed in our ongoing research. The 
effect from local interaction between nearest neighbors 
can be presented, beside the environmental factors, 
in CA based macroinvertebrate evolution modeling. 
By coupling the numerical water quality modules 
with the habitat module under different scenarios, 
the hybrid model is able to demonstrate the influence 
of flow regulations on habitats distribution.
Cellular automata technique was utilized for calculating 
two criterions of spatial distribution. One is patch 
analysis, which includes the total number of patches, 
patch area and so on. The results show that after flow 
regulation, some small patches appeared while the total 
possible presence area of S. amurensis decreased by 
44%. Another criterion for spatial distribution used 
in this research is cellular automata homogeneity. 
This value presents the cluster characteristics of a full 
image (presence area together with absence area). From 
this value, it can be seen that the increased discharge 
caused some scattered presence area, and assembled 
the absence area of habitat meanwhile. In our future 
work, the meshes will be refined within a small scale. 
We will concentrate on exploring the new CA rules 
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After translating the macroinvertebrate’s state 
into a meta-state, combining Equation (3) and 
Equation (4), and normalized summation among 
all elements, the CA homogeneity H was calcu-
lated by Equation (5): 
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where N is the total number of the elements 
 

Using a ‘Four neighbors’ scheme for the spatial 
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Analyses and quantification of macroinvertebrate spatial distribution…
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Multiple drift responses of benthic invertebrates 

to hydropeaking waves

B. MAIOLINI1, M.C. BRUNO1 & M. CAROLLI1

ABSTRACT. Sudden instream releases of hypolimnetic water from hydropower plants (i.e., 
hydropeaking) can cause abrupt temperature variations (i.e., thermopeaking), typically on a daily 
basis. The propagation of the discharge and thermal waves are asynchronous, causing the benthic 
community to undergo two distinct but consecutive impacts. Invertebrates are known to respond 
to sudden increases in discharge with catastrophic drift, and recently have been shown to respond 
to sudden changes of temperature with drift, which is probably behavioral. Due to the decoupling 
of the discharge and thermal waves, catastrophic and behavioral drift can occur as distinct events. 
We analyzed the induction of drift in benthic invertebrates caused by a hydropeaking wave followed 
by a thermopeaking wave, in two open air flumes directly fed by an Alpine stream. The slight 
but abrupt increase in discharge caused a maximum 28 and 24-fold peak increases in drift in the 
two flumes, and the abrupt decrease in temperature caused an increase of 36 and 198-fold in the 
same flumes. In both flumes drift propensity increased during hydropeaking and thermopeaking 
simulations, and was higher during the latter.

KEYWORDS: temperature, hydropower, benthos, streams, Alps.
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1. Introduction 

Hydropower is a primary and strategic renewable 
energy source in the Alps. Among its advantages 
is the possibility to respond immediately to peak 
demands, but the resulting sudden release of water in 
receiving water bodies (hydropeaking) causes severe 
consequences on the benthic community and on 
the whole ecosystem (degradation of the riparian 
zone, clogging of the substrate, etc.) (e.g., Poff et al., 
1997; Fette et al., 2007). Furthermore, hydropeaking 
downstream of storage plants with high elevation 
reservoirs and hypolimnetic releases causes not only 
a change in the flow regime but also in the thermal 
regime through the sharp temperature variations, i.e., 
thermopeaking (Carolli et al., 2009, 2011; Zolezzi et 
al., 2010). Recent studies in Alpine streams (Frutiger, 
2004; Zolezzi et al., 2010) showed a resulting thermal 
alteration up to 4°C, comparable with the diurnal 
variation, occurring within a notably shorter time 
interval (about 30 minutes). On a seasonal scale, the 
daily alterations sum up and in the Alpine streams 
studied the range is plus 3-4C° in winter and minus 
5-6C° in summer (Zolezzi et al., 2010).
Because the hydrodynamic and thermal waves 
propagate downstream with different velocities, 
with the discharge wave preceding the thermal 
one (Toffolon et al., 2010), the biota experience a 
first disturbance caused by the hydropeaking wave 
(catastrophic drift), followed by a second one caused 
by the sudden temperature change (behavioural drift, 
see Carolli et al., 2011). The time lag between the two 
events increases with distance from the power station 
and the magnitude depends on the relative position 
of the reservoir and the receiving water body. 
Aim of this study was to assess the impacts on the 
benthic community of this sequence of events by 
simulating one hydropeaking wave followed by a 
thermopeaking one, in experimental flumes.

2. Material and methods

Experiments were conducted on 28 July 2009 in 
a set of five 20 m long, 30 cm wide metal flumes 

situated on the riparian zone of the Fersina Stream 
(46°04’32”N, 11°16’24”E) at 577 m a.s.l. The Fersina 
is a 2nd order stream, originating at an altitude of 
2 005 m, and joining the Adige River at Trento 
(Trentino Province, Northeastern Italy). Each flume 
has an adjustable longitudinal slope and feeding 
discharge. They are filled with a layer of gravel and 
sand collected from the riverbank and connected to 
a loading tank that is directly fed by water diverted 
from the stream. For this experiment we used two 
flumes, where we artificially caused a sudden increase 
of discharge of 2.2 x in flumes B and D (from 5.1*10-3 
to 11.3*10-3 m3 s-1) and subsequently we decreased 
abruptly the temperature of 2.4 (flume B) and 3.5°C 
(flume D). Thermal manipulations were conducted 
by using a 0.5 m3 volume, thermally-isolated water 
tank, where water was cooled with 250 kg of crushed 
ice and quickly released simultaneously into the two 
treatment flumes with rubber hoses through the sluice 
gates feeding each flume.
Drift samples were collected by filtering the whole 
volume of water leaving the flumes with drift nets 
(mesh size 100 micron). For each experiment we 
collected 4 samples before the experiment for 
5 minutes at the beginning of each hour, for the 
four hours preceding the experiment (four samples 
for each flume, named BF hereafter); during the 
hydropeaking wave (10 samples for each flume, 
HP hereafter) and during the thermopeaking wave 
(11 samples for each flume, TP hereafter) we collected 
the drift continuously at 2 minutes intervals. Number 
of collected individuals were transformed in densities 
and expressed in n. ind. m-3. Benthic density was 
measured one day before the experiment by collecting 
three samples in each flume with a Hess sampler 
(23.5 cm diameter, 100 µm mesh) and calculating 
mean densities per flume. Composition of the benthic 
community in the stream from which the water was 
diverted into the flumes was assessed bi-weekly from 
March 2009 to the experiment day using standard 
methods (Carolli et al., unpublished). Propension 
to drift was calculated as mean drift density/mean 
benthic density and expressed as n. ind. m-1. Values 
were calculated separately for the samples collected 
before the simulations, during HP, and during TP.
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3. Results

The composition of the benthic community in the 
flumes was similar to that of the adjacent stream. 
Differences were represented by the higher relative 
abundance of collectors, scrapers and filterers in 
respect to predators in the flumes.
The density of drifting invertebrates increased a first 
time during the hydropeaking simulation, followed 
by a second increase during the thermopeaking one 
(Figure 1).
The slight but abrupt increase in discharge caused 
a maximum 28- and 24-fold peak increases in drift 
in flumes B and D respectively, while mean increase 
before and during the hydropeaking simulation 
experiment was 12- and 10-fold (Table 1). During the 
TP experiment, more invertebrates drifted, particularly 
in flume B, which experienced a higher thermal shift: 
peak increase measured 36 in B and 198 in D, with 
a mean increase of 23 in B and 56 in D (Table 1). 
Drift propensity increased in both flumes during 
both HP and TP simulations, with higher values in 
the latter (Figure 2).
We could identify three kinds of drift responses 
(Figure 3):

a. taxa which tended naturally to drift (i.e. they 
were proportionally more abundant in drift 
before the simulations than in benthos) and 
responded to the discharge and/or thermal 
alterations. This is the case of Chironomidae 
whose drift propensity increased 15- 
and 22-fold in flume B for HP and TP 
respectively, and 11- and 51-fold in flume D, 
and of Simuliidae, whose propensity to drift 
increased of 14- and 25-fold in flume B, 8- and 
41-fold in flume D. The high abundance of 
Simuliidae in the benthos could explain their 
high propension to drift (even in absence of 
alterations), due to overcrowding, a condition 
not normally occurring in streams, where they 
generally have low propensity to drift (e.g., 
Crossky, 1990; Kiel, 2001). 

b. taxa which did not tend to drift (i.e. they were 
proportionally more abundant in benthos than 
in drift before) but responded to the discharge 

Figure. 1. Densities of drifting invertebrates (as mean 
between the two flumes) before the simulation (BF), and 
during the hydropeaking (HP) and thermopeaking (TP) 
simulations.
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Table 1. Main physical and biological parameters of the hy-

dropeaking (HP) and thermopeaking (TP) simulations. Drift 

values expressed as n. ind m
-3

.  

 Flume 

B 

Flume 

D 

�Q (l s
-1

) 2.2 2.2 

�T (°C) 2.4 3.5 

A: mean drift before 1.3 1.4 

B: mean drift during HP 15.3 14 

C: mean drift during TP 29.8 80.9 

B/A: drift increase ratio dur-

ing HP 

11.7 9.7 

C/A: drift increase ratio dur-

ing TP 

22.7 56 

D: max drift before 1. 8 2.2 

E: max drift during HP 36.5 34.4 

F: max drift during TP 67.1 285.8 

E/A 27.9 23.8 

F/A 35.8 197.6 
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periment for 5 minutes at the beginning of each 
hour, for the four hours preceding the experiment 
(four samples for each flume, named BF hereaf-
ter); during the hydropeaking wave (10 samples 
for each flume, HP hereafter) and during the 
thermopeaking wave (11 samples for each flume, 
TP hereafter) we collected the drift continuously 
at 2 minutes intervals. Number of collected indi-
viduals were transformed in densities and ex-
pressed in n. ind. m

-3
. Benthic density was meas-

ured one day before the experiment by collecting 
three samples in each flume with a Hess sampler 
(23.5 cm diameter, 100 �m mesh) and calculating 
mean densities per flume. Composition of the ben-
thic community in the stream from which the wa-
ter was diverted into the flumes was assessed by-
weekly from March 2009 to the experiment day 
using standard methods (Carolli et al., unpub-
lished). Propension to drift was calculated as 
mean drift density/mean benthic density and ex-
pressed as n. ind. m

-1
. Values were calculated 

separately for the samples collected before the 
simulations, during HP, and during TP.  

 
3 RESULTS 

The composition of the benthic community in the 
flumes was similar to that of the adjacent stream. 
Differences were represented by the higher rela-
tive abundance of collectors, scrapers and filterers 
in respect to predators in the flumes. 

The density of drifting invertebrates increased 
a first time during the hydropeaking simulation, 
followed by a second increase during the ther-
mopeaking one (Figure 1). 
 

Figure. 1. Densities of drifting invertebrates (as mean be-

tween the two flumes) before the simulation (BF), and dur-

ing the hydropeaking (HP) and thermopeaking (TP) simula-

tions. 

 
The slight but abrupt increase in discharge 

caused a maximum 28- and 24-fold peak increases 
in drift in flumes B and D respectively, while 
mean increase before and during the hydropeaking 
simulation experiment was 12- and 10-fold (Table 
1). During the TP experiment, more invertebrates 
drifted, particularly in flume B, which experi-

enced a higher thermal shift: peak increase meas-
ured 36 in B and 198 in D, with a mean increase 
of 23 in B and 56 in D (Table 1).  
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Table 1. Main physical and biological parameters of the 
hydropeaking (HP) and thermopeaking (TP) simulations. 
Drift values expressed as n. ind. m-3.

Figure 2. Densities of drifting invertebrates collected in the 
two artificial flumes (B and D) during the hydropeaking 
(HP) and thermopeaking (TP) simulations.
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the well-known effects of sudden increases of discharge 
is the induction of catastrophic drift (e.g. Céréghino et 
al., 2002; Hay et al., 2008; Bruno et al., 2010), which 
was assessed as well in the same flumes (Carolli et al., 
2010). The sudden and repeated discharge and thermal 
waves (hydropeaking and thermopeaking) travel 
downstream with different velocities and thus, in the 
short term, the invertebrate community composition 
in the hydropeaking-impacted reaches changes because 
invertebrates undergo behavioral drift in response to 
thermopeaking and catastrophic drift in response to 
the discharge wave. Behavioral and catastrophic drifts 
can occur as distinct events. In this study we attempted 
to reproduce such effect manipulating discharge and 
temperature in two artificial flumes. Results indicate 
that the thermal wave following the discharge one 
may affect the benthos to a higher degree.
The effects of abrupt increases of discharge and changes 
of temperature may vary according to the time lag 
of their arrival. In our experiment we tested the case 
of two separate and subsequent waves. Normally 
this situation does not occur; in fact, in most cases 
each hydropeaking event lasts several hours and thus 
the resulting two waves overlap for a long distance 
downstream. More recently though, the operation of 
power plants is increasingly market-oriented and short 
operational shifts (less than one hour) are becoming 
frequent. In such cases, the separation of the two waves 
may occur at relatively short distance from the power 
plant. As showed by this study, different taxa behave 
differently in reaction to the sequence of impacts and 
different communities may be selected by the different 
operational modes of hydropower plants.
The results of this study may be relevant to forecast 
the summed effect of multiple stressors that occur 
in heavily modified water bodies. Further research is 
needed to verify the role of the time lag between one 
hydropeaking event and the associated thermopeaking, 
and their cumulative effect at different time scales.
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and/or thermal alterations by increasing their 
propensity to drift, i.e. Trichoptera, Baetidae, 
other Diptera, Acarina, Harpacticoida and 
Oligochaeta;

c. taxa which were not or only slightly affected 
by HP and TP, such as Heptageniidae and 
Plecoptera, whose increase in drift propensity 
was negligible.

4. Discussion

Flow and temperature regimes are considered the main 
drivers in stream ecology (Poff et al., 1997), though 
the effects of pulsating temperature changes are still 
little known. Hydropower plants fed by high elevation 
and stratified reservoirs with hypolimnetic releases are 
rather common in the Alps and their pulsating releases 
impact many rivers (Alpine Convention, 2009).
In previous studies in the same flume system (Carolli 
et al., 2011) we assessed how abrupt changes of 
temperature induce drift in benthic invertebrates, 
and how such drift is probably behavioural, whereas 

Figure 3. Drift propensity of main taxa in flume B (top) 
and D (bottom) before simulations (BF), and during 
hydropeaking (HP) and thermopeaking (TP) simulations.

creased of 14- and 25-fold in flume B, 8- and 41-
fold in flume D. The high abundance of Simulii-
dae in the benthos could explain their high pro-
pension to drift (even in absence of alterations), 
due to overcrowding, a condition not normally oc-
curring in streams, where they generally have low 
propensity to drift (e.g., Crossky, 1990; Kiel, 
2001).  

b) taxa which did not tend to drift (i.e. they 
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than in drift before) but responded to the dis-
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c) taxa which were not or only slightly affected 
by HP and TP, such as Heptageniidae and Plecop-
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Flow and temperature regimes are considered the 
main drivers in stream ecology (Poff et al., 1997), 
though the effects of pulsating temperature 
changes are still little known. Hydropower plants 
fed by high elevation and stratified reservoirs with 
hypolimnetic releases are rather common in the 
Alps and their pulsating releases impact many riv-
ers (Alpine Convention, 2009).  

In previous studies in the same flume system 
(Carolli et al., 2011) we assessed how abrupt 
changes of temperature induce drift in benthic in-
vertebrates, and how such drift is probably behav-
ioural, whereas the well-known effects of sudden 
increases of discharge is the induction of cata-
strophic drift (e.g. Céréghino et al., 2002; Hay et 
al., 2008; Bruno et al., 2010), which was assessed 
as well in the same flumes (Carolli et al., 2010). 
The sudden and repeated discharge and thermal 
waves (hydropeaking and thermopeaking) travel 
downstream with different velocities and thus, in 
the short term, the invertebrate community com-
position in the hydropeaking-impacted reaches 
changes because invertebrates undergo behavioral 
drift in response to thermopeaking and cata-
strophic drift in response to the discharge wave. 
Behavioral and catastrophic drifts can occur as 
distinct events. In this study we attempted to re-
produce such effect manipulating discharge and 
temperature in two artificial flumes. Results indi-
cate that the thermal wave following the discharge 
one may affect the benthos to a higher degree.  

The effects of abrupt increases of discharge 
and changes of temperature may vary according to 
the time lag of their arrival. In our experiment we 
tested the case of two separate and subsequent 
waves. Normally this situation does not occur; in 
fact, in most cases each hydropeaking event lasts 
several hours and thus the resulting two waves 
overlap for a long distance downstream. More re-
cently though, the operation of power plants is in-
creasingly market-oriented and short operational 
shifts (less than one hour) are becoming frequent. 
In such cases, the separation of the two waves 
may occur at relatively short distance from the 
power plant. As showed by this study, different 
taxa behave differently in reaction to the sequence 
of impacts and different communities may be se-
lected by the different operational modes of hy-
dropower plants. 

The results of this study may be relevant to 
forecast the summed effect of multiple stressors 
that occur in heavily modified water bodies. Fur-
ther research is needed to verify the role of the 
time lag between one hydropeaking event and the 
associated thermopeaking, and their cumulative 
effect at different time scales. 
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Experimental study  

on shear stresses triggering benthic drift

I. SCHNAUDER1 & X.F. GARCIA1

ABSTRACT. In the present study, threshold boundary shear stresses to trigger benthic invertebrate 
drift were determined. Laboratory experiments were carried out in a tilting flume, 10 cm wide 
and 3 m long with a closed recirculation system and a sand bottom of uniform grain size. Benthic 
invertebrates from different orders were collected from a lowland river (Spree, Germany). Individuals 
were placed in the flume at low flow conditions, before gradually increasing the discharge until 
drift occurred. Photos were taken from the side through the flume walls to capture the behaviour 
and strategies of the organisms to cope with the flow. Velocity and shear stress profiles were 
afterwards measured above the drift position with an Acoustic Doppler Velocimeter (ADV, 
Nortek Vectrino). Bed shear stresses were determined by extrapolation of the Reynolds shear stress 
profiles in subcritical flow conditions. For supercritical flow conditions, a simple particle tracking 
velocimetry was applied to determine velocity profiles. Bed shear stresses were then estimated from 
fitting of a log-law. Results contain the average drift shear stress and drift velocity for 15 taxa. 
Drift shear stresses, which can be interpreted as abiotic ‘absence’ criteria of the species, were in 
most cases exceeding the conditions of preferential habitats and incipient motion threshold of the 
sediments. However, it was observed that sudden changes in the angle of flow attack (e.g. by burst 
events or surface waves) or direct interaction with sediment motion (animals hit by moving grains 
or erosion of the grains serving as anchorage) were the key factors triggering invertebrate drift.

KEYWORDS: ecohydraulics, benthic drift, boundary shear stress, habitat modelling.

1. Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB), Berlin, Germany.
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1. Introduction

Benthic invertebrates are important components of 
stream ecosystems because they transform organic 
material, the principal energy inputs in lowland 
streams, into body tissue used by higher trophic 
levels (Orth & Maughan, 1983). Hydrodynamic 
processes shape stream ecosystems and affect 
benthos in different ways; directly by altering their 
‘performance’ (movement, respiration) and indirectly 
by influencing abiotic and biotic variables of their 
environment, e.g. substratum and food supply (Hart 
& Finelli, 1999). Quantification of invertebrate 
dynamics depending on flow is difficult and the 
majority of previous research was directed towards 
more universal preferential habitat models, like 
‘CASIMIR’ (Bratrich & Jorde, 1997) or ‘PHABSIM’ 
(Waddle, 2001). A qualitative suitability of the 
habitat for the organisms is determined based on 
average hydraulic and morphologic quantities such 
as mean water depth, velocity or median grain size, 
and linked to the ecological preference of the species. 
Habitat models have been proved of high practical 
value, e.g. for river restoration purposes and species 
reintroduction (Gore et al., 1998). Nevertheless, 
it is desirable to model invertebrate dynamics in 
higher detail and refined spatial and temporal scales. 
Extended advection-diffusion models provide a basis 
for such an approach (Hart & Finelli, 1999). The 
development of such a mechanistic model is the aim 
of a current bilateral research project on hydraulic-
ecological interaction in meander bends, carried out 
at IGB. The challenge lies in relating invertebrate 
behavior and population dynamics to physical 
parameters of the flow.
We investigated a simple individual-based behavioural 
aspect, triggered by abiotic factors: benthic invertebrate 
drift due to hydraulic stress in a boundary layer. 
Peak stresses, that organisms are no longer able to 
sustain and cause their detachment from the bed, 
are interpreted as a hydraulic ‘absence’ criteria. The 
experiments in this study aimed to identify ‘drift-
related bed shear velocities’ 

‘absence’ criteria. The experiments in this study 
aimed to identify ‘drift-related bed shear veloci-
ties’ 

d
u
,!  and ‘effective drift velocities’ 

d
U

,! , to 
which animals are exposed. We did not consider 
‘voluntary’ drift, i.e. as a response to predation 
risk or competition, or search for alternative food 
sources (Gibbins et al., 2004). 

2 HYDRAULIC-STRESS TRIGGERING 
DRIFT 
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although (i) is implicitly considered by examining 
invertebrate species with differing body shapes. 

3 FLUME EXPERIMENTS AND VELOCITY 
MEASUREMENT TECHNIQUES 

The flume used in this study, had a glass wall sec-
tion of a length of 3 m and a width of 10 cm at a 
maximum depth of 40 cm. It was tiltable for 
slopes up to 1/10 with a closed pump circuit. The 
flume bottom was made of PVC sheets, onto 
which a layer of uniform sand grains (
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mm) was glued. This layer provided a roughness 
structure for the animals to attach. Vertical pro-
files of streamwise velocity )(zu  and Reynolds 
stress ''wu!  were measured with an ADV (Type 
‘Vectrino+’, Nortek AS, Norway), traversing lon-
gitudinally on the flume toprails. A water surface 
elevation pointer gauge was installed at the en-
trance of the glass wall section to determine water 

depth. An electromagnetic currency meter (ECM) 
integrated in the pipe circuit measured discharge. 

Some of the runs required supercrictical flow. 
As ADV measurements could not be carried out 
for velocities higher than 50 cm/s due to air en-
trainment, we determined velocity profiles via a 
simple particle tracking velocimetry (PTV), re-
leasing poppy seeds and taking video records 
through the sidewalls with a camera speed of 30 
frames per second. Stresses in this case were cal-
culated from a log-law fitting to the velocity data. 

Invertebrates were collected on the River Spree 
close to Neu-Zittau/Brandenburg, Germany. In 
order to accommodate them to the laboratory con-
ditions, invertebrate individuals were kept in 
aquariums with their natural substrate, air supply 
and at a water temperature below 20 centigrade. 
Individuals were fed ad libitum with living chiro-
nomids (for predator species), fragments of 
macrophytes collected from the river (for shredder 
species), and with biofilm and algae covering 
dead wood (for grazer species). In each run, a sin-
gle invertebrate was placed with a pair of tweezers 
at still-water or moderate flow velocities along the 
flume centreline at mid-flume length. Then dis-
charge was steadily increased until drift occurred 
or maximum discharge was reached (no drift). 
The surface pointer gauge was moved following 
the rising water level to capture the water depth at 
the instant of drift. It was not possible to use the 
ADV simultaneously to these runs, as animals of-
ten moved quickly towards the flume corners to 
seek shelter from the peak stress and velocity in 
the centreline. After drift occurred, the ADV was 
installed above the location of detachment. Pic-
tures and videos of the invertebrates were taken 
from the side during the tests using a millimeter 
grid graph-paper against backlighting through the 
opposite flume wall. Additional pictures from the 
top (plan view) were taken placing the animals in 
a Petri dish with a millimeter grid graph-paper be-
low. Crustacea did not firmly attach to the bed and 
constantly moved and were placed in a still-water 
tank and filmed. The image sequences were ana-
lysed towards the distance crossed between suc-
cessive frames to determine their migra-
tion/propulsion speed. 
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Subcritical conditions and the maximum stresses 
and velocities limited by the flume ( !u  < 2.5 cm/s, 
u (z = 5 mm) = 30 cm/s) were only sufficient to 
drift Sialis lutaria and Gomphus vulgatissimus, 
while all other species resisted at least once and 
re- 
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which animals are exposed. We did not consider 
‘voluntary’ drift, i.e. as a response to predation 
risk or competition, or search for alternative food 
sources (Gibbins et al., 2004). 

2 HYDRAULIC-STRESS TRIGGERING 
DRIFT 

The concept of boundary layers was first intro-
duced in invertebrate ecology by Ambühl (1960) 
who identified the importance of the viscous 
sublayer forming around pebbles in providing 
shelter zones, but also zones of lower biochemical 
exchange, e.g. oxygen content. Both features 
strongly influence invertebrate abundance. The 
forces acting on the organisms largely depend on 
animal size, which can be represented by a ‘body-
length Reynolds number’ 1
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ity of water. To resist these forces, different adap-
tation strategies are known: (i) streamlined body 
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lutionary (i) to instantaneous adaptation (vi). Of 
particular interest for this study were the instanta-
neous to short-time adaptations, (iv), (v), and (vi), 
although (i) is implicitly considered by examining 
invertebrate species with differing body shapes. 

3 FLUME EXPERIMENTS AND VELOCITY 
MEASUREMENT TECHNIQUES 

The flume used in this study, had a glass wall sec-
tion of a length of 3 m and a width of 10 cm at a 
maximum depth of 40 cm. It was tiltable for 
slopes up to 1/10 with a closed pump circuit. The 
flume bottom was made of PVC sheets, onto 
which a layer of uniform sand grains (

50
d  = 0.8 

mm) was glued. This layer provided a roughness 
structure for the animals to attach. Vertical pro-
files of streamwise velocity )(zu  and Reynolds 
stress ''wu!  were measured with an ADV (Type 
‘Vectrino+’, Nortek AS, Norway), traversing lon-
gitudinally on the flume toprails. A water surface 
elevation pointer gauge was installed at the en-
trance of the glass wall section to determine water 

depth. An electromagnetic currency meter (ECM) 
integrated in the pipe circuit measured discharge. 

Some of the runs required supercrictical flow. 
As ADV measurements could not be carried out 
for velocities higher than 50 cm/s due to air en-
trainment, we determined velocity profiles via a 
simple particle tracking velocimetry (PTV), re-
leasing poppy seeds and taking video records 
through the sidewalls with a camera speed of 30 
frames per second. Stresses in this case were cal-
culated from a log-law fitting to the velocity data. 

Invertebrates were collected on the River Spree 
close to Neu-Zittau/Brandenburg, Germany. In 
order to accommodate them to the laboratory con-
ditions, invertebrate individuals were kept in 
aquariums with their natural substrate, air supply 
and at a water temperature below 20 centigrade. 
Individuals were fed ad libitum with living chiro-
nomids (for predator species), fragments of 
macrophytes collected from the river (for shredder 
species), and with biofilm and algae covering 
dead wood (for grazer species). In each run, a sin-
gle invertebrate was placed with a pair of tweezers 
at still-water or moderate flow velocities along the 
flume centreline at mid-flume length. Then dis-
charge was steadily increased until drift occurred 
or maximum discharge was reached (no drift). 
The surface pointer gauge was moved following 
the rising water level to capture the water depth at 
the instant of drift. It was not possible to use the 
ADV simultaneously to these runs, as animals of-
ten moved quickly towards the flume corners to 
seek shelter from the peak stress and velocity in 
the centreline. After drift occurred, the ADV was 
installed above the location of detachment. Pic-
tures and videos of the invertebrates were taken 
from the side during the tests using a millimeter 
grid graph-paper against backlighting through the 
opposite flume wall. Additional pictures from the 
top (plan view) were taken placing the animals in 
a Petri dish with a millimeter grid graph-paper be-
low. Crustacea did not firmly attach to the bed and 
constantly moved and were placed in a still-water 
tank and filmed. The image sequences were ana-
lysed towards the distance crossed between suc-
cessive frames to determine their migra-
tion/propulsion speed. 

4 RESULTS 

Subcritical conditions and the maximum stresses 
and velocities limited by the flume ( !u  < 2.5 cm/s, 
u (z = 5 mm) = 30 cm/s) were only sufficient to 
drift Sialis lutaria and Gomphus vulgatissimus, 
while all other species resisted at least once and 
re- 

 < 2.5 cm s, 
u (z = 5 mm) = 30 cm s) were only sufficient to 
drift Sialis lutaria and Gomphus vulgatissimus, while 
all other species resisted at least once and required 
supercritical flows to trigger drift. Some individuals 
of two species resisted even the maximum stresses and 
velocities in supercritical conditions (

‘absence’ criteria. The experiments in this study 
aimed to identify ‘drift-related bed shear veloci-
ties’ 

d
u
,!  and ‘effective drift velocities’ 

d
U

,! , to 
which animals are exposed. We did not consider 
‘voluntary’ drift, i.e. as a response to predation 
risk or competition, or search for alternative food 
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sublayer forming around pebbles in providing 
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exchange, e.g. oxygen content. Both features 
strongly influence invertebrate abundance. The 
forces acting on the organisms largely depend on 
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lutionary (i) to instantaneous adaptation (vi). Of 
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neous to short-time adaptations, (iv), (v), and (vi), 
although (i) is implicitly considered by examining 
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mm) was glued. This layer provided a roughness 
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stress ''wu!  were measured with an ADV (Type 
‘Vectrino+’, Nortek AS, Norway), traversing lon-
gitudinally on the flume toprails. A water surface 
elevation pointer gauge was installed at the en-
trance of the glass wall section to determine water 

depth. An electromagnetic currency meter (ECM) 
integrated in the pipe circuit measured discharge. 

Some of the runs required supercrictical flow. 
As ADV measurements could not be carried out 
for velocities higher than 50 cm/s due to air en-
trainment, we determined velocity profiles via a 
simple particle tracking velocimetry (PTV), re-
leasing poppy seeds and taking video records 
through the sidewalls with a camera speed of 30 
frames per second. Stresses in this case were cal-
culated from a log-law fitting to the velocity data. 

Invertebrates were collected on the River Spree 
close to Neu-Zittau/Brandenburg, Germany. In 
order to accommodate them to the laboratory con-
ditions, invertebrate individuals were kept in 
aquariums with their natural substrate, air supply 
and at a water temperature below 20 centigrade. 
Individuals were fed ad libitum with living chiro-
nomids (for predator species), fragments of 
macrophytes collected from the river (for shredder 
species), and with biofilm and algae covering 
dead wood (for grazer species). In each run, a sin-
gle invertebrate was placed with a pair of tweezers 
at still-water or moderate flow velocities along the 
flume centreline at mid-flume length. Then dis-
charge was steadily increased until drift occurred 
or maximum discharge was reached (no drift). 
The surface pointer gauge was moved following 
the rising water level to capture the water depth at 
the instant of drift. It was not possible to use the 
ADV simultaneously to these runs, as animals of-
ten moved quickly towards the flume corners to 
seek shelter from the peak stress and velocity in 
the centreline. After drift occurred, the ADV was 
installed above the location of detachment. Pic-
tures and videos of the invertebrates were taken 
from the side during the tests using a millimeter 
grid graph-paper against backlighting through the 
opposite flume wall. Additional pictures from the 
top (plan view) were taken placing the animals in 
a Petri dish with a millimeter grid graph-paper be-
low. Crustacea did not firmly attach to the bed and 
constantly moved and were placed in a still-water 
tank and filmed. The image sequences were ana-
lysed towards the distance crossed between suc-
cessive frames to determine their migra-
tion/propulsion speed. 

4 RESULTS 

Subcritical conditions and the maximum stresses 
and velocities limited by the flume ( !u  < 2.5 cm/s, 
u (z = 5 mm) = 30 cm/s) were only sufficient to 
drift Sialis lutaria and Gomphus vulgatissimus, 
while all other species resisted at least once and 
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 = 7.6 cm s, 

5=zu  = 60 cm s) and were not drifted, Hydropsyche 
sp. (3 of 3 individuals), a net-spinning caddisfly which 
was tested after removing its net, and Calopteryx 
splendens (6 of 9 individuals, Figure 2). The latter is 
consistent with the observations of Dorier and Vaillant 
(1953/1954), which determined a drift velocity for 
Calopteryx sp. of 77 cm s (5 mm above the bed). 
Viviparus viviparus, the common mud snail, used 
filaments of mucus as anchorage and significantly 
increased the critical drift shear stress (Figure 2). 
For all tested invertebrate species, velocities 5=zu  
were lower than the range 75-249 cm s reported 
from literature (Statzner, 1988, with exception of 
Gammarus fossarum). This suggests that our samples 
are adapted to lowland streams, while most of the 
invertebrates in previous experiments favour steep 
gradient streams with coarse substratum and thus 
are better equipped to sustain high velocities (e.g. 
Ancylus fluviatilis, Ecdyonurus venosus, Goera pilosa). 
Reported velocities for G. pulex and G. fossarum range 
between 19-99 cm s, which exceeds the maximum 
migration speed of 8-16 cm s that we determined 
in our tests with comparable Gammaridae species 
Dikerogammarus villosus (Figure 3) and Celicorophium 
curvispinum. Due to their highly active motions and 
continuous vertical displacements, the reference-
level velocity seems not appropriate to describe their 
drift threshold.
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4. Summary & conclusions

The aim of the study was to provide a data set for 
invertebrate drift conditions linking invertebrate 
morphology and behaviour to sound hydraulic 
parameters. We chose drift-related boundary shear 
velocity and effective drift velocity, which is the average 
streamwise velocity integrated over the flow-exposed 
height of the invertebrate, as standard parameters. 
Priority was set on a wide variety of invertebrate species 
typical for a German lowland river.
Results of the study suggest that benthic invertebrates 
are able to sustain high stresses and velocities, which 
are largely exceeding the conditions in-situ. Drift 
shear stresses were in many cases higher than the 
incipient motion threshold for the sediments in Spree 
(
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which animals are exposed. We did not consider 
‘voluntary’ drift, i.e. as a response to predation 
risk or competition, or search for alternative food 
sources (Gibbins et al., 2004). 

2 HYDRAULIC-STRESS TRIGGERING 
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The concept of boundary layers was first intro-
duced in invertebrate ecology by Ambühl (1960) 
who identified the importance of the viscous 
sublayer forming around pebbles in providing 
shelter zones, but also zones of lower biochemical 
exchange, e.g. oxygen content. Both features 
strongly influence invertebrate abundance. The 
forces acting on the organisms largely depend on 
animal size, which can be represented by a ‘body-
length Reynolds number’ 1
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shape; (ii) formation of drag-minimising colonies 
(sheltering of individuals in a group); (iii) increase 
of body weight (e.g. by assimilation of sand 
grains); (iv) active adhesion to the bed by suckers, 
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to zones of lower hydraulic stress; and (vi) rheo-
taxis (drag-minimising body posture). These 
strategies work on different time-scales, from evo-
lutionary (i) to instantaneous adaptation (vi). Of 
particular interest for this study were the instanta-
neous to short-time adaptations, (iv), (v), and (vi), 
although (i) is implicitly considered by examining 
invertebrate species with differing body shapes. 

3 FLUME EXPERIMENTS AND VELOCITY 
MEASUREMENT TECHNIQUES 

The flume used in this study, had a glass wall sec-
tion of a length of 3 m and a width of 10 cm at a 
maximum depth of 40 cm. It was tiltable for 
slopes up to 1/10 with a closed pump circuit. The 
flume bottom was made of PVC sheets, onto 
which a layer of uniform sand grains (
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mm) was glued. This layer provided a roughness 
structure for the animals to attach. Vertical pro-
files of streamwise velocity )(zu  and Reynolds 
stress ''wu!  were measured with an ADV (Type 
‘Vectrino+’, Nortek AS, Norway), traversing lon-
gitudinally on the flume toprails. A water surface 
elevation pointer gauge was installed at the en-
trance of the glass wall section to determine water 

depth. An electromagnetic currency meter (ECM) 
integrated in the pipe circuit measured discharge. 

Some of the runs required supercrictical flow. 
As ADV measurements could not be carried out 
for velocities higher than 50 cm/s due to air en-
trainment, we determined velocity profiles via a 
simple particle tracking velocimetry (PTV), re-
leasing poppy seeds and taking video records 
through the sidewalls with a camera speed of 30 
frames per second. Stresses in this case were cal-
culated from a log-law fitting to the velocity data. 

Invertebrates were collected on the River Spree 
close to Neu-Zittau/Brandenburg, Germany. In 
order to accommodate them to the laboratory con-
ditions, invertebrate individuals were kept in 
aquariums with their natural substrate, air supply 
and at a water temperature below 20 centigrade. 
Individuals were fed ad libitum with living chiro-
nomids (for predator species), fragments of 
macrophytes collected from the river (for shredder 
species), and with biofilm and algae covering 
dead wood (for grazer species). In each run, a sin-
gle invertebrate was placed with a pair of tweezers 
at still-water or moderate flow velocities along the 
flume centreline at mid-flume length. Then dis-
charge was steadily increased until drift occurred 
or maximum discharge was reached (no drift). 
The surface pointer gauge was moved following 
the rising water level to capture the water depth at 
the instant of drift. It was not possible to use the 
ADV simultaneously to these runs, as animals of-
ten moved quickly towards the flume corners to 
seek shelter from the peak stress and velocity in 
the centreline. After drift occurred, the ADV was 
installed above the location of detachment. Pic-
tures and videos of the invertebrates were taken 
from the side during the tests using a millimeter 
grid graph-paper against backlighting through the 
opposite flume wall. Additional pictures from the 
top (plan view) were taken placing the animals in 
a Petri dish with a millimeter grid graph-paper be-
low. Crustacea did not firmly attach to the bed and 
constantly moved and were placed in a still-water 
tank and filmed. The image sequences were ana-
lysed towards the distance crossed between suc-
cessive frames to determine their migra-
tion/propulsion speed. 

4 RESULTS 

Subcritical conditions and the maximum stresses 
and velocities limited by the flume ( !u  < 2.5 cm/s, 
u (z = 5 mm) = 30 cm/s) were only sufficient to 
drift Sialis lutaria and Gomphus vulgatissimus, 
while all other species resisted at least once and 
re- 

 @ 2.5 cm s), indicating that erosion and sediment 
transport may be the decisive factors triggering benthic 
invertebrate drift, which is consistent with results 
of Gibbins et al. (2004). Incidentally, we studied 
the behaviour of the damefly Calopteryx splendens 
during sediment motion and observed immediate 
drift, after the invertebrate was hit by moving grains 
or the grains serving as anchorage were mobilised. 
It should be kept in mind though, that boundary 
layers over planar mobile or immobile surfaces do 
not represent the preferential habitat conditions of 
most of the invertebrates. Which parameters are useful 
and universal enough to define drift conditions in 
heterogeneous habitats, remains a question for future 
research.
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Figure 1. Calopteryx splendens in drag-minimising body 
posture (flow from right to left).
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Figure 2 : Viviparus viviparus shortly before drift, with mu-
cus threads serving as anchorage (marked by dashed white 
lines, flow from left to right) 

 
Figure 3 : Swimming trajectory and size of Dikerogamma-

rus villosus in a still-water tank 

 
quired supercritical flows to trigger drift. Some 
individuals of two species resisted even the 
maximum stresses and velocities in supercritical 
conditions ( !u  = 7.6 cm/s, 

5=zu  = 60 cm/s) and 
were not drifted, Hydropsyche sp. (3 of 3 indi-
viduals), a net-spinning caddisfly which was 
tested after removing its net, and Calopteryx 
splendens (6 of 9 individuals, Figure 2). The latter 
is consistent with the observations of Dorier and 
Vaillant (1954/1955), which determined a drift ve-
locity for Calopteryx sp. of 77 cm/s (5 mm above 

the bed). Viviparus viviparus, the common mud 
snail, used filaments of mucus as anchorage and 
significantly increased the critical drift shear 
stress (Figure 2). For all tested invertebrate spe-
cies, velocities 

5=zu  were lower than the range 75-
249 cm/s reported from literature (Statzner, 1988, 
with exception of Gammarus fossarum). This 
suggests that our samples are adapted to lowland 
streams, while most of the invertebrates in previ-
ous experiments favour steep gradient streams 
with coarse substratum and thus are better 
equipped to sustain high velocities (e.g. Ancylus 
fluviatilis, Ecdyonurus venosus, Goera pilosa). 
Reported velocities for G. pulex and G. fossarum 
range between 19-99 cm/s, which exceeds the 
maximum migration speed of 8-16 cm/s that we 
determined in our tests with comparable Gam-
maridae species Dikerogammarus villosus (Figure 
3) and Celicorophium curvispinum. Due to their 
highly active motions and continuous vertical dis-
placements, the reference-level velocity seems not 
appropriate to describe their drift threshold.  
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rameters. We chose drift-related boundary shear 
velocity and effective drift velocity, which is the 
average streamwise velocity integrated over the 
flow-exposed height of the invertebrate, as stan-
dard parameters. Priority was set on a wide variety 
of invertebrate species typical for a German low-
land river. 
Results of the study suggest that benthic inverte-
brates are able to sustain high stresses and veloci-
ties, which are largely exceeding the conditions 
in-situ. Drift shear stresses were in many cases 
higher than the incipient motion threshold for the 
sediments in Spree ( !u  ≅ 2.5 cm/s), indicating that 
erosion and sediment transport may be the deci-
sive factors triggering benthic invertebrate drift, 
which is consistent with results of Gibbins et al. 
(2004). Incidentally, we studied the behaviour of 
the damefly Calopteryx splendens during sedi-
ment motion and observed immediate drift, after 
the invertebrate was hit by moving grains or the 
grains serving as anchorage were mobilised. It 
should be kept in mind though, that boundary lay-
ers over planar mobile or immobile surfaces do 
not represent the preferential habitat conditions of 
most of the invertebrates. Which parameters are 
useful and universal enough to define drift condi-
tions in heterogeneous habitats, remains a ques-
tion for future research. 

Figure 2. Viviparus viviparus shortly before drift, with 
mucus threads serving as anchorage (marked by dashed 
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locity for Calopteryx sp. of 77 cm/s (5 mm above 

the bed). Viviparus viviparus, the common mud 
snail, used filaments of mucus as anchorage and 
significantly increased the critical drift shear 
stress (Figure 2). For all tested invertebrate spe-
cies, velocities 

5=zu  were lower than the range 75-
249 cm/s reported from literature (Statzner, 1988, 
with exception of Gammarus fossarum). This 
suggests that our samples are adapted to lowland 
streams, while most of the invertebrates in previ-
ous experiments favour steep gradient streams 
with coarse substratum and thus are better 
equipped to sustain high velocities (e.g. Ancylus 
fluviatilis, Ecdyonurus venosus, Goera pilosa). 
Reported velocities for G. pulex and G. fossarum 
range between 19-99 cm/s, which exceeds the 
maximum migration speed of 8-16 cm/s that we 
determined in our tests with comparable Gam-
maridae species Dikerogammarus villosus (Figure 
3) and Celicorophium curvispinum. Due to their 
highly active motions and continuous vertical dis-
placements, the reference-level velocity seems not 
appropriate to describe their drift threshold.  

5 SUMMARY & CONCLUSIONS 

The aim of the study was to provide a data set for 
invertebrate drift conditions linking invertebrate 
morphology and behaviour to sound hydraulic pa-
rameters. We chose drift-related boundary shear 
velocity and effective drift velocity, which is the 
average streamwise velocity integrated over the 
flow-exposed height of the invertebrate, as stan-
dard parameters. Priority was set on a wide variety 
of invertebrate species typical for a German low-
land river. 
Results of the study suggest that benthic inverte-
brates are able to sustain high stresses and veloci-
ties, which are largely exceeding the conditions 
in-situ. Drift shear stresses were in many cases 
higher than the incipient motion threshold for the 
sediments in Spree ( !u  ≅ 2.5 cm/s), indicating that 
erosion and sediment transport may be the deci-
sive factors triggering benthic invertebrate drift, 
which is consistent with results of Gibbins et al. 
(2004). Incidentally, we studied the behaviour of 
the damefly Calopteryx splendens during sedi-
ment motion and observed immediate drift, after 
the invertebrate was hit by moving grains or the 
grains serving as anchorage were mobilised. It 
should be kept in mind though, that boundary lay-
ers over planar mobile or immobile surfaces do 
not represent the preferential habitat conditions of 
most of the invertebrates. Which parameters are 
useful and universal enough to define drift condi-
tions in heterogeneous habitats, remains a ques-
tion for future research. 

Figure 3. Swimming trajectory and size of Dikerogammarus 
villosus in a still-water tank.

 
Figure 1 : Calopteryx splendens in drag-minimising body 
posture (flow from right to left) 

 
Figure 2 : Viviparus viviparus shortly before drift, with mu-
cus threads serving as anchorage (marked by dashed white 
lines, flow from left to right) 
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significantly increased the critical drift shear 
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with exception of Gammarus fossarum). This 
suggests that our samples are adapted to lowland 
streams, while most of the invertebrates in previ-
ous experiments favour steep gradient streams 
with coarse substratum and thus are better 
equipped to sustain high velocities (e.g. Ancylus 
fluviatilis, Ecdyonurus venosus, Goera pilosa). 
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range between 19-99 cm/s, which exceeds the 
maximum migration speed of 8-16 cm/s that we 
determined in our tests with comparable Gam-
maridae species Dikerogammarus villosus (Figure 
3) and Celicorophium curvispinum. Due to their 
highly active motions and continuous vertical dis-
placements, the reference-level velocity seems not 
appropriate to describe their drift threshold.  

5 SUMMARY & CONCLUSIONS 

The aim of the study was to provide a data set for 
invertebrate drift conditions linking invertebrate 
morphology and behaviour to sound hydraulic pa-
rameters. We chose drift-related boundary shear 
velocity and effective drift velocity, which is the 
average streamwise velocity integrated over the 
flow-exposed height of the invertebrate, as stan-
dard parameters. Priority was set on a wide variety 
of invertebrate species typical for a German low-
land river. 
Results of the study suggest that benthic inverte-
brates are able to sustain high stresses and veloci-
ties, which are largely exceeding the conditions 
in-situ. Drift shear stresses were in many cases 
higher than the incipient motion threshold for the 
sediments in Spree ( !u  ≅ 2.5 cm/s), indicating that 
erosion and sediment transport may be the deci-
sive factors triggering benthic invertebrate drift, 
which is consistent with results of Gibbins et al. 
(2004). Incidentally, we studied the behaviour of 
the damefly Calopteryx splendens during sedi-
ment motion and observed immediate drift, after 
the invertebrate was hit by moving grains or the 
grains serving as anchorage were mobilised. It 
should be kept in mind though, that boundary lay-
ers over planar mobile or immobile surfaces do 
not represent the preferential habitat conditions of 
most of the invertebrates. Which parameters are 
useful and universal enough to define drift condi-
tions in heterogeneous habitats, remains a ques-
tion for future research. 
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amigu ,  - average migration speed

max,migu - maximum migration speed

5=zu  - reference velocity 5 mm above the bed
'u , 'w  - turbulent intensities of streamwise  

  and vertical velocity components

‘absence’ criteria. The experiments in this study 
aimed to identify ‘drift-related bed shear veloci-
ties’ 

d
u
,!  and ‘effective drift velocities’ 

d
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,! , to 
which animals are exposed. We did not consider 
‘voluntary’ drift, i.e. as a response to predation 
risk or competition, or search for alternative food 
sources (Gibbins et al., 2004). 

2 HYDRAULIC-STRESS TRIGGERING 
DRIFT 

The concept of boundary layers was first intro-
duced in invertebrate ecology by Ambühl (1960) 
who identified the importance of the viscous 
sublayer forming around pebbles in providing 
shelter zones, but also zones of lower biochemical 
exchange, e.g. oxygen content. Both features 
strongly influence invertebrate abundance. The 
forces acting on the organisms largely depend on 
animal size, which can be represented by a ‘body-
length Reynolds number’ 1

Re
!

= "ul
l

 with the 
body length l  as the length scale, u  as a habitat-
related velocity scale, and !  the kinematic viscos-
ity of water. To resist these forces, different adap-
tation strategies are known: (i) streamlined body 
shape; (ii) formation of drag-minimising colonies 
(sheltering of individuals in a group); (iii) increase 
of body weight (e.g. by assimilation of sand 
grains); (iv) active adhesion to the bed by suckers, 
claws, hooks, silk threads or mucus; (v) migration 
to zones of lower hydraulic stress; and (vi) rheo-
taxis (drag-minimising body posture). These 
strategies work on different time-scales, from evo-
lutionary (i) to instantaneous adaptation (vi). Of 
particular interest for this study were the instanta-
neous to short-time adaptations, (iv), (v), and (vi), 
although (i) is implicitly considered by examining 
invertebrate species with differing body shapes. 

3 FLUME EXPERIMENTS AND VELOCITY 
MEASUREMENT TECHNIQUES 

The flume used in this study, had a glass wall sec-
tion of a length of 3 m and a width of 10 cm at a 
maximum depth of 40 cm. It was tiltable for 
slopes up to 1/10 with a closed pump circuit. The 
flume bottom was made of PVC sheets, onto 
which a layer of uniform sand grains (

50
d  = 0.8 

mm) was glued. This layer provided a roughness 
structure for the animals to attach. Vertical pro-
files of streamwise velocity )(zu  and Reynolds 
stress ''wu!  were measured with an ADV (Type 
‘Vectrino+’, Nortek AS, Norway), traversing lon-
gitudinally on the flume toprails. A water surface 
elevation pointer gauge was installed at the en-
trance of the glass wall section to determine water 

depth. An electromagnetic currency meter (ECM) 
integrated in the pipe circuit measured discharge. 

Some of the runs required supercrictical flow. 
As ADV measurements could not be carried out 
for velocities higher than 50 cm/s due to air en-
trainment, we determined velocity profiles via a 
simple particle tracking velocimetry (PTV), re-
leasing poppy seeds and taking video records 
through the sidewalls with a camera speed of 30 
frames per second. Stresses in this case were cal-
culated from a log-law fitting to the velocity data. 

Invertebrates were collected on the River Spree 
close to Neu-Zittau/Brandenburg, Germany. In 
order to accommodate them to the laboratory con-
ditions, invertebrate individuals were kept in 
aquariums with their natural substrate, air supply 
and at a water temperature below 20 centigrade. 
Individuals were fed ad libitum with living chiro-
nomids (for predator species), fragments of 
macrophytes collected from the river (for shredder 
species), and with biofilm and algae covering 
dead wood (for grazer species). In each run, a sin-
gle invertebrate was placed with a pair of tweezers 
at still-water or moderate flow velocities along the 
flume centreline at mid-flume length. Then dis-
charge was steadily increased until drift occurred 
or maximum discharge was reached (no drift). 
The surface pointer gauge was moved following 
the rising water level to capture the water depth at 
the instant of drift. It was not possible to use the 
ADV simultaneously to these runs, as animals of-
ten moved quickly towards the flume corners to 
seek shelter from the peak stress and velocity in 
the centreline. After drift occurred, the ADV was 
installed above the location of detachment. Pic-
tures and videos of the invertebrates were taken 
from the side during the tests using a millimeter 
grid graph-paper against backlighting through the 
opposite flume wall. Additional pictures from the 
top (plan view) were taken placing the animals in 
a Petri dish with a millimeter grid graph-paper be-
low. Crustacea did not firmly attach to the bed and 
constantly moved and were placed in a still-water 
tank and filmed. The image sequences were ana-
lysed towards the distance crossed between suc-
cessive frames to determine their migra-
tion/propulsion speed. 

4 RESULTS 

Subcritical conditions and the maximum stresses 
and velocities limited by the flume ( !u  < 2.5 cm/s, 
u (z = 5 mm) = 30 cm/s) were only sufficient to 
drift Sialis lutaria and Gomphus vulgatissimus, 
while all other species resisted at least once and 
re- 
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‘voluntary’ drift, i.e. as a response to predation 
risk or competition, or search for alternative food 
sources (Gibbins et al., 2004). 
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sublayer forming around pebbles in providing 
shelter zones, but also zones of lower biochemical 
exchange, e.g. oxygen content. Both features 
strongly influence invertebrate abundance. The 
forces acting on the organisms largely depend on 
animal size, which can be represented by a ‘body-
length Reynolds number’ 1
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related velocity scale, and !  the kinematic viscos-
ity of water. To resist these forces, different adap-
tation strategies are known: (i) streamlined body 
shape; (ii) formation of drag-minimising colonies 
(sheltering of individuals in a group); (iii) increase 
of body weight (e.g. by assimilation of sand 
grains); (iv) active adhesion to the bed by suckers, 
claws, hooks, silk threads or mucus; (v) migration 
to zones of lower hydraulic stress; and (vi) rheo-
taxis (drag-minimising body posture). These 
strategies work on different time-scales, from evo-
lutionary (i) to instantaneous adaptation (vi). Of 
particular interest for this study were the instanta-
neous to short-time adaptations, (iv), (v), and (vi), 
although (i) is implicitly considered by examining 
invertebrate species with differing body shapes. 

3 FLUME EXPERIMENTS AND VELOCITY 
MEASUREMENT TECHNIQUES 

The flume used in this study, had a glass wall sec-
tion of a length of 3 m and a width of 10 cm at a 
maximum depth of 40 cm. It was tiltable for 
slopes up to 1/10 with a closed pump circuit. The 
flume bottom was made of PVC sheets, onto 
which a layer of uniform sand grains (

50
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mm) was glued. This layer provided a roughness 
structure for the animals to attach. Vertical pro-
files of streamwise velocity )(zu  and Reynolds 
stress ''wu!  were measured with an ADV (Type 
‘Vectrino+’, Nortek AS, Norway), traversing lon-
gitudinally on the flume toprails. A water surface 
elevation pointer gauge was installed at the en-
trance of the glass wall section to determine water 

depth. An electromagnetic currency meter (ECM) 
integrated in the pipe circuit measured discharge. 

Some of the runs required supercrictical flow. 
As ADV measurements could not be carried out 
for velocities higher than 50 cm/s due to air en-
trainment, we determined velocity profiles via a 
simple particle tracking velocimetry (PTV), re-
leasing poppy seeds and taking video records 
through the sidewalls with a camera speed of 30 
frames per second. Stresses in this case were cal-
culated from a log-law fitting to the velocity data. 

Invertebrates were collected on the River Spree 
close to Neu-Zittau/Brandenburg, Germany. In 
order to accommodate them to the laboratory con-
ditions, invertebrate individuals were kept in 
aquariums with their natural substrate, air supply 
and at a water temperature below 20 centigrade. 
Individuals were fed ad libitum with living chiro-
nomids (for predator species), fragments of 
macrophytes collected from the river (for shredder 
species), and with biofilm and algae covering 
dead wood (for grazer species). In each run, a sin-
gle invertebrate was placed with a pair of tweezers 
at still-water or moderate flow velocities along the 
flume centreline at mid-flume length. Then dis-
charge was steadily increased until drift occurred 
or maximum discharge was reached (no drift). 
The surface pointer gauge was moved following 
the rising water level to capture the water depth at 
the instant of drift. It was not possible to use the 
ADV simultaneously to these runs, as animals of-
ten moved quickly towards the flume corners to 
seek shelter from the peak stress and velocity in 
the centreline. After drift occurred, the ADV was 
installed above the location of detachment. Pic-
tures and videos of the invertebrates were taken 
from the side during the tests using a millimeter 
grid graph-paper against backlighting through the 
opposite flume wall. Additional pictures from the 
top (plan view) were taken placing the animals in 
a Petri dish with a millimeter grid graph-paper be-
low. Crustacea did not firmly attach to the bed and 
constantly moved and were placed in a still-water 
tank and filmed. The image sequences were ana-
lysed towards the distance crossed between suc-
cessive frames to determine their migra-
tion/propulsion speed. 

4 RESULTS 

Subcritical conditions and the maximum stresses 
and velocities limited by the flume ( !u  < 2.5 cm/s, 
u (z = 5 mm) = 30 cm/s) were only sufficient to 
drift Sialis lutaria and Gomphus vulgatissimus, 
while all other species resisted at least once and 
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which animals are exposed. We did not consider 
‘voluntary’ drift, i.e. as a response to predation 
risk or competition, or search for alternative food 
sources (Gibbins et al., 2004). 

2 HYDRAULIC-STRESS TRIGGERING 
DRIFT 

The concept of boundary layers was first intro-
duced in invertebrate ecology by Ambühl (1960) 
who identified the importance of the viscous 
sublayer forming around pebbles in providing 
shelter zones, but also zones of lower biochemical 
exchange, e.g. oxygen content. Both features 
strongly influence invertebrate abundance. The 
forces acting on the organisms largely depend on 
animal size, which can be represented by a ‘body-
length Reynolds number’ 1
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 with the 
body length l  as the length scale, u  as a habitat-
related velocity scale, and !  the kinematic viscos-
ity of water. To resist these forces, different adap-
tation strategies are known: (i) streamlined body 
shape; (ii) formation of drag-minimising colonies 
(sheltering of individuals in a group); (iii) increase 
of body weight (e.g. by assimilation of sand 
grains); (iv) active adhesion to the bed by suckers, 
claws, hooks, silk threads or mucus; (v) migration 
to zones of lower hydraulic stress; and (vi) rheo-
taxis (drag-minimising body posture). These 
strategies work on different time-scales, from evo-
lutionary (i) to instantaneous adaptation (vi). Of 
particular interest for this study were the instanta-
neous to short-time adaptations, (iv), (v), and (vi), 
although (i) is implicitly considered by examining 
invertebrate species with differing body shapes. 

3 FLUME EXPERIMENTS AND VELOCITY 
MEASUREMENT TECHNIQUES 

The flume used in this study, had a glass wall sec-
tion of a length of 3 m and a width of 10 cm at a 
maximum depth of 40 cm. It was tiltable for 
slopes up to 1/10 with a closed pump circuit. The 
flume bottom was made of PVC sheets, onto 
which a layer of uniform sand grains (

50
d  = 0.8 

mm) was glued. This layer provided a roughness 
structure for the animals to attach. Vertical pro-
files of streamwise velocity )(zu  and Reynolds 
stress ''wu!  were measured with an ADV (Type 
‘Vectrino+’, Nortek AS, Norway), traversing lon-
gitudinally on the flume toprails. A water surface 
elevation pointer gauge was installed at the en-
trance of the glass wall section to determine water 

depth. An electromagnetic currency meter (ECM) 
integrated in the pipe circuit measured discharge. 

Some of the runs required supercrictical flow. 
As ADV measurements could not be carried out 
for velocities higher than 50 cm/s due to air en-
trainment, we determined velocity profiles via a 
simple particle tracking velocimetry (PTV), re-
leasing poppy seeds and taking video records 
through the sidewalls with a camera speed of 30 
frames per second. Stresses in this case were cal-
culated from a log-law fitting to the velocity data. 

Invertebrates were collected on the River Spree 
close to Neu-Zittau/Brandenburg, Germany. In 
order to accommodate them to the laboratory con-
ditions, invertebrate individuals were kept in 
aquariums with their natural substrate, air supply 
and at a water temperature below 20 centigrade. 
Individuals were fed ad libitum with living chiro-
nomids (for predator species), fragments of 
macrophytes collected from the river (for shredder 
species), and with biofilm and algae covering 
dead wood (for grazer species). In each run, a sin-
gle invertebrate was placed with a pair of tweezers 
at still-water or moderate flow velocities along the 
flume centreline at mid-flume length. Then dis-
charge was steadily increased until drift occurred 
or maximum discharge was reached (no drift). 
The surface pointer gauge was moved following 
the rising water level to capture the water depth at 
the instant of drift. It was not possible to use the 
ADV simultaneously to these runs, as animals of-
ten moved quickly towards the flume corners to 
seek shelter from the peak stress and velocity in 
the centreline. After drift occurred, the ADV was 
installed above the location of detachment. Pic-
tures and videos of the invertebrates were taken 
from the side during the tests using a millimeter 
grid graph-paper against backlighting through the 
opposite flume wall. Additional pictures from the 
top (plan view) were taken placing the animals in 
a Petri dish with a millimeter grid graph-paper be-
low. Crustacea did not firmly attach to the bed and 
constantly moved and were placed in a still-water 
tank and filmed. The image sequences were ana-
lysed towards the distance crossed between suc-
cessive frames to determine their migra-
tion/propulsion speed. 

4 RESULTS 

Subcritical conditions and the maximum stresses 
and velocities limited by the flume ( !u  < 2.5 cm/s, 
u (z = 5 mm) = 30 cm/s) were only sufficient to 
drift Sialis lutaria and Gomphus vulgatissimus, 
while all other species resisted at least once and 
re- 
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l  - animal’s body length

‘absence’ criteria. The experiments in this study 
aimed to identify ‘drift-related bed shear veloci-
ties’ 

d
u
,!  and ‘effective drift velocities’ 

d
U

,! , to 
which animals are exposed. We did not consider 
‘voluntary’ drift, i.e. as a response to predation 
risk or competition, or search for alternative food 
sources (Gibbins et al., 2004). 

2 HYDRAULIC-STRESS TRIGGERING 
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The concept of boundary layers was first intro-
duced in invertebrate ecology by Ambühl (1960) 
who identified the importance of the viscous 
sublayer forming around pebbles in providing 
shelter zones, but also zones of lower biochemical 
exchange, e.g. oxygen content. Both features 
strongly influence invertebrate abundance. The 
forces acting on the organisms largely depend on 
animal size, which can be represented by a ‘body-
length Reynolds number’ 1
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 with the 
body length l  as the length scale, u  as a habitat-
related velocity scale, and !  the kinematic viscos-
ity of water. To resist these forces, different adap-
tation strategies are known: (i) streamlined body 
shape; (ii) formation of drag-minimising colonies 
(sheltering of individuals in a group); (iii) increase 
of body weight (e.g. by assimilation of sand 
grains); (iv) active adhesion to the bed by suckers, 
claws, hooks, silk threads or mucus; (v) migration 
to zones of lower hydraulic stress; and (vi) rheo-
taxis (drag-minimising body posture). These 
strategies work on different time-scales, from evo-
lutionary (i) to instantaneous adaptation (vi). Of 
particular interest for this study were the instanta-
neous to short-time adaptations, (iv), (v), and (vi), 
although (i) is implicitly considered by examining 
invertebrate species with differing body shapes. 
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mm) was glued. This layer provided a roughness 
structure for the animals to attach. Vertical pro-
files of streamwise velocity )(zu  and Reynolds 
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‘Vectrino+’, Nortek AS, Norway), traversing lon-
gitudinally on the flume toprails. A water surface 
elevation pointer gauge was installed at the en-
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depth. An electromagnetic currency meter (ECM) 
integrated in the pipe circuit measured discharge. 

Some of the runs required supercrictical flow. 
As ADV measurements could not be carried out 
for velocities higher than 50 cm/s due to air en-
trainment, we determined velocity profiles via a 
simple particle tracking velocimetry (PTV), re-
leasing poppy seeds and taking video records 
through the sidewalls with a camera speed of 30 
frames per second. Stresses in this case were cal-
culated from a log-law fitting to the velocity data. 

Invertebrates were collected on the River Spree 
close to Neu-Zittau/Brandenburg, Germany. In 
order to accommodate them to the laboratory con-
ditions, invertebrate individuals were kept in 
aquariums with their natural substrate, air supply 
and at a water temperature below 20 centigrade. 
Individuals were fed ad libitum with living chiro-
nomids (for predator species), fragments of 
macrophytes collected from the river (for shredder 
species), and with biofilm and algae covering 
dead wood (for grazer species). In each run, a sin-
gle invertebrate was placed with a pair of tweezers 
at still-water or moderate flow velocities along the 
flume centreline at mid-flume length. Then dis-
charge was steadily increased until drift occurred 
or maximum discharge was reached (no drift). 
The surface pointer gauge was moved following 
the rising water level to capture the water depth at 
the instant of drift. It was not possible to use the 
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a Petri dish with a millimeter grid graph-paper be-
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constantly moved and were placed in a still-water 
tank and filmed. The image sequences were ana-
lysed towards the distance crossed between suc-
cessive frames to determine their migra-
tion/propulsion speed. 
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Individuals were fed ad libitum with living chiro-
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species), and with biofilm and algae covering 
dead wood (for grazer species). In each run, a sin-
gle invertebrate was placed with a pair of tweezers 
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KEYNOTE LECTURE 
Life in moving fluids

M. HONDZO1

ABSTRACT. The fluid dynamic interactions with organisms and channel geomorphology are 
integral parts of aquatic ecosystems that have received only sporadic attention over the years. 
The interactions are characterized by nonlinear and nonequilibrium dynamics. Our research 
on microorganism growth kinetics and nutrient uptake under controlled fluid-flow conditions 
demonstrates significant differences in microbiological physiology in a stagnant versus dynamic 
fluid. The majority of microbiological studies are conducted under laboratory conditions in 
stirred beakers and shake flasks with energy dissipation levels significantly different from aquatic 
ecosystems. Laboratory and field experiments were conducted to quantify the effects of small-scale 
fluid motion on microorganism growth rate, cell viability, nutrient uptake, and grazer distribution 
in a turbulent flow. The specific growth of microorganisms was up to five times larger in a turbulent 
flow in comparison to the control conditions, not including fluid motion. A conceptual scaling 
framework of how to integrate the physiology and heterogeneity of organisms with the moving 
fluid and local channel geomorphology will be elaborated.
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Experimental study  

on entrainment of large wood in lowland rivers

A. CROSATO1, N. RAJBHANDARI2, 
F. COMITI3 & W.S.J. UIJTTEWAALI4

ABSTRACT. Wood transport in rivers, typically occurring during flood events, represents a relevant 
hazard for its potential to create obstruction at bridges and narrow cross-sections. Therefore, the 
understanding and prediction of entrainment and transport dynamics of woody material of different 
shapes, density and dimensions is of great interest for river managers. The paper presents results 
from laboratory experiments carried out to assess the entrainment conditions of large wood in 
lowland rivers, i.e. with negligible longitudinal slopes, relatively smooth bed and low flow Froude 
numbers. The tests were performed in a straight flume with fixed bed and smooth side walls for 
several flow conditions. Entrainment was studied for circular and square logs having different 
initial orientation. Integrating the results with other data available in the literature allowed to 
derive a semi-empirical entrainment threshold based on a force balance. This threshold is based 
on simple parameters, such as normal flow characteristics, log size and density as well as median 
diameter of bed sediments.

KEYWORDS: large wood entrainment, floating debris, lowland rivers.
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1. Introduction

Floating wood is increasingly recognized as one of 
the major hazards during flood events along river 
networks, mostly because of its potential to clog 
bridges and hydraulic structures. On the other hand, 
large wood increases the hydromorphological diversity 
of river channels (Montgomery et al., 2003), with 
beneficial influences on aquatic biodiversity and 
abundance (Benke & Wallace, 2003). Therefore, 
the ability to predict wood stability/entrainment 
and log transport route, distance and velocity is 
essential for a correct design of hazard mitigation 
measures, such as wood trapping structures (Rimböck, 
2004; Mao & Comiti, 2010) as well as restoration 
interventions. Furthermore, the modelling of wood 
transport dynamics is fundamental when carrying out 
a wood budgeting analysis at larger spatial scales and 
longer time scales (Benda et al., 2003).
To date, only few investigations have analyzed wood 
entrainment and transport in the field, and most of 
them have dealt with small mountain streams were 
travel distances are typically short (Nakamura & 
Swanson, 1993; Berg et al., 1998; Gurnell, 2003; 
Haga et al., 2002; Wohl & Goode, 2008; Cadol & 
Wohl, 2010). 
Flume experiments dedicated to log entrainment on 
immobile gravel bed were presented by Braudrick and 
Grant (2001), after having developed a theoretical 
model for motion thresholds (Braudrick & Grant, 
2000). They observed that log entrainment is 
primarily a function of log orientation relative to 
the flow direction, of log diameter and density. In 
addition, the presence of roots was found to greatly 
affect the threshold for motion. Similar experiments 
were later carried out also by Bocchiola et al. (2006). 
These tests were performed on fixed sand and gravel 
bed using wooden cylindrical logs having density 
ranging from 320 to 740 kg m3. They noted how the 
entrainment mechanism (rolling vs. sliding) depends 
on log orientation, whereas Braudrick and Grant 
(2001) considered sliding only. In particular, Bocchiola 
et al. (2006) proposed a threshold condition for the 
entrainment of cylindrical logs.

The present work develops further the work initiated 
by Braudrick and Grant (2001) and Bocchiola et al. 
(2006) in the context of lowland rivers. The overall 
goal is to establish incipient motion thresholds for logs 
having different initial orientation with respect to flow 
direction and different cross-sectional shapes. Wooden 
log entrainment was reproduced experimentally at 
several sub-critical flow conditions in a straight flume 
with horizontal wooden and gravel bed and smooth 
side walls.

2. Experiments

2.1. Experimental set-up

The flume experiments to study initiation of motion 
of logs of different shapes were conducted in the 
Fluid Mechanics Laboratory of Delft University of 
Technology. The flume was 14 m long and 40 cm 
wide, with a horizontal fixed bed and glass side walls. 
Two different types of tests were performed:

1. to establish the friction coefficient between 
wooden logs and channel bed (friction 
coefficient experiments).

2. to assess the water flow conditions at incipient 
motion of logs having different density, cross-
sectional shape and orientation with respect 
to water flow (log entrainment experiments).

All logs were made in Betonplex wood and their 
density was measured before and after each test, they 
were initially either dry or wet.

2.2.	Friction	coefficient

The friction coefficient between an immobile 
channel bed and the logs was derived for two types 
of horizontal bed surfaces: in wood or covered by 
5-6 mm gravel. The bed was either dry (static friction) 
or wet (lubricated friction, with water as lubricant), 
i.e. covered by a1 mm thick film of water.
To move an object on a rough surface, the static 
friction force must be overcome by an applied force, 
F. The friction force, FF, is given by the product of 
the coefficient of static friction, μ, and the normal 
force, FN, counterbalancing the log weight, W in sub-
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aerial conditions or the submerged weight (weight, 
W, minus buoyant force, B) if the log is placed in still 
water. Therefore, the friction force between the two 
surfaces (of log and channel bed) can be measured by 
measuring F at the instant the object starts moving. 
In the experimental tests, a log not immerged in water 
was pulled using a LSH Load cell. The force required 
to move the log was recorded by the instrument. 
The process was repeated five times. The friction 
coefficient was determined using the averaged value 
of the maximum applied force F. The tests were 
carried out using 25 cm long square logs having 
cross-section of 13.24´13.24 cm2. Surprisingly, no 
significant differences were found between wet and 
dry bed conditions. In both cases, for the wooden 
bed surface the friction coefficient resulted 0.47 and 
for the gravel bed 0.64. Apparently, the 1 mm thick 
water film did not act as lubricant. An explanation 
might be that the water film was too thin and possibly 
not continuous on the top of gravel elements. The 
value of 0.47 found for the wooden bed is identical 
to the value derived by Ishikawa (1990) for wood on 
a fine-sand bed, supporting the validity of our tests.

2.3. Log entrainment

The flow characteristics at incipient motion on a 
horizontal channel bed were assessed for two types of 
bed surfaces: wooden or covered with 5-6 mm gravel 
glued to the bottom (Figure 1). The tests were carried 
out using 25 cm long circular and square logs having 
the same cross-sectional surface (Table 1). 

The logs were initially placed on the channel bed 
either parallel or perpendicular to the flow direction. 
The log length was 0.625 times the channel width; 
the log diameter 0.375 and the square log size 0.331 
times the channel width. This means that the logs 
were relatively large with respect to the flume width 
so that their presence considerably affected the water 
flow, creating strong flow acceleration along their sides.
 The undisturbed flow conditions, discharge, reach-
averaged water depth and flow velocity at critical 
condition for incipient motion as well as the log 
properties are listed in Table 2. The buoyant water 
depth is the water depth at which a log starts to float 
in still water (to be compared with the undisturbed 
water depth at initiation of motion).
Logs perpendicular to water flow started to move at 
smaller discharges than logs that were parallel to the 
water flow (Table 2). This is due to the tendency of 
perpendicular logs to rotate, which was observed also 
by Bocchiola et al. (2006).

3. Results

The derivation of an entrainment parameter to 
characterize the condition of a log at initiation of 
motion is based on the balance between friction and 
drag force, assuming the flow as unaffected by the 
presence of the object. It is here assumed that the 
surface An is proportional to the water depth, hw. 
In this case, for a unit length of log in transverse 
direction, the drag force FD is proportional to the 
product of water density, depth and velocity to the 
square:
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the gravel bed 0.64. Apparently, the 1 mm thick 
water film did not act as lubricant. An explanation 
might be that the water film was too thin and pos-
sibly not continuous on the top of gravel elements. 
The value of 0.47 found for the wooden bed is 
identical to the value derived by Ishikawa (1990) 
for wood on a fine-sand bed, supporting the valid-
ity of our tests. 

2.3 Log entrainment 

The flow characteristics at incipient motion on a 
horizontal channel bed were assessed for two 
types of bed surfaces: wooden or covered with 5-6 
mm gravel glued to the bottom (Figure 1). The 
tests were carried out using 25 cm long circular 
and square logs having the same cross-sectional 
surface (Table 1).  
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Table 1. Design log sizes for the friction coefficient and log 
entrainment experiments.  

Log shape Set A Circular Square 

Width (cm)  13.24 

Height (cm)  13.24 

Diameter (cm) 15  

Length (cm) 25 25 

Cross-sect. area (cm
2
) 175 175 

Volume (cm
3
) 4379 4379 

 
The logs were initially placed on the channel bed 
either parallel or perpendicular to the flow direc-
tion. The log length was 0.625 times the channel 
width; the log diameter 0.375 and the square log 
size 0.331 times the channel width. This means 
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bed.

chiola et al. (2006) in the context of lowland riv-
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tion thresholds for logs having different initial ori-
entation with respect to flow direction and 
different cross-sectional shapes. Wooden log en-
trainment was reproduced experimentally at sev-
eral sub-critical flow conditions in a straight flume 
with horizontal wooden and gravel bed and 
smooth side walls.  

2 EXPERIMENTS 
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force required to move the log was recorded by 
the instrument. The process was repeated five 
times. The friction coefficient was determined us-

ing the averaged value of the maximum applied 
force F. The tests were carried out using 25 cm 
long square logs having cross-section of 
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water film did not act as lubricant. An explanation 
might be that the water film was too thin and pos-
sibly not continuous on the top of gravel elements. 
The value of 0.47 found for the wooden bed is 
identical to the value derived by Ishikawa (1990) 
for wood on a fine-sand bed, supporting the valid-
ity of our tests. 
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The flow characteristics at incipient motion on a 
horizontal channel bed were assessed for two 
types of bed surfaces: wooden or covered with 5-6 
mm gravel glued to the bottom (Figure 1). The 
tests were carried out using 25 cm long circular 
and square logs having the same cross-sectional 
surface (Table 1).  
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either parallel or perpendicular to the flow direc-
tion. The log length was 0.625 times the channel 
width; the log diameter 0.375 and the square log 
size 0.331 times the channel width. This means 
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Assuming that the friction coefficient is proportional 
to k/hw, where k is the Nikuradse bed roughness 
(Nikuradse, 1933), which can be approximated by 
the D50 of the sediment on the bed surface, Equation 5 
transforms in:

that the logs were relatively large with respect to 
the flume width so that their presence considera-
bly affected the water flow, creating strong flow 
acceleration along their sides. 

 The undisturbed flow conditions, discharge, 
reach-averaged water depth and flow velocity at 
critical condition for incipient motion as well as 
the log properties are listed in Table 2. The buoy-
ant water depth is the water depth at which a log 
starts to float in still water (to be compared with 
the undisturbed water depth at initiation of mo-
tion). 

Logs perpendicular to water flow started to 
move at smaller discharges than logs that were 
parallel to the water flow (Table 2). This is due to 
the tendency of perpendicular logs to rotate, 
which was observed also by Bocchiola et al. 
(2006). 

  
Table 2. Undisturbed flow conditions and log properties at 
incipient motion. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 

3 RESULTS 

The derivation of an entrainment parameter to 
characterize the condition of a log at initiation of 
motion is based on the balance between friction 
and drag force, assuming the flow as unaffected 
by the presence of the object. It is here assumed 
that the surface An is proportional to the water 
depth, hw. In this case, for a unit length of log in 
transverse direction, the drag force FD is propor-
tional to the product of water density, depth and 
velocity to the square: 
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Where � is the friction coefficient; Vw is the 
submerged log volume and Vlog is the total log 
volume. For one metre of log (unit length in direc-
tion perpendicular to the flow) Vw is proportional 
to Dloghw, with Dlog being the log diameter (or the 
log height for rectangular and square logs); Vlog is 
proportional to (Dlog)

2
. As a result, the friction 

force is proportional to: 
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Assuming that at incipient motion the water 
depth hw and Dlog have the same order of magni-
tude, we can assume hw ~ Dlog and thus simplify 
Equation 3 in: 
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We define an entrainment parameter, E
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portional to k/hw, where k is the Nikuradse bed 
roughness (Nikuradse, 1933), which can be ap-
proximated by the D50 of the sediment on the bed 
surface, Equation 5 transforms in: 
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In which Co is an empirical coefficient to take 
into account log orientation. Based on experimen-
tal results, we suggest using the following values 
(preliminary results): Co = 0.5 for logs parallel to 
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In which Co is an empirical coefficient to take into 
account log orientation. Based on experimental results, 
we suggest using the following values (preliminary 
results): Co = 0.5 for logs parallel to the flow direction; 
Co = 1 for logs perpendicular to water flow direction. 
In Figure 2, the entrainment parameter E* is plotted 
versus the Reynolds number of the flow:

the flow direction; Co = 1 for logs perpendicular to 
water flow direction. In Figure 2, the entrainment 
parameter E* is plotted versus the Reynolds num-
ber of the flow: 

Re
w w
h u

µ
=                                             (7) 

(� = 1.004E
-6

 Ns/m
2
, dynamic water viscosity). 

The results of our experiments (in black) are plot-
ted together with the results of the experiments by 
Bocchiola et al. (2006) (in grey). 

 

 
 

Figure 2. Entrainment parameter plotted vs. Reynolds num-
ber of water flow. Black: data collected in the framework of 
this study. Gray: data collected by Bocchiola et al. (2006). S 
= square; C = circular; B = from Bocchiola et al. (only cy-
lindrical logs). The thick black line represents the threshold 
between entrainment and non-entrainment. 

4 CONCLUSIONS 

We carried out laboratory experiments to study 
the entrainment by flowing water of circular and 

square floating logs having different initial orien-
tation. We derived a semi-empirical entrainment 
threshold line based on a force balance. The re-
sults are based on laboratory experiments carried 
out on logs having cylindrical or square shapes, 
i.e. without irregularities such as branches and 
roots. Therefore, the method should be tested on 
real river cases, which will most probably result in 
adaptation of the threshold line and possibly also 
to the inclusion of some extra parameters counting 
for log irregularities and river bed material. 
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that the logs were relatively large with respect to 
the flume width so that their presence considera-
bly affected the water flow, creating strong flow 
acceleration along their sides. 

 The undisturbed flow conditions, discharge, 
reach-averaged water depth and flow velocity at 
critical condition for incipient motion as well as 
the log properties are listed in Table 2. The buoy-
ant water depth is the water depth at which a log 
starts to float in still water (to be compared with 
the undisturbed water depth at initiation of mo-
tion). 

Logs perpendicular to water flow started to 
move at smaller discharges than logs that were 
parallel to the water flow (Table 2). This is due to 
the tendency of perpendicular logs to rotate, 
which was observed also by Bocchiola et al. 
(2006). 

  
Table 2. Undisturbed flow conditions and log properties at 
incipient motion. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 

3 RESULTS 

The derivation of an entrainment parameter to 
characterize the condition of a log at initiation of 
motion is based on the balance between friction 
and drag force, assuming the flow as unaffected 
by the presence of the object. It is here assumed 
that the surface An is proportional to the water 
depth, hw. In this case, for a unit length of log in 
transverse direction, the drag force FD is propor-
tional to the product of water density, depth and 
velocity to the square: 

 

2

D w w w
F u h!"                                        (1) 

 
The friction force, FF, can be written as: 
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Where � is the friction coefficient; Vw is the 
submerged log volume and Vlog is the total log 
volume. For one metre of log (unit length in direc-
tion perpendicular to the flow) Vw is proportional 
to Dloghw, with Dlog being the log diameter (or the 
log height for rectangular and square logs); Vlog is 
proportional to (Dlog)

2
. As a result, the friction 

force is proportional to: 
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Assuming that at incipient motion the water 
depth hw and Dlog have the same order of magni-
tude, we can assume hw ~ Dlog and thus simplify 
Equation 3 in: 
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We define an entrainment parameter, E
*
, based 

on the balance between the two forces FD and FF.  
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Assuming that the friction coefficient is pro-
portional to k/hw, where k is the Nikuradse bed 
roughness (Nikuradse, 1933), which can be ap-
proximated by the D50 of the sediment on the bed 
surface, Equation 5 transforms in: 
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In which Co is an empirical coefficient to take 
into account log orientation. Based on experimen-
tal results, we suggest using the following values 
(preliminary results): Co = 0.5 for logs parallel to 
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The friction force, FF, can be written as:

that the logs were relatively large with respect to 
the flume width so that their presence considera-
bly affected the water flow, creating strong flow 
acceleration along their sides. 

 The undisturbed flow conditions, discharge, 
reach-averaged water depth and flow velocity at 
critical condition for incipient motion as well as 
the log properties are listed in Table 2. The buoy-
ant water depth is the water depth at which a log 
starts to float in still water (to be compared with 
the undisturbed water depth at initiation of mo-
tion). 

Logs perpendicular to water flow started to 
move at smaller discharges than logs that were 
parallel to the water flow (Table 2). This is due to 
the tendency of perpendicular logs to rotate, 
which was observed also by Bocchiola et al. 
(2006). 

  
Table 2. Undisturbed flow conditions and log properties at 
incipient motion. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 

3 RESULTS 

The derivation of an entrainment parameter to 
characterize the condition of a log at initiation of 
motion is based on the balance between friction 
and drag force, assuming the flow as unaffected 
by the presence of the object. It is here assumed 
that the surface An is proportional to the water 
depth, hw. In this case, for a unit length of log in 
transverse direction, the drag force FD is propor-
tional to the product of water density, depth and 
velocity to the square: 
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D w w w
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The friction force, FF, can be written as: 
 

log log( )
F w w
F V Vµ ! != " "                      (2) 

Where � is the friction coefficient; Vw is the 
submerged log volume and Vlog is the total log 
volume. For one metre of log (unit length in direc-
tion perpendicular to the flow) Vw is proportional 
to Dloghw, with Dlog being the log diameter (or the 
log height for rectangular and square logs); Vlog is 
proportional to (Dlog)

2
. As a result, the friction 

force is proportional to: 

2

log log log( )F w wF g D h Dµ ! !" #               (3) 

Assuming that at incipient motion the water 
depth hw and Dlog have the same order of magni-
tude, we can assume hw ~ Dlog and thus simplify 
Equation 3 in: 

2

log log( )
F w
F D gµ ! !" #                         (4) 

We define an entrainment parameter, E
*
, based 

on the balance between the two forces FD and FF.  

2
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              (5) 

Assuming that the friction coefficient is pro-
portional to k/hw, where k is the Nikuradse bed 
roughness (Nikuradse, 1933), which can be ap-
proximated by the D50 of the sediment on the bed 
surface, Equation 5 transforms in: 

2
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log log
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In which Co is an empirical coefficient to take 
into account log orientation. Based on experimen-
tal results, we suggest using the following values 
(preliminary results): Co = 0.5 for logs parallel to 
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Where μ is the friction coefficient; Vw is the submerged 
log volume and Vlog is the total log volume. For one 
metre of log (unit length in direction perpendicular to 
the flow) Vw is proportional to Dloghw, with Dlog being 
the log diameter (or the log height for rectangular 
and square logs); Vlog is proportional to (Dlog)2. As a 
result, the friction force is proportional to:

that the logs were relatively large with respect to 
the flume width so that their presence considera-
bly affected the water flow, creating strong flow 
acceleration along their sides. 

 The undisturbed flow conditions, discharge, 
reach-averaged water depth and flow velocity at 
critical condition for incipient motion as well as 
the log properties are listed in Table 2. The buoy-
ant water depth is the water depth at which a log 
starts to float in still water (to be compared with 
the undisturbed water depth at initiation of mo-
tion). 

Logs perpendicular to water flow started to 
move at smaller discharges than logs that were 
parallel to the water flow (Table 2). This is due to 
the tendency of perpendicular logs to rotate, 
which was observed also by Bocchiola et al. 
(2006). 

  
Table 2. Undisturbed flow conditions and log properties at 
incipient motion. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 

3 RESULTS 

The derivation of an entrainment parameter to 
characterize the condition of a log at initiation of 
motion is based on the balance between friction 
and drag force, assuming the flow as unaffected 
by the presence of the object. It is here assumed 
that the surface An is proportional to the water 
depth, hw. In this case, for a unit length of log in 
transverse direction, the drag force FD is propor-
tional to the product of water density, depth and 
velocity to the square: 
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The friction force, FF, can be written as: 
 

log log( )
F w w
F V Vµ ! != " "                      (2) 

Where � is the friction coefficient; Vw is the 
submerged log volume and Vlog is the total log 
volume. For one metre of log (unit length in direc-
tion perpendicular to the flow) Vw is proportional 
to Dloghw, with Dlog being the log diameter (or the 
log height for rectangular and square logs); Vlog is 
proportional to (Dlog)

2
. As a result, the friction 

force is proportional to: 

2

log log log( )F w wF g D h Dµ ! !" #               (3) 

Assuming that at incipient motion the water 
depth hw and Dlog have the same order of magni-
tude, we can assume hw ~ Dlog and thus simplify 
Equation 3 in: 

2

log log( )
F w
F D gµ ! !" #                         (4) 

We define an entrainment parameter, E
*
, based 

on the balance between the two forces FD and FF.  

2
*

2

log log( )

w w wD

F w

u hF
E

F D g

!

µ ! !
= "

#
              (5) 

Assuming that the friction coefficient is pro-
portional to k/hw, where k is the Nikuradse bed 
roughness (Nikuradse, 1933), which can be ap-
proximated by the D50 of the sediment on the bed 
surface, Equation 5 transforms in: 
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In which Co is an empirical coefficient to take 
into account log orientation. Based on experimen-
tal results, we suggest using the following values 
(preliminary results): Co = 0.5 for logs parallel to 
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Assuming that at incipient motion the water depth 
hw and Dlog have the same order of magnitude, we 
can assume hw ~ Dlog and thus simplify Equation 3 in:

that the logs were relatively large with respect to 
the flume width so that their presence considera-
bly affected the water flow, creating strong flow 
acceleration along their sides. 

 The undisturbed flow conditions, discharge, 
reach-averaged water depth and flow velocity at 
critical condition for incipient motion as well as 
the log properties are listed in Table 2. The buoy-
ant water depth is the water depth at which a log 
starts to float in still water (to be compared with 
the undisturbed water depth at initiation of mo-
tion). 

Logs perpendicular to water flow started to 
move at smaller discharges than logs that were 
parallel to the water flow (Table 2). This is due to 
the tendency of perpendicular logs to rotate, 
which was observed also by Bocchiola et al. 
(2006). 

  
Table 2. Undisturbed flow conditions and log properties at 
incipient motion. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 

3 RESULTS 

The derivation of an entrainment parameter to 
characterize the condition of a log at initiation of 
motion is based on the balance between friction 
and drag force, assuming the flow as unaffected 
by the presence of the object. It is here assumed 
that the surface An is proportional to the water 
depth, hw. In this case, for a unit length of log in 
transverse direction, the drag force FD is propor-
tional to the product of water density, depth and 
velocity to the square: 
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The friction force, FF, can be written as: 
 

log log( )
F w w
F V Vµ ! != " "                      (2) 

Where � is the friction coefficient; Vw is the 
submerged log volume and Vlog is the total log 
volume. For one metre of log (unit length in direc-
tion perpendicular to the flow) Vw is proportional 
to Dloghw, with Dlog being the log diameter (or the 
log height for rectangular and square logs); Vlog is 
proportional to (Dlog)

2
. As a result, the friction 

force is proportional to: 

2

log log log( )F w wF g D h Dµ ! !" #               (3) 

Assuming that at incipient motion the water 
depth hw and Dlog have the same order of magni-
tude, we can assume hw ~ Dlog and thus simplify 
Equation 3 in: 

2

log log( )
F w
F D gµ ! !" #                         (4) 

We define an entrainment parameter, E
*
, based 

on the balance between the two forces FD and FF.  
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Assuming that the friction coefficient is pro-
portional to k/hw, where k is the Nikuradse bed 
roughness (Nikuradse, 1933), which can be ap-
proximated by the D50 of the sediment on the bed 
surface, Equation 5 transforms in: 

2
2

*

log log

50

w w
o

w

w

u h
E C

D
D g

! !

!

" #
= $ %$ %&" # ' (

$ %
' (

       (6) 

In which Co is an empirical coefficient to take 
into account log orientation. Based on experimen-
tal results, we suggest using the following values 
(preliminary results): Co = 0.5 for logs parallel to 
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We define an entrainment parameter, E*, based on the 
balance between the two forces FD and FF. 

that the logs were relatively large with respect to 
the flume width so that their presence considera-
bly affected the water flow, creating strong flow 
acceleration along their sides. 

 The undisturbed flow conditions, discharge, 
reach-averaged water depth and flow velocity at 
critical condition for incipient motion as well as 
the log properties are listed in Table 2. The buoy-
ant water depth is the water depth at which a log 
starts to float in still water (to be compared with 
the undisturbed water depth at initiation of mo-
tion). 

Logs perpendicular to water flow started to 
move at smaller discharges than logs that were 
parallel to the water flow (Table 2). This is due to 
the tendency of perpendicular logs to rotate, 
which was observed also by Bocchiola et al. 
(2006). 

  
Table 2. Undisturbed flow conditions and log properties at 
incipient motion. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 

3 RESULTS 

The derivation of an entrainment parameter to 
characterize the condition of a log at initiation of 
motion is based on the balance between friction 
and drag force, assuming the flow as unaffected 
by the presence of the object. It is here assumed 
that the surface An is proportional to the water 
depth, hw. In this case, for a unit length of log in 
transverse direction, the drag force FD is propor-
tional to the product of water density, depth and 
velocity to the square: 

 

2

D w w w
F u h!"                                        (1) 

 
The friction force, FF, can be written as: 
 

log log( )
F w w
F V Vµ ! != " "                      (2) 

Where � is the friction coefficient; Vw is the 
submerged log volume and Vlog is the total log 
volume. For one metre of log (unit length in direc-
tion perpendicular to the flow) Vw is proportional 
to Dloghw, with Dlog being the log diameter (or the 
log height for rectangular and square logs); Vlog is 
proportional to (Dlog)

2
. As a result, the friction 

force is proportional to: 

2

log log log( )F w wF g D h Dµ ! !" #               (3) 

Assuming that at incipient motion the water 
depth hw and Dlog have the same order of magni-
tude, we can assume hw ~ Dlog and thus simplify 
Equation 3 in: 

2

log log( )
F w
F D gµ ! !" #                         (4) 

We define an entrainment parameter, E
*
, based 

on the balance between the two forces FD and FF.  

2
*

2

log log( )

w w wD

F w

u hF
E

F D g

!

µ ! !
= "

#
              (5) 

Assuming that the friction coefficient is pro-
portional to k/hw, where k is the Nikuradse bed 
roughness (Nikuradse, 1933), which can be ap-
proximated by the D50 of the sediment on the bed 
surface, Equation 5 transforms in: 

2
2

*

log log

50

w w
o

w

w

u h
E C

D
D g

! !

!

" #
= $ %$ %&" # ' (

$ %
' (

       (6) 

In which Co is an empirical coefficient to take 
into account log orientation. Based on experimen-
tal results, we suggest using the following values 
(preliminary results): Co = 0.5 for logs parallel to 
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Log  Initial 

orientation  

(degrees)  

Discharge  

(l/s)  

undisturbed

water depth  

(cm) 

 flow 

velocity 1 

(m/s)  

Submerged 

volume 2 

(cm3) 

Average 

weight  

(g)  

Log 

density 

(kg/m 3) 

Buoyant 

water depth  

(cm) 

Gravel bed   

Circular -dry 0  9.9 7.84  0.32  2324.79  1591.3  364.55  5.85  

Circular -dry 90 2.9 4.62  0.16  1151.33  1591.3  364.55  5.85  

Circular -wet  0  10.3  7.86  0.33  2332.23  1639.3  375.53  5.96  

Circular -wet  90 3.2 4.44  0.18  1089.65  1639.3  375.53  5.96  

Square -dry 0  9.8 8.32  0.29  2724.8  2014.2  462.39  6.05  

Square -dry 90 6.4 6.62  0.24  2168.05  2014.2  462. 39 6.05  

Square -wet  0  10.6  8.27  0.32  2708.425  1973.3  453.00  5.93  

Square -wet  90 6.1 5.62  0.27  1840.55  1973.3  453.00  5.93  

Wooden bed   

Circular -dry 0  7.2 6.15  0.29  1697.80  1604.8  367.64  5.92  

Circular -dry 90 1.4 3.35  0.10  733.37  1604.8  367.64  5.92  

Circula r-wet  0  12.1  8.35  0.36  2514.01  1796.9  411.65  6.48  

Circular -wet  90 1.5 3.45  0.11  764.63  1823.2  417.67  6.52  

Square -dry 0  9.4 6.47  0.36  2118.925  2016.2  462.84  6.06  

Square -dry 90 3.5 4.67  0.19  1529.425  2016.2  462.84  6.06  

Square -wet  0  10.1  6.63  0.38  2171.32 5 2068.2  474.78  6.22  

Square -wet  90 3.9 4.21  0.23  1378.775  2068.2  474.78  6.22  

 

Table 2. Undisturbed flow conditions and log properties at incipient motion.
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4. Conclusions

We carried out laboratory experiments to study the 
entrainment by flowing water of circular and square 
floating logs having different initial orientation. We 
derived a semi-empirical entrainment threshold line 
based on a force balance. The results are based on 
laboratory experiments carried out on logs having 
cylindrical or square shapes, i.e. without irregularities 
such as branches and roots. Therefore, the method 
should be tested on real river cases, which will most 
probably result in adaptation of the threshold line and 
possibly also to the inclusion of some extra parameters 
counting for log irregularities and river bed material.
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the flow direction; Co = 1 for logs perpendicular to 
water flow direction. In Figure 2, the entrainment 
parameter E* is plotted versus the Reynolds num-
ber of the flow: 
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, dynamic water viscosity). 

The results of our experiments (in black) are plot-
ted together with the results of the experiments by 
Bocchiola et al. (2006) (in grey). 

 

 
 

Figure 2. Entrainment parameter plotted vs. Reynolds num-
ber of water flow. Black: data collected in the framework of 
this study. Gray: data collected by Bocchiola et al. (2006). S 
= square; C = circular; B = from Bocchiola et al. (only cy-
lindrical logs). The thick black line represents the threshold 
between entrainment and non-entrainment. 

4 CONCLUSIONS 

We carried out laboratory experiments to study 
the entrainment by flowing water of circular and 

square floating logs having different initial orien-
tation. We derived a semi-empirical entrainment 
threshold line based on a force balance. The re-
sults are based on laboratory experiments carried 
out on logs having cylindrical or square shapes, 
i.e. without irregularities such as branches and 
roots. Therefore, the method should be tested on 
real river cases, which will most probably result in 
adaptation of the threshold line and possibly also 
to the inclusion of some extra parameters counting 
for log irregularities and river bed material. 
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Influencing bend morphodynamics  

by means of an air-bubble screen

V. DUGUÉ1, K. BLANCKAERT2 & A.J. SCHLEISS3

ABSTRACT. Secondary flow in open-channel bends redistributes the velocities and the boundary 
shear stress and thereby creates variations in the bed topography. Outer banks are vulnerable to 
scouring whereas deposition near the bank may reduce the navigable width of the channel.
 Laboratory experiments in a sharply curved channel show that a secondary flow cell opposed to 
the curvature-induced secondary flow cell can be created near the outer bank by means of an air-
bubble screen. The air bubbles coming from a porous tube installed on the bed rise to the water 
surface and thereby generate upwards flow, which drives the secondary flow cell.
 With respect to “hard” engineering techniques, bubble screens have the advantage of being 
controllable, ecological (oxygenation), reversible and non-permanent. They have already been applied 
in industrial, material, chemical, mechanical, and environmental applications, and abundantly 
investigated. According to literature, the application of bubble screens in river morphodynamics 
has not yet been investigated or applied in a systematic way.
 Comparison of reference experiments without bubble screen to experiments with bubble screen 
under similar conditions of water and sediment discharge may permit to estimate the influence 
of bubble screen on the bend morphology. 
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Groyne field morphodynamics  

along Elbe River, Germany

M. HENNING1, B. HENTSCHEL2

ABSTRACT. Groynes in the Elbe River were originally constructed to stabilize the river bed in 
order to protect cultural goods and to decrease the risk of floods and hazard of epidemics that 
emanated from the swamps of ancient flood plains. Later, groynes were constructed to improve 
navigability of rivers. Today groyne fields are considered as surrogate habitats for various life forms 
and may partially replace flood plains that were lost in the course of river extensions in the last 
centuries. In order to maintain and improve the ecological value of groyne fields, the German 
Federal Institutes of Hydrology (BfG) and Waterways Engineering and Research (BAW) studied 
the impact of recently developed prototype groynes and regular groynes on morphodynamics 
and habitat quality of groyne fields in a river bend of the Elbe River in a 10 year field campaign. 
This paper presents the evaluation of groyne field morphodynamics over the 10 year period. The 
results indicate a high morphological activity in the groyne fields, significant sedimentation in 
the bank regions of the groyne fields and a less pronounced sedimentation in deeper areas of the 
groyne fields. The total sedimentation rate in the groyne fields is, to some extent, found to be 
influenced by different groyne types.

KEYWORDS: Groyne, morphodynamics, monitoring, field data, adcp, sedimentation, sediment deposition.
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1. Introduction

Groynes in the Elbe River were originally constructed 
for the protection of land, life and cultural goods in 
populated regions near the river. The groynes primary 
functions were the stabilization of the river bed by bank 
protection and the extraction of land- and building 
material by sediment collection in the groyne fields. 
With increasing importance of shipping at the end of the 
19th century, groynes served to maintain sufficient water 
depths for navigation by deepening the river channel 
through the narrowing of the flow profile. Furthermore, 
groynes increase roughness of the river by causing energy 
loss of the flow in the groyne fields. Nowadays, groyne 
fields are regarded to present surrogate habitats for various 
life forms that may partially replace flood plains that were 
lost in the course of river extension. Thus, groyne fields 
must be maintained for both navigational and ecological 
purposes, one main objective being the prevention of 
groyne field siltation.
In order to address the needs of both navigation and 
ecology, it is important to improve the understanding 
of the morphological development of groyne fields. 
In fact, recent studies showed that innovative groyne 
types can improve habitat quality in groyne fields in 
terms of temporal and spatial flow and water depth 
diversity (Kleinwächter et al., 2005) while preventing 
sediment deposition.
In 2001, two prototype groyne types were constructed 
in the Elbe River following extensive laboratory tests 
in scale models (Hentschel & Anlauf, 2001).
The first prototype groyne is “angled” with its 
banksided half being 72° inclined (like regular Elbe 
groynes) while the channelsided half is 72° declined 
(see sketch in Figure 2). When the groynes are exposed 
(i.e. water level is below the back of the groyne), this 
setup increases flow diversity by establishing secondary 
eddies in the groyne field and when the groynes are 
submerged, the flow is directed towards the centre 
of the groyne field increasing shear stress and hence 
initiating sediment transport and preventing sediment 
deposition in this area.
The second prototype is a “notched” groyne where the 
notch is located in the banksided third of the groyne. The 
notch-trough is located 1.2 m below mean water level 

and the notch is 8 to 12 m wide dependent on groyne 
height (Figure 1). This prototype is similar to damaged 
groynes found in the Elbe River and can, therefore, be 
easily constructed using already existing structures. The 
benefit of notched groynes is the increase of flow diversity 
in the groyne field by disturbing the centre eddy as a 
consequence of the energy input associated with the flow 
through the notch. Furthermore, downstream of the 
notch scouring activity may increase the heterogeneity 
of the groyne field bed and the additional energy input 
may prevent sediment deposition (see Kleinwächter et 
al., 2005, for details).

Although sedimentation processes in groyne fields 
have been identified to play an important role for 
the sediment budget of rivers (e.g. Uijttewaal et al., 
2001; Ten Brinke et al., 2004; Friedrich et al., 2008; 
Yossef & De Vriend, 2010), only few detailed field 
studies have been reported until today.
Groyne field sedimentation is influenced by several 
other aspects than the groyne type, such as flood 
plain connection, vegetation and navigation, which 
are not discussed here in detail. Thus, groyne field 
morphology reflects many influences, which makes it 
a suitable measure to characterize the overall quality 
of the groyne fields. On the other hand, the different 
influences make it hard to distinguish the impact of 
different groyne setups from the other parameters. 
The main objective of the present paper is to 
provide insight in groyne field morphodynamics and 
sedimentation in general. Furthermore, it will be 
discussed to what extend the results can be associated 
with groyne field flow velocity patterns.

may prevent sediment deposition (see Kleinwä-
chter et al. (2005) for details). 

 
Figure 1. Sketch of groyne notch (Kleinwächter et al. 2005), 
mw denotes mean water level 

Although sedimentation processes in groyne 
fields have been identified to play an important 
role for the sediment budget of rivers (e.g. Uijtte-
waal et al. 2001, Ten Brinke et al. 2004, Friedrich 
et al. 2008, Yossef & De Vriend 2010), only few 
detailed field studies have been reported until to-
day. 

Groyne field sedimentation is influenced by 
several other aspects than the groyne type, such as 
flood plain connection, vegetation and navigation, 
which are not discussed here in detail. Thus, 
groyne field morphology reflects many influences, 
which makes it a suitable measure to characterize 
the overall quality of the groyne fields. On the 
other hand, the different influences make it hard to 
distinguish the impact of different groyne setups 
from the other parameters.  

The main objective of the present paper is to 
provide insight in groyne field morphodynamics 
and sedimentation in general. Furthermore, it will 
be discussed to what extend the results can be as-
sociated with groyne field flow velocity patterns. 

2 DATA 

2.1 Field site 

The study reach between Elbe-km 440 and 443 is 
shown in Figure 2 and consists of a group of three 
groyne fields equipped with angled groynes, two 
groyne fields with notched groynes and three 
groyne fields with regular groynes. The angled 
and two regular groyne fields are located at the 
outer bank at the beginning of a river bend. The 
notched groyne fields and the third regular groyne 
field are located near the end of the same bend. 
Between 2001 and 2010 a total of 12 field meas-
urements were carried out by the German Federal 
Institutes of Hydrology (BfG) and Waterways En-
gineering and Research (BAW) to monitor the de-

velopment of the groyne field topography and to 
investigate the flow patterns at different flow 
stages. 

 
Figure 2. Study reach with 1: angled groynes, 2 and 4: regu-
lar groynes, 3: notched groynes 

2.2 ADCP and echosounder data 

Flow velocities and groyne field topography were 
measured using moving boat ADCP and echo-
sounder measurements. During data acquisition 
the vessel moved at speeds of 1 to 1.5 m/s while 
recording longitudinal and transverse profiles with 
5 to 10 m distance (Figure 3). The position of the 
vessel was determined using differential global 
positioning system (DGPS) and a base station. 

 
Figure 3. Track of measuring vessel by means of the loca-
tion of topographic measurement in the angled groyne fields 

The topography measurements were carried out 
using a sonar with an ultrasonic frequency of 200 
kHz, a sampling rate of 18 Hz and a beam angle 
of 2°. The device can be used for water depth > 

72° 

Figure 1. Sketch of groyne notch (Kleinwächter et al., 2005), 
mw denotes mean water level.
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2. Data

2.1. Field site

The study reach between Elbe-km 440 and 443 is 
shown in Figure 2 and consists of a group of three 
groyne fields equipped with angled groynes, two 
groyne fields with notched groynes and three groyne 
fields with regular groynes. The angled and two regular 
groyne fields are located at the outer bank at the 
beginning of a river bend. The notched groyne fields 
and the third regular groyne field are located near 
the end of the same bend. Between 2001 and 2010 
a total of 12 field measurements were carried out by 
the German Federal Institutes of Hydrology (BfG) 
and Waterways Engineering and Research (BAW) 
to monitor the development of the groyne field 
topography and to investigate the flow patterns at 
different flow stages.

2.2. ADCP and echosounder data

Flow velocities and groyne field topography were 
measured using moving boat ADCP and echosounder 
measurements. During data acquisition the vessel 
moved at speeds of 1 to 1.5 m/s while recording 
longitudinal and transverse profiles with 5 to 10 m 
distance (Figure 3). The position of the vessel was 
determined using differential global positioning system 
(DGPS) and a base station.

The topography measurements were carried out using 
a sonar with an ultrasonic frequency of 200 kHz, a 
sampling rate of 18 Hz and a beam angle of 2°. The 
device can be used for water depth > 0.2 m with an 
accuracy of +/- 1 cm. Taking into account the vessel 
speed, a track length of 1 m consists of 12 to 18 data 
points and associated coordinates were assigned by 
interpolation of the DGPS data. These data were 
used to construct digital elevation models with a 
resolution of 1 x 1 m². 
Areal velocity measurements were performed using 
ADCP measurements of 1200 kHz and 600 kHz 
frequency. The corresponding spatial location was 
specified by the DGPS. The 1 200 kHz frequency was 
used in shallow water for water depths > 0.3 m and 
the 600 kHz ADCP was used for water depths > 1 
m. During post processing the data were reduced to 
verticals of 1 m intervals. These verticals were depth 
averaged and gridded to provide depth averaged 
velocity fields with a resolution of 5 x 5 m².

2.3.	Groyne	field	characteristics

The investigated groyne types and groyne fields vary 
in size and depth (Table 1).

may prevent sediment deposition (see Kleinwä-
chter et al. (2005) for details). 

 
Figure 1. Sketch of groyne notch (Kleinwächter et al. 2005), 
mw denotes mean water level 
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may prevent sediment deposition (see Kleinwä-
chter et al. (2005) for details). 

 
Figure 1. Sketch of groyne notch (Kleinwächter et al. 2005), 
mw denotes mean water level 

Although sedimentation processes in groyne 
fields have been identified to play an important 
role for the sediment budget of rivers (e.g. Uijtte-
waal et al. 2001, Ten Brinke et al. 2004, Friedrich 
et al. 2008, Yossef & De Vriend 2010), only few 
detailed field studies have been reported until to-
day. 

Groyne field sedimentation is influenced by 
several other aspects than the groyne type, such as 
flood plain connection, vegetation and navigation, 
which are not discussed here in detail. Thus, 
groyne field morphology reflects many influences, 
which makes it a suitable measure to characterize 
the overall quality of the groyne fields. On the 
other hand, the different influences make it hard to 
distinguish the impact of different groyne setups 
from the other parameters.  

The main objective of the present paper is to 
provide insight in groyne field morphodynamics 
and sedimentation in general. Furthermore, it will 
be discussed to what extend the results can be as-
sociated with groyne field flow velocity patterns. 

2 DATA 

2.1 Field site 

The study reach between Elbe-km 440 and 443 is 
shown in Figure 2 and consists of a group of three 
groyne fields equipped with angled groynes, two 
groyne fields with notched groynes and three 
groyne fields with regular groynes. The angled 
and two regular groyne fields are located at the 
outer bank at the beginning of a river bend. The 
notched groyne fields and the third regular groyne 
field are located near the end of the same bend. 
Between 2001 and 2010 a total of 12 field meas-
urements were carried out by the German Federal 
Institutes of Hydrology (BfG) and Waterways En-
gineering and Research (BAW) to monitor the de-

velopment of the groyne field topography and to 
investigate the flow patterns at different flow 
stages. 

 
Figure 2. Study reach with 1: angled groynes, 2 and 4: regu-
lar groynes, 3: notched groynes 

2.2 ADCP and echosounder data 

Flow velocities and groyne field topography were 
measured using moving boat ADCP and echo-
sounder measurements. During data acquisition 
the vessel moved at speeds of 1 to 1.5 m/s while 
recording longitudinal and transverse profiles with 
5 to 10 m distance (Figure 3). The position of the 
vessel was determined using differential global 
positioning system (DGPS) and a base station. 

 
Figure 3. Track of measuring vessel by means of the loca-
tion of topographic measurement in the angled groyne fields 

The topography measurements were carried out 
using a sonar with an ultrasonic frequency of 200 
kHz, a sampling rate of 18 Hz and a beam angle 
of 2°. The device can be used for water depth > 

72° 

Figure 3. Track of measuring vessel by means of the location 
of topographic measurement in the angled groyne fields.
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3. Groyne field morphodynamics

Floods are crucial for groyne field morphology because 
bank regions of the groyne fields are only inundated 
at certain water levels. Furthermore shear stress excess 
enables erosion at the rising limb of the hydrograph 
while at the falling limb the decreasing shear stress causes 
deposition. Once coarse material is deposited in the 
groyne field it can only be reactivated during the next 
flood. Therefore, 6 campaigns at larger water levels were 
used for the evaluation of groyne field morphodynamics 
(Figure 4). The intersection of data from all campaigns 
includes the area embedded by the groynes and by the 
intersection line of the groyne heads and the bank line 
approximately 1 m above mean water level. 
To identify regions of high morphodynamics, the 
standard deviations 

0.2 m with an accuracy of +/- 1 cm. Taking into 
account the vessel speed, a track length of 1 m 
consists of 12 to 18 data points and associated co-
ordinates were assigned by interpolation of the 
DGPS data. These data were used to construct 
digital elevation models with a resolution of 1 x 1 
m².  

Areal velocity measurements were performed 
using ADCP measurements of 1200 kHz and 600 
kHz frequency. The corresponding spatial location 
was specified by the DGPS. The 1200 kHz fre-
quency was used in shallow water for water 
depths > 0.3 m and the 600 kHz ADCP was used 
for water depths > 1 m. During post processing 
the data were reduced to verticals of 1 m intervals. 
These verticals were depth averaged and gridded 
to provide depth averaged velocity fields with a 
resolution of 5 x 5 m². 

2.3 Groyne field characteristics 

The investigated groyne types and groyne fields 
vary in size and depth (Table 1).  

 
Table 1.  Groyne field sizes and depths, numbers in brackets 
refer to Figure 2 

Groyne type Field Size [m²] Mean depth* 
[m] 

Angled (1) 7900 
 

2.00 

Regular (2) 11300 
 

1.73 
 

Notched (3) 5100 
 

1.71 

Regular (4) 6500 1.60 
* at mean water level 

Table 1 shows that the regular groyne fields of 
area 2 (Figure 2) are larger than the other groyne 
fields. Moreover, the largest groyne field (up-
stream one of area 2) was characterized by an is-
land in its middle whose formation was suppos-
edly supported by the size of the groyne field. As 
a consequence, the water depths here were lower. 
The groyne fields at the end of the bend were gen-
erally smaller and less deep than those in the be-
ginning of the bend.  

2.4 Hydrology 

For the study reach, detailed information on dis-
charge variability is available (Figure 4) from the 
gauging station Wittenberge which is located 10 
km downstream (Elbe-km 453.9) of the site. Fig-
ure 4 shows that several floods occurred within 
the investigation period, of which 3 exceeded the 
10-year flood water level.  

 
Figure 4. Hydrograph W (water depths) at gauging station 
Wittenberge between 2000 and 2010, vertical lines indicate 
campaigns used for evaluation of groyne field morphody-
namics (Section 3), S1 to S5 refer to intervals between cam-
paigns 
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Once coarse material is deposited in the groyne 
field it can only be reactivated during the next 
flood. Therefore, 6 campaigns at larger water lev-
els were used for the evaluation of groyne field 
morphodynamics (Figure 4). The intersection of 
data from all campaigns includes the area embed-
ded by the groynes and by the intersection line of 
the groyne heads and the bank line approximately 
1 m above mean water level.  

To identify regions of high morphodynamics, 
the standard deviations  
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of groyne field elevations were calculated for ele-
vations zij at each node ij of the DEM and 6 dif-
ferent time steps (campaigns), in which ijz  is the 
mean elevation at nodes ij and i,j,k are control 
variables for north and east direction, and time, 
respectively. The resulting map of standard devia-
tions is exemplarily shown in Figure 5 for the 
group of angled groynes. 

Figure 5 reveals that the bank regions and the 
areas directly downstream of the groynes are 
characterised by the highest morphodynamic ac-
tivity. Similar results were obtained for the other 
groyne fields. This implicates that areas at the 
margins of the groyne fields are more subject to 

0.2 m with an accuracy of +/- 1 cm. Taking into 
account the vessel speed, a track length of 1 m 
consists of 12 to 18 data points and associated co-
ordinates were assigned by interpolation of the 
DGPS data. These data were used to construct 
digital elevation models with a resolution of 1 x 1 
m².  

Areal velocity measurements were performed 
using ADCP measurements of 1200 kHz and 600 
kHz frequency. The corresponding spatial location 
was specified by the DGPS. The 1200 kHz fre-
quency was used in shallow water for water 
depths > 0.3 m and the 600 kHz ADCP was used 
for water depths > 1 m. During post processing 
the data were reduced to verticals of 1 m intervals. 
These verticals were depth averaged and gridded 
to provide depth averaged velocity fields with a 
resolution of 5 x 5 m². 

2.3 Groyne field characteristics 

The investigated groyne types and groyne fields 
vary in size and depth (Table 1).  

 
Table 1.  Groyne field sizes and depths, numbers in brackets 
refer to Figure 2 
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Angled (1) 7900 
 

2.00 

Regular (2) 11300 
 

1.73 
 

Notched (3) 5100 
 

1.71 

Regular (4) 6500 1.60 
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Table 1 shows that the regular groyne fields of 
area 2 (Figure 2) are larger than the other groyne 
fields. Moreover, the largest groyne field (up-
stream one of area 2) was characterized by an is-
land in its middle whose formation was suppos-
edly supported by the size of the groyne field. As 
a consequence, the water depths here were lower. 
The groyne fields at the end of the bend were gen-
erally smaller and less deep than those in the be-
ginning of the bend.  

2.4 Hydrology 

For the study reach, detailed information on dis-
charge variability is available (Figure 4) from the 
gauging station Wittenberge which is located 10 
km downstream (Elbe-km 453.9) of the site. Fig-
ure 4 shows that several floods occurred within 
the investigation period, of which 3 exceeded the 
10-year flood water level.  

 
Figure 4. Hydrograph W (water depths) at gauging station 
Wittenberge between 2000 and 2010, vertical lines indicate 
campaigns used for evaluation of groyne field morphody-
namics (Section 3), S1 to S5 refer to intervals between cam-
paigns 
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limb of the hydrograph while at the falling limb 
the decreasing shear stress causes deposition. 
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flood. Therefore, 6 campaigns at larger water lev-
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morphodynamics (Figure 4). The intersection of 
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of groyne field elevations were calculated for ele-
vations zij at each node ij of the DEM and 6 dif-
ferent time steps (campaigns), in which ijz  is the 
mean elevation at nodes ij and i,j,k are control 
variables for north and east direction, and time, 
respectively. The resulting map of standard devia-
tions is exemplarily shown in Figure 5 for the 
group of angled groynes. 

Figure 5 reveals that the bank regions and the 
areas directly downstream of the groynes are 
characterised by the highest morphodynamic ac-
tivity. Similar results were obtained for the other 
groyne fields. This implicates that areas at the 
margins of the groyne fields are more subject to 

of groyne field elevations were calculated for elevations 
zij at each node ij of the DEM and 6 different time 
steps (campaigns), in which ijz  is the mean elevation 
at nodes ij and i,j,k are control variables for north and 
east direction, and time, respectively. The resulting 
map of standard deviations is exemplarily shown in 
Figure 5 for the group of angled groynes.
Figure 5 reveals that the bank regions and the areas 
directly downstream of the groynes are characterised 
by the highest morphodynamic activity. Similar 
results were obtained for the other groyne fields. This 
implicates that areas at the margins of the groyne fields 
are more subject to erosion and deposition than areas 
of relatively large water depths. 

Table 1 shows that the regular groyne fields of area 2 
(Figure 2) are larger than the other groyne fields. 
Moreover, the largest groyne field (upstream one of 
area 2) was characterized by an island in its middle 
whose formation was supposedly supported by the 
size of the groyne field. As a consequence, the water 
depths here were lower. The groyne fields at the end 
of the bend were generally smaller and less deep than 
those in the beginning of the bend. 

2.4. Hydrology

For the study reach, detailed information on 
discharge variability is available (Figure 4) from 
the gauging station Wittenberge which is located 
10 km downstream (Elbe-km 453.9) of the site. 
Figure 4 shows that several floods occurred within 
the investigation period, of which 3 exceeded the 
10-year flood water level.

Table 1.  Groyne field sizes and depths, numbers in brackets 
refer to Figure 2.

0.2 m with an accuracy of +/- 1 cm. Taking into 
account the vessel speed, a track length of 1 m 
consists of 12 to 18 data points and associated co-
ordinates were assigned by interpolation of the 
DGPS data. These data were used to construct 
digital elevation models with a resolution of 1 x 1 
m².  

Areal velocity measurements were performed 
using ADCP measurements of 1200 kHz and 600 
kHz frequency. The corresponding spatial location 
was specified by the DGPS. The 1200 kHz fre-
quency was used in shallow water for water 
depths > 0.3 m and the 600 kHz ADCP was used 
for water depths > 1 m. During post processing 
the data were reduced to verticals of 1 m intervals. 
These verticals were depth averaged and gridded 
to provide depth averaged velocity fields with a 
resolution of 5 x 5 m². 

2.3 Groyne field characteristics 

The investigated groyne types and groyne fields 
vary in size and depth (Table 1).  
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2.00 
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1.71 

Regular (4) 6500 1.60 
* at mean water level 

Table 1 shows that the regular groyne fields of 
area 2 (Figure 2) are larger than the other groyne 
fields. Moreover, the largest groyne field (up-
stream one of area 2) was characterized by an is-
land in its middle whose formation was suppos-
edly supported by the size of the groyne field. As 
a consequence, the water depths here were lower. 
The groyne fields at the end of the bend were gen-
erally smaller and less deep than those in the be-
ginning of the bend.  

2.4 Hydrology 

For the study reach, detailed information on dis-
charge variability is available (Figure 4) from the 
gauging station Wittenberge which is located 10 
km downstream (Elbe-km 453.9) of the site. Fig-
ure 4 shows that several floods occurred within 
the investigation period, of which 3 exceeded the 
10-year flood water level.  
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of groyne field elevations were calculated for ele-
vations zij at each node ij of the DEM and 6 dif-
ferent time steps (campaigns), in which ijz  is the 
mean elevation at nodes ij and i,j,k are control 
variables for north and east direction, and time, 
respectively. The resulting map of standard devia-
tions is exemplarily shown in Figure 5 for the 
group of angled groynes. 

Figure 5 reveals that the bank regions and the 
areas directly downstream of the groynes are 
characterised by the highest morphodynamic ac-
tivity. Similar results were obtained for the other 
groyne fields. This implicates that areas at the 
margins of the groyne fields are more subject to 

0.2 m with an accuracy of +/- 1 cm. Taking into 
account the vessel speed, a track length of 1 m 
consists of 12 to 18 data points and associated co-
ordinates were assigned by interpolation of the 
DGPS data. These data were used to construct 
digital elevation models with a resolution of 1 x 1 
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kHz frequency. The corresponding spatial location 
was specified by the DGPS. The 1200 kHz fre-
quency was used in shallow water for water 
depths > 0.3 m and the 600 kHz ADCP was used 
for water depths > 1 m. During post processing 
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These verticals were depth averaged and gridded 
to provide depth averaged velocity fields with a 
resolution of 5 x 5 m². 
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The investigated groyne types and groyne fields 
vary in size and depth (Table 1).  
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edly supported by the size of the groyne field. As 
a consequence, the water depths here were lower. 
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charge variability is available (Figure 4) from the 
gauging station Wittenberge which is located 10 
km downstream (Elbe-km 453.9) of the site. Fig-
ure 4 shows that several floods occurred within 
the investigation period, of which 3 exceeded the 
10-year flood water level.  
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of groyne field elevations were calculated for ele-
vations zij at each node ij of the DEM and 6 dif-
ferent time steps (campaigns), in which ijz  is the 
mean elevation at nodes ij and i,j,k are control 
variables for north and east direction, and time, 
respectively. The resulting map of standard devia-
tions is exemplarily shown in Figure 5 for the 
group of angled groynes. 

Figure 5 reveals that the bank regions and the 
areas directly downstream of the groynes are 
characterised by the highest morphodynamic ac-
tivity. Similar results were obtained for the other 
groyne fields. This implicates that areas at the 
margins of the groyne fields are more subject to 

Figure 4. Hydrograph W (water depths) at gauging station 
Wittenberge between 2000 and 2010, vertical lines 
indicate campaigns used for evaluation of groyne field 
morphodynamics (Section 3), S1 to S5 refer to intervals 
between campaigns.

Figure 5. Greyscale coded standard deviation sij of groyne 
field elevations from the 6 flood campaigns in the angled 
groyne fields.

erosion and deposition than areas of relatively 
large water depths.  

<0.1 m > 0.3 m

 

 
Figure 5. Greyscale coded standard deviation σij of groyne 
field elevations from the 6 flood campaigns in the angled 
groyne fields 

This hypothesis was tested by evaluating the 
water depths at each spatial node for each cam-
paign for the mean discharge. Subsequently, areas 
of water depths W < 1 m, 1 m < W < 2 m and W > 
2 m were identified and the sedimentation rate be-
tween the campaigns was evaluated from the to-
pography measurements. Figure 6 shows the re-
sulting averaged sedimentation rate for the groyne 
fields for each campaign and the three water depth 
classes, as well as the cumulative sedimentation 
rate over the observation period. 
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Figure 6. Sedimentation rate of all groyne fields in areas of 
distinguished water depths W at mean water level in inter-
vals S1 to S5 (Figure 4) and observation period  

Areas with W < 1 m (representing 35 % of the 
total groyne field areas) were, in general, subject 
to massive sedimentation as the mean elevation 
increased more than 0.4 m within the observation 
period. In contrast, in areas with 1 m < W < 2 m 
(40 %) and W > 2 m (25 %), the cumulative sedi-
mentation was smaller than 0.05 m. The compari-
son of the temporal development of the sedimen-
tation rates reveals both erosion as well as 
deposition in the latter areas while for the former 
(W < 1 m) deposition dominates. The largest 
deposition occurred within the period between 
Feb. 2001 and Dec. 2002 (S2, Figure 4) which 
was relatively short but contained a long winter 
flood and a 50-year flood. The following periods 
S3 and S4 also contained high floods and deposi-
tion occurred in the areas with W < 1 m. In the pe-
riods S1 and S5 no exceptional floods and no con-
siderable sedimentation occurred. 

In all investigated groyne fields deposition oc-
curred mainly in the bank regions and directly 
downstream of the groynes. Figure 7 shows the 
cumulative sedimentation rates for the ten year pe-
riod for the investigated groyne field groups. 
Deposition in the notched and the regular (area 4) 
groyne fields at the end of the river bend was less 
than in the angled and regular (area 2) groyne 
fields. For areas with W < 1 m, these differences 
may be attributed to groyne field size as smaller 
groyne fields are less subject to deposition or to 
the fact that those groyne fields were already 
silted up more than the others. For areas of W > 2 
m different sedimentation rates should not be 
overinterpreted. These are areas of groyne head 
scour and the shear zone between groyne field and 
main channel, where sedimentation processes are 
reversible (i.e. erosion and deposition are in dy-
namic equilibrium, see Figure 6). For areas with 1 
m < W < 2 m, groyne field sedimentation is within 
+/- 0.1 m. According to Figure 6, sedimentation 
processes here may also be reversible.  
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Figure 7. Sedimentation rate in areas of distinguished water 
depths W between 2001 and 2010 for the groups of different 
groynes 

In the 10 year period of observation, the overall 
sediment deposition in the 8 groyne fields under 
investigation was more than 12,000 m³, mainly in 
the bank regions. 

4 GROYNE FIELD FLOW PATTERNS 

The ADCP measurements can be used to compare 
groyne field flow patterns at different flow stages. 
In terms of flow velocities, the main objectives for 
the prototype groynes are the increase of flow di-
versity and reduction of sediment deposition in the 
groyne fields. Flow patterns are shown exemplar-
ily for the angled and notched groyne fields in 
Figures 8 and 9. For visualization purposes, the 
velocity patterns are combined with aerial photo-
graphs which do not correspond with the water 
levels during measurement. 

For the case of exposed groynes, flow patterns 
are dominated by a center eddy for both angled 
and notched groyne fields. Near the bank of the 
groyne fields velocity patterns are diverse, which 
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investigated groyne field groups. Deposition in the 
notched and the regular (area 4) groyne fields at the 
end of the river bend was less than in the angled and 
regular (area 2) groyne fields. For areas with W < 1 m, 
these differences may be attributed to groyne field size 
as smaller groyne fields are less subject to deposition or 
to the fact that those groyne fields were already silted 
up more than the others. For areas of W > 2 m different 
sedimentation rates should not be overinterpreted. 
These are areas of groyne head scour and the shear 
zone between groyne field and main channel, where 
sedimentation processes are reversible (i.e. erosion 
and deposition are in dynamic equilibrium, see 
Figure 6). For areas with 1 m < W < 2 m, groyne 
field sedimentation is within +/- 0.1 m. According 
to Figure 6, sedimentation processes here may also 
be reversible.

In the 10 year period of observation, the overall 
sediment deposition in the 8 groyne fields under 
investigation was more than 12,000 m³, mainly in 
the bank regions.

4. Groyne field Flow patterns

The ADCP measurements can be used to compare 
groyne field flow patterns at different flow stages. In 
terms of flow velocities, the main objectives for the 
prototype groynes are the increase of flow diversity 
and reduction of sediment deposition in the groyne 
fields. Flow patterns are shown exemplarily for the 
angled and notched groyne fields in Figures 8 and 

This hypothesis was tested by evaluating the water 
depths at each spatial node for each campaign for the 
mean discharge. Subsequently, areas of water depths 
W < 1 m, 1 m < W < 2 m and W > 2 m were identified 
and the sedimentation rate between the campaigns 
was evaluated from the topography measurements. 
Figure 6 shows the resulting averaged sedimentation 
rate for the groyne fields for each campaign and the 
three water depth classes, as well as the cumulative 
sedimentation rate over the observation period.

Areas with W < 1 m (representing 35% of the total 
groyne field areas) were, in general, subject to massive 
sedimentation as the mean elevation increased more 
than 0.4 m within the observation period. In contrast, 
in areas with 1 m < W < 2 m (40%) and W > 2 m 
(25%), the cumulative sedimentation was smaller 
than 0.05 m. The comparison of the temporal 
development of the sedimentation rates reveals both 
erosion as well as deposition in the latter areas while 
for the former (W < 1 m) deposition dominates. 
The largest deposition occurred within the period 
between Feb. 2001 and Dec. 2002 (S2, Figure 4) 
which was relatively short but contained a long winter 
flood and a 50-year flood. The following periods S3 
and S4 also contained high floods and deposition 
occurred in the areas with W < 1 m. In the periods 
S1 and S5 no exceptional floods and no considerable 
sedimentation occurred.
In all investigated groyne fields deposition occurred 
mainly in the bank regions and directly downstream 
of the groynes. Figure 7 shows the cumulative 
sedimentation rates for the ten year period for the 

Figure 6. Sedimentation rate of all groyne fields in areas of 
distinguished water depths W at mean water level in intervals 
S1 to S5 (Figure 4) and observation period.

erosion and deposition than areas of relatively 
large water depths.  

<0.1 m > 0.3 m

 

 
Figure 5. Greyscale coded standard deviation σij of groyne 
field elevations from the 6 flood campaigns in the angled 
groyne fields 

This hypothesis was tested by evaluating the 
water depths at each spatial node for each cam-
paign for the mean discharge. Subsequently, areas 
of water depths W < 1 m, 1 m < W < 2 m and W > 
2 m were identified and the sedimentation rate be-
tween the campaigns was evaluated from the to-
pography measurements. Figure 6 shows the re-
sulting averaged sedimentation rate for the groyne 
fields for each campaign and the three water depth 
classes, as well as the cumulative sedimentation 
rate over the observation period. 
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Figure 6. Sedimentation rate of all groyne fields in areas of 
distinguished water depths W at mean water level in inter-
vals S1 to S5 (Figure 4) and observation period  

Areas with W < 1 m (representing 35 % of the 
total groyne field areas) were, in general, subject 
to massive sedimentation as the mean elevation 
increased more than 0.4 m within the observation 
period. In contrast, in areas with 1 m < W < 2 m 
(40 %) and W > 2 m (25 %), the cumulative sedi-
mentation was smaller than 0.05 m. The compari-
son of the temporal development of the sedimen-
tation rates reveals both erosion as well as 
deposition in the latter areas while for the former 
(W < 1 m) deposition dominates. The largest 
deposition occurred within the period between 
Feb. 2001 and Dec. 2002 (S2, Figure 4) which 
was relatively short but contained a long winter 
flood and a 50-year flood. The following periods 
S3 and S4 also contained high floods and deposi-
tion occurred in the areas with W < 1 m. In the pe-
riods S1 and S5 no exceptional floods and no con-
siderable sedimentation occurred. 

In all investigated groyne fields deposition oc-
curred mainly in the bank regions and directly 
downstream of the groynes. Figure 7 shows the 
cumulative sedimentation rates for the ten year pe-
riod for the investigated groyne field groups. 
Deposition in the notched and the regular (area 4) 
groyne fields at the end of the river bend was less 
than in the angled and regular (area 2) groyne 
fields. For areas with W < 1 m, these differences 
may be attributed to groyne field size as smaller 
groyne fields are less subject to deposition or to 
the fact that those groyne fields were already 
silted up more than the others. For areas of W > 2 
m different sedimentation rates should not be 
overinterpreted. These are areas of groyne head 
scour and the shear zone between groyne field and 
main channel, where sedimentation processes are 
reversible (i.e. erosion and deposition are in dy-
namic equilibrium, see Figure 6). For areas with 1 
m < W < 2 m, groyne field sedimentation is within 
+/- 0.1 m. According to Figure 6, sedimentation 
processes here may also be reversible.  
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Figure 7. Sedimentation rate in areas of distinguished water 
depths W between 2001 and 2010 for the groups of different 
groynes 

In the 10 year period of observation, the overall 
sediment deposition in the 8 groyne fields under 
investigation was more than 12,000 m³, mainly in 
the bank regions. 

4 GROYNE FIELD FLOW PATTERNS 

The ADCP measurements can be used to compare 
groyne field flow patterns at different flow stages. 
In terms of flow velocities, the main objectives for 
the prototype groynes are the increase of flow di-
versity and reduction of sediment deposition in the 
groyne fields. Flow patterns are shown exemplar-
ily for the angled and notched groyne fields in 
Figures 8 and 9. For visualization purposes, the 
velocity patterns are combined with aerial photo-
graphs which do not correspond with the water 
levels during measurement. 

For the case of exposed groynes, flow patterns 
are dominated by a center eddy for both angled 
and notched groyne fields. Near the bank of the 
groyne fields velocity patterns are diverse, which 
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erosion and deposition than areas of relatively 
large water depths.  
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Figure 5. Greyscale coded standard deviation σij of groyne 
field elevations from the 6 flood campaigns in the angled 
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This hypothesis was tested by evaluating the 
water depths at each spatial node for each cam-
paign for the mean discharge. Subsequently, areas 
of water depths W < 1 m, 1 m < W < 2 m and W > 
2 m were identified and the sedimentation rate be-
tween the campaigns was evaluated from the to-
pography measurements. Figure 6 shows the re-
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fields for each campaign and the three water depth 
classes, as well as the cumulative sedimentation 
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Figure 6. Sedimentation rate of all groyne fields in areas of 
distinguished water depths W at mean water level in inter-
vals S1 to S5 (Figure 4) and observation period  

Areas with W < 1 m (representing 35 % of the 
total groyne field areas) were, in general, subject 
to massive sedimentation as the mean elevation 
increased more than 0.4 m within the observation 
period. In contrast, in areas with 1 m < W < 2 m 
(40 %) and W > 2 m (25 %), the cumulative sedi-
mentation was smaller than 0.05 m. The compari-
son of the temporal development of the sedimen-
tation rates reveals both erosion as well as 
deposition in the latter areas while for the former 
(W < 1 m) deposition dominates. The largest 
deposition occurred within the period between 
Feb. 2001 and Dec. 2002 (S2, Figure 4) which 
was relatively short but contained a long winter 
flood and a 50-year flood. The following periods 
S3 and S4 also contained high floods and deposi-
tion occurred in the areas with W < 1 m. In the pe-
riods S1 and S5 no exceptional floods and no con-
siderable sedimentation occurred. 

In all investigated groyne fields deposition oc-
curred mainly in the bank regions and directly 
downstream of the groynes. Figure 7 shows the 
cumulative sedimentation rates for the ten year pe-
riod for the investigated groyne field groups. 
Deposition in the notched and the regular (area 4) 
groyne fields at the end of the river bend was less 
than in the angled and regular (area 2) groyne 
fields. For areas with W < 1 m, these differences 
may be attributed to groyne field size as smaller 
groyne fields are less subject to deposition or to 
the fact that those groyne fields were already 
silted up more than the others. For areas of W > 2 
m different sedimentation rates should not be 
overinterpreted. These are areas of groyne head 
scour and the shear zone between groyne field and 
main channel, where sedimentation processes are 
reversible (i.e. erosion and deposition are in dy-
namic equilibrium, see Figure 6). For areas with 1 
m < W < 2 m, groyne field sedimentation is within 
+/- 0.1 m. According to Figure 6, sedimentation 
processes here may also be reversible.  
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Figure 7. Sedimentation rate in areas of distinguished water 
depths W between 2001 and 2010 for the groups of different 
groynes 

In the 10 year period of observation, the overall 
sediment deposition in the 8 groyne fields under 
investigation was more than 12,000 m³, mainly in 
the bank regions. 

4 GROYNE FIELD FLOW PATTERNS 

The ADCP measurements can be used to compare 
groyne field flow patterns at different flow stages. 
In terms of flow velocities, the main objectives for 
the prototype groynes are the increase of flow di-
versity and reduction of sediment deposition in the 
groyne fields. Flow patterns are shown exemplar-
ily for the angled and notched groyne fields in 
Figures 8 and 9. For visualization purposes, the 
velocity patterns are combined with aerial photo-
graphs which do not correspond with the water 
levels during measurement. 

For the case of exposed groynes, flow patterns 
are dominated by a center eddy for both angled 
and notched groyne fields. Near the bank of the 
groyne fields velocity patterns are diverse, which 
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9. For visualization purposes, the velocity patterns 
are combined with aerial photographs which do not 
correspond with the water levels during measurement.
For the case of exposed groynes, flow patterns are 
dominated by a center eddy for both angled and 
notched groyne fields. Near the bank of the groyne 
fields velocity patterns are diverse, which can partly 
be attributed to the shape of the groynes but also to 
advanced sediment deposition in these areas.
When the groynes are well submerged (lower graphs 
in Figures 8 and 9), the center eddy collapses and 
the flow in the center is more or less parallel to the 
bank. For both angled and notched groyne fields an 
increase of flow velocities was observed downstream 
of the groyne knees and downstream of the notches, 
respectively. Such a flow pattern may prevent sediment 
deposition in these areas but not in the bank regions, 
were deposition is crucial (see Section 3).

5. Conclusions

The present study shows that groyne fields in the Elbe 
River are subject to high morphological dynamic. 
Together with the variety of existing different groyne 
fields, temporal and spatial diversity can be considered 
high at Elbe River groyne fields.
Furthermore, the study showed that large amounts of 
sediment are extracted from the river by the groyne 
fields. The continuing deposition in the bank regions 
causes the progress of groyne field sedimentation 
and the successive loss of groyne field areas at low 
water levels.
The general differences of the groyne fields and their 
natural diversity complicate the estimation of the 
contribution of groyne shape to sedimentation. 
Velocity measurements suggest that the decrease 
of sediment deposition due to an increase of flow 
velocities in the prototype groyne fields may have 
been successful near the centre of the groyne fields. 
However, deposition in the bank regions is crucial for 
groyne field siltation. The prevention of sedimentation 
in these areas collides with one main purpose of 
groynes, which is bank protection.

can partly be attributed to the shape of the groynes 
but also to advanced sediment deposition in these 
areas.  
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Figure 8. Groyne field flow patterns from ADCP measure-
ments in angled groyne fields, exposed (above) and sub-
merged case (below) 
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Figure 9. Groyne field flow patterns from ADCP measure-
ments in notched groyne fields, exposed (above) and sub-
merged case (below) 

When the groynes are well submerged (lower 
graphs in Figures 8 and 9), the center eddy col-
lapses and the flow in the center is more or less 
parallel to the bank. For both angled and notched 
groyne fields an increase of flow velocities was 
observed downstream of the groyne knees and 
downstream of the notches, respectively. Such a 

flow pattern may prevent sediment deposition in 
these areas but not in the bank regions, were 
deposition is crucial (see Section 3). 

5 CONCLUSIONS 

The present study shows that groyne fields in the 
Elbe River are subject to high morphological dy-
namic. Together with the variety of existing dif-
ferent groyne fields, temporal and spatial diversity 
can be considered high at Elbe River groyne 
fields. 

Furthermore, the study showed that large 
amounts of sediment are extracted from the river 
by the groyne fields. The continuing deposition in 
the bank regions causes the progress of groyne 
field sedimentation and the successive loss of 
groyne field areas at low water levels. 

The general differences of the groyne fields and 
their natural diversity complicate the estimation of 
the contribution of groyne shape to sedimentation. 
Velocity measurements suggest that the decrease 
of sediment deposition due to an increase of flow 
velocities in the prototype groyne fields may have 
been successful near the centre of the groyne 
fields. However, deposition in the bank regions is 
crucial for groyne field siltation. The prevention 
of sedimentation in these areas collides with one 
main purpose of groynes, which is bank protec-
tion.  
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Figure 9. Groyne field flow patterns from ADCP measure-
ments in notched groyne fields, exposed (above) and sub-
merged case (below) 

When the groynes are well submerged (lower 
graphs in Figures 8 and 9), the center eddy col-
lapses and the flow in the center is more or less 
parallel to the bank. For both angled and notched 
groyne fields an increase of flow velocities was 
observed downstream of the groyne knees and 
downstream of the notches, respectively. Such a 

flow pattern may prevent sediment deposition in 
these areas but not in the bank regions, were 
deposition is crucial (see Section 3). 

5 CONCLUSIONS 

The present study shows that groyne fields in the 
Elbe River are subject to high morphological dy-
namic. Together with the variety of existing dif-
ferent groyne fields, temporal and spatial diversity 
can be considered high at Elbe River groyne 
fields. 

Furthermore, the study showed that large 
amounts of sediment are extracted from the river 
by the groyne fields. The continuing deposition in 
the bank regions causes the progress of groyne 
field sedimentation and the successive loss of 
groyne field areas at low water levels. 

The general differences of the groyne fields and 
their natural diversity complicate the estimation of 
the contribution of groyne shape to sedimentation. 
Velocity measurements suggest that the decrease 
of sediment deposition due to an increase of flow 
velocities in the prototype groyne fields may have 
been successful near the centre of the groyne 
fields. However, deposition in the bank regions is 
crucial for groyne field siltation. The prevention 
of sedimentation in these areas collides with one 
main purpose of groynes, which is bank protec-
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ABSTRACT. The aim of this researching is to analyze the effect of groundwater flow in open channel 
flow hydrodynamics and sediment transport mechanisms based on the results of several series 
of laboratorial studies. The experiments were carried out in a flume, where upward seepage was 
induced. The output of these works demonstrates that the induced upward seepage is considerably 
affecting the turbulence dynamics of the open-channel flow and sediment transport mechanisms; 
above all in places where secondary currents arise. The velocity field, some turbulence parameters 
as well as the bed deformation are compared with and without seepage for established hydro-
dynamic conditions. 
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1. Introduction

In our changing and industrialized world, where 
new challenges arose due to the mismanagement 
of the natural resources; the role of the scientists 
is  vital  in order to maintain equil ibrium 
between the industrialized civilization and the 
environment.
One example of this mismanagement is the impact 
that the decisions made in the past have on the 
situation of the natural resources in the present. 
Several of the most relevant civilizations of mankind’s 
history decided to settle along rivers or close to water 
bodies. Our ancestors have modified these water 
bodies without thinking about the consequences 
that these changes could provoke (Herrera-Granados, 
2009). In heavily modified water bodies, included the 
most important rivers in Europe, the bed-degradation 
and morphological changes became a serious problem 
to control. The main purpose of building hydraulic 
structures along rivers is to satisfy the demand of 
the society concerning water supply, flood water 
retention and generation of energy. Nevertheless 
these structures not only affect the flow regime but 
also the sediment balance of the river system. In 
addition, seepage arises as a consequence of the 
construction of hydraulic structures in natural 
streams.

Seepage and river hydrodynamics

River flow is complicated because it depends 
on many different local conditions and on 
the interaction with the environment. Hence, 
river flow should be directly associated with 
turbulence, seepage and sediment transport 
among other phenomena. This paper associates 
the three mentioned phenomena: Sediment 
transport, turbulence and seepage. Frequently, 
seepage is neglected by river specialists in the 
analysis of environmental engineering problems 
because groundwater flow rates are much smaller 
than the river flow rates (Herrera-Granados, 
2010).

Downstream any dam or dike; e.g. the bed degradation 
could be larger because of a sediment deficit. In 
addition, the difference between the water levels 
upstream and downstream the structure represents a 
hydraulic head that can provoke seepage flow through 
the porous medium that constitute the dike or the 
uppermost soil layers of the river bed. The figure 1 is a 
schematic representation of a non permeable structure 
built over a permeable soil and the groundwater flow 
upstream, under and downstream this structure. 
The aim of this researching is to analyze the effect 
of the groundwater flow in river flow and sediment 
transport based on the results of several experimental 
studies. The influence of seepage on the channel bed 
deformation is presented and one-point statistics are 
as well are carried out to demonstrate that seepage is 
affecting the turbulence dynamics.

2. Experimental works

The experimental works were carried out at the open 
air laboratory of the hydro-engineering chair at the 
Wrocław University of Technology (WUT).

2.1. Experimental set-up

This laboratory is provided with two rectangular 
channels and the biggest of these flumes was used 
for the experiments. The experimental zone was 6.0 m 

Figure 1. Potential flow under a non-permeable structure.

1 INTRODUCTION 
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of the natural resources; the role of the scientists is 
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consequences that these changes could provoke 
(Herrera-Granados 2009). In heavily modified wa-
ter bodies, included the most important rivers in 
Europe, the bed-degradation and morphological 
changes became a serious problem to control. The 
main purpose of building hydraulic structures 
along rivers is to satisfy the demand of the society 
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long, 0.5 m width and 1.0 m high. In order to allocate 
a 0.2 m porous bed (constituted by a sandy fine soil), a 
special structure was built 0.30 m over the lowest part 
of the (Herrera-Granados, 2008). The figure 2 shows 
the experimental flume and the tank that provoked 
upward seepage. The function of the tank was to feed 
with water the 0.3 m region under the sandy layer in 
order to gain a constant hydraulic head higher than 
the water level of the open-channel flow.
The tank was provided with three hoses; one flowmeter 
and a small spillway to control the induced hydraulic 
pressures provoking upward seepage through the 
porous sandy layer. The difference between the water 
levels from the tank and from the open channel 
flow (see DH in the fig. 3) had been varied in order 
to compare the behavior of the system with and 
without upward seepage. Three steady flow rates 
were used for the experiments (Q1 = 10, Q3 = 20 
and Q5 = 30 dm3 s-1).
In the next sections, the output of the experimental 
researching is presented. First, the bed evolution is 
compared with and without seepage (DH = 20 cm). 
Later, a descriptive statistical analysis of the open 
channel velocity field is presented.

2.2.	Seepage	influence	in	the	bed	deformation

Sixteen cross sections were selected in order to measure 
the bed evolution in 45 minutes for the previously 
mentioned flow rates. The location of these cross 
sections is depicted by the figure 4. The bed evolution 
was measured using graduated rules that were allocated 
at each cross section, thus the obtained profiles from 
the experiments are characteristic of the bed evolution 
close to the window of the flume (Herrera-Granados, 
2008a).
The figure 5 summarizes the results of the experiments 
in order to compare the bed evolution with and 
without groundwater flow. The legend WSF means 
that there was seepage within the sandy layer during 
the experiments and the legend NSF represents the 
measured bed evolution without seepage for different 
times (t = 5, 10, 20, 30 & 45 minutes). Six profiles 
are plotted at each time in order to compare the bed 
evolution with and without seepage.

deficit. In addition, the difference between the wa-
ter levels upstream and downstream the structure 
represents a hydraulic head that can provoke seep-
age flow through the porous medium that consti-
tute the dike or the uppermost soil layers of the 
river bed. The figure 1 is a schematic representa-
tion of a non permeable structure built over a 
permeable soil and the groundwater flow up-
stream, under and downstream this structure.  

The aim of this researching is to analyze the ef-
fect of the groundwater flow in river flow and sed-
iment transport based on the results of several ex-
perimental studies. The influence of seepage on 
the channel bed deformation is presented and one-
point statistics are as well are carried out to 
demonstrate that seepage is affecting the turbu-
lence dynamics.  

2 EXPERIMENTAL WORKS 

The experimental works were carried out at the 
open air laboratory of the hydro-engineering chair 
at the Wrocław University of Technology (WUT). 

2.1 Experimental set-up 
This laboratory is provided with two rectangular 
channels and the biggest of these flumes was used 
for the experiments. The experimental zone was 
6.0m long, 0.5m width and 1.0m high. In order to 
allocate a 0.2m porous bed (constituted by a sandy 
fine soil), a special structure was built 0.30m over 
the lowest part of the (Herrera-Granados 2008). 
The figure 2 shows the experimental flume and 
the tank that provoked upward seepage. The func-
tion of the tank was to feed with water the 0.3m 
region under the sandy layer in order to gain a 
constant hydraulic head higher than the water lev-
el of the open-channel flow.  

Figure 2. The experimental flume at the laboratory.  

The tank was provided with three hoses; one 
flowmeter and a small spillway to control the in-
duced hydraulic pressures provoking upward 

seepage through the porous sandy layer. The dif-
ference between the water levels from the tank 
and from the open channel flow (see ∆H in the fig. 
3) had been varied in order to compare the behav-
ior of the system with and without upward seep-
age. Three steady flow rates were used for the ex-
periments (Q1=10, Q3=20 and Q5=30dm3s-1). 

Figure 3. Scheme of the tank that induced upward seepage.  

In the next sections, the output of the experi-
mental researching is presented. First, the bed evo-
lution is compared with and without seepage (∆H 
= 20cm). Later, a descriptive statistical analysis of 
the open channel velocity field is presented.  

2.2 Seepage influence in the bed deformation 
Sixteen cross sections were selected in order to 
measure the bed evolution in 45 minutes for the 
previously mentioned flow rates. The location of 
these cross sections is depicted by the figure 4. 
The bed evolution was measured using graduated 
rules that were allocated at each cross section, thus 
the obtained profiles from the experiments are 
characteristic of the bed evolution close to the 
window of the flume (Herrera-Granados 2008a).  

Figure 4. Sections where the bed evolution was measured.  

The figure 5 summarizes the results of the ex-
periments in order to compare the bed evolution 
with and without groundwater flow. The legend 
WSF means that there was seepage within the 
sandy layer during the experiments and the legend 
NSF represents the measured bed evolution with-
out seepage for different times (t=5, 10, 20, 30 & 
45 minutes). Six profiles are plotted at each time 
in order to compare the bed evolution with and 
without seepage.  

Figure 2. The experimental flume at the laboratory.

deficit. In addition, the difference between the wa-
ter levels upstream and downstream the structure 
represents a hydraulic head that can provoke seep-
age flow through the porous medium that consti-
tute the dike or the uppermost soil layers of the 
river bed. The figure 1 is a schematic representa-
tion of a non permeable structure built over a 
permeable soil and the groundwater flow up-
stream, under and downstream this structure.  

The aim of this researching is to analyze the ef-
fect of the groundwater flow in river flow and sed-
iment transport based on the results of several ex-
perimental studies. The influence of seepage on 
the channel bed deformation is presented and one-
point statistics are as well are carried out to 
demonstrate that seepage is affecting the turbu-
lence dynamics.  

2 EXPERIMENTAL WORKS 

The experimental works were carried out at the 
open air laboratory of the hydro-engineering chair 
at the Wrocław University of Technology (WUT). 

2.1 Experimental set-up 
This laboratory is provided with two rectangular 
channels and the biggest of these flumes was used 
for the experiments. The experimental zone was 
6.0m long, 0.5m width and 1.0m high. In order to 
allocate a 0.2m porous bed (constituted by a sandy 
fine soil), a special structure was built 0.30m over 
the lowest part of the (Herrera-Granados 2008). 
The figure 2 shows the experimental flume and 
the tank that provoked upward seepage. The func-
tion of the tank was to feed with water the 0.3m 
region under the sandy layer in order to gain a 
constant hydraulic head higher than the water lev-
el of the open-channel flow.  

Figure 2. The experimental flume at the laboratory.  

The tank was provided with three hoses; one 
flowmeter and a small spillway to control the in-
duced hydraulic pressures provoking upward 

seepage through the porous sandy layer. The dif-
ference between the water levels from the tank 
and from the open channel flow (see ∆H in the fig. 
3) had been varied in order to compare the behav-
ior of the system with and without upward seep-
age. Three steady flow rates were used for the ex-
periments (Q1=10, Q3=20 and Q5=30dm3s-1). 

Figure 3. Scheme of the tank that induced upward seepage.  

In the next sections, the output of the experi-
mental researching is presented. First, the bed evo-
lution is compared with and without seepage (∆H 
= 20cm). Later, a descriptive statistical analysis of 
the open channel velocity field is presented.  

2.2 Seepage influence in the bed deformation 
Sixteen cross sections were selected in order to 
measure the bed evolution in 45 minutes for the 
previously mentioned flow rates. The location of 
these cross sections is depicted by the figure 4. 
The bed evolution was measured using graduated 
rules that were allocated at each cross section, thus 
the obtained profiles from the experiments are 
characteristic of the bed evolution close to the 
window of the flume (Herrera-Granados 2008a).  

Figure 4. Sections where the bed evolution was measured.  

The figure 5 summarizes the results of the ex-
periments in order to compare the bed evolution 
with and without groundwater flow. The legend 
WSF means that there was seepage within the 
sandy layer during the experiments and the legend 
NSF represents the measured bed evolution with-
out seepage for different times (t=5, 10, 20, 30 & 
45 minutes). Six profiles are plotted at each time 
in order to compare the bed evolution with and 
without seepage.  

Figure 3. Scheme of the tank that induced upward seepage.

deficit. In addition, the difference between the wa-
ter levels upstream and downstream the structure 
represents a hydraulic head that can provoke seep-
age flow through the porous medium that consti-
tute the dike or the uppermost soil layers of the 
river bed. The figure 1 is a schematic representa-
tion of a non permeable structure built over a 
permeable soil and the groundwater flow up-
stream, under and downstream this structure.  

The aim of this researching is to analyze the ef-
fect of the groundwater flow in river flow and sed-
iment transport based on the results of several ex-
perimental studies. The influence of seepage on 
the channel bed deformation is presented and one-
point statistics are as well are carried out to 
demonstrate that seepage is affecting the turbu-
lence dynamics.  

2 EXPERIMENTAL WORKS 

The experimental works were carried out at the 
open air laboratory of the hydro-engineering chair 
at the Wrocław University of Technology (WUT). 

2.1 Experimental set-up 
This laboratory is provided with two rectangular 
channels and the biggest of these flumes was used 
for the experiments. The experimental zone was 
6.0m long, 0.5m width and 1.0m high. In order to 
allocate a 0.2m porous bed (constituted by a sandy 
fine soil), a special structure was built 0.30m over 
the lowest part of the (Herrera-Granados 2008). 
The figure 2 shows the experimental flume and 
the tank that provoked upward seepage. The func-
tion of the tank was to feed with water the 0.3m 
region under the sandy layer in order to gain a 
constant hydraulic head higher than the water lev-
el of the open-channel flow.  

Figure 2. The experimental flume at the laboratory.  

The tank was provided with three hoses; one 
flowmeter and a small spillway to control the in-
duced hydraulic pressures provoking upward 

seepage through the porous sandy layer. The dif-
ference between the water levels from the tank 
and from the open channel flow (see ∆H in the fig. 
3) had been varied in order to compare the behav-
ior of the system with and without upward seep-
age. Three steady flow rates were used for the ex-
periments (Q1=10, Q3=20 and Q5=30dm3s-1). 

Figure 3. Scheme of the tank that induced upward seepage.  

In the next sections, the output of the experi-
mental researching is presented. First, the bed evo-
lution is compared with and without seepage (∆H 
= 20cm). Later, a descriptive statistical analysis of 
the open channel velocity field is presented.  

2.2 Seepage influence in the bed deformation 
Sixteen cross sections were selected in order to 
measure the bed evolution in 45 minutes for the 
previously mentioned flow rates. The location of 
these cross sections is depicted by the figure 4. 
The bed evolution was measured using graduated 
rules that were allocated at each cross section, thus 
the obtained profiles from the experiments are 
characteristic of the bed evolution close to the 
window of the flume (Herrera-Granados 2008a).  

Figure 4. Sections where the bed evolution was measured.  

The figure 5 summarizes the results of the ex-
periments in order to compare the bed evolution 
with and without groundwater flow. The legend 
WSF means that there was seepage within the 
sandy layer during the experiments and the legend 
NSF represents the measured bed evolution with-
out seepage for different times (t=5, 10, 20, 30 & 
45 minutes). Six profiles are plotted at each time 
in order to compare the bed evolution with and 
without seepage.  

Figure 4. Sections where the bed evolution was measured.



  
2  ●

  
    
  
  

78 Session 2  ○ ● ○○○○MORPHODYNAMICS

2.3.	Seepage	influence	in	the	velocity	field	

The influence of the seepage flow in the flow velocity 
components and velocity fluctuations of the open-
channel flow was analyzed by estimating the statistical 
moments of the flow measurements. In addition, 
some turbulent parameters were estimated such as 
the Reynolds stresses in the xy-plane 

Figure 5. Bed evolution with and without seepage.  

Figure 6. Bed evolution with and without seepage (CS-3).  

The figure 6 depicts the bed evolution in time 
of the cross section 2 (see fig. 4). This figure 
demonstrates that seepage is accelerating the bed 
evolution for Q1, but it seems to smooth the chan-
nel erosion for Q3 and Q5. Therefore, the evolution 
of the bed with seepage was smother than without 
seepage in places where secondary currents had 
been arising during the experiments. 

2.3 Seepage influence in the velocity field  

The influence of the seepage flow in the flow ve-
locity components and velocity fluctuations of the 
open-channel flow was analyzed by estimating the 
statistical moments of the flow measurements. In 
addition, some turbulent parameters were estimat-

ed such as the Reynolds stresses in the xy-plane 
''vuρ− . The descriptive one-point statistical anal-

ysis was based on the expectation theory: 

( ) ξξξξ dpE nn
∫
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where p(ξ) is the probability density function of 
any variable (Herrera-Granados2010) . In our case, 
the variable ξ corresponds to the velocity compo-
nent magnitude i, where i = x, y.  The Reynolds 
stresses were directly calculated from the velocity 
fluctuations of the velocity time series, which 
were taken by a liquid electromagnetic velocime-
ter. The figure 7 shows the view of a cross section 
where the velocimeter was located and the points 
(35 in total) where the time series were recorded. 

Figure 7. Measurement points at cross sections X=1, 3, 5m. 

Figure 8. Comparison of velocity profiles with different ∆H.   

The figure 8 is a summary of the Vx profiles at 
cross section X=3.0m (in the middle of the flume) 
with different hydraulic heads (∆H = 00(A), ∆H = 
10(B), ∆H = 20(C) and ∆H = 30(D) cm) provok-
ing upward seepage for Q1. This figure shows no 
clear evidence of the seepage influence in the 
open-channel velocity field. Nevertheless, the fig-
ure 9 shows that even though the mean velocity of 
both time series can be almost the same, the be-
havior of the velocity fluctuations is different. The 
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In practice, the observation of turbulent quantities 
is mostly one dimensional (Burchard & Umlauf, 
2008). This is only possible if there is homogeneous 
turbulence. Seepage is an example of non-
homogeneous turbulence as shown in the Figure 11. 
The theory local isotropy (Kolmogorov, 1991) states 
that velocity fields are locally isotropic if they are 
statistically homogeneous. The measures of pure 
seepage at the WUT laboratory demonstrate that 
seepage fields are mainly anisotropic.

The presence of seepage as well is affecting the 
behavior of the open channel velocity fluctuations. 
The Figure 12 is an example of this fact. When there 
is not seepage, open channel flow is more isotropic 
(DH=00cm) while with the presence of groundwater 
(DH = 30 cm), the velocity fluctuations started to be 
non-homogeneous. It is necessary to mention that 
the magnitude of this small seepage flow used in the 
experiments was around 0.011-0.015% of the open-
channel turbulent flow.

The figure 8 is a summary of the Vx profiles at cross 
section X =3.0 m (in the middle of the flume) with 
different hydraulic heads (DH = 00(A), DH = 10(B), 
DH = 20(C) and DH = 30(D) cm) provoking upward 
seepage for Q1. This figure shows no clear evidence 
of the seepage influence in the open-channel velocity 
field. Nevertheless, the figure 9 shows that even though 
the mean velocity of both time series can be almost 
the same, the behavior of the velocity fluctuations is 
different. The histogram of the time series without 
seepage (Fig. 9A) is closer to the shape of the normal 
distribution than the histogram affected by upward 
seepage (Fig. 9B). Therefore, some parameters that 
characterize turbulence are affected such as the 
turbulent kinetic energy and the Reynolds stresses.

The fig. 10 depicts how seepage is affecting the shape 
of the Reynolds Stresses’ profiles. Without seepage 
(Fig. 10A), the profiles are more irregular. This can be 
the reason why seepage affects as well the deformation 
of the channel bottom.

Figure 8. Comparison of velocity profiles with different DH. 

Figure 5. Bed evolution with and without seepage.  
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Figure 9. Time-series histogram with and without seepage.

histogram of the time series without seepage 
(fig.9A) is closer to the shape of the normal distri-
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3. Conclusions

The previous analysis demonstrates that the presence 
of upward seepage influences the degradation of the 
channel bottom as well as the velocity fluctuations of 
the open channel flow. Consequently, the Reynolds 
stresses are affected by the presence of this groundwater 
flow. The isotropic behavior of the open channel 
turbulent flows is as well affected by the presence of 
seepage, but one point descriptive statistics is limited 
to perform a better analysis. A multi-point statistical 
analysis is planned as a future step of researching. This 
extended abstract presented a part of the experimental 
results. In the full article, a more extended analysis is 
planned to be described.
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The studies on morphodynamic processes  

of the mountainous Raba River in Southern Poland

M. ŁAPUSZEK1

ABSTRACT. The aim of the paper is to present the studies on the morphodynamic processes of the 
upper course of Raba River, located from 81.829 km to 77.751 km. This part of the river course 
is completely changed due to the project concerning the extension of the “Zakopianka” road, 
which is located close to the Raba River. The results of simulation of riverbed evolution before 
and after river training carried out by two 1D models (RubarBE and Metoda) are analysed and 
discussed. Results of computation obtained by both models are verified by field observation carried 
out in 2001 year before project execution, and in 2009 year, after the river training. The trends 
of erosion and deposition correspond to the field observation for the dates before and after river 
training. Another verification is possible to make for the Stroza cross-section located in 80.600 
km of the studied river course, where observation of cross-sectional geometry and the water stages 
are carried out from 1900 year till now. The statistical model of riverbed erosion developed for 
Stroza also confirm the trends obtained there by 1D model.

KEYWORDS: mountain river, riverbed erosion, 1D model.
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1. Introduction

Erosion which occurs in mountain rivers is observed 
in the catchment areas and in the riverbeds. The 
intensity of riverbed erosion is caused by many 
factors: climatic (temperature, precipitation type, 
seasonal duration and occurrances), geological (type 
of soil and their distribution, land configuration), 
soil properties (grain-size distribution), hydrological 
(infiltration rate, type of flow), vegetation cover, 
etc. The products of erosion, which occurs in the 
catchment area, finally enter the streams and rivers. 
Depending on the hydrodynamic conditions in the 
riverbed, these products are transported down the 
river course. The aim of current paper is simulation 
and analysis concerning the evolution of the erosions 
and depositions that occur along the experimental 
reach of the mountainous Raba River. The analysis 
of the riverbed morphology on this reach should be 
known, principally after the river training. This paper 
is limited to computing and analysing the riverbed 
changes before and after river training. In order to 
predict variation of longitudinal bed profile along 
the river reach and changes in the cross-sectional 
geometry due to erosion or deposition of sediment, 
two one-dimensional sediment transport and riverbed 
evolution models Rubarbe and METODA are used.

2. Description  
of the experimental river course

Raba River, in the southern Poland, is a mountain 
tributary of Vistula River. In this region the topography 
of drainage catchment is highly varied. Raba River 
is characterized by high erosion process which 
occurs with varied intensity along the river course. 
The experimental reach is located from 81.829 km 
to 77.751 km of Raba River course. The river in 
the studied reach was repeatedly straightened and 
narrowed during the 20th century. Those engineering 
activity was the most important factor of high 
riverbed erosion. In 2003 year an idea of extension 
of Kraków-Zakopane road located next to Raba River 
was executed. The flood plains and the main channel 

has been narrowed. Therefore, after the river training 
the evolution of river channel should be examined. 
This paper is limited to computing and analyzing the 
riverbed changes before and after the river training.

3. Methods of riverbed changes analysis

The investigation of riverbed erosion can be carried 
out by mathematical models, physical models and 
stochastic models. In the current paper the studies on 
riverbed changes are developed by two 1-D models 
and by the statistic model of riverbed erosion.

3.1. The RubarBE and METODA models description

The Hydrology and Hydraulics Research Unit of 
Cemagref has developed a 1-D model RubarBE, 
for predicting variation of longitudinal riverbed 
profile along rivers and changes in the cross-sectional 
geometry. METODA 1-D model is developed 
in Institute of Water Engineering and Water 
Management.
The models used for the computation have two 
components: a component to simulate the flow and 
a component to characterise the changes in river 
morphology due to erosion or deposition of sediment. 
The models are relied on:

 • de Saint Venant equations for water (Paquier, 
2003):
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- equation for conservation of sediment mass 
(Paquier 2003): 
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where A = cross-sectional flow area (m2), Cs = se-
diment transport capacity (m3/s), D50  = median 
diameter of sediment (m), g = acceleration due to 
gravity (m/s2), J =  friction slope, K = Manning-
Strickler coefficient (m1/3/s), La = active width 
(m), Q = water discharge (m3/s), q = lateral water 
flow per unit of length (m2/s), Qs = sediment dis-
charge (m3/s), qs - lateral sediment flow per unit 
of length (m2/s), R = hydraulic radius (m), t = time 
(s), x = streamwise coordinate (m), z = water sur-
face elevation (m), β = the coefficient of quantity 
of movement, ρ = density of water (kg/m3), ρs = 
density of sediment (kg/m3). 

In both models, sediments are represent only 
by a mean diameter D50. This parameter do not 
clearly fully describe the processes that occur in 
many channels such as armouring. Therefore, 
RubarBE represents sediments by a mean diame-
ter D50 and a complementary parameter, the stan-
dard deviation σ. The standard deviation is as-
sessed as the square root of the ratio between D84
and D16. The method for solving the set of equa-
tions in RubarBE model is based on several steps. 
First, de Saint Venant equations are solved by a 
Godunov type second order finite difference 
scheme that makes possible the calculation of 
flow variables even if critical flow appears 
(Paquier, 1995). Then, the sediment transport ca-
pacity is calculated. The spatial leg equation, 
which characterizes the ability of sediment trans-
port to reach the value of the sediment transport 
capacity, is solved inside a cell.  

METODA model is based also on the system 
of  de Saint Venant equations for water (1), (2), 
equation for conservation of sediment mass (3) 
and sediment transport capacity relation (4), as in 
RubarBE model.  In METODA model equations 
(1) and (2) are simplyfied by the assumption, that 
study reach of the river is in dynamic equilibrium 
at time T. Equation for conservation of sediment 
mass is  solved using the explicit finite difference 
scheme. The computation of riverbed deformation 
is based on the assumption, that changes of river 
bed between the studied cross-sections are linear 
(Piwowarczyk-Ogórek 2003). 
The system of  equations of water and sediment is 
solved separately for each time step by the finite 
difference method.  

Data requirements for both models are modest, 
involving only a few parameters. Thus, the models 
are relatively easy to calibrate and to implement. 
[standard] 
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scheme that makes possible the calculation of 
flow variables even if critical flow appears 
(Paquier, 1995). Then, the sediment transport ca-
pacity is calculated. The spatial leg equation, 
which characterizes the ability of sediment trans-
port to reach the value of the sediment transport 
capacity, is solved inside a cell.  

METODA model is based also on the system 
of  de Saint Venant equations for water (1), (2), 
equation for conservation of sediment mass (3) 
and sediment transport capacity relation (4), as in 
RubarBE model.  In METODA model equations 
(1) and (2) are simplyfied by the assumption, that 
study reach of the river is in dynamic equilibrium 
at time T. Equation for conservation of sediment 
mass is  solved using the explicit finite difference 
scheme. The computation of riverbed deformation 
is based on the assumption, that changes of river 
bed between the studied cross-sections are linear 
(Piwowarczyk-Ogórek 2003). 
The system of  equations of water and sediment is 
solved separately for each time step by the finite 
difference method.  

Data requirements for both models are modest, 
involving only a few parameters. Thus, the models 
are relatively easy to calibrate and to implement. 
[standard] 
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 • and sediment transport capacity relation 
(Meyer-Peter and Müller, 1948):

evolution of river channel should be examined. 
This paper is limited to computing and analyzing 
the riverbed changes before and after the river 
training. [standard] 
 
3 METHODS OF RIVERBED CHANGES 

ANALYSIS [HEADING] 

The investigation of riverbed erosion can be 
carried out by mathematical models, physical 
models and stochastic models. In the current paper 
the studies on riverbed changes are developed by 
two 1-D models and by the statistic model of riv-
erbed erosion. 
 

3.1. The RubarBE and METODA models 
description [heading 2] 

The Hydrology and Hydraulics Research Unit 
of Cemagref has developed a 1-D model 
RubarBE, for predicting variation of longitudinal 
riverbed profile along rivers and changes in the 
cross-sectional geometry. METODA 1-D model is 
developed in Institute of Water Engineering and 
Water Management. 

The models used for the computation have two 
components: a component to simulate the flow 
and a component to characterise the changes in 
river morphology due to erosion or deposition of 
sediment. The models are relied on: 
- de Saint Venant equations for water (Paquier 
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- equation for conservation of sediment mass 
(Paquier 2003): 
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- and sediment transport capacity relation 

(Meyer- Peter and Müller, 1948): 
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where A = cross-sectional flow area (m2), Cs = se-
diment transport capacity (m3/s), D50  = median 
diameter of sediment (m), g = acceleration due to 
gravity (m/s2), J =  friction slope, K = Manning-
Strickler coefficient (m1/3/s), La = active width 
(m), Q = water discharge (m3/s), q = lateral water 
flow per unit of length (m2/s), Qs = sediment dis-
charge (m3/s), qs - lateral sediment flow per unit 
of length (m2/s), R = hydraulic radius (m), t = time 
(s), x = streamwise coordinate (m), z = water sur-
face elevation (m), β = the coefficient of quantity 
of movement, ρ = density of water (kg/m3), ρs = 
density of sediment (kg/m3). 

In both models, sediments are represent only 
by a mean diameter D50. This parameter do not 
clearly fully describe the processes that occur in 
many channels such as armouring. Therefore, 
RubarBE represents sediments by a mean diame-
ter D50 and a complementary parameter, the stan-
dard deviation σ. The standard deviation is as-
sessed as the square root of the ratio between D84
and D16. The method for solving the set of equa-
tions in RubarBE model is based on several steps. 
First, de Saint Venant equations are solved by a 
Godunov type second order finite difference 
scheme that makes possible the calculation of 
flow variables even if critical flow appears 
(Paquier, 1995). Then, the sediment transport ca-
pacity is calculated. The spatial leg equation, 
which characterizes the ability of sediment trans-
port to reach the value of the sediment transport 
capacity, is solved inside a cell.  

METODA model is based also on the system 
of  de Saint Venant equations for water (1), (2), 
equation for conservation of sediment mass (3) 
and sediment transport capacity relation (4), as in 
RubarBE model.  In METODA model equations 
(1) and (2) are simplyfied by the assumption, that 
study reach of the river is in dynamic equilibrium 
at time T. Equation for conservation of sediment 
mass is  solved using the explicit finite difference 
scheme. The computation of riverbed deformation 
is based on the assumption, that changes of river 
bed between the studied cross-sections are linear 
(Piwowarczyk-Ogórek 2003). 
The system of  equations of water and sediment is 
solved separately for each time step by the finite 
difference method.  

Data requirements for both models are modest, 
involving only a few parameters. Thus, the models 
are relatively easy to calibrate and to implement. 
[standard] 

where A = cross-sectional flow area (m2), Cs = sediment 
transport capacity (m3 s), D50 = median diameter of 
sediment (m), g = acceleration due to gravity (m s2), 
J = friction slope, K = Manning-Strickler coefficient 
(m1/3 s), La = active width (m), Q = water discharge 
(m3 s), q = lateral water flow per unit of length (m2 s), 
Qs = sediment discharge (m3 s), qs - lateral sediment 
flow per unit of length (m2 s), R = hydraulic radius 
(m), t = time (s), x = streamwise coordinate (m), 
z = water surface elevation (m), b = the coefficient of 
quantity of movement, r = density of water (kg m3), 
rs = density of sediment (kg m3).
In both models, sediments are represent only by a 
mean diameter D50. This parameter do not clearly 
fully describe the processes that occur in many 
channels such as armouring. Therefore, RubarBE 
represents sediments by a mean diameter D50 and 
a complementary parameter, the standard deviation 
s. The standard deviation is assessed as the square 
root of the ratio between D84 and D16. The method 
for solving the set of equations in RubarBE model 
is based on several steps. First, de Saint Venant 
equations are solved by a Godunov type second 
order finite difference scheme that makes possible 
the calculation of flow variables even if critical flow 
appears (Paquier, 1995). Then, the sediment transport 
capacity is calculated. The spatial leg equation, which 
characterizes the ability of sediment transport to reach 
the value of the sediment transport capacity, is solved 
inside a cell.
METODA model is based also on the system of de 
Saint Venant equations for water (1), (2), equation 
for conservation of sediment mass (3) and sediment 
transport capacity relation (4), as in RubarBE model. 
In METODA model equations (1) and (2) are 
simplyfied by the assumption, that study reach of 
the river is in dynamic equilibrium at time T. Equation 
for conservation of sediment mass is solved using the 

explicit finite difference scheme. The computation 
of riverbed deformation is based on the assumption, 
that changes of river bed between the studied cross-
sections are linear (Piwowarczyk-Ogórek, 2003).
The system of equations of water and sediment is 
solved separately for each time step by the finite 
difference method.
Data requirements for both models are modest, 
involving only a few parameters. Thus, the models 
are relatively easy to calibrate and to implement.

3.2. The statistical model description

The statistical model of riverbed erosion is based on 
the assumption, that minimal annual water stages 
correspond to the changes of the riverbed level in the 
gauging station (Łapuszek, 1999, Punzet & Czulak, 
1996). In a particular gauging station this data series 
for each determined time interval is approximated by 
the linear interpolation. The investigated equation 
(equation 5) gives the relation between water stage (H) 
and time (T) and it also illustrates the main trends of 
changes in the gauging station in a long time period 
(Łapuszek, 1999):

3.2. The statistical model description [heading 2] 
The statistical model of riverbed erosion is 

based on the assumption, that minimal annual wa-
ter stages correspond to the changes of the river-
bed level in the gauging station (Łapuszek 1999, 
Punzet et al. 1996). In a particular gauging station 
this data series for each determined time interval 
is approximated by the linear interpolation. The 
investigated equation (equation 5) gives the rela-
tion between water stage (H) and time (T) and it 
also illustrates the main trends of changes in the 
gauging station in a long time period (Łapuszek 
1999): 
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where T= year of observation, a, b = estimated pa-
rameters of equation 5. 

The equation determining the level of the riv-
erbed at any time is expressed as (Łapuszek 
1999): 
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where Hd  = average level of riverbed in a year T 
(metres above the sea level]), Hi(T) = approxima-
ted equation 5. 

In order to confirm the validity of the computa-
tion, the functions determining the level of the bed 
at any time, are verified on the basis of the com-
parison of the quantity of real changes of the 
channel cross-section, which are measured in dif-
ferent years. In the current paper, the statistical 
model for Stróża gauging station (80.600 km of 
the river course) is presented. [standard] 

4 THE STUDY CASES AND THE RESULTS 
OF COMPUTATIONS [HEADING] 

In order to study the changes of riverbed ero-
sion in the experimental reach the simulation was 
carried out for two cases: for discharge Q=250 
m3/s with the duration t=12 hours, and for flood 
discharge hydrograph selected from data set of 30 
years (1971-1999). 44 prismatic cross-sectional 
channel geometry for the experimental river 
course before and after the project execution, were 
taken into account by the models. METODA and 
Rubarbe, two 1-D sediment transport models solv-
ing similar equations provide similar trends on the 
presented test cases. Here below two of four stud-
ied cases are shown. [standard] 
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Figure 1. Bottom level change for 44 cross-sections before 
project execution (for Q = 250 m3/s). [Figure caption] 
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Figure 2. Bottom level change for 44 cross-sections after ri-
ver training and for Q = 250 m3/s with pointed are of ero-
sion and deposition observed in 2009 year. [Figure caption] 

5 THE RESULTS VERIFICATION 
[HEADING] 

The first comparison is performed for the com-
putation carried out for discharge: Q = 250 m3/s, 
with the total simulation time of 12 hours and for 
44 cross-sections before project execution (Fig.1).  
Computational results obtained by both models 
were verified by field observations carried out in 
year 2001, before the project execution. In Table 1 
below there are the extended description of the 
real riverbed evolution noticed in 2001 year. For 
simplicity reason, Table 1 contains verification 
performed only for the selected 20 cross-sections 
in which clear conclusions have been established 
in the field. The agreement between results is such 
that erosion and deposition are located in the same 
cross-sections with the same order of magnitude. 

The very important part of the computation 
was analysing the impact of project execution on 
the future riverbed evolution. Sediment transport 
movement computation were carried out for the 
new cross-sections obtained after the river training 
(Fig. 2). The first, preliminary verification of ob-
tained results was possible to make in 2003, just 
after the project execution. However, there was 

where T = year of observation, a, b = estimated 
parameters of equation 5.
The equation determining the level of the riverbed at 
any time is expressed as (Łapuszek, 1999):

3.2. The statistical model description [heading 2] 
The statistical model of riverbed erosion is 

based on the assumption, that minimal annual wa-
ter stages correspond to the changes of the river-
bed level in the gauging station (Łapuszek 1999, 
Punzet et al. 1996). In a particular gauging station 
this data series for each determined time interval 
is approximated by the linear interpolation. The 
investigated equation (equation 5) gives the rela-
tion between water stage (H) and time (T) and it 
also illustrates the main trends of changes in the 
gauging station in a long time period (Łapuszek 
1999): 
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rameters of equation 5. 

The equation determining the level of the riv-
erbed at any time is expressed as (Łapuszek 
1999): 
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where Hd  = average level of riverbed in a year T 
(metres above the sea level]), Hi(T) = approxima-
ted equation 5. 

In order to confirm the validity of the computa-
tion, the functions determining the level of the bed 
at any time, are verified on the basis of the com-
parison of the quantity of real changes of the 
channel cross-section, which are measured in dif-
ferent years. In the current paper, the statistical 
model for Stróża gauging station (80.600 km of 
the river course) is presented. [standard] 
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Figure 1. Bottom level change for 44 cross-sections before 
project execution (for Q = 250 m3/s). [Figure caption] 
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Figure 2. Bottom level change for 44 cross-sections after ri-
ver training and for Q = 250 m3/s with pointed are of ero-
sion and deposition observed in 2009 year. [Figure caption] 

5 THE RESULTS VERIFICATION 
[HEADING] 

The first comparison is performed for the com-
putation carried out for discharge: Q = 250 m3/s, 
with the total simulation time of 12 hours and for 
44 cross-sections before project execution (Fig.1).  
Computational results obtained by both models 
were verified by field observations carried out in 
year 2001, before the project execution. In Table 1 
below there are the extended description of the 
real riverbed evolution noticed in 2001 year. For 
simplicity reason, Table 1 contains verification 
performed only for the selected 20 cross-sections 
in which clear conclusions have been established 
in the field. The agreement between results is such 
that erosion and deposition are located in the same 
cross-sections with the same order of magnitude. 

The very important part of the computation 
was analysing the impact of project execution on 
the future riverbed evolution. Sediment transport 
movement computation were carried out for the 
new cross-sections obtained after the river training 
(Fig. 2). The first, preliminary verification of ob-
tained results was possible to make in 2003, just 
after the project execution. However, there was 

where Hd = average level of riverbed in a year T 
(metres above the sea level]), Hi(T) = approximated 
equation 5.
In order to confirm the validity of the computation, 
the functions determining the level of the bed at any 
time, are verified on the basis of the comparison of the 
quantity of real changes of the channel cross-section, 
which are measured in different years. In the current 
paper, the statistical model for Stróża gauging station 
(80.600 km of the river course) is presented.
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5. The results verification

The first comparison is performed for the computation 
carried out for discharge: Q = 250 m3 s, with the total 
simulation time of 12 hours and for 44 cross-sections 
before project execution (Fig. 1).
Computational results obtained by both models were 
verified by field observations carried out in year 2001, 
before the project execution. In Table 1 below there are 
the extended description of the real riverbed evolution 
noticed in 2001 year. For simplicity reason, Table 1 
contains verification performed only for the selected 
20 cross-sections in which clear conclusions have been 
established in the field. The agreement between results 
is such that erosion and deposition are located in the 
same cross-sections with the same order of magnitude.
The very important part of the computation was 
analysing the impact of project execution on the future 
riverbed evolution. Sediment transport movement 
computation were carried out for the new cross-
sections obtained after the river training (Fig. 2). 
The first, preliminary verification of obtained results 
was possible to make in 2003, just after the project 
execution. However, there was observed slight process 
of erosion and deposition. The river morphology is 
still developing after the river training, so the field 
observation and measurements have been continued 
till now. And on the Figure 2 there are pointed out 
the areas of erosion and deposition, which were 
noticed during the field observation in 2009 year. 
The agreement between results is such that erosion 
and deposition are located in the same cross-sections 
with the same order of magnitude.
Verification was also possible for Stróża gauging station 
which is located in 80.600 km of the studied river 
course. The 110-year data series in Stróża gauging 
station was divided into three time intervals. For each 
particular interval the linear regression is established 
and it describes the tendency of riverbed erosion or 
deposition. The relation between low annual water 
stage (H) and time (T) is given by equation Hi = f(T), 
(i = 1,2,3). It is determined for each time interval 
(Fig. 1). The intensity of changes in time is expressed by 
the coefficient for T variable. In Stróża gauging station 
process of erosion and deposition is observed. However, 

4. The study cases  
and the results of computations

In order to study the changes of riverbed erosion in 
the experimental reach the simulation was carried 
out for two cases: for discharge Q = 250 m3 s with 
the duration t = 12 hours, and for flood discharge 
hydrograph selected from data set of 30 years (1971-
1999). 44 prismatic cross-sectional channel geometry 
for the experimental river course before and after the 
project execution, were taken into account by the 
models. METODA and Rubarbe, two 1-D sediment 
transport models solving similar equations provide 
similar trends on the presented test cases. Here below 
two of four studied cases are shown.

3.2. The statistical model description [heading 2] 
The statistical model of riverbed erosion is 

based on the assumption, that minimal annual wa-
ter stages correspond to the changes of the river-
bed level in the gauging station (Łapuszek 1999, 
Punzet et al. 1996). In a particular gauging station 
this data series for each determined time interval 
is approximated by the linear interpolation. The 
investigated equation (equation 5) gives the rela-
tion between water stage (H) and time (T) and it 
also illustrates the main trends of changes in the 
gauging station in a long time period (Łapuszek 
1999): 
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where T= year of observation, a, b = estimated pa-
rameters of equation 5. 

The equation determining the level of the riv-
erbed at any time is expressed as (Łapuszek 
1999): 
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where Hd  = average level of riverbed in a year T 
(metres above the sea level]), Hi(T) = approxima-
ted equation 5. 

In order to confirm the validity of the computa-
tion, the functions determining the level of the bed 
at any time, are verified on the basis of the com-
parison of the quantity of real changes of the 
channel cross-section, which are measured in dif-
ferent years. In the current paper, the statistical 
model for Stróża gauging station (80.600 km of 
the river course) is presented. [standard] 

4 THE STUDY CASES AND THE RESULTS 
OF COMPUTATIONS [HEADING] 

In order to study the changes of riverbed ero-
sion in the experimental reach the simulation was 
carried out for two cases: for discharge Q=250 
m3/s with the duration t=12 hours, and for flood 
discharge hydrograph selected from data set of 30 
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channel geometry for the experimental river 
course before and after the project execution, were 
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ing similar equations provide similar trends on the 
presented test cases. Here below two of four stud-
ied cases are shown. [standard] 
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Figure 1. Bottom level change for 44 cross-sections before 
project execution (for Q = 250 m3/s). [Figure caption] 
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Figure 2. Bottom level change for 44 cross-sections after ri-
ver training and for Q = 250 m3/s with pointed are of ero-
sion and deposition observed in 2009 year. [Figure caption] 

5 THE RESULTS VERIFICATION 
[HEADING] 

The first comparison is performed for the com-
putation carried out for discharge: Q = 250 m3/s, 
with the total simulation time of 12 hours and for 
44 cross-sections before project execution (Fig.1).  
Computational results obtained by both models 
were verified by field observations carried out in 
year 2001, before the project execution. In Table 1 
below there are the extended description of the 
real riverbed evolution noticed in 2001 year. For 
simplicity reason, Table 1 contains verification 
performed only for the selected 20 cross-sections 
in which clear conclusions have been established 
in the field. The agreement between results is such 
that erosion and deposition are located in the same 
cross-sections with the same order of magnitude. 

The very important part of the computation 
was analysing the impact of project execution on 
the future riverbed evolution. Sediment transport 
movement computation were carried out for the 
new cross-sections obtained after the river training 
(Fig. 2). The first, preliminary verification of ob-
tained results was possible to make in 2003, just 
after the project execution. However, there was 

Figure 2. Bottom level change for 44 cross-sections after 
river training and for Q = 250 m3 s with pointed are of 
erosion and deposition observed in 2009 year.

3.2. The statistical model description [heading 2] 
The statistical model of riverbed erosion is 

based on the assumption, that minimal annual wa-
ter stages correspond to the changes of the river-
bed level in the gauging station (Łapuszek 1999, 
Punzet et al. 1996). In a particular gauging station 
this data series for each determined time interval 
is approximated by the linear interpolation. The 
investigated equation (equation 5) gives the rela-
tion between water stage (H) and time (T) and it 
also illustrates the main trends of changes in the 
gauging station in a long time period (Łapuszek 
1999): 
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where T= year of observation, a, b = estimated pa-
rameters of equation 5. 

The equation determining the level of the riv-
erbed at any time is expressed as (Łapuszek 
1999): 
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where Hd  = average level of riverbed in a year T 
(metres above the sea level]), Hi(T) = approxima-
ted equation 5. 

In order to confirm the validity of the computa-
tion, the functions determining the level of the bed 
at any time, are verified on the basis of the com-
parison of the quantity of real changes of the 
channel cross-section, which are measured in dif-
ferent years. In the current paper, the statistical 
model for Stróża gauging station (80.600 km of 
the river course) is presented. [standard] 
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Figure 1. Bottom level change for 44 cross-sections before 
project execution (for Q = 250 m3/s). [Figure caption] 
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Figure 2. Bottom level change for 44 cross-sections after ri-
ver training and for Q = 250 m3/s with pointed are of ero-
sion and deposition observed in 2009 year. [Figure caption] 

5 THE RESULTS VERIFICATION 
[HEADING] 

The first comparison is performed for the com-
putation carried out for discharge: Q = 250 m3/s, 
with the total simulation time of 12 hours and for 
44 cross-sections before project execution (Fig.1).  
Computational results obtained by both models 
were verified by field observations carried out in 
year 2001, before the project execution. In Table 1 
below there are the extended description of the 
real riverbed evolution noticed in 2001 year. For 
simplicity reason, Table 1 contains verification 
performed only for the selected 20 cross-sections 
in which clear conclusions have been established 
in the field. The agreement between results is such 
that erosion and deposition are located in the same 
cross-sections with the same order of magnitude. 

The very important part of the computation 
was analysing the impact of project execution on 
the future riverbed evolution. Sediment transport 
movement computation were carried out for the 
new cross-sections obtained after the river training 
(Fig. 2). The first, preliminary verification of ob-
tained results was possible to make in 2003, just 
after the project execution. However, there was 

Figure 1. Bottom level change for 44 cross-sections before 
project execution (for Q = 250 m3 s).
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6. Conclusions

For a mountainous river such as Raba River, it is 
very important to localise erosion and deposition 
areas, particularly after the river training. METODA 
and RubarBE, two 1-D sediment transport models, 
solving similar equations provide similar trends in 
the analysed 44 cross-sections of a 4 km studied 
Raba reach. These trends of erosion and deposition 
correspond to the field observation. Moreover, 
computed riverbed erosion in Stróża gauging 
station, located in km 80.600 of river course, also 
corresponds to the tendency observed in presented 
statistical model of erosion.

erosion plays the important role during 110 years of 
observation presented in the paper (Łapuszek et al., 
2006). After mentioned project execution (2001 year) 
the high erosion is observed. On the base on the graph 
presented on Figure 3 it was calculated, that from 2001 
till 2010 year river bed was depressed by 50 cm. It 
confirm the tendency computed by both 1-D models 
in Stróża gauging station.

observed slight process of erosion and deposition. 
The river morphology is still developing after the 
river training, so the field observation and meas-
urements have been continued till now. And on 
the Figure 2 there are pointed out the areas of ero-
sion and deposition, which were noticed during 
the field observation in 2009 year. The agreement 
between results is such that erosion and deposition 
are located in the same cross-sections with the 
same order of magnitude.  

 
Table 1. Verification of the computation for Q=250 m3/s be-
ore the river training in 2001 year [Table caption] f 

 
 Km Computed riverbed The real evolution 
    level Δz [m]  of riverbed 
  METODA   RubarBE ______________________________________________ 

81.501 
81.421 
81.288 
81.144 
81.080 
81.861 
80.735 
80.595 
80.517 
79.977 
79.893 
79.723 
79.091 
78.981 
78.873 
78.798 
78.309 
78.229 
78.170 
78.89 

+ 0.099 
+ 0.26 
- 0.156 
- 0.138 
+ 0.201 
+ 0.011 
- 0.024 
+ 0.061 
+ 0.095 
- 0.122 
- 0.062 
- 0.014 
+ 0.034 
+ 0.156 
- 0.289 
- 0.140 
+ 0.023 
+ 0.075 
+ 0.172 
+ 0.176 

+ 0.51 
+ 0.3 
- 0.131 
- 0.283 
+ 0.186 
+ 0.036 
- 0.059 
+ 0.101 
   0.0 
- 0.122 
- 0.057 
- 0.014 
+ 0.039 
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+ 0.023 
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Verification was also possible for Stróża gaug-

ing station which is located in 80.600 km of the 
studied river course. The 110-year data series in 
Stróża gauging station was divided into three time 
intervals. For each particular interval the linear 
regression is established and it describes the ten-
dency of riverbed erosion or deposition. The rela-
tion between low annual water stage (H) and time 
(T) is given by equation Hi=f(T), (i=1,2,3). It is 
determined for each time interval (Fig.1). The in-
tensity of changes in time is expressed by the co-
efficient for T variable. In Stróża gauging station 
process of erosion and deposition is observed. 
However, erosion plays the important role during 
110 years of observation presented in the paper 
(Łapuszek et al. 2006). After mentioned project 
execution (2001 year) the high erosion is ob-
served. On the base on the graph presented on 
Figure 3 it was calculated, that from 2001 till 
2010 year river bed was depressed by 50 cm. It 

confirm the tendency computed by both 1-D mod-
els in Stróża gauging station. [standard] 
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Figure 3. Low annual water stages in Stróża gauging station 
in 1900-2010 years. [Figure caption] 
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tion areas, particularly after the river training. 
METODA and RubarBE, two 1-D sediment trans-
port models, solving similar equations provide 
similar trends in the analysed 44 cross-sections of 
a 4 km studied Raba reach. These trends of ero-
sion and deposition correspond to the field obser-
vation. Moreover, computed riverbed erosion in 
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in 1900-2010 years. [Figure caption] 

6 CONCLUSIONS [HEADING] 

For a mountainous river such as Raba River, it 
is very important to localise erosion and deposi-
tion areas, particularly after the river training. 
METODA and RubarBE, two 1-D sediment trans-
port models, solving similar equations provide 
similar trends in the analysed 44 cross-sections of 
a 4 km studied Raba reach. These trends of ero-
sion and deposition correspond to the field obser-
vation. Moreover, computed riverbed erosion in 
Stróża gauging station, located in km 80.600 of 
river course, also corresponds to the tendency ob-
served in presented statistical model of erosion. 
[standard] 

REFERENCES 

Łapuszek M.1999. The Investigation and Forecasting of 
Riverbed Erosion in the Carpathian River on the Base of 
Dunajec River, Doctor’s Thesis, Politechnika Kra-
kowska, Kraków 1999 (in Polish) . [Reference text] 

Meyer-Peter, E. Müller, R. 1948. Formulas for bed-load 
transport. Report on second meeting of IAHR. IAHR, 
Stockholm: p.39-64 [Reference text] 

Paquier, A. 1995. Modelling and simulation of the wave 
propagation developed by breaking of the dam.. PhD 
Thesis, Saint-Etienne: Université Jean Monnet (in 
French) . [Reference text] 

Paquier, A. 2003. What are the problems to be solved by a 1 
– D river sediment transport model? Example of 
RubarBE software. Selected Problems of Water Engi-
neering, Politechnika Krakowska – Cemagref – results 
of cooperation, 9 – 11 october 2003, seminary, Cema-
gref Editions 2004, BP 44, 92163 Antony, France : p.75-
85. . [Reference text] 

Piwowarczyk Ogorek J., 2003. Closed to the nature river 
cross-section design in the case of the sediment transport 
equilibrium. PhD thesis, Cracow University of Technol-
ogy (in Polish): p.89-90. [Reference text] 

Łapuszek M., 1999. The Investigation 
and Forecasting of Riverbed 
Erosion in the Carpathian 
River on the Base of Dunajec 
River,  Doctor’s  Thesis , 
Politechnika Krakowska, 
Kraków 1999 (in Polish).

Meyer-Peter, E. & Müller, R., 
1948. Formulas for bed-load 
transport. Report on second 
meeting of IAHR. IAHR, 
Stockholm: 39-64.

Paquier, A., 1995. Modelling and 
simulation of the wave 

propagation developed by 
breaking of the dam.. PhD 
Thesis, Univ. St-Étienne (in 
French).

Paquier, A., 2003. What are the 
problems to be solved by a 1 - D 
river sediment transport model? 
Example of Ru-barBE software. 
Selected Problems of Water 
Engineering, Politechnika 
Krakowska - Cemagref - results 
of cooperation, 9-11/10/2003, 
seminary, Cemagref Éd.: 75-85.

Piwowarczyk Ogorek J., 2003. Closed 
to the nature river cross-
section design in the case 
of the sediment transport 
equilibrium. PhD thesis, 
Cra cow  Un ive r s i t y  o f 
Technol-ogy (in Polish): 89-90.

Punzet J., Czulak J., 1996. Changes 
of Carpathian Tributaries of 
Vistula River: Soła, Skawa 
and Raba in XX Century. 
Gospodarka Wodna, nr 6. (in 
Polish).

 References

The studies on morphodynamic processes of the mountainous Raba River …





  
●  2

 
  
  
  

EUROMECH Colloquium 523
Clermont-Ferrand, France, 15-17 June 2011

ISBN - 978-2-84516-529-8

The effects of sediment abrasion,  
growth surface height and the size of saltating sands  

on diatom dominated periphyton biomass
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ABSTRACT. The algae contained within periphyton chemoregulate rivers and are a rich food 
resource that sustain the upper trophic levels of stream ecosystems. These algae are susceptible to 
loss through hydraulic shear and abrasion by mobile sediments, but there are few documented 
linkages between periphyton ecology and sediment transport regimes. In this study, we use both 
a large set of field observations and an in situ experiment from a Canadian river to document the 
relationship between periphyton biomass and sand transport rate. The in situ experimental design 
investigates the response of diatom dominated periphyton biomass (Chlorophyll a) to abrasion from 
fine and coarse sand in transport over low lying to high-protruding host-rocks. Our results showed 
that periphyton biomass decreased with increasing transport rates in a threshold type response. 
The threshold sand transport rate was quantified using the observational data and validated by the 
results of the in situ experiment. The experimental results also show that low lying clasts lose more 
biomass for a given transport rate than the higher, protruding ones. Saltating coarse sand abraded 
surfaces more intensely than fine sand travelling primarily in suspension. The observed pattern of 
biomass loss is similar to that reported in flume studies of the effects of suspended sediment on 
periphyton. The negative relationship between sand transport rate and post flow event biomass was 
nearly identical to that found on the Skona River, Norway for larger flow events. Sand constitutes 
a large percentage of the bedload of gravel-bed rivers and sand is susceptible to transport during 
frequent flow events. Even small increases in sand loadings to the gravel-cobble river bed caused 
large increases in abrasion losses of an important benthic food resource.
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1. Introduction

Changes in climate and land use threaten to modify 
the volume and intensity of runoff contributions to 
rivers, as well as the entrainment of fine sediments 
through soil erosion, mass wasting, bank erosion and 
channel adjustment. It is important to understand how 
these physical disturbances influence stream biota. 
Periphyton are at the base of riverine food webs and are 
susceptible to shifts in discharge and sediment regimes. 
Our ability to predict the amount of periphyton 
in river systems is very important because it allows 
us to assess the rate of recovery of the periphyton 
biomass after flow events and floods. Surfaces that 
are scoured ‘clean’ of periphyton take longer to reach 
carrying capacity, and provide fewer algal spores for 
recolonization, relative to those surfaces that retain 
some measure of biomass.
Research into physical disturbance factors that perturb 
periphyton has mainly focused on hydraulic plucking 
by the shear force of clear water, abrasion by suspended 
sediment (Francœur & Biggs, 2006), and complete 
mobilization of the upper layer of bed material by 
scour (Matthaei et al., 2003). Yet, periphyton biomass 
is strongly influenced by frequent but relatively minor 
flow events (Doyle et al., 2005) when sand is typically 
transported in saltation. Saltation is an intermediate 
form of transport between suspension and traction 
that occurs when sand and small gravel particles 
bounce along the bed and bombard the larger, stable 
protruding clasts (Luce et al., 2010). As flow strength 
increases, saltating grains can eventually become 
suspended within the water column. With increasing 
height above the bed, sediment concentration 
decreases and velocities increase. Coarser saltating 
particles are found near the river bed, while finer 
suspended particles occur higher up in the column.
In this paper, we present: 1) field data showing a 
great deal of scatter in the relationsip between sand 
transport rate and post-spate periphyton biomass, 
and 2) the results of an in situ experiment designed 
to explore the mechanisms responsible for this scatter. 
We hypothesize that the scatter is related to height 
of growth surface above the substarate and size 
of sediment in transport. Even at steady baseflow 

conditions, a small increase in sand supply can cause 
large increases in sand transport rates (Bond, 2004). 
Thus, we conducted our in situ experiment with fixed 
flow strength, typical for riffles during a low flow 
event, over a very large range in sand supply, including 
conditions typical of sand over-loaded cobble systems.

2. Methods

2.1. Study Site

Our study was conducted on the oligo-mesotrophic 
Sainte-Marguerite River (SMR) in Québec (Luce et 
al., 2010). We measured sand transport rates and 
post spate event biomass on 29 riffles in 2003, and 
15 riffles in 2004, to define the relationship between 
these variables. The gravel-cobble riffles ranged from 
30 to 53 metres in width. The in situ experiment 
was conducted in August 2005 on a riffle located at 
48o25’40”N, 70o23’02”W.

2.2. Field data

Each riffle was instrumented with between 4 and 
10 sediment traps, and each trap was coupled with 
measurements of periphyton biomass and protrusion 
height from three rocks located upstream of the traps. 
The protrusion height is the height of the top of the 
rock above the average matrix elevation. The sediment 
traps were one-litre plastic containers, filled with clean 
16-32 mm gravel, installed with the rim flush to the 
bed matrix. The biomass of micro algae on sampled 
rocks was characterized using a rapid assessment 
technique developed by the U.S. Environmental 
Protection Agency (USEPA) (Barbour et al., 1999). 
The test involved measuring the thickness of the 
algal mat in order to rank the relative biomass into 
5 categories. The roughness or sliminess of the 
rock was used to distinguish between the first two 
categories because the algal ‘mat’ was too thin to 
measure accurately. Each rank was then converted to 
chlorophyll a (mg m2) using the calibration values 
given in Luce et al. (2010).
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2.3. Experimental Procedures

The experimental set up involved placing three 
periphyton-covered cobbles 3 cm apart and upstream 
of a sediment trap. All periphyton-covered test rocks 
were selected to have the same initial biomass and were 
taken from the downstream end of the test riffle. Each 
of the three rocks was buried in the test patch, such that 
either 2 cm or 6 cm protruded above the mean elevation 
of the bed matrix, depending on the experimental test 
run (see below). Shear stress conditions over the test 
patch (14 Pa) represented hydraulic conditions for a 
typical low flow event that occurs on the SMR during 
the summer growth season (e.g. 0.85 x mean annual 
discharge [Qm], weekly recurrence). Sand transport rates 
can increase under stable competent flow conditions 
by simply increasing the fraction of sand on the bed 
available for transport (Wilcock & Kenworthy, 2002). 
The sand transport rate past the test rocks was varied 
between 0 and 3 200 g m-1 event-1 by successively 
seeding more sand to the bed 0.5 m upstream of the 
test rocks, in seven successive exposure levels (Table 1). 
Sand traps were replaced between exposure levels to 
measure the amount of transport. The biomass was also 
measured between exposure levels using the USEPA 
rapid protocol. Underwater photography of the host-
rocks was taken at each exposure level. This approach 
ensured that repeated observations were not biased by 
alternative, more invasive sampling methods.
Three experimental runs were conducted (Table 1). In 
Run 1, the test rocks protruded 2 cm above the mean 
bed level of the surrounding bed matrix and were exposed 
to seeded 0.5-2.0 mm sand. Test rocks in Run 2 also 
protruded 2 cm from the mean bed level but were 
exposed to finer seeded sand (0.063-0.50 mm). The 
protrusion height was increased to 6 cm for Run 3, where 
the rocks were exposed to 0.5-2.0 mm sand.

3. Results

3.1. Field Study

The data in Figure 1 were measured after the large flow 
event (3 x Qm) of 2003 and after the small flow event 

(0.6 x Qm) in 2004. A bootstrapped Classification 
and Regression Tree analysis of these data indicated 
that the threshold split values that divide high 
biomass at low transport rates from low biomass at 
higher transport rates averaged 65 g m-1 event-1 but 
varied from 6.5 g m-1 event-1 (10th percentile) to 
186 g m-1 event-1 (90th percentile).

3.2. In Situ Experiment
There is broad agreement between experimental data 
from Runs 1 through 3 and the large set of field 
measurements (Figure 2). The envelope curve which 
bound the field data also bound the experimental 
results, and the overall trends in biomass reduction 
with increasing transport rate are similar. Thus, 
the drastic curtailment of periphyton biomass for 
patches of riverbed associated with sand transport 
rates exceeding 65 g m-1 event-1 is reflected in the in 
situ experiment data. The experimental runs reveal 
that biomass reduction can occur at transport rates 
as low as 9 g m-1 event-1 (0.006 g m-1 s-1), which is in 
general agreement with the 10th percentile split value 
derived from the 2003-2004 field data.
For the three test runs, the general response of 
periphyton to increasing cumulative sand transport 
is characterized by four stages of adjustment (Figure 2). 
Threshold values of cumulative sand transport were 

3 RESULTS

3.1 Field Study 

The data in Figure 1 were measured after the large 
flow event (3 x Qm) of 2003 and after the small 
flow event (0.6 x Qm) in 2004.  A bootstrapped 
Classification and Regression Tree analysis of 
these data indicated that the threshold split values 
that divide high biomass at low transport rates 
from low biomass at higher transport rates avera-
ged 65 g m-1event-1 but varied from 6.5 g m-

1event-1 (10th percentile) to 186 g m-1event-1 (90th

percentile).

Figure 1. Mean periphyton biomass (± 1 SD, n = 3 rocks) 
following natural flow events in 2003 and 2004 as a func-
tion of cumulative observed sand transport in local sediment 
trap.  The envelope defines the maximum periphyton bio-
mass for a given level of cumulative sand transport. 

3.2 In Situ Experiment 

There is broad agreement between experimental 
data from Runs 1 through 3 and the large set of 
field measurements (Figure 2).  The envelope 
curve which bound the field data also bound the 
experimental results, and the overall trends in 
biomass reduction with increasing transport rate 
are similar.  Thus, the drastic curtailment of peri-
phyton biomass for patches of riverbed associated 
with sand transport rates exceeding 65 g m-1event-

1 is reflected in the in situ experiment data.  The 
experimental runs reveal that biomass reduction 
can occur at transport rates as low as 9 g m-1event-

1 (0.006 g m-1s-1), which is in general agreement 
with the 10th percentile split value derived from 
the 2003-2004 field data. 

For the three test runs, the general response of 
periphyton to increasing cumulative sand trans-
port is characterized by four stages of adjustment 
(Figure 2).  Threshold values of cumulative sand 
transport were selected to divide these adjustment 
stages.  Initially, low levels of sand transport did 
not affect the periphyton biomass up to a rate of 
approximately 9 g m-1event-1.  Second, there was a 
phase of rapid reduction in periphyton biomass, 

when cumulative sand transport levels were bet-
ween 9 g m-1event-1 and 40 g m-1 event-1.  Third, 
there were more gradual periphyton losses when 
sand transport rates exceeded 40 g m-1event-1.  Fi-
nally, all three response lines (Runs 1-3) converge 
when cumulative sand transport values exceed 
800 g m-1event-1.  The mitigative effects of protru-
sion height above the bed and size of transported 
sand were negligible when sand transport rates 
reached that high level. 

The results support the assertion that the height 
of the growth surface above the bed provides pro-
tection to periphyton from saltating sand.  For sal-
tating coarse sand (0.5-2 mm), there was a more 
sudden decrease in periphyton biomass on test 
rocks in the low-lying substrate condition (Run 1,
Table 1.  Experimental conditions tested for each of the 
three runs.  Water depth and velocity were constant during 
all three runs. 
Run Run 1 Run 2 Run 3 
Protrusion Height  2 cm 2 cm 6 cm 
Size of Transported Sand (mm) 0.5–2.0 0.063–0.5 0.5-2.0 
Sand
Exposure Level for  
Runs 1 to 3 

1 2 3 4 5 6 7

CumulativeSeeding 
Mass (g/m) 25 55 94 156 437 1562 5562

Mean Flow Velocity = 0.65 m/s.  Bed Velocity = 0.42 m/s.  Froude 
Number = 0.38.  Reynolds Number = 143 760.  Reach length = 2 m. 

Figure 2. Mean periphyton biomass (± 1 SD, 3 replicates per 
run) for three experimental runs where successively larger 
treatments of sand were transported past periphyton covered 
rocks under fixed shear stress conditions. 

2 cm protrusion), relative to periphyton on those 
that protruded higher above the bed (Run 3, 6 cm 
protrusion, Figure. 2). 
At a fixed rock height and total sand mass, coarse 
sand removed more periphyton biomass (Run 1, 
0.5-2 mm) than finer sand (Run 2, 0.063-0.5 mm, 
Figure 2). The majority of the fine sand was trans-
ported in suspension (Run 2), but the predominant 
mode of transport for coarse sand was saltation 
(Run 1), based on direct observations and the sus-
pension criteria . 

Figure 1. Mean periphyton biomass (± 1 SD, n = 3 rocks) 
following natural flow events in 2003 and 2004 as a function 
of cumulative observed sand transport in local sediment trap. 
The envelope defines the maximum periphyton biomass for 
a given level of cumulative sand transport.
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substrate condition (Run 1, 2 cm protrusion), relative 
to periphyton on those that protruded higher above 
the bed (Run 3, 6 cm protrusion, Figure 2).
At a fixed rock height and total sand mass, coarse sand 
removed more periphyton biomass (Run 1, 0.5-2 mm) 
than finer sand (Run 2, 0.063-0.5 mm, Figure 2). 
The majority of the fine sand was transported in 
suspension (Run 2), but the predominant mode of 
transport for coarse sand was saltation (Run 1), based 
on direct observations and the suspension criteria .
The mitigative effect of protrusion height on reducing 
periphyton losses from abrasion was statistically 
indistinguishable (p = 0.99) from that of fine sediment 
moving predominantly in suspension.
The results of the in situ experiment that are 
comparable to other studies are summarized in Table 2.

4. Discussion and conclusion

Our field data relating post-flow event biomass to sand 
transport rate during natural flow events show that an 
increase in sand transport intensity resulted in larger 
periphyton losses. Our experimental results confirmed 
that large losses of periphyton occur through saltating 
sand abrasion at rates greater than 40-65 g m-1event-1. 
Variability in the loss rate of periphyton was related 
to differences in host-rock height and the caliber of 
sand being transported over the bed.
For the flow conditions tested, we found that 
coarse sand (0.5 mm to 2 mm) moved primarily 

selected to divide these adjustment stages. Initially, 
low levels of sand transport did not affect the 
periphyton biomass up to a rate of approximately 
9 g m-1 event-1. Second, there was a phase of rapid 
reduction in periphyton biomass, when cumulative 
sand transport levels were between 9 g m-1 event-1 

and 40 g m-1 event-1. Third, there were more gradual 
periphyton losses when sand transport rates exceeded 
40 g m-1 event-1. Finally, all three response lines 
(Runs 1-3) converge when cumulative sand transport 
values exceed 800 g m-1 event-1. The mitigative 
effects of protrusion height above the bed and size of 
transported sand were negligible when sand transport 
rates reached that high level.
The results support the assertion that the height of the 
growth surface above the bed provides protection to 
periphyton from saltating sand. For saltating coarse 
sand (0.5-2 mm), there was a more sudden decrease 
in periphyton biomass on test rocks in the low-lying 

Figure 2. Mean periphyton biomass (± 1 SD, 3 replicates 
per run) for three experimental runs where successively 
larger treatments of sand were transported past periphyton 
covered rocks under fixed shear stress conditions.

3 RESULTS

3.1 Field Study 

The data in Figure 1 were measured after the large 
flow event (3 x Qm) of 2003 and after the small 
flow event (0.6 x Qm) in 2004.  A bootstrapped 
Classification and Regression Tree analysis of 
these data indicated that the threshold split values 
that divide high biomass at low transport rates 
from low biomass at higher transport rates avera-
ged 65 g m-1event-1 but varied from 6.5 g m-

1event-1 (10th percentile) to 186 g m-1event-1 (90th

percentile).

Figure 1. Mean periphyton biomass (± 1 SD, n = 3 rocks) 
following natural flow events in 2003 and 2004 as a func-
tion of cumulative observed sand transport in local sediment 
trap.  The envelope defines the maximum periphyton bio-
mass for a given level of cumulative sand transport. 

3.2 In Situ Experiment 

There is broad agreement between experimental 
data from Runs 1 through 3 and the large set of 
field measurements (Figure 2).  The envelope 
curve which bound the field data also bound the 
experimental results, and the overall trends in 
biomass reduction with increasing transport rate 
are similar.  Thus, the drastic curtailment of peri-
phyton biomass for patches of riverbed associated 
with sand transport rates exceeding 65 g m-1event-

1 is reflected in the in situ experiment data.  The 
experimental runs reveal that biomass reduction 
can occur at transport rates as low as 9 g m-1event-

1 (0.006 g m-1s-1), which is in general agreement 
with the 10th percentile split value derived from 
the 2003-2004 field data. 

For the three test runs, the general response of 
periphyton to increasing cumulative sand trans-
port is characterized by four stages of adjustment 
(Figure 2).  Threshold values of cumulative sand 
transport were selected to divide these adjustment 
stages.  Initially, low levels of sand transport did 
not affect the periphyton biomass up to a rate of 
approximately 9 g m-1event-1.  Second, there was a 
phase of rapid reduction in periphyton biomass, 

when cumulative sand transport levels were bet-
ween 9 g m-1event-1 and 40 g m-1 event-1.  Third, 
there were more gradual periphyton losses when 
sand transport rates exceeded 40 g m-1event-1.  Fi-
nally, all three response lines (Runs 1-3) converge 
when cumulative sand transport values exceed 
800 g m-1event-1.  The mitigative effects of protru-
sion height above the bed and size of transported 
sand were negligible when sand transport rates 
reached that high level. 

The results support the assertion that the height 
of the growth surface above the bed provides pro-
tection to periphyton from saltating sand.  For sal-
tating coarse sand (0.5-2 mm), there was a more 
sudden decrease in periphyton biomass on test 
rocks in the low-lying substrate condition (Run 1,
Table 1.  Experimental conditions tested for each of the 
three runs.  Water depth and velocity were constant during 
all three runs. 
Run Run 1 Run 2 Run 3 
Protrusion Height  2 cm 2 cm 6 cm 
Size of Transported Sand (mm) 0.5–2.0 0.063–0.5 0.5-2.0 
Sand
Exposure Level for  
Runs 1 to 3 

1 2 3 4 5 6 7

CumulativeSeeding 
Mass (g/m) 25 55 94 156 437 1562 5562

Mean Flow Velocity = 0.65 m/s.  Bed Velocity = 0.42 m/s.  Froude 
Number = 0.38.  Reynolds Number = 143 760.  Reach length = 2 m. 
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run) for three experimental runs where successively larger 
treatments of sand were transported past periphyton covered 
rocks under fixed shear stress conditions. 
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that protruded higher above the bed (Run 3, 6 cm 
protrusion, Figure. 2). 
At a fixed rock height and total sand mass, coarse 
sand removed more periphyton biomass (Run 1, 
0.5-2 mm) than finer sand (Run 2, 0.063-0.5 mm, 
Figure 2). The majority of the fine sand was trans-
ported in suspension (Run 2), but the predominant 
mode of transport for coarse sand was saltation 
(Run 1), based on direct observations and the sus-
pension criteria . 
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when cumulative sand transport values exceed 
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2 cm protrusion), relative to periphyton on those 
that protruded higher above the bed (Run 3, 6 cm 
protrusion, Figure. 2). 
At a fixed rock height and total sand mass, coarse 
sand removed more periphyton biomass (Run 1, 
0.5-2 mm) than finer sand (Run 2, 0.063-0.5 mm, 
Figure 2). The majority of the fine sand was trans-
ported in suspension (Run 2), but the predominant 
mode of transport for coarse sand was saltation 
(Run 1), based on direct observations and the sus-
pension criteria . 

The mitigative effect of protrusion height on re-
ducing periphyton losses from abrasion was statis-
tically indistinguishable (p=0.99) from that of fine 
sediment moving predominantly in suspension. 
The results of the in situ experiment that are com-
parable to other studies are summarized in Table 
2.

4 DISCUSSION AND CONCLUSION 

 Our field data relating post-flow event biomass to 
sand transport rate during natural flow events 
show that an increase in sand transport intensity 
resulted in larger periphyton losses.  Our experi-
mental results confirmed that large losses of peri-
phyton occur through saltating sand abrasion at 
rates greater than 40-65 g m-1event-1.   Variability 
in the loss rate of periphyton was related to diffe-
rences in host-rock height and the caliber of sand 
being transported over the bed. 

Table 2.  Summary of experimental results and the findings 
of previous studies.  
Study Biomass 

(mg/m2) vs. 
Transport 
Rate
(g m-1s1)

% Biomass lost 
by abrasion du-
ring experiment, 
independent of 
velocity effects. 

Biomass Loss 
(%):  
Threshold
Transport  
Rate (g m-1s-1)

In Situ 
Experi-
ment - 
SMR

PBT2 = 5.66Qs
-

0.26

at a water 
temp. of 16oC

20% to 48% from 
both saltating & 
suspended sand 

0.04±0.01 to 1.8 g 
m-1s-1 associated 
with a 48% loss of 
periphyton bio-
mass. 

Other
studies
(see
legend) 

PBT2 = 5.15Qs
-

0.24

at a water 
temp. of 16oC
(Stokseth 1994)

*4% to 13% from 
suspended silt 

**0% to 40% 
from suspended 
sands

***
0.10±0.03 g m-1s-1

associated with a 
50% loss in
macroinvertebrate 
biomass. 

* Horner et al. (1990) Flume; ** Francoeur and Biggs (2006) Flume; ***Culp et al. 
((1986) in situ Experiment – Carnation Cr. B.C. 

For the flow conditions tested, we found that 
coarse sand (0.5 mm to 2 mm) moved primarily 
by saltation, and fine sand (<0.5 mm) moved pri-
marily in suspension.  Thus, we could not isolate 
fine sand saltation effects on periphyton from 
coarse sand saltation effects.  However, our re-
sults provide clear evidence that fine (predomi-
nantly) suspended sand was less abrasive to peri-
phyton than coarse (predominantly) saltating sand, 
for identical sand seeding masses, and the hydrau-
lic condition tested.  There are two possible rea-
sons for this result.  First, as the percentage of 
sand moving as suspended load increases, the 
abrasive effect of sand on periphyton decreases, 
because suspended grains have less frequent 
contact with the stream bed than saltating sand 
grains (Dade and Friend 1998).  Second, saltating 

sand grains impart more kinetic energy on the 
streambed, because they are heavier than suspen-
ded grains and strike the bed at a more direct an-
gle than suspended sand grains.  Consequently, 
saltating coarse sand contacts should remove more 
periphyton per impact.    Stokseth (1994) studied 
negative relationships between periphyton and 
bedload transport (i.e. > 0.16 mm) in the Skona 
River, Norway.  Stokseth’s (1994) equation rela-
ting post-flow event biomass to bedload transport 
rates for sand and gravel was nearly identical to 
the equation developed from our experimental da-
ta for sand transport (Table 2).  This result is pro-
mising and invites testing the applicability of this 
relation in other river systems.  The universality 
of such a relation may vary, because detachment 
thresholds differ with predominant mechanism of 
algal attachment, stage of growth, and degree of 
physiological stress. 
In conclusion, our results show that periphyton 
losses can occur at very low levels of sand trans-
port 0.006 g m-1s-1.  Large periphyton losses from 
saltating sand occurred at transport rates between 
0.04 and 1.8 g m-1s-1 (Table 2).   Similarly, subs-
tantial reductions (50%) in macroinvertebrate den-
sities from saltating sand have been reported for 
cobble beds exposed to sand transport rates bet-
ween 0.07 and 0.14 g m-1s-1 (Culp et al. 1986).
Thus, low levels of saltating sand typical of near 
baseflow flow events can remove substantial 
amounts of benthic food resources.  This is signi-
ficant because small changes in sand supply or 
flow level can lead to large changes in sand trans-
port rates (Wilcock and Kenworthy 2002).
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other river systems. The universality of such a relation 
may vary, because detachment thresholds differ with 
predominant mechanism of algal attachment, stage 
of growth, and degree of physiological stress.
In conclusion, our results show that periphyton 
losses can occur at very low levels of sand transport 
0.006 g m-1s-1. Large periphyton losses from saltating 
sand occurred at transport rates between 0.04 and 
1.8 g m-1 s-1 (Table 2). Similarly, substantial reductions 
(50%) in macroinvertebrate densities from saltating 
sand have been reported for cobble beds exposed to 
sand transport rates between 0.07 and 0.14 g m-1 s-1 
(Culp et al., 1986). Thus, low levels of saltating sand 
typical of near baseflow flow events can remove 
substantial amounts of benthic food resources. This 
is significant because small changes in sand supply or 
flow level can lead to large changes in sand transport 
rates (Wilcock & Kenworthy, 2002).
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Changes of bed topography upstream  

of small hydropower installations

R. MÖWS1 & K.A. KOLL1

ABSTRACT. Many rivers in mountainous and low-land regions have small dams or weirs which 
cannot be removed. The backwater area at these structures is often silted with sediment. To 
investigate the impact of building a hydraulic pressure machine (HPM) into an existing weir on the 
bed topography, physical model tests were conducted. Due to the experimental setup most of the 
discharge passed the weir and only a percentage was flowing through the HPM. Up to a discharge 
of 1.2 times the critical discharge of the sediment only negligible changes in bed topography were 
detected. At 1.5 times Qcrit the sediment scoured upstream of the HPM. The water wheel caused 
decreasing flow velocities and the development of a horizontal eddy. Thus, eroded sediment was 
redirected by the eddy and transported over the weir but not through the wheel. Doubling the 
width of the HPM caused lower flow velocities, but an increase of the scour size and depth.

KEYWORDS: Scouring, Hydropower, Small weirs.

1. Leichtweiß-Institut für Wasserbau, TU Braunschweig, Braunschweig, Germany.
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1. Introduction

Throughout Europe many small weirs with head 
differences below ca 2 m exist. In order to fulfil the 
requirement of sediment passage over/through weirs 
given by the Water Framework Directive as well as the 
target of the Renewable Energy Directive to increase 
the share of renewable energy, water wheels may 
give a contribution. In the context of the European 
research project Hylow a hydraulic pressure machine 
(HPM) was developed for head differences up to 
2.5 m (Müller, 2009).
The backwater area of small weirs is often silted up 
to a certain level depending on, e.g., the sediment 
budget of the river, the weir type, and the age of the 
weir. Installation of an HPM into a weir with silted 
backwater area can result in sediment mobilisation, 
transport and deposition. For example, scouring 
around the inlet can endanger the stability of the 
structure; bed material can be transported through 
the machine causing damages at the wheel.
This paper reports on laboratory experiments 
conducted in a flume with movable bed to investigate 
the general impact of a HPM installed in an existing 
weir on the bed topography and on the flow field. 
Results of surface scans and velocity measurements are 
presented considering the effect of the experimental 
discharge related to the critical discharge of the bed 
material, the position of the HPM, and the width 
of the HPM.

2. Experiments

2.1. Setup

The experiments were carried out in a tilting flume 
with a length of 30 m, a width of 2 m, reduced to 
1 m, and a height of 0.8 m in the laboratory of the 
Leichtweiß-Institute for Hydraulic Engineering. The 
slope of the flume was adjusted to 0.5%.
The discharge is regulated with a valve at the inlet 
and measured with an IDM. The water level can be 
regulated by a weir at the end of the flume. On top 
of the flume is a CNC controlled carriage with a 3D 

traverse, equipped with three ultrasonic probes for 
scanning the bed topography.
About 20 m downstream of the flow straightener at 
the flume inlet a weir with a height of 7 cm and a 
width of 81 cm was installed. The HPM construction 
with a clearance of 15 cm was placed on the left side 
in flow direction (see Figure 1 & 2). The dimensions 
of the setup were chosen according to a 1:1 model 
which is built in the River Iskar in Bulgaria. The 
HPM construction had two side walls and a 10 cm 
wide water wheel with a hub diameter of 5 cm and 
straight blades of 7.5 cm length.

For the experiments, the backwater area upstream of 
the weir was filled with sediment parallel to the flume 
bed up to 1 cm below the weir crest and smoothed. 
The bottom of the HPM construction was 7 cm below 
the weir crest (see Figure 2). The sediment layer ended 
just in front of the wheel, so that a 6 cm high free 
layer resulted.

The sediment had to fulfil two criteria. It had to be 
small enough to enable mobile bed conditions and 
on the other hand it had to be coarse enough to avoid 
bed form development. Fine gravel with grain sizes 
from 2 to 6 mm and a medium diameter of 3.6 mm 
was chosen.

Figure 1. View of the weir with HPM from downstream.

2). The dimensions of the setup were chosen ac-
cording to a 1:1 model which is built in the River 
Iskar in Bulgaria. The HPM construction had two 
side walls and a 10 cm wide water wheel with a 
hub diameter of 5 cm and straight blades of 
7.5 cm length. 

 
Figure 1. View of the weir with HPM from downstream. 

For the experiments, the backwater area up-
stream of the weir was filled with sediment paral-
lel to the flume bed up to 1 cm below the weir 
crest and smoothed. The bottom of the HPM con-
struction was 7 cm below the weir crest (see Fig-
ure 2). The sediment layer ended just in front of 
the wheel, so that a 6 cm high free layer resulted. 

 
Figure 2. Side view of the weir installation (not scaled). 

The sediment had to fulfil two criteria. It had to 
be small enough to enable mobile bed conditions 
and on the other hand it had to be coarse enough 
to avoid bed form development. Fine gravel with 
grain sizes from 2 to 6 mm and a medium diame-
ter of 3.6 mm was chosen. 

2.2 Experimental procedure 
After preparing the bed surface, uniform flow 
conditions were adjusted for a certain discharge 
and held constant for 24 hours. At the beginning 
and end of a run the bed surface was scanned with 
ultrasonic probes to determine changes of the bed 
topography. The resolution of the scan was Δx = 
2 mm in longitudinal direction and Δy = 80 mm in 
lateral direction. The accuracy of the resulting 
height was ± 2 mm. An area of 498 cm length and 
88 cm width was scanned starting 2 cm upstream 
of the weir. The distance to the flume walls was 
6 cm on both sides. 

Flow velocities were measured with a micro 
propeller at the end of each experiment in cross-
sections 5 and 50 cm upstream of the weir. The 
lateral distance of the measuring points was 10 cm 
and the vertical position was 2 cm over the weir 
crest. 

The experimental discharges were chosen to 
0.5, 1, 1.2, and 1.5 times the critical discharge of 

the sediment Qcrit, which was determined to 33 l/s. 
At the highest discharge additional experiments 
were carried out with sediment feeding, a doubled 
wheel width and a changed position of the HPM 
using the standard as well as the wide wheel. The 
experimental parameters are summarized in Ta-
ble 1. 

 
Table 1. Experimental parameters. ______________________________________________ 
No. Q [l/s] Q/Qcrit [-] Comment ______________________________________________ 
1 16.5 0.5 - 
2 33 1 - 
3 40 1.2 - 
4 50 1.5 - 
5 50 1.5 Sediment feeding rate: 10 g/s 
6 50 1.5 HPM position changed 
7 50 1.5 Doubled HPM width 
8 50 1.5 Doubled HPM width and  
   changed position _____________________________________________ 
 

As aforementioned the experimental setup is 
geared to the 1:1 Iskar model. At that site the de-
sign discharge of the HPM is less than the avail-
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The sediment had to fulfil two criteria. It had to 
be small enough to enable mobile bed conditions 
and on the other hand it had to be coarse enough 
to avoid bed form development. Fine gravel with 
grain sizes from 2 to 6 mm and a medium diame-
ter of 3.6 mm was chosen. 

2.2 Experimental procedure 
After preparing the bed surface, uniform flow 
conditions were adjusted for a certain discharge 
and held constant for 24 hours. At the beginning 
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and the vertical position was 2 cm over the weir 
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The experimental discharges were chosen to 
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the sediment Qcrit, which was determined to 33 l/s. 
At the highest discharge additional experiments 
were carried out with sediment feeding, a doubled 
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using the standard as well as the wide wheel. The 
experimental parameters are summarized in Ta-
ble 1. 
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2.2. Experimental procedure

After preparing the bed surface, uniform flow 
conditions were adjusted for a certain discharge 
and held constant for 24 hours. At the beginning 
and end of a run the bed surface was scanned with 
ultrasonic probes to determine changes of the bed 
topography. The resolution of the scan was Δx = 2 mm 
in longitudinal direction and Δy = 80 mm in lateral 
direction. The accuracy of the resulting height was ± 
2 mm. An area of 498 cm length and 88 cm width 
was scanned starting 2 cm upstream of the weir. The 
distance to the flume walls was 6 cm on both sides.
Flow velocities were measured with a micro propeller 
at the end of each experiment in cross-sections 5 and 
50 cm upstream of the weir. The lateral distance of the 
measuring points was 10 cm and the vertical position 
was 2 cm over the weir crest.
The experimental discharges were chosen to 0.5, 1, 1.2, 
and 1.5 times the critical discharge of the sediment 
Qcrit, which was determined to 33 l/s. At the highest 
discharge additional experiments were carried out 
with sediment feeding, a doubled wheel width and a 
changed position of the HPM using the standard as 
well as the wide wheel. The experimental parameters 
are summarized in Table 1.

As aforementioned the experimental setup is geared to 
the 1:1 Iskar model. At that site the design discharge 
of the HPM is less than the available discharge and 
a percentage of water is almost always flowing over 
the weir. Also in the laboratory experiments only a 
part of the discharge (6 to 7 l/s) was flowing through 
the HPM and most of the discharge passed the weir.

3. Results

The area upstream of the HPM was nearly unaffected 
in the experiments with discharges up to 1.2 Qcrit. The 
remaining weir height of only 1 cm above the bed 
surface was high enough to cause a backwater which 
reduced the shear stress to a value smaller than the 
critical shear stress of the bed material. The sediment 
was eroded only very locally in the vicinity upstream 
of the HPM.
At a discharge of 1.5·Qcrit a scour occurred in front 
of the HPM (see Figures 3 & 4) with a maximum 
scour depth of 7 cm, i.e. 1 cm below the top of the 
HPM bottom.

The experiment was repeated with additional sediment 
feeding resulting in a smaller and less deep scour (see 
Figure 4). In experiment No. 5 the scour length was 
8 cm and the maximum depth 5 cm compared to 
20 cm length and 7 cm depth in experiment No. 4. 
The width of the scour was similar with 29 cm and 
30 cm, respectively. Due to the feeding the transport 
rate was higher in the feeding experiment and thus 
sediment eroded in front of the HPM was replaced 
by incoming material. In the feeding experiment also 
the bed topography further upstream was modified by 
incoming sediment. A shallow gravel bar developed 
upstream of the HPM and a narrow channel was 
eroded in the middle of the flume which widened 
towards the weir.
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lateral distance of the measuring points was 10 cm 
and the vertical position was 2 cm over the weir 
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The experimental discharges were chosen to 
0.5, 1, 1.2, and 1.5 times the critical discharge of 

the sediment Qcrit, which was determined to 33 l/s. 
At the highest discharge additional experiments 
were carried out with sediment feeding, a doubled 
wheel width and a changed position of the HPM 
using the standard as well as the wide wheel. The 
experimental parameters are summarized in Ta-
ble 1. 
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able discharge and a percentage of water is almost 
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1.2 Qcrit. The remaining weir height of only 1 cm 
above the bed surface was high enough to cause a 
backwater which reduced the shear stress to a 
value smaller than the critical shear stress of the 
bed material. The sediment was eroded only very 
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flow was decelerated in front of the wheel and directed 
towards the right side. A horizontal eddy developed 
which was almost symmetrically if the HPM was 
positioned in the middle of the flume. Sediment 
which entered this area or was mobilised in front 
of the wheel was transported to the right side of the 
HPM (both sides in case of No. 6 and 8) and passed 
the weir. Thus, no sediment was transported through 
the water wheel.

The deceleration of the flow due to the water wheel 
is evident in Figure 6. Flow velocities measured in 
two cross-sections, 5 cm and 50 cm upstream of the 
construction, are shown for the four experiments 
summarised in Table 2.
In the experiments with the HPM positioned at 
the left flume wall the velocities 50 cm upstream 
of the construction are only slightly smaller in the 
left half of the flume than in the right half. In case 
of the HPM positioned in the middle of the flume 
its influence on the flow field is recognizable in a 
distance 50 cm upstream but still small. However, 
close to the construction the velocities decreased 
dramatically in front of the wheel depending on the 
width of the HPM. The smaller HPM resulted in 
a lower minimum velocity but the lateral influence 

Placing the HPM in the middle of the flume instead 
of at the left flume side (experiment No. 6 compared 
to No. 4) did not cause remarkable changes in scour 
size and depth. However, the scour width was limited 
by the left flume wall in experiment No. 4 (and 7) 
but developed symmetrically in experiment No. 6 
(and 8). To compare the experiments with changed 
positions only the extent of the scour on the right side 
of the HPM is given in Table 2 but not the total scour 
width. Moreover the scour depth of the according 
experiments is summarised in Table 2. The lengths 
of the scours was almost constant (about 20 cm) 
throughout the experiments.
The experiments with the doubled wheel width 
(clearance of 25 cm) caused deeper scours. Also the 
extent of the scours increased due to the wider opening 
(see Table 2). Moreover the extent of the scour was 
larger in experiment No. 7 than in No. 8.

A visualisation of the streamlines exemplarily shown 
for experiment No. 4 is presented in Figure 5. The 

Figure 4. Bed topography upstream of the weir with and 
without sediment feeding at 1.5 Qcrit. Flow direction is from 
top to down, the HPM position is on the lower right side 
(Origin of vertical coordinate is at weir height).

deep scour (see Figure 4). In experiment No. 5 the 
scour length was 8 cm and the maximum depth 
5 cm compared to 20 cm length and 7 cm depth in 
experiment No. 4. The width of the scour was 
similar with 29 cm and 30 cm, respectively. Due 
to the feeding the transport rate was higher in the 
feeding experiment and thus sediment eroded in 
front of the HPM was replaced by incoming mate-
rial. In the feeding experiment also the bed topog-
raphy further upstream was modified by incoming 
sediment. A shallow gravel bar developed up-
stream of the HPM and a narrow channel was 
eroded in the middle of the flume which widened 
towards the weir. 

 
Figure 4. Bed topography upstream of the weir with and 
without sediment feeding at 1.5 Qcrit. Flow direction is from 
top to down, the HPM position is on the lower right side 
(Origin of vertical coordinate is at weir height). 

Placing the HPM in the middle of the flume in-
stead of at the left flume side (experiment No. 6 
compared to No. 4) did not cause remarkable 
changes in scour size and depth. However, the 
scour width was limited by the left flume wall in 
experiment No. 4 (and 7) but developed symmet-
rically in experiment No. 6 (and 8). To compare 
the experiments with changed positions only the 
extent of the scour on the right side of the HPM is 
given in Table 2 but not the total scour width. 
Moreover the scour depth of the according ex-
periments is summarised in Table 2. The lengths 
of the scours was almost constant (about 20 cm) 
throughout the experiments. 

The experiments with the doubled wheel width 
(clearance of 25 cm) caused deeper scours. Also 
the extent of the scours increased due to the wider 
opening (see Table 2). Moreover the extent of the 
scour was larger in experiment No. 7 than in 
No. 8. 

 
Table 2. Scour depth and extent depending on width and po-
sition of the HPM construction. ______________________________________________ 
No. HPM wídth / position Scour depth Scour extent 
   [cm] [cm] ______________________________________________ 
4 small / left 7.0 16.5 
6 small / middle 6.7 17.0 
7 large / left 7.8 28.5 
8 large / middle 7.4 20.5 _____________________________________________ 
 

A visualisation of the streamlines exemplarily 
shown for experiment No. 4 is presented in Fig-
ure 5. The flow was decelerated in front of the 
wheel and directed towards the right side. A hori-
zontal eddy developed which was almost symmet-
rically if the HPM was positioned in the middle of 
the flume. Sediment which entered this area or 
was mobilised in front of the wheel was trans-
ported to the right side of the HPM (both sides in 
case of No. 6 and 8) and passed the weir. Thus, no 
sediment was transported through the water 
wheel. 

 
Figure 5. Stream lines upstream of the HPM visualized with 
paper tracers for experiment No. 4. 

The deceleration of the flow due to the water 
wheel is evident in Figure 6. Flow velocities 
measured in two cross-sections, 5 cm and 50 cm 
upstream of the construction, are shown for the 
four experiments summarised in Table 2. 

In the experiments with the HPM positioned at 
the left flume wall the velocities 50 cm upstream 
of the construction are only slightly smaller in the 
left half of the flume than in the right half. In case 
of the HPM positioned in the middle of the flume 
its influence on the flow field is recognizable in a 
distance 50 cm upstream but still small. However, 
close to the construction the velocities decreased 
dramatically in front of the wheel depending on 
the width of the HPM. The smaller HPM resulted 
in a lower minimum velocity but the lateral influ-
ence was sharply limited. The limited influence on 
the flow velocities explains the smaller width of 
the scour compared to the experiments with the 
large HPM. However, in general the flow veloci-
ties were lower in the experiments with the large 
HPM which was confirmed by measurements of 
the water level. The water depth was 1 cm higher 
in the large HPM experiments than in the small 
HPM experiments.  
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stead of at the left flume side (experiment No. 6 
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of the construction are only slightly smaller in the 
left half of the flume than in the right half. In case 
of the HPM positioned in the middle of the flume 
its influence on the flow field is recognizable in a 
distance 50 cm upstream but still small. However, 
close to the construction the velocities decreased 
dramatically in front of the wheel depending on 
the width of the HPM. The smaller HPM resulted 
in a lower minimum velocity but the lateral influ-
ence was sharply limited. The limited influence on 
the flow velocities explains the smaller width of 
the scour compared to the experiments with the 
large HPM. However, in general the flow veloci-
ties were lower in the experiments with the large 
HPM which was confirmed by measurements of 
the water level. The water depth was 1 cm higher 
in the large HPM experiments than in the small 
HPM experiments.  

 

Figure 5. Stream lines upstream of the HPM visualized 
with paper tracers for experiment No. 4.
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within the cross-section, and the width of the HPM 
were changed. One experiment was carried out with 
sediment feeding. Changes in the bed topography 
were determined by scanning the bed with ultrasonic 
probes after the discharge was held constant for 24 
hours. The flow velocity was measured in two cross-
sections with a micro propeller.
Up to a discharge of 1.2 Qcrit (critical discharge of 
the bed material) the changes in the bed topography 
were negligible. It has to be noted that due to the 
experimental setup only a part of the discharge passed 
the HPM but most of it was flowing over the weir.
At a discharge of 1.5 Qcrit, scouring occurred in 
front of the HPM. The scour was wider than the 
HPM depending on the width of the HPM. Also 
the maximum scour depth depended on the width 
of the HPM. However, the length of the scour 
remained almost constant except for the experiment 
with sediment feeding. The scour length as well as 
its depth was less than in the according experiment 
without feeding, because incoming sediment replaced 
the eroded bed material.
Flow visualization as well as velocity measurements 
showed that the flow was decelerated in front of the 
HPM. The development of a horizontal eddy was 
observed during the experiments. Sediment particles 
transported towards the HPM were pushed backwards 
by turbulences induced by the straight blades of the 
HPM and directed towards the side(s) of the HPM 
where they passed the weir. Correspondingly no 
particles passed the HPM during the experiments.
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was sharply limited. The limited influence on the 
flow velocities explains the smaller width of the 
scour compared to the experiments with the large 
HPM. However, in general the flow velocities were 
lower in the experiments with the large HPM which 
was confirmed by measurements of the water level. 
The water depth was 1 cm higher in the large HPM 
experiments than in the small HPM experiments. 

4. Summary

Hydraulic model tests were performed to investigate 
the impact of the installation of a hydraulic pressure 
machine (HPM) in an existing weir on the upstream 
bed topography and velocity field.
Laboratory experiments were carried out in a flume 
with movable bed consisting of well sorted fine 
gravel. The discharge, the position of the HPM 

Figure 6. Flow velocities measured 5 and 50 cm upstream 
of the weir. The dashed lines show the side walls of the 
HPM construction.

 

 
Figure 6. Flow velocities measured 5 and 50 cm upstream of 
the weir. The dashed lines show the side walls of the HPM 
construction. 

4 SUMMARY 

Hydraulic model tests were performed to investi-
gate the impact of the installation of a hydraulic 
pressure machine (HPM) in an existing weir on 
the upstream bed topography and velocity field. 

Laboratory experiments were carried out in a 
flume with movable bed consisting of well sorted 
fine gravel. The discharge, the position of the 
HPM within the cross-section, and the width of 
the HPM were changed. One experiment was car-
ried out with sediment feeding. Changes in the 
bed topography were determined by scanning the 
bed with ultrasonic probes after the discharge was 
held constant for 24 hours. The flow velocity was 
measured in two cross-sections with a micro pro-
peller. 

Up to a discharge of 1.2 Qcrit (critical discharge 
of the bed material) the changes in the bed topog-
raphy were negligible. It has to be noted that due 
to the experimental setup only a part of the dis-
charge passed the HPM but most of it was flowing 
over the weir. 

At a discharge of 1.5 Qcrit, scouring occurred in 
front of the HPM. The scour was wider than the 
HPM depending on the width of the HPM. Also 
the maximum scour depth depended on the width 
of the HPM. However, the length of the scour re-
mained almost constant except for the experiment 
with sediment feeding. The scour length as well as 
its depth was less than in the according experi-
ment without feeding, because incoming sediment 
replaced the eroded bed material. 

Flow visualization as well as velocity meas-
urements showed that the flow was decelerated in 
front of the HPM. The development of a horizon-
tal eddy was observed during the experiments. 
Sediment particles transported towards the HPM 
were pushed backwards by turbulences induced 
by the straight blades of the HPM and directed 
towards the side(s) of the HPM where they passed 
the weir. Correspondingly no particles passed the 
HPM during the experiments. 

ACKNOWLEDGEMENTS 

The research leading to these results has received 
funding from the European Community's Seventh 
Framework Programme (FP7/2007-2013) under 
grant agreement No°212423. 

REFERENCES 

Müller, G. (2009): Recent developments in hydropower with 
very low head differences. 33rd IAHR Congress: Water 
Engineering for a sustainable Environment, 2012-2018. 

Müller, G., 2009. Recent developments 
in hydropower with very low 
head differences. 33rd IAHR 

Congress: Water Engineering 
for a sustainable Environment: 
2012-2018.

 References

Changes of bed topography upstream of small hydropower installations





  
●  2

 
  
  
  

EUROMECH Colloquium 523
Clermont-Ferrand, France, 15-17 June 2011

ISBN - 978-2-84516-529-8

 
Stream barb performance  

in a semi-alluvial meandering channel

E.C. JAMIESON1, C.D. RENNIE1  
& R.D. TOWNSEND1

ABSTRACT. A series of seven stream barbs were installed in two consecutive channel bends of 
Sawmill Creek, a semi-alluvial steam in Ottawa, Canada. Stream barbs (also known as submerged 
groynes) are low-profile linear rock structures that project out from the bank (in an upstream 
direction) to redirect flow and prevent erosion of the bank. As well as providing bank protection, 
these structures promote vegetated stream banks, create scour hole resting pools for fish habitat, 
and can increase bio-diversity of aquatic species. Despite these benefits, stream barbs are not a 
common means of stream bank protection in Canada and possibly non-existent for semi-alluvial 
or clay channels. Flow conditions (discharge, water velocity distribution, and depth) using Acoustic 
Doppler Velocimeters and an acoustic Doppler current profiler, bathymetry using a Total Station, 
and fish habitat have been measured for three years, both before (2 years) and after (1 year) the 
construction of the barbs, providing valuable data for understanding stream barb performance in a 
semi-alluvial channel. Sawmill Creek has bed and banks predominately composed of consolidated 
clay, presenting a rare opportunity to study the unique dynamics between flow and sediment 
transport within a clay channel. This paper reports on (i) the unique site conditions and monitoring 
methodology; (ii) preliminary results of the 3 year monitoring program; (iii) recommendations 
for future design and implementation of these structures.

KEYWORDS: stream barb, submerged groyne, channel bend, field measurements, clay.

1. Department of Civil Engineering, University of Ottawa, Ottawa, Canada.
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1. Introduction

Stream barbs are a relatively new form of bank 
protection that, unlike traditional emergent groynes, 
are designed as low-profile linear rock structures that 
allow continuous overtopping weir-type flow at bankfull 
(or higher) water levels. Barbs extend in an upstream 
direction away from the bank into the flow, and are 
typically anchored, in series, to the outside bank in 
bends (USDA, 2005). This configuration redirects the 
attacking current away from the outer bank towards the 
center of the channel. Unlike traditional bank protection 
measures (e.g. riprap, concrete paving, gabion walls), 
these structures require less material, promote vegetated 
stream banks, create resting pools and scour holes 
for fish habitat, and increase bio-diversity for aquatic 
species (Shields et al., 2000). However, the suitability 
of these structures in semi-alluvial streams, where the 
erosion and transport of cohesive soils is difficult to 
understand and predict, remains unknown. Until now, 
the available case studies have been predominately for 
the West and Midwestern United States, where alluvial 
(sand and gravel) rivers predominate.

Site Information

Sawmill Creek is an urban, meandering stream located 
in Ottawa, Ontario, Canada. The creek has a total 
watershed area of 27.7 km2 and approximate length of 
10 km. The watershed is highly urbanized and responds 
quickly to rainfall. The creek is a predominately clay 
bed channel, with a mix of coarse sand and gravel 
in the riffles. Soil samples from the site were used to 
estimate sediment properties (clay content = 14%) and 
average critical shear stress (14.7 Pa) of the cohesive 
material (Cossette & Mazurek, submitted).
In September 2009, a series of seven stream barbs 
were installed in Sawmill Creek to protect two eroding 
channel banks and to serve as a demonstration project 
for the use of these structures in a semi-alluvial 
channel. Three barbs placed in the first (upstream) 
bend (Figure 1), and four barbs were placed in the 
proceeding (downstream) bend (Figure 2).
The barbs were constructed using large rock riprap 
(500 mm ≤ d50 ≤ 600 mm), with additional smaller 

Figure 2. Plan view of “as-built” stream barb layout. Surveyed 
Transects (T) are numbered in the upstream direction. Barbs 
(B) are numbered in the downstream direction. Contour 
lines are at 0.1 m intervals.

first (upstream) bend (Figure 1), and four barbs 
were placed in the proceeding (downstream) bend 
(Figure 2). 

 
Figure 1. Stream barbs at Sawmill Creek. Photo taken on 9 
Nov. 2009, during low flow conditions. Barbs are numbered 
in the downstream direction. 

 
Figure 2. Plan view of “as-built” stream barb layout. Sur-
veyed Transects (T) are numbered in the upstream direction. 
Barbs (B) are numbered in the downstream direction. Con-
tour lines are at 0.1 m intervals. 

The barbs were constructed using large rock 
riprap (500 mm ≤ d50 ≤ 600 mm), with additional 
smaller riprap (d50 ~ 230 mm) placed along the 
bank side slope (50 % above/below bankfull) up-

stream of each barb to provide additional protec-
tion in these areas. Additional field site informa-
tion and barb design details are provided in 
Jamieson et al. (2009). 

2 MONITORING DATA AND RESULTS 

2.1 Discharge and Water Levels 
Discharge data were collected for three years 
(2008-2010) at a stream gauging station approxi-
mately 1.2 km downstream of the study site, 
where the contributing watershed at the site is 
92% of the watershed at the gauge. Discharge es-
timates were based on stage data recorded con-
tinuously each season (~April to November) at 15 
minute intervals using a HOBO water level logger 
(submersible pressure transducer). Data indicated 
that Sawmill Creek responds quickly to rainfall, 
experiencing large and rapid fluctuations in dis-
charge and water depth following heavy rainfall 
events. Extreme summer rain events may even ex-
ceed the spring freshet. 

Continuous water level measurements were 
collected during the same three seasons (2008-
2010) using two HOBO water level loggers lo-
cated upstream and downstream of the study site 
(i.e. just upstream of T23 and just downstream of 
T1, Figure 2). The loggers were used to monitor 
local water surface elevation and temperature at 
15 minute intervals. The use of two loggers pro-
vided an estimate of water surface slope through 
the barb site, with which average bed shear stress 
was calculated.   

Prior to barb construction mean water surface 
slope was 0.004, while with barbs the mean was 
0.002, with the means being statistically different 
at the 95% confidence interval.  It appears that 
removal of within-channel debris during barb con-
struction resulted in reduced upstream water 
depths. 

2.2 Bathymetry
Topographic surveys were conducted (using a To-
tal Station) to monitor any changes in bathymetry 
and barb layout at the study site. Three annual 
surveys were performed; before (2007 and 2009) 
and after (2010) the installation of barbs. The an-
nual surveys were conducted over a period of 2-3 
days in November of each year. The surveyed sec-
tions (transects) are presented in Figure 2. Results 
from the 2009 survey are considered to represent 
“as-built” conditions as very little time had passed 
between barb construction and the survey, and no 
extreme rainfall or flow events occurred between 
these activities. Transect locations were selected 

Figure 1. Stream barbs at Sawmill Creek. Photo taken on 9 
Nov. 2009, during low flow conditions. Barbs are numbered 
in the downstream direction.

first (upstream) bend (Figure 1), and four barbs 
were placed in the proceeding (downstream) bend 
(Figure 2). 

 
Figure 1. Stream barbs at Sawmill Creek. Photo taken on 9 
Nov. 2009, during low flow conditions. Barbs are numbered 
in the downstream direction. 

 
Figure 2. Plan view of “as-built” stream barb layout. Sur-
veyed Transects (T) are numbered in the upstream direction. 
Barbs (B) are numbered in the downstream direction. Con-
tour lines are at 0.1 m intervals. 

The barbs were constructed using large rock 
riprap (500 mm ≤ d50 ≤ 600 mm), with additional 
smaller riprap (d50 ~ 230 mm) placed along the 
bank side slope (50 % above/below bankfull) up-

stream of each barb to provide additional protec-
tion in these areas. Additional field site informa-
tion and barb design details are provided in 
Jamieson et al. (2009). 

2 MONITORING DATA AND RESULTS 

2.1 Discharge and Water Levels 
Discharge data were collected for three years 
(2008-2010) at a stream gauging station approxi-
mately 1.2 km downstream of the study site, 
where the contributing watershed at the site is 
92% of the watershed at the gauge. Discharge es-
timates were based on stage data recorded con-
tinuously each season (~April to November) at 15 
minute intervals using a HOBO water level logger 
(submersible pressure transducer). Data indicated 
that Sawmill Creek responds quickly to rainfall, 
experiencing large and rapid fluctuations in dis-
charge and water depth following heavy rainfall 
events. Extreme summer rain events may even ex-
ceed the spring freshet. 

Continuous water level measurements were 
collected during the same three seasons (2008-
2010) using two HOBO water level loggers lo-
cated upstream and downstream of the study site 
(i.e. just upstream of T23 and just downstream of 
T1, Figure 2). The loggers were used to monitor 
local water surface elevation and temperature at 
15 minute intervals. The use of two loggers pro-
vided an estimate of water surface slope through 
the barb site, with which average bed shear stress 
was calculated.   

Prior to barb construction mean water surface 
slope was 0.004, while with barbs the mean was 
0.002, with the means being statistically different 
at the 95% confidence interval.  It appears that 
removal of within-channel debris during barb con-
struction resulted in reduced upstream water 
depths. 

2.2 Bathymetry
Topographic surveys were conducted (using a To-
tal Station) to monitor any changes in bathymetry 
and barb layout at the study site. Three annual 
surveys were performed; before (2007 and 2009) 
and after (2010) the installation of barbs. The an-
nual surveys were conducted over a period of 2-3 
days in November of each year. The surveyed sec-
tions (transects) are presented in Figure 2. Results 
from the 2009 survey are considered to represent 
“as-built” conditions as very little time had passed 
between barb construction and the survey, and no 
extreme rainfall or flow events occurred between 
these activities. Transect locations were selected 
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riprap (d50 ~ 230 mm) placed along the bank side 
slope (50% above/below bankfull) upstream of each 
barb to provide additional protection in these areas. 
Additional field site information and barb design 
details are provided in Jamieson et al. (2009).

2. Monitoring data and results

2.1. Discharge and Water Levels

Discharge data were collected for three years (2008-
2010) at a stream gauging station approximately 
1.2 km downstream of the study site, where the 
contributing watershed at the site is 92% of the 
watershed at the gauge. Discharge estimates were 
based on stage data recorded continuously each season 
(~April to November) at 15 minute intervals using 
a HOBO water level logger (submersible pressure 
transducer). Data indicated that Sawmill Creek 
responds quickly to rainfall, experiencing large and 
rapid fluctuations in discharge and water depth 
following heavy rainfall events. Extreme summer 
rain events may even exceed the spring freshet.
Continuous water level measurements were collected 
during the same three seasons (2008-2010) using 
two HOBO water level loggers located upstream and 
downstream of the study site (i.e. just upstream of T23 
and just downstream of T1, Figure 2). The loggers 
were used to monitor local water surface elevation and 
temperature at 15 minute intervals. The use of two 
loggers provided an estimate of water surface slope 
through the barb site, with which average bed shear 
stress was calculated. 
Prior to barb construction mean water surface slope 
was 0.004, while with barbs the mean was 0.002, 
with the means being statistically different at the 95% 
confidence interval. It appears that removal of within-
channel debris during barb construction resulted in 
reduced upstream water depths.

2.2. Bathymetry

Topographic surveys were conducted (using a Total 
Station) to monitor any changes in bathymetry and 

barb layout at the study site. Three annual surveys 
were performed; before (2007 and 2009) and after 
(2010) the installation of barbs. The annual surveys 
were conducted over a period of 2-3 days in November 
of each year. The surveyed sections (transects) are 
presented in Figure 2. Results from the 2009 survey 
are considered to represent “as-built” conditions as 
very little time had passed between barb construction 
and the survey, and no extreme rainfall or flow events 
occurred between these activities. Transect locations 
were selected to monitor changes immediately 
upstream and downstream of each barb, and in the 
zones between adjacent barbs. Barb boundaries and 
crest elevations were also surveyed to confirm “as-built” 
barb dimensions (Figure 2). Additional surveys were 
carried out at T21 and T22 on five different days 
throughout the summer of 2009 (corresponding to 
the ADV measurement days), to track bathymetric 
changes associated with individual flow events and 
to provide a boundary for the ADV data at these 
transects.
Cross-sectional data are presented in Figure 3 for the 
first bend (T23 – T18) for 2009 and 2010, such that 
change in bathymetry following barb installation can 
be discerned. The greatest amount of bed level change 
occurred in sections T23 and T22 in the center of the 
channel, where the bed elevation dropped ~ 0.2 m 
from 2009 to 2010. It appears the barb installation 
successfully resulted in scour in the channel centre.

2.3. Water Velocity Distribution

Two different instruments were used to capture the 
distribution of water velocity in the creek: SonTek’s 
M9 RiverSurveyor Acoustic Doppler Profiler (ADP) 
and Nortek’s Vectrino Acoustic Doppler Velocimeter 
(ADV). The ADP was mounted to a small boat to map 
the 3-D flow field and depth of the study site, and 
allowed for relatively quick and easy deployment in 
the field (3-4 hours), which was critical for collecting 
spatial surveys of an urban creek that responds rapidly to 
heavy rainfall events, to ensure that data were collected 
for relatively steady flow conditions and water levels.
ADVs were used to capture highly detailed 3-D flow 
features and turbulence data at individual cross-
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they still demonstrate qualitative changes in spatial 
trends in water velocity due to the presence of the 
barbs. The velocity contours show that without barbs 
(2009-09-09 survey) the core of maximum velocity 
was along the outer (left) bank, with maximum 
velocity located near the bend exit or cross-over, 
between transects T19 and T17. With barbs (2009-
11-21 and 2010-03-01), velocity magnitude along 
the outer bank was reduced and maximum velocity 
(while still near the bend exit (T16) in 2010-03-
01) was shifted away from the bank and towards 
the center of the channel. The one exception was a 
portion of the outer bank on 2010-03-01, between 
T21 and T19, where a region of high velocity was 
found between regions of low velocity. This location 
is in the vicinity of the second barb (B2), and suggests 
that bank protection immediately downstream of 
each barb would be beneficial. The two regions of low 
velocity correspond with flow in the vicinity of B1 
(T22) and B3 (T17), where the velocity reduction was 
assumed to result from the presence of these barbs. 
In all three surveys, flow at the inner (right) bank at 
the bend entrance was near zero.

2.4. Fish Habitat

Fish and fish habitat were surveyed over a three-
year period (2008-2010) by the City of Ottawa 
Water Environment Protection Program (WEPP) 
in cooperation with the Rideau Valley Conservation 
Authority (RVCA) and the University of Ottawa. 
WEPP monitoring assessed temporal and spatial 
fish and fish habitat conditions throughout both 
the study area and a reference control downstream 
reach in order to determine pre- and post-barb 
construction conditions of the aquatic ecosystem at 
the study site. Survey of each study reach occurred in 
late summer, and included physical habitat, the fish 
community, the benthos community, water chemistry, 
hydrology and temperature Fish were collected by 
electrofishing sweeps of the entire study reach. The 
purpose of the 2008 and 2009 data (prior to stream 
barb construction), was to provide baseline data with 
which to compare post construction sampling results 
(2010 data and beyond). At present, only the pre-

sections in the vicinity of the first barb (T22 and T21, 
Figure 2), before the barbs were built (i.e. summer 
2009). Three ADVs were mounted to a temporary 
aluminum platform spanning the channel and used 
to measure 3-D velocity and turbulence at individual 
points. For each measurement day (and therefore 
flow event) one cross-section of detailed velocity and 
turbulence data were obtained. Post-barb ADV data 
are still to be collected. 
The ADP results are shown in Figure 4. While the 
surveys were not conducted at equivalent discharge, 

to monitor changes immediately upstream and 
downstream of each barb, and in the zones be-
tween adjacent barbs. Barb boundaries and crest 
elevations were also surveyed to confirm “as-
built” barb dimensions (Figure 2). Additional sur-
veys were carried out at T21 and T22 on five dif-
ferent days throughout the summer of 2009 (cor-
responding to the ADV measurement days), to 
track bathymetric changes associated with indi-
vidual flow events and to provide a boundary for 
the ADV data at these transects. 

Cross-sectional data are presented in Figure 3 
for the first bend (T23 – T18) for 2009 and 2010, 
such that change in bathymetry following barb in-
stallation can be discerned.  The greatest amount 
of bed level change occurred in sections T23 and 
T22 in the center of the channel, where the bed 
elevation dropped ~ 0.2 m from 2009 to 2010.  It 
appears the barb installation successfully resulted 
in scour in the channel centre. 

Figure 3. Bathymetry sections as-built (2009) and after one 
year (2010).  Dashed circles indicate locations of bathymet-
ric change. 

2.3 Water Velocity Distribution 
Two different instruments were used to capture 
the distribution of water velocity in the creek: 
SonTek’s M9 RiverSurveyor Acoustic Doppler 
Profiler (ADP) and Nortek’s Vectrino Acoustic 
Doppler Velocimeter (ADV). The ADP was 
mounted to a small boat to map the 3-D flow field 
and depth of the study site, and allowed for rela-
tively quick and easy deployment in the field (3-4 
hours), which was critical for collecting spatial 
surveys of an urban creek that responds rapidly to 
heavy rainfall events, to ensure that data were col-
lected for relatively steady flow conditions and 
water levels. 

ADVs were used to capture highly detailed 3-D 
flow features and turbulence data at individual 
cross-sections in the vicinity of the first barb (T22 
and T21, Figure 2), before the barbs were built 
(i.e. summer 2009). Three ADVs were mounted to 
a temporary aluminum platform spanning the 
channel and used to measure 3-D velocity and tur-
bulence at individual points. For each measure-
ment day (and therefore flow event) one cross-
section of detailed velocity and turbulence data 
were obtained.  Post-barb ADV data are still to be 
collected.  

The ADP results are shown in Figure 4. While 
the surveys were not conducted at equivalent dis-
charge, they still demonstrate qualitative changes 
in spatial trends in water velocity due to the pres-
ence of the barbs. The velocity contours show that 
without barbs (2009-09-09 survey) the core of 
maximum velocity was along the outer (left) bank, 
with maximum velocity located near the bend exit 
or cross-over, between transects T19 and T17. 
With barbs (2009-11-21 and 2010-03-01), veloc-
ity magnitude along the outer bank was reduced 
and maximum velocity (while still near the bend 
exit (T16) in 2010-03-01) was shifted away from 
the bank and towards the center of the channel. 
The one exception was a portion of the outer bank 
on 2010-03-01, between T21 and T19, where a 
region of high velocity was found between re-
gions of low velocity. This location is in the vicin-
ity of the second barb (B2), and suggests that bank 
protection immediately downstream of each barb 
would be beneficial. The two regions of low ve-
locity correspond with flow in the vicinity of B1 
(T22) and B3 (T17), where the velocity reduction 
was assumed to result from the presence of these 
barbs. In all three surveys, flow at the inner (right) 
bank at the bend entrance was near zero. 

Figure 3. Bathymetry sections as-built (2009) and after one 
year (2010). Dashed circles indicate locations of bathymetric 
change.
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successfully (1) reduced velocity magnitude along the 
outer bank, particularly at lower flows; (2) shifted the 
high velocity core to the centre of the channel; (3) did 
not alter the inner bank flow field; and (4) produced 
some mid-channel scour, but in general caused little 
to no change in bed and bank topography, suggesting 
that semi-alluvial clay channels are relatively resistant 
to change.

construction data are available, which indicate that 
five fish species utilize the study reach.

3. Conclusions

The interim results of our field monitoring program 
indicate that the installation of barbs at Sawmill Creek 
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Figure 4. Contours of near surface horizontal velocity magnitude (m/s) for three different spatial surveys (no barbs, Sept. 9, 
2009 (Q ~ 0.1 m3/s); and with barbs, Nov. 21, 2009 (Q ~ 0.3 m3/s) and March 1, 2010 (Q ~ 0.50 m3/s)).

Figure 4. Contours of near surface horizontal velocity mag-
nitude (m/s) for three different spatial surveys (no barbs, 
Sept. 9, 2009 (Q ~ 0.1 m3/s); and with barbs, Nov. 21, 2009 
(Q ~ 0.3 m3/s) and March 1, 2010 (Q ~ 0.50 m3/s)). 

2.4 Fish Habitat 

Fish and fish habitat were surveyed over a 
three-year period (2008-2010) by the City of Ot-
tawa Water Environment Protection Program 
(WEPP) in cooperation with the Rideau Valley 
Conservation Authority (RVCA) and the Univer-
sity of Ottawa. WEPP monitoring assessed tempo-
ral and spatial fish and fish habitat conditions 
throughout both the study area and a reference 
control downstream reach in order to determine 
pre- and post-barb construction conditions of the 
aquatic ecosystem at the study site.  Survey of 
each study reach occurred in late summer, and in-
cluded physical habitat, the fish community, the 
benthos community, water chemistry, hydrology 
and temperature Fish were collected by elec-
trofishing sweeps of the entire study reach. The 
purpose of the 2008 and 2009 data (prior to 
stream barb construction), was to provide baseline 
data with which to compare post construction 
sampling results (2010 data and beyond).  At pre-
sent, only the pre-construction data are available, 
which indicate that five fish species utilize the 
study reach.  

3 CONCLUSIONS 

The interim results of our field monitoring pro-
gram indicate that the installation of barbs at 
Sawmill Creek successfully (1) reduced velocity 
magnitude along the outer bank, particularly at 
lower flows; (2) shifted the high velocity core to 
the centre of the channel; (3) did not alter the in-
ner bank flow field; and (4) produced some mid-
channel scour, but  in general caused little to no 
change in bed and bank topography, suggesting 
that semi-alluvial clay channels are relatively re-
sistant to change. 
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KEYNOTE LECTURE 
Multidimensionality of the fish habitat: 

known or too complex?

S. SCHMUTZ1

ABSTRACT. Although the complexity and multidimensionality of fish habitat have been recognised 
since decades most of research has focused on micro habitat of single species. While the importance 
of temporal and spatial scales is considered in theoretical habitat concepts, research demonstrating the 
relative contribu-tion of different scales to the overall viability of fish populations and communities is 
still widely missing. Field data, although often considered as inappropriate for analysing mechanistic 
processes, are valuable if (1) multiple scales are incorporated, (2) appropriate environmental 
gradients covered, (3) large sample sizes are used to detangle different effects, and (4) comparative 
experimental data are available. Com-bined approaches incorporating multi-scale habitat assessment, 
hydrological drivers, population and community structure and dynamics are necessary for a better 
understanding of the multidimensionality and complexity of the fish habitat.
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Does boulder placement improve habitat for stream fish?

I. BOAVIDA1, A. PINHEIRO1,  
J. SANTOS2 & T. FERREIRA2

ABSTRACT. River ecosystems have witnessed a long history of human pressure, particularly the 
disruption of freshwater fish populations. The construction of hydraulic structures, such as dams 
and weirs, affects the flow depth, velocity, substrate sedimentation and erosion, as well as the 
water quality. As a result, the downstream habitats are often severely disturbed. The awareness of 
this situation has led to many habitat improvement projects, with a variable degree of success. In 
this study we present a rehabilitation program that was undertaken in a modified Mediterranean 
river segment located immediately downstream a hydroelectric dam to improve the habitat of 
different life-stages of the Iberian barbel Barbus bocagei and the Iberian straight-mouth nase 
Pseudochondrostoma polylepis. Boulder placement was the enhancement measure chosen for this 
disturbed segment, since they are common natural features in this type-stream. We used the River 
2D model to evaluate the potential habitat improvement for different boulder size scenarios. This 
model is able to integrate the habitat suitability curves for fish with the simulated depth and velocity 
fields and the river-bed characteristics of substrate and cover, outputting the weighted usable area 
(WUA), therefore predicting the potential habitat for fish in the river. The findings of this study 
point to the need to take into account the previous reference conditions to more feasibly design 
and implement the widely known habitat enhancement techniques.

KEYWORDS: Instream structures, boulder placement, fish habitat, 2D model.

1. Instituto Superior Técnico, Universidade Técnica de Lisboa, Portugal.
2. Instituto Superior de Agronomia, Universidade Técnica de Lisboa, Portugal.
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1. Introduction

The placement of instream structures (IS) has become 
a widespread rehabilitation measure to improve 
habitat and increase biodiversity as a response to the 
degradation of habitats from human intervention 
(Roni et al., 2005; Cowx & Welcomme, 1998). 
Numerous studies regarding the use of IS, with 
different degrees of success, have been published. 
Whiteway et al. (2010), on his review over IS for river 
rehabilitation, reported several reasons for projects 
failure in increasing fish biodiversity. One pointed 
reason was poor study design, due to the lack of a 
basis for reference, or the reference poorly chosen. 
Some researchers defend that rehabilitation measures 
should be based on a reference stream to ensure a 
better practice and to minimize reasons for failure 
(Pedroli et al., 2002; Palmer et al., 2005; Nilsson et 
al., 2007). Undisturbed streams have a greater fish 
assemblage persistence and stability and therefore are 
a good support to guide a rehabilitation project. To 
address a specific problem, it is essential to know what 
factors are limiting the fish population (Rosenfeld & 
Hatfield, 2006) and the characteristics of the flow 
regime before the impairment. Such information is 
fundamental in river rehabilitation studies. As no one 
approach will work for all streams. 
Boulder placement (BP) is a common IS used to 
improve fish habitat. The effectiveness of such measure 
on salmonid abundance has been examined in several 
recent studies (O’Grady, 1995; Vehanen et al., 2003; 
Roni et al., 2005), some of them referring BP as being 
more effective than deflectors or weirs. BP typically 
contributes to alter the stream physical conditions, 
increasing pools habitat and water depth, being more 
effective when placed in smaller streams (Stewart et 
al., 2009). These structures can also create turbulence 
and scour, providing fish cover from predation while 
decreasing visibility. Furthermore, BP enhance gravel 
retention, making therefore, an effective approach 
to enhancing spawning habitat (Roni et al., 2005). 
Also, the effects of BP can extend to food chain, 
as these structures were found to increase organic 
matter retention (Negishi & Richardson, 2003). 
Increases in macroinvertebrate species composition 

and abundance were also reported following BP 
(Gortz, 1998; Negishi & Richardson, 2003). When 
placed together as boulder clusters, there is an increase 
in their effectiveness (Roni et al., 2005). Depending 
on the purpose, BP can also be used in high energy 
streams, such as those in mountainous areas, to create 
pools, trap gravel and dissipate energy. Besides, its clear 
effectiveness in fish habitat improving, streams with 
boulders are agreeable in sight and sound, making it 
an ecotourism friendly technique when rehabilitating 
streams. 
2D hydrodynamic models are increasingly used for 
aquatic ecology studies, especially in river rehabilitation 
projects. These models quantify depth and velocity at 
ecologically relevant scales, such as the mesohabitat 
(pool-riffle sequences) or the microhabitat (vicinity 
of a single boulder) scale (Crowder & Diplas, 2000), 
allowing to understand whether there is a reasonably 
modification in depth and velocity patterns that sort 
habitat units following BP. When the model output 
is coupled with quantitative estimates of preferred 
physical habitat conditions, the result is a powerful 
tool to predict fish habitat.
The present study evaluates habitat improvement for 
two cyprinid species - the Iberian barbel Barbus bocagei 
(hereafter barbel) and the Iberian straight-mouth nase 
Pseudochondostroma polylepis (hereafter nase) - resulting 
from BP in a disturbed river reach using the River2D 
model. Though the use of BP has been considered 
in many habitat improvement projects (e.g. Vehanen 
et al., 2003), no previous analysis of their potential 
effectiveness on fish habitat has been carried out in 
non-salmonid rivers. This study presents a rational 
methodology for designing BP in a disturbed stream 
with the intention of approaching habitat reference 
conditions.

2. Materials and methods

The study was undertaken in Ocreza River, in the 
eastern center of Portugal. The Ocreza River is a 
medium-sized river, running on schistose rocks with a 
catchment area of 1 335 km2 and a mean annual flow 
of 16.5 m3/s. Two study sites (Table 1) were selected 
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on the river. The upstream site (138 m length; 14 m 
average width) presented a high degree of naturalness 
and was considered to reflect the reference conditions 
for the downstream site, the disturbed one. The high 
complexity of habitat cover features at the reference 
site is composed by submerged boulders, which 
represented between 40 to 60% of the sheltered 
areas where fish could rest and hide. The disturbed 
site (107 m length; 20 m average width) is located 
immediately downstream Pracana dam. It presents 
unstable linear banks with scarce vegetation, woody 
debris or boulders providing sheltering areas.
The River2D model was applied to simulate the fish 
habitat. The river bed topography was surveyed by 
means of a combined association of a total station 
with a Global Position System, GPS. Overall, 1 555 
and 2 188 spots were surveyed respectively at the 
reference and disturbed sites. To calibrate the model 
and provide the boundary flow conditions, physical 
characteristics, including water velocity and depth, 
were also measured along cross-sections. The bed 
material and bedform size were surveyed and further 
used to establish the effective roughness’s heights.
Fish populations were sampled on both sites and the 
Shannon-Wiener diversity (H’) index was computed 
for each site. Sampling was performed by DC 
electrofishing. Species found at the sites include the 
barbel, the nase, the Iberian loach Cobitis Paludica, 
the Pyrenean gudgeon Gobio Lozanoi, the calandino 
Squalius alburnoides, and the Southern Iberian chub 
Squalius pyrenaicus, and the pumpkinseed sunfish 
Lepomis gibbosus. Among the endemic species found 
at the reference site, the barbel and the nase were the 
most representative ones. Habitat suitability curves 
(HSC) for depth and velocity were developed for 
both species and for distinct size-classes, according 
to differences in length and age structure: < 10 and 
> 10 cm for nase and < 11 and > 11 cm for barbel, 
roughly corresponding to the fish life-history stages 
of juveniles (1+) and adults (> 1+) respectively. 
The WUA, i.e. the surface (m2) that can be potentially 
used by a given fish life-history stage, was then 
computed as the product of depth and velocity 
suitability indexes, to evaluate the performance 
of BP at the disturbed site. The discharge set for 

habitat evaluation was 2 m3/s, which correspond to 
the monthly average environmental flow discharge. 
The scenarios were designed by changing the bed 
topography according to expert judgment. Considered 
scenarios included: BP1 – 6 boulder, placed 
alternatively; BP2 – 10 boulder, placed alternatively; 
BP3 – 9 boulder, semi-circle placed; BP4 – same 
amount of boulder area as at the reference site, placed 
alternatively; and BP5 – 5 boulder clusters (group 
of boulders).

3. Results

Fish sampling revealed a higher diversity at the 
reference site (Table 1) evidenced by a Shannon-
Wiener Index of 1.2, contrarily to the 0.7 from 
the disturbed site. Species sampled at the reference 
site included the barbel, the nase, the loach, the 
chub, and the calandino, making up a total of 485 
individuals, among which barbel and nase were the 
most representative ones (239 and 181 individuals, 
respectively). In contrast at the disturbed site 61 
individual from four different species were registered: 
barbel, loach, gudgeon, and pumpkinseed. 
Box plots of depth and velocity for 2 m3/s and for the 
disturbed site (D) and considering the five designed 
scenarios (BPi) are shown in Figure 1. Differences 
of magnitude among disturbed site and designed 
scenarios were registered. The higher depths were 
found to occur at the designed scenarios being the 

Table 1. Physical characteristics of the reference and 
disturbed sites (Q = 2 m3/s) in the Ocreza River.

(Roni et al., 2005). Also, the effects of BP can ex-
tend to food chain, as these structures were found 
to increase organic matter retention (Negishi and 
Richardson, 2003). Increases in macroinvertebrate 
species composition and abundance were also re-
ported following BP (Gortz, 1998; Negishi and 
Richardson, 2003). When placed together as boul-
der clusters, there is an increase in their effective-
ness (Roni et al., 2005). Depending on the pur-
pose, BP can also be used in high energy streams, 
such as those in mountainous areas, to create 
pools, trap gravel and dissipate energy. Besides, 
its clear effectiveness in fish habitat improving, 
streams with boulders are agreeable in sight and 
sound, making it an ecotourism friendly technique 
when rehabilitating streams.  

2D hydrodynamic models are increasingly used 
for aquatic ecology studies, especially in river re-
habilitation projects. These models quantify depth 
and velocity at ecologically relevant scales, such 
as the mesohabitat (pool-riffle sequences) or the 
microhabitat (vicinity of a single boulder) scale 
(Crowder and Diplas, 2000), allowing to under-
stand whether there is a reasonably modification 
in depth and velocity patterns that sort habitat 
units following BP. When the model output is 
coupled with quantitative estimates of preferred 
physical habitat conditions, the result is a power-
ful tool to predict fish habitat. 

The present study evaluates habitat improve-
ment for two cyprinid species - the Iberian barbel 
Barbus bocagei (hereafter barbel) and the Iberian 
straight-mouth nase Pseudochondostroma polyle-
pis (hereafter nase) - resulting from BP in a dis-
turbed river reach using the River2D model. 
Though the use of BP has been considered in 
many habitat improvement projects (e.g. Vehanen 
et al. 2003), no previous analysis of their potential 
effectiveness on fish habitat has been carried out 
in non-salmonid rivers. This study presents a ra-
tional methodology for designing BP in a dis-
turbed stream with the intention of approaching 
habitat reference conditions.  

2 MATERIALS AND METHODS 

The study was undertaken in Ocreza River, in the 
eastern center of Portugal. The Ocreza River is a 
medium-sized river, running on schistose rocks 
with a catchment area of 1335 km

2
 and a mean 

annual flow of 16.5 m
3
/s. Two study sites (Table 

1) were selected on the river. The upstream site 
(138 m length; 14 m average width) presented a 
high degree of naturalness and was considered to 
reflect the reference conditions for the down-
stream site, the disturbed one. The high complex-
ity of habitat cover features at the reference site is 

composed by submerged boulders, which repre-
sented between 40 to 60% of the sheltered areas 
where fish could rest and hide. The disturbed site 
(107 m length; 20 m average width) is located 
immediately downstream Pracana dam. It presents 
unstable linear banks with scarce vegetation, 
woody debris or boulders providing sheltering ar-
eas. 

The River2D model was applied to simulate 
the fish habitat. The river bed topography was 
surveyed by means of a combined association of a 
total station with a Global Position System, GPS. 
Overall, 1555 and 2188 spots were surveyed re-
spectively at the reference and disturbed sites. To 
calibrate the model and provide the boundary flow 
conditions, physical characteristics, including wa-
ter velocity and depth, were also measured along 
cross-sections. The bed material and bedform size 
were surveyed and further used to establish the ef-
fective roughness’s heights. 

Fish populations were sampled on both sites 
and the Shannon-Wiener diversity (H’) index was 
computed for each site. Sampling was performed 
by DC electrofishing. Species found at the sites 
include the barbel, the nase, the Iberian loach Co-
bitis Paludica, the Pyrenean gudgeon Gobio Lo-
zanoi, the calandino Squalius alburnoides, and the 
Southern Iberian chub Squalius pyrenaicus, and 
the pumpkinseed sunfish Lepomis gibbosus. 
Among the endemic species found at the reference 
site, the barbel and the nase were the most repre-
sentative ones. Habitat suitability curves (HSC) 
for depth and velocity were developed for both 
species and for distinct size-classes, according to 
differences in length and age structure: < 10 and 
>10 cm for nase and < 11 and > 11 cm for barbel, 
roughly corresponding to the fish life-history 
stages of juveniles (1+) and adults (>1+) respec-
tively.  

 
Table 1.  Physical characteristics of the reference and dis-
turbed sites (Q = 2 m

3
/s) in the Ocreza River. ______________________________________________ 

Study site Reference Disturbed ______________________________________________ 
Total length (m) 138 107 
Average width (m)  14 20 
Depth (m)  0.27±0.17 0.41±0.22 
Maximum depth (m)  0.85 1.07 
Velocity (m/s)  0.47±0.34 0.24±0.18 
Species (n) Barbel (297) Barbel (3) 
 Nase (239) Loach (12) 
 Loach (6) Gudgeon (39) 
 Chub (32) Pumpkinseed (7) 
 Calandino (61)  
Shannon index  1.2 0.72 _____________________________________________ 
* Mean values are given for depth and velocity followed by 
standard error. 

 
The WUA, i.e. the surface (m

2
) that can be poten-

tially used by a given fish life-history stage, was 
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the largest biological responses tend to occur in highly 
simplified streams. In very diverse fish communities 
the increase and habitat complexity provided by 
instream habitat structures can lead to an increase 
in diversity (Roni et al., 2005). There is clear evidence 
that BP leads to improvements in physical habitat and 
local fish abundance when implemented correctly. 
Several studies suggested increases in brown trout 
(Salmo trutta) and other species due to BP (Roni et al., 
2005; Whyteway et al., 2010; O’Grady et al., 2002). 
Moreover, Gortz (1998) and Negishi and Richardson 
(2003) reported increases in macroinvertebrate species 
composition and abundance following BP. Stewart 
et al. (2009) and Whiteway et al. (2010) focused 
their literature review in the effectiveness of instream 
structures to increase salmonid abundance. Due to 
its economic importance, hundreds of million dollars 

highest ones found for BP5. Concerning velocity, 
BP5 scenario produced the highest range of velocities. 
Table 2 resumes the WUA values for the most 
representative fish species, barbel and nase, and their 
life-stages, considering the disturbed site and the BP 
scenarios. The disturbed site produced the higher 
habitat availability (WUA) for both barbel life-stages, 
being the BP5 scenario the one with the lowest WUA. 
Concerning the nase, BP3 and BP5 produced the 
highest WUA for juveniles and adults respectively. 
Overall the juveniles had higher WUA than the adults.

4. Discussion and conclusions

This paper presents a quantitative assessment of various 
BP combinations to improve fish habitat for native 
non-salmonid species.
As expected, BP resulted in significant physical changes 
in the stream. Increases in mean depth following BP 
are well documented (Roni et al., 2005; Whyteway 
et al., 2010). These are consistent with the findings 
of this study. The designed scenarios produced higher 
ranges of depth as well as higher ranges of velocity 
comparing with the degraded site, being more 
expressive with BP5. Boulder clusters generate scour 
that causes pockets of deeper flow to develop, which 
adds even more to the physical diversity (Negishi & 
Richardson, 2003). Despite boulder clusters are the 
most effective, individual boulders, as the ones used 
in BP1, BP2 and BP3 may also be effective in small 
streams (FISRWG, 1998).
Roni and Quinn (2001) found that the type of 
structure was not as important as the occurrence of 
a significant change in physical habitat. That is why 

then computed as the product of depth and veloc-
ity suitability indexes, to evaluate the performance 
of BP at the disturbed site. The discharge set for 
habitat evaluation was 2 m

3
/s, which correspond 

to the monthly average environmental flow dis-
charge. The scenarios were designed by changing 
the bed topography according to expert judgment. 
Considered scenarios included: BP1 – 6 boulder, 
placed alternatively; BP2 – 10 boulder, placed al-
ternatively; BP3 – 9 boulder, semi-circle placed; 
BP4 – same amount of boulder area as at the ref-
erence site, placed alternatively; and BP5 – 5 
boulder clusters (group of boulders). 

3 RESULTS 

Fish sampling revealed a higher diversity at the 
reference site (Table 1) evidenced by a Shannon-
Wiener Index of 1.2, contrarily to the 0.7 from the 
disturbed site. Species sampled at the reference 
site included the barbel, the nase, the loach, the 
chub, and the calandino, making up a total of 485 
individuals, among which barbel and nase were 
the most representative ones (239 and 181 indi-
viduals, respectively). In contrast at the disturbed 
site 61 individual from four different species were 
registered: barbel, loach, gudgeon, and pumpkin-
seed.  

Box plots of depth and velocity for 2 m
3
/s and 

for the disturbed site (D) and considering the five 
designed scenarios (BPi) are shown in Figure 1. 
Differences of magnitude among disturbed site 
and designed scenarios were registered. The 
higher depths were found to occur at the designed 
scenarios being the highest ones found for BP5. 
Concerning velocity, BP5 scenario produced the 
highest range of velocities.  

Table 2 resumes the WUA values for the most 
representative fish species, barbel and nase, and 
their life-stages, considering the disturbed site and 
the BP scenarios. The disturbed site produced the 
higher habitat availability (WUA) for both barbel 
life-stages, being the BP5 scenario the one with 
the lowest WUA. Concerning the nase, BP3 and 
BP5 produced the highest WUA for juveniles and 
adults respectively. Overall the juveniles had 
higher WUA than the adults. 
 
Table 2.  WUA values for the different species life-stage for 
Disturbed (D) and BP scenarios (BPi) ______________________________________________ 
Specie Barbel Nase  ____________ _____________  
 Adult Juvenile Adult Juvenile ______________________________________________ 

D 70.0 561.0 10.8 209.9  
BP1 54.7 453.8 22.5 255.8  
BP2 55.2 466.5 22.8 244.3  
BP3 54.5 451.5 24.5 252.0   
BP4 55.4 460.9 22.4 239.2  
BP5 53.23 387.3 17.6 274.4  _____________________________________________ 

4 DISCUSSION AND CONCLUSIONS 

This paper presents a quantitative assessment of 
various BP combinations to improve fish habitat 
for native non-salmonid species. 

As expected, BP resulted in significant physical 
changes in the stream. Increases in mean depth 
following BP are well documented (Roni et al., 
2005; Whyteway et al., 2010). These are consis-
tent with the findings of this study. The designed 
scenarios produced higher ranges of depth as well 
as higher ranges of velocity comparing with the 
degraded site, being more expressive with BP5. 
Boulder clusters generate scour that causes pock-
ets of deeper flow to develop, which adds even 
more to the physical diversity (Negishi and 
Richardson, 2003). Despite boulder clusters are 
the most effective, individual boulders, as the ones 
used in BP1, BP2 and BP3 may also be effective 
in small streams (FISRWG, 1998).    

Roni and Quinn (2001) found that the type of 
structure was not as important as the occurrence 
of a significant change in physical habitat. That is 
why the largest biological responses tend to occur 
in highly simplified streams. In very diverse fish 
communities the increase and habitat complexity 
provided by instream habitat structures can lead to 
an increase in diversity (Roni et al., 2005). There 
is clear evidence that BP leads to improvements in 
physical habitat and local fish abundance when 
implemented correctly. Several studies suggested 
increases in brown trout (Salmo trutta) and other 
species due to BP (Roni et al., 2005; Whyteway et 
al., 2010; O'Grady et al., 2002). Moreover, Gortz 
(1998) and Negishi and Richardson (2003) re-
ported increases in macroinvertebrate species 
composition and abundance following BP. Stew-
art et al. (2009) and Whiteway et al., (2010) fo-
cused their literature review in the effectiveness of 
instream structures to increase salmonid abun-
dance. Due to its economic importance, hundreds 
of million dollars are spent annually in western 
North America in an effort to increase runs of Pa-
cific salmon that once sustained large fisheries but 
are now threatened with extinction (Roni et al., 
2008). That is maybe the reason why few studies 
have examined the response of non-salmonid 
fishes to the placement of instream structures. Im-
plementation of such measures are required and 

then computed as the product of depth and veloc-
ity suitability indexes, to evaluate the performance 
of BP at the disturbed site. The discharge set for 
habitat evaluation was 2 m

3
/s, which correspond 

to the monthly average environmental flow dis-
charge. The scenarios were designed by changing 
the bed topography according to expert judgment. 
Considered scenarios included: BP1 – 6 boulder, 
placed alternatively; BP2 – 10 boulder, placed al-
ternatively; BP3 – 9 boulder, semi-circle placed; 
BP4 – same amount of boulder area as at the ref-
erence site, placed alternatively; and BP5 – 5 
boulder clusters (group of boulders). 

3 RESULTS 

Fish sampling revealed a higher diversity at the 
reference site (Table 1) evidenced by a Shannon-
Wiener Index of 1.2, contrarily to the 0.7 from the 
disturbed site. Species sampled at the reference 
site included the barbel, the nase, the loach, the 
chub, and the calandino, making up a total of 485 
individuals, among which barbel and nase were 
the most representative ones (239 and 181 indi-
viduals, respectively). In contrast at the disturbed 
site 61 individual from four different species were 
registered: barbel, loach, gudgeon, and pumpkin-
seed.  

Box plots of depth and velocity for 2 m
3
/s and 

for the disturbed site (D) and considering the five 
designed scenarios (BPi) are shown in Figure 1. 
Differences of magnitude among disturbed site 
and designed scenarios were registered. The 
higher depths were found to occur at the designed 
scenarios being the highest ones found for BP5. 
Concerning velocity, BP5 scenario produced the 
highest range of velocities.  

Table 2 resumes the WUA values for the most 
representative fish species, barbel and nase, and 
their life-stages, considering the disturbed site and 
the BP scenarios. The disturbed site produced the 
higher habitat availability (WUA) for both barbel 
life-stages, being the BP5 scenario the one with 
the lowest WUA. Concerning the nase, BP3 and 
BP5 produced the highest WUA for juveniles and 
adults respectively. Overall the juveniles had 
higher WUA than the adults. 
 
Table 2.  WUA values for the different species life-stage for 
Disturbed (D) and BP scenarios (BPi) ______________________________________________ 
Specie Barbel Nase  ____________ _____________  
 Adult Juvenile Adult Juvenile ______________________________________________ 

D 70.0 561.0 10.8 209.9  
BP1 54.7 453.8 22.5 255.8  
BP2 55.2 466.5 22.8 244.3  
BP3 54.5 451.5 24.5 252.0   
BP4 55.4 460.9 22.4 239.2  
BP5 53.23 387.3 17.6 274.4  _____________________________________________ 

4 DISCUSSION AND CONCLUSIONS 

This paper presents a quantitative assessment of 
various BP combinations to improve fish habitat 
for native non-salmonid species. 

As expected, BP resulted in significant physical 
changes in the stream. Increases in mean depth 
following BP are well documented (Roni et al., 
2005; Whyteway et al., 2010). These are consis-
tent with the findings of this study. The designed 
scenarios produced higher ranges of depth as well 
as higher ranges of velocity comparing with the 
degraded site, being more expressive with BP5. 
Boulder clusters generate scour that causes pock-
ets of deeper flow to develop, which adds even 
more to the physical diversity (Negishi and 
Richardson, 2003). Despite boulder clusters are 
the most effective, individual boulders, as the ones 
used in BP1, BP2 and BP3 may also be effective 
in small streams (FISRWG, 1998).    

Roni and Quinn (2001) found that the type of 
structure was not as important as the occurrence 
of a significant change in physical habitat. That is 
why the largest biological responses tend to occur 
in highly simplified streams. In very diverse fish 
communities the increase and habitat complexity 
provided by instream habitat structures can lead to 
an increase in diversity (Roni et al., 2005). There 
is clear evidence that BP leads to improvements in 
physical habitat and local fish abundance when 
implemented correctly. Several studies suggested 
increases in brown trout (Salmo trutta) and other 
species due to BP (Roni et al., 2005; Whyteway et 
al., 2010; O'Grady et al., 2002). Moreover, Gortz 
(1998) and Negishi and Richardson (2003) re-
ported increases in macroinvertebrate species 
composition and abundance following BP. Stew-
art et al. (2009) and Whiteway et al., (2010) fo-
cused their literature review in the effectiveness of 
instream structures to increase salmonid abun-
dance. Due to its economic importance, hundreds 
of million dollars are spent annually in western 
North America in an effort to increase runs of Pa-
cific salmon that once sustained large fisheries but 
are now threatened with extinction (Roni et al., 
2008). That is maybe the reason why few studies 
have examined the response of non-salmonid 
fishes to the placement of instream structures. Im-
plementation of such measures are required and 

Table 2. WUA values for the different species life-stage for 
Disturbed (D) and BP scenarios (BPi).

Figure 1. Box-plots of depth and velocity for the disturbed 
site and the different BP scenarios.

after monitoring afterwards is required to assess 
the measures effectiveness. 

This study demonstrates a rational methodology 
for designing BP in a disturbed stream. However, 
there are a few issues that should be addressed for 
a successful outcome. The WUA is dependent on 
the suitability index (SI) curves, which depend on 
the fish species and on the life stage being consid-
ered. Therefore, the fish species and life-stages 
must be clearly analyzed. Furthermore, carrying 
capacity of a stream may be limited by a factor 
that is not modified by the BP, and these factors 
need to be addressed to allow any potential bene-
fits of the BP rehabilitation. Also, failure can be 
due to factors limiting biotic production (Roni et 
al., 2008) that needs to be taken into account. As 
for any rehabilitation project, monitoring is as im-
portant as the project design, and managers should 
learn from the monitoring outcomes. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Box-plots of depth and velocity for the disturbed 
site and the different BP scenarios.  
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is strongly required. Furthermore the placement of 
structures that mimic natural wood and boulder 
registered lower failures rates in habitat enhancement 
(Roni et al., 2005).
This study demonstrates a rational methodology for 
designing BP in a disturbed stream. However, there are 
a few issues that should be addressed for a successful 
outcome. The WUA is dependent on the suitability 
index (SI) curves, which depend on the fish species 
and on the life stage being considered. Therefore, the 
fish species and life-stages must be clearly analyzed. 
Furthermore, carrying capacity of a stream may be 
limited by a factor that is not modified by the BP, 
and these factors need to be addressed to allow any 
potential benefits of the BP rehabilitation. Also, failure 
can be due to factors limiting biotic production (Roni 
et al., 2008) that needs to be taken into account. As for 
any rehabilitation project, monitoring is as important 
as the project design, and managers should learn from 
the monitoring outcomes.

are spent annually in western North America in an 
effort to increase runs of Pacific salmon that once 
sustained large fisheries but are now threatened with 
extinction (Roni et al., 2008). That is maybe the 
reason why few studies have examined the response 
of non-salmonid fishes to the placement of instream 
structures. Implementation of such measures are 
required and after monitoring afterwards is required 
to assess the measures effectiveness.
Both Whiteway et al. (2010) and Roni et al. (2008) 
while reviewing the effectiveness of IS rehabilitation 
techniques found that failure to achieve objectives 
is often attributable to inadequate assessment of 
historic conditions. Successful rehabilitation requires 
the knowledge of the reference habitat conditions, 
associated to each species (Nilsson et al., 2007). As a 
principle, the closer the community structure in the 
rehabilitation scenario is to the reference conditions, 
the ‘healthier’ the stream is judged to be (Karr, 1981). 
Therefore, a previous clear analysis of the problem 
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ABSTRACT. Several authors state that heterogeneity on the bottom of fishways (logs, boulders or 
stones) may potentiate fish passage. The aim of this work is to study the behaviour and performance 
of the Iberian barbel (Luciobarbus bocagei) in a full-scale experimental pool-type fishway with 
different bottom substrata arrangements. Water velocity and Reynold’s shear stress (RSS) were 
used as independent hydraulic variables and related to fish swimming behaviour. Results show that, 
hydraulically, boulders seem to favour fish, by reducing water velocities and RSS. Fish responded 
with greater success to higher discharges (Q) independently of substrate density. Density proved to 
be important only for low discharges, where low density yielded better results. These findings express 
that substrata placed at the bottom of fishways may potentiate fish negotiation of such devices. 
With low discharges care must be taken to accommodate substrates in low density arrangements.
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1. Introduction 

Connectivity, or more correctly isolation, is considered 
one of the primary factors influencing the distribution 
of species (MacArthur & Wilson, 1967), especially in 
riverine environments, where a single barrier isolates 
contiguous segments of river (Jager et al., 2001). 
Numerous studies have documented dramatic changes 
in the persistence and abundance of fish populations 
as a result of human-induced disturbances, particularly 
dam construction (Marmulla, 2001). Dams and 
weirs can block or delay fish movements and are 
responsible for the decline or extirpation of many 
native species throughout Europe (Mader & Maier, 
2008). The fragmentation of the river continuum 
by such obstacles negatively affects fish populations 
by increasing loss of genetic variability and risk of 
extinction through demographic, environmental and 
genetic stochasticity (Nicola et al., 1996; Peňáz et 
al., 1999).
Migratory fish are particularly sensitive to connectivity 
loss caused by habitat fragmentation as their ability 
to reach spawning grounds is seriously affected. 
Although diadromous fish are amongst the most 
studied fish species concerning the impacts of man-
made structures on the persistence and abundance 
of their populations, much less is known on the 
migratory ecology of potamodromous cyprinids 
(Lucas & Batley, 1997) and on their behaviour in 
the vicinity and within fishways.
The re-establishment of a systems’ longitudinal 
connectivity is essential for accomplishing the main 
goal of the WFD (European Commission, 2000). The 
most common way to circumvent an obstacle, and 
to mitigate its impacts, is to implant a fish passage 
device. However, a great number of these facilities are 
not suited for most native cyprinids, since they were 
built based on guidelines created for salmonids (e.g. 
Pinheiro & Ferreira, 2001) which have movement and 
jumping abilities quite different from those of non-
salmonid fish. There is the need to determine optimum 
dimensioning values and hydraulic parameters for 
native freshwater species with different morphological 
and ecological characteristics. Several authors (e.g. 
Hinch & Rand, 2000; FAO/DVWK, 2002; Baker & 

Boubée, 2003) state that the inclusion of heterogeneity 
through the use of structures like logs, boulders or 
stones at the base of fish passes may potentiate fish 
negotiation of such devices. 
The purpose of this work is to study the behaviour and 
performance of a potamodromous species, the Iberian 
barbel (Luciobarbus bocagei) in a full-scale indoor 
model of a pool-type fishway with different bottom 
substrate arrangements and variable discharges.

2. Materials and methods

2.1. Experimental model

The study was conducted in a full scale experimental 
pool-type fishway. The model is composed of a steal 
frame with lateral acrylic glass panels, allowing a 
simple visualization of the processes occurring 
within the fishway. The flume is composed by six 
pools (1,9 m long x 1 m wide x 1.2 m wide) divided 
by compact polypropylene crosswalls with bottom 
orifices of variable area. The channel was set with an 
8.5% slope creating a constant head drop between 
pools of 16.2cm. Bottom orifices were placed in an 
off-set pattern.

2.2. Experiments

Four different configurations (Table 1) were tested 
by changing the discharge (Q) of the fishway and 
substrate density changed by placing bottom substrates 
(boulders - 15 cm x 15 cm x 10 cm high) at different 
densities (high and low). The boulders were positioned 
in five even spaced lines in symmetrical arrangements 
(Figure 1), and oriented according to the prevailing 
flow pattern to reduce recirculation behind the 
boulders. Low density configurations were obtained 
by removing one third of the boulders, and by turning 
high boulder density lines into low density lines.
For each configuration 20 Iberian barbel (Luciobarbus 
bocagei) were studied individually. The fish were 
collected on the field, during the migration season, 
following electrofishing protocols. Fish were stabilized 
in acclimation tanks (800 L) for at least 48h before 
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they were tested. Feeding stopped 24h prior to 
the experiment. Each experiment had a maximum 
duration of 90 minutes ending as soon as the fish 
successfully negotiated the boulder pool. Two 
independent observers and two video cameras (top and 
side view) registered the fish movements within the 
substrate pool. Fish transit times were also recorded: 
Entrance time - time span since the beginning of the 
test until the successful entrance of the fish in the 
substrate pool; Negotiation time - time span between 
the beginning of the experiment to the successful 
negotiation of the substrate pool. 
Water velocity was measured, in its three components 
(x, y and z), with a Vectrino 3D ADV (Nortek AS) 
oriented downwards. Measurements were taken at a 
rate of 25 Hz for a period of 90s. A mesh of sampling 
points was created to cover the entire pool and velocity 
measurements were performed at two horizontal 
planes parallel to the flume bed (boulders mid 
height and 25% of pool mean depth (hm)). Velocity 
measures were also taken for both flow discharges, 
at 25% of hm, in a situation of smooth bottom (ie 
without substrates – control treatment). Instantaneous 
measures of velocity were filtered using the Goring 
& Nicora (2002), modified by Wahl (2003), phase-
space threshold despiking. Reynold’s shear stress (RSS) 
was calculated for the horizontal plane xy, using the 
following formula:

with different bottom substrate arrangements and 

variable discharges. 

2 MATERIALS AND METHODS [HEADING] 

2.1 Experimental model  

The study was conducted in a full scale experi-
mental pool-type fishway. The model is composed 
of a steal frame with lateral acrylic glass panels, 
allowing a simple visualization of the processes 
occurring within the fishway. The flume is com-
posed by six pools (1,9m long x 1m wide x 1.2m 
wide) divided by compact polypropylene cross-
walls with bottom orifices of variable area. The 
channel was set with an 8.5% slope creating a 
constant head drop between pools of 16.2cm. Bot-
tom orifices were placed in an off-set pattern.  
 
2.2. Experiments 
 
Four different configurations (Table 1) were 
tested by changing the discharge (Q) of the fish-
way and substrate density changed by placing bot-
tom substrates (boulders - 15cm x 15 cm x 10 cm 
high) at different densities (high and low). The 
boulders were positioned in five even spaced lines 
in symmetrical arrangements (Figure 1), and ori-
ented according to the prevailing flow pattern to 
reduce recirculation behind the boulders. Low 
density configurations were obtained by removing 
one third of the boulders, and by turning high 
boulder density lines into low density lines. 
 For each configuration 20 Iberian barbel (Lu-
ciobarbus bocagei) were studied individually. The 
fish were collected on the field, during the migra-
tion season, following electrofishing protocols. 
Fish were stabilized in acclimation tanks (800 L) 
for at least 48h before they were tested. Feeding 
stopped 24h prior to the experiment.  Each ex-
periment had a maximum duration of 90 minutes 
ending as soon as the fish successfully negotiated 
the boulder pool.  Two independent observers and 
two video cameras (top and side view) registered 
the fish movements within the substrate pool. Fish 
transit times were also recorded: Entrance time - 
time span since the beginning of the test until the 
successful entrance of the fish in the substrate 
pool; Negotiation time - time span between the 
beginning of the experiment to the successful ne-
gotiation of the substrate pool.  

Water velocity was measured, in its three com-
ponents (x, y and z), with a Vectrino 3D ADV 
(Nortek AS) oriented downwards. Measurements 
were taken at a rate of 25 Hz for a period of 90s. 
A mesh of sampling points was created to cover 
the entire pool and velocity measurements were 

performed at two horizontal planes parallel to the 
flume bed (boulders mid height and 25% of pool 
mean depth (hm)). Velocity measures were also 
taken for both flow discharges, at 25% of hm, in a 
situation of smooth bottom (ie without substrates 
– control treatment). Instantaneous measures of 
velocity were filtered using the Goring & Nicora 
(2002), modified by Wahl (2003), phase-space 
threshold despiking. Reynold’s shear stress (RSS) 
was calculated for the horizontal plane xy, using 
the following formula: 

      (1) [Formula] 

where ρ = fluid density, u’ = fluctuating compo-

nent of the velocity in the x direction, and v’ = 

fluctuating component of the velocity in the y di-

rection.  
 

Table 1.  Description of the four tested configurations. Conf. 
– configuration; Q – flow discharge; Ao – area of the orifice; 
hm – pool mean depth; Pv – volumetric power dissipation   

* 12 boulders; **8 boulders  

3 RESULTS  

3.1 Hydraulics 

The Figure 1 shows the velocity contours of the 
horizontal plane (xy) at 25% of hm. There is a 
clear decrease in water velocity (Kruskal-Wallis 
ANOVA: A(configurations) – H = 2.66, d.f. = 2, N = 
224, p = 0.0001; B(configurations) – H =  29.43, d.f. = 
2, N = 214, p = 0.0001) and flow pattern altera-
tions between the control treatments and the tested 
configurations. The same happens with RSS val-
ues (Kruskal-Wallis ANOVA: A(configurations) – H = 
10.72, d.f. = 2, N = 224, p = 0.005; B(configurations) – 
H = 14.32,  d.f. = 2, N = 214, p = 0.0008). For the 
same discharge, water velocity and RSS do not 
vary significantly between high and low boulder 
density (Mann-Whitney U Test: A – N1=88, 
N2=88, Vxy-p = 0.955, RSS-p = 0.418; B –
N1=83, N2=83, Vxy-p = 0.054, RSS-p = 0.566). 
In control treatments (smooth bottom) the flow 
pattern was characterized by a jet stream close to 
the side-wall adjacent to the orifice and a recircu-
lation zone from the jet stream to the opposite 
side-wall. Velocity vectors and contours show that 
boulders homogenized water velocity in the 
planes above the substrate, creating a large circu-
lation region, occupying the whole pool area. The 
flow pattern at boulders mid height was drastically 

Conf. Q (L.s
-1

) Ao (m
2
) 

Boulder 

density 

hm  

(m) 

Pv  

(W.m
-3

) 
A1 62.7 0.053 High* 0.84 62.37 

A2 62.7 0.053 Low** 0.84 62.37 

B1 38.5 0.032 High 0.88 36.56 

B2 38.5 0.032 Low 0.88 36.56 

where r = fluid density, u’ = fluctuating component 
of the velocity in the x direction, and v’ = fluctuating 
component of the velocity in the y direction.

3. Results 

3.1. Hydraulics

The Figure 1 shows the velocity contours of the 
horizontal plane (xy) at 25% of hm. There is a clear 
decrease in water velocity (Kruskal-Wallis ANOVA: 
A(configurations) – H = 2.66, d.f. = 2, N = 224, p = 0.0001; 
B(configurations) – H = 29.43, d.f. = 2, N = 214, 
p = 0.0001) and flow pattern alterations between 
the control treatments and the tested configurations. 
The same happens with RSS values (Kruskal-Wallis 
ANOVA: A(configurations) – H = 10.72, d.f. = 2, N = 224, 
p = 0.005; B(configurations) – H = 14.32, d.f. = 2, N = 214, 
p = 0.0008). For the same discharge, water velocity 
and RSS do not vary significantly between high and 
low boulder density (Mann-Whitney U Test: A – 
N1 = 88, N2 = 88, Vxy-p = 0.955, RSS-p = 0.418; B 
–N1 = 83, N2 = 83, Vxy-p = 0.054, RSS-p = 0.566). 
In control treatments (smooth bottom) the flow 
pattern was characterized by a jet stream close to the 
side-wall adjacent to the orifice and a recirculation 
zone from the jet stream to the opposite side-wall. 
Velocity vectors and contours show that boulders 
homogenized water velocity in the planes above the 
substrate, creating a large circulation region, occupying 
the whole pool area. The flow pattern at boulders mid 
height was drastically altered for the configuration 
with high density of boulders. Because, flow was 
diverged, by the two boulders in front of the orifice, in 
a way that the jet stream was interrupted and velocities 
decreased. There was also a detectable transformation 
in flow direction, with small recirculation patterns 
near each boulder.

3.2. Fish

A total of 80 fish were tested on the four considered 
configurations. Table 2 summarizes the time results 
of the experiments. Transit times traduced significant 
differences among configurations (Entrance time - 
Kruskal-Wallis ANOVA d.f. = 3, N = 31, p = 0.0205; 
Negotiation time Kruskal-Wallis ANOVA - d.f. = 3, 
N = 31, p = 0.008). B1 was the configuration with 
the lowest transit times, and configuration B2 was its 
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for at least 48h before they were tested. Feeding 
stopped 24h prior to the experiment.  Each ex-
periment had a maximum duration of 90 minutes 
ending as soon as the fish successfully negotiated 
the boulder pool.  Two independent observers and 
two video cameras (top and side view) registered 
the fish movements within the substrate pool. Fish 
transit times were also recorded: Entrance time - 
time span since the beginning of the test until the 
successful entrance of the fish in the substrate 
pool; Negotiation time - time span between the 
beginning of the experiment to the successful ne-
gotiation of the substrate pool.  

Water velocity was measured, in its three com-
ponents (x, y and z), with a Vectrino 3D ADV 
(Nortek AS) oriented downwards. Measurements 
were taken at a rate of 25 Hz for a period of 90s. 
A mesh of sampling points was created to cover 
the entire pool and velocity measurements were 

performed at two horizontal planes parallel to the 
flume bed (boulders mid height and 25% of pool 
mean depth (hm)). Velocity measures were also 
taken for both flow discharges, at 25% of hm, in a 
situation of smooth bottom (ie without substrates 
– control treatment). Instantaneous measures of 
velocity were filtered using the Goring & Nicora 
(2002), modified by Wahl (2003), phase-space 
threshold despiking. Reynold’s shear stress (RSS) 
was calculated for the horizontal plane xy, using 
the following formula: 

      (1) [Formula] 

where ρ = fluid density, u’ = fluctuating compo-

nent of the velocity in the x direction, and v’ = 

fluctuating component of the velocity in the y di-

rection.  
 

Table 1.  Description of the four tested configurations. Conf. 
– configuration; Q – flow discharge; Ao – area of the orifice; 
hm – pool mean depth; Pv – volumetric power dissipation   

* 12 boulders; **8 boulders  

3 RESULTS  

3.1 Hydraulics 

The Figure 1 shows the velocity contours of the 
horizontal plane (xy) at 25% of hm. There is a 
clear decrease in water velocity (Kruskal-Wallis 
ANOVA: A(configurations) – H = 2.66, d.f. = 2, N = 
224, p = 0.0001; B(configurations) – H =  29.43, d.f. = 
2, N = 214, p = 0.0001) and flow pattern altera-
tions between the control treatments and the tested 
configurations. The same happens with RSS val-
ues (Kruskal-Wallis ANOVA: A(configurations) – H = 
10.72, d.f. = 2, N = 224, p = 0.005; B(configurations) – 
H = 14.32,  d.f. = 2, N = 214, p = 0.0008). For the 
same discharge, water velocity and RSS do not 
vary significantly between high and low boulder 
density (Mann-Whitney U Test: A – N1=88, 
N2=88, Vxy-p = 0.955, RSS-p = 0.418; B –
N1=83, N2=83, Vxy-p = 0.054, RSS-p = 0.566). 
In control treatments (smooth bottom) the flow 
pattern was characterized by a jet stream close to 
the side-wall adjacent to the orifice and a recircu-
lation zone from the jet stream to the opposite 
side-wall. Velocity vectors and contours show that 
boulders homogenized water velocity in the 
planes above the substrate, creating a large circu-
lation region, occupying the whole pool area. The 
flow pattern at boulders mid height was drastically 

Conf. Q (L.s
-1

) Ao (m
2
) 

Boulder 

density 

hm  

(m) 

Pv  

(W.m
-3

) 
A1 62.7 0.053 High* 0.84 62.37 

A2 62.7 0.053 Low** 0.84 62.37 

B1 38.5 0.032 High 0.88 36.56 

B2 38.5 0.032 Low 0.88 36.56 

Table 1.  Description of the four tested configurations. Conf. 
– configuration; Q – flow discharge; Ao – area of the orifice; 
hm – pool mean depth; Pv – volumetric power dissipation 
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counterpart by having the higher transit times. Fish 
negotiation of the fishway had a higher success rate 
in both configurations with the higher discharge (A1 
and A2) independently of boulder density. In terms 
of density, there were only noticeable differences for 
the low discharge situation, where B2 had a higher 
success rate than B1.

4. Discussion

This study allowed a laboratory test of the behaviour 
of L. bocagei within a pool-type fishway with varying 
boulder density and flow discharge configurations. 
Studies on fish transposition devices often lack 
balanced experimental designs, in which, contrarily 
to those conducted in the wild, the variables of interest 
can be manipulated while controlling for confounding 
effects (Kondratieff & Myrick, 2005).
The results show that boulders had a significant 
effect in reducing water velocity and RSS. These 
substrates alter the flow pattern and homogenize 
the upper portions of the pool by turning the area 
above the substrates into a circulation area without 
jet streams and by reducing RSS values. This creates 
a less turbulent flow with less eddy formation and 
annulling fish disorientation phenomena (Odeh 
et al., 2002). Bottom heterogeneity transforms 

Table 2. Summary table of the mean values of the fish transit 
times in the four tested configurations. The rate of successful 
negotiations is also presented. Conf. - configuration.

altered for the configuration with high density of 
boulders. Because, flow was diverged, by the two 
boulders in front of the orifice, in a way that the 
jet stream was interrupted and velocities de-
creased. There was also a detectable transforma-
tion in flow direction, with small recirculation pat-
terns near each boulder 
 

3.2 Fish  

A total of 80 fish were tested on the four consid-
ered configurations. Table 2 summarizes the time 
results of the experiments. Transit times traduced 
significant differences among configurations (En-
trance time - Kruskal-Wallis ANOVA d.f. = 3, N 
= 31, p = 0.0205; Negotiation time Kruskal-Wallis 
ANOVA - d.f. = 3, N = 31, p = 0.008). B1 was the 
configuration with the lowest transit times, and 
configuration B2 was its counterpart by having the 
higher transit times. Fish negotiation of the fish-
way had a higher success rate in both configura-
tions with the higher discharge (A1 and A2) inde-
pendently of boulder density. In terms of density, 
there were only noticeable differences for the low 
discharge situation, where B2 had a higher suc-
cess rate than B1. 
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Figure 1. Velocity (m s-1) contours of the xy plane, 
measured at 25% pool mean depth (hm), in the four 
tested configurations and in “control” situations without 
substrates. Dotted squares represent the boulders and show 
their position and alignment. Flow enters the pool at the 
top left corner of the diagram.
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the bottom that might have movement implications 
for fish, especially for benthic species. Fewer boulders 
create less recirculation and eddy formation, increasing 
fishway negotiation. 
This work demonstrates that boulder placement on the 
bottom of fishways creates a better pool environment 
for fish species, while turning the fishway into a nature-
mimicking structure. To achieve higher negotiation 
success, discharges have to be tendentially higher 
than the ones tested here. If, by water constrains, 
fishway discharges should be lower, boulders should 
be placed in a low density arrangement in order to 
potentiate fish passage. 
This was the first study where different densities allied 
with different flow discharges were tested with fish. 
Future works should be focused on testing higher 
discharges associated with boulders; and fish species 
with different uses of the water column. Another 
important issue, that should be studied, is the bottom 
fine heterogeneity – probably beneficial for benthic 
species due to the increase in friction forces.

the pool into a more agreeable environment for 
fish. Which can have a veiled effect - increase of 
recirculation areas allied with decrease of water 
velocity can produce an ecological trap, increasing 
transit times by removing the migratory cue that 
uses water velocity to orientate potamodromous fish 
upwards (Tarrade et al., 2008). Hydraulically, there 
were no statistical differences, in water velocities 
between low and high boulder density for the same 
flow discharge. So, while there are clear differences 
between a smooth bottom and a heterogeneous 
bottom, there are no differences between degrees 
of bottom heterogeneity.
Fish results show that high discharge configurations 
(A1 and A2) have higher rate of successful negotiation 
of the boulders pool. This occurred primarily due to 
the greater attractiveness promoted by the discharge in 
these configurations. When looking at boulder density, 
differences can only be found for the low discharge 
situation where B2 had clearly a higher success rate 
than B1. Boulders create recirculation patterns near 

Substrate density influences fish passage success in pool-type fishways
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Development of downstream fish passage facilities
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ABSTRACT. With multitudinous hydraulic constructions in Europe, the ecological connectivity 
of rivers is seriously disturbed. Many schemes are developed to restore the fish passage. Whereas 
upstream fish migration facilities are rather well established, there remains a lack of efficient 
downstream fish migration facilities. Following the main flow most fish pass through the turbines 
which results in major damages and mortality rates. The main challenges of downstream fish 
migration are to prevent fish passing through turbines and furthermore enable them to find 
the entrance of the downstream passage. Thus concepts are needed which assure respectable 
attractiveness. Two conceptual solutions are investigated in the laboratory of Hydraulic and Water 
Resources Engineering of Technische Universität München: (1) A scaled physical model of one 
of the Run-of-River power plants types called “Bay power plant” with a several openings surface 
collector channel was used to investigate and optimize the hydraulic conditions. To provide a 
continuous fish passage to the downstream, the surface channel was constructed above a vertical 
trash rack with horizontal bars. (2) A life size experiment with brown trout was conducted to 
study the fish behavior at the intake of a hydraulic structure. In an open air laboratory channel 
the possibilities to shield the fish passing through a screen and lead them to the surface with an 
inclined trash rack was examined. Different trash rack inclinations were tested. Both concepts 
yielded promising results.

KEYWORDS: ecological connectivity, fish downstream migration facilities, hydro power plant, physical 
model, fish experiment, fish behavior.

1. Institute of Hydraulic and Water Resources Engineering, TU München, Obernach, Germany.
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1. Introduction

Hydraulic constructions may seriously interfere 
or completely obstruct the ecological continuity 
and particularly the fish migration in a water body. 
To maintain a sustainable fish population, a safe 
passage for migrating fish across stream barriers 
is essential. Fish passage facilities as for example 
bypass rivers, fishways or fish passes, are developed 
to minimize the environmental impact of dams. 
However, while there has been a significant progress 
in the design and implementation of fishways for 
upstream migration (DWA, 2010), downstream 
fish passages have not been sufficiently studied. The 
downstream migrating fish mostly follow the main 
stream and thus pass through the turbine, which 
results in serious damage, depending on turbine 
type, fish size and operation mode (Holzner, 2000). 
In general the damage rates for the common turbine 
types are not accordable with the legal obligation 
to protect the fish population, wherefore turbine 
passage has to be avoided. The most convincing 
approach to prevent this is a fine enough trash rack 
with low enough velocities.
The resulting principle of a fish downstream facility is 
first to stop the fish before the turbine with a physical 
barrier (screen, trash rack), to guide them to a bypass 
and finally to bring them downstream safely (Larinier 
& Travade, 2002). Actually the second point turned 
out to be the most challenging. Some facilities show 
poor efficiency because fish cannot find the entrance 
and swim towards the turbine or are pressed at the 
screen after weakness and unsuccessful search (ATV-
DVWK, 2004). Thus concepts are needed which 
assure respectable probability, that the fish, which 
are stopped at the screen do find the entrance in an 
acceptable time.

2. Downstream passage at a bay HPP

2.1. Bay HPP Migration Concept

A concept of fish downstream migration at the 
common bay power plant types was developed at 
the Laboratory of Hydraulic and Water Resources 

Engineering of Technische Universität München. 
A trash rack with relatively narrow bars clearance 
(20 mm) and a low inflow velocity of 0.5 m/s 
is aimed to avoid fish turbine passage. In order 
to achieve a sufficiently large screen surface for 
reducing the velocity, the trash rack is installed 
inside the intake piers which are located at the 
river parallel intake plane of the artificial river arm 
(see Figure 1). The trash rack bars are orientated 
horizontal. For cleaning the trash rack a vertical 
wiper pushes the material in a horizontally 
direction from the upstream side towards the 
weir, where a flushing device transfers it directly 
to the downstream of the weir. The horizontal bars 
have furthermore advantages for fish swimming 
behavior, as indicated by studies with live fish at 
the Laboratory. On the top of the intake piers and 
the trash rack a surface collector channel is installed 
to provide a safe passage to downstream. Then this 
channel is connected to a bypass which leads to the 
downstream of the weir in the upstream passage. 
For increasing the possibility of the fish to reach 
this corridor, many orifices are spread across the 
total length of the screen as shown in Figure 1.

The concept is particularly adapted for the young fish, 
which swim on the surface as the salmonids. The fish 
those do not find the passage on the surface due to 
specific ground close swim behavior as for example 
the eels (Adam et al., 1997) have another possibility 
on the downstream side of the trash rack where an 
opening on the whole depth allow the evacuation of 
the debris resulting from the trash rack cleanings.

Figure 1. Bay power plant schema, model area in grey.
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as indicated by studies with live fish at the Labo-
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Figure 1. Bay power plant schema, model area in grey 

The concept is particularly adapted for the 
young fish, which swim on the surface as the sal-
monids. The fish those do not find the passage on 
the surface due to specific ground close swim be-
havior as for example the eels [1] have another 
possibility on the downstream side of the trash 
rack where an opening on the whole depth allow 
the evacuation of the debris resulting from the 
trash rack cleanings. 

2.2 Physical model tests 

The precise design of such fish downstream 
migration facility, especially of the entrances to 
the collector channel can not be deduced by sheer 
theoretical considerations, due to the complex hy-
draulic situation at the intake plane. Therefore a 
physical model test was conducted at the Labora-
tory to investigate the specific flow phenomena. 

A 1:5 scaled Froude model, based on a power 
plant at the Lech river was constructed and 
equipped with the fish downstream migration 
setup (Figure 2). All values are provided in nature 
scale. Both, the screen area and the surface collect 
channel were 20 m long. A half of the water depth 
was build, since only the hydraulic conditions at 
the surface are interesting. Six openings each 0.5 
m width were equally distributed along the surface 
channel. The surface collector had 1.0 m width. 
The model discharge and the water level in the 
head water were kept constant so that an inflow 
velocity at the trash rack of 0.5 m/s resulted [2]. 

Different orifices arrangements were tested. 
The overflow height h with respect to the reten-
tion water level was varied from 15 cm to 35 cm 
for each opening. Rectangular and round overflow 
shapes were employed (see Figure 2). The result-
ing discharge in the channel was measured with a 
flume gauge. Water surface elevations and flow 
velocities at different positions in the intake area 
and the migration facility were measured by 
gauges and with a micro propeller. 

 

 
Figure 2. Physical model, scale 1:5 

2.3 Results and discussion 

The diversion of the water from the original 
river bed to the artificial arm creates specific and 
inhomogeneous flow pattern in the screen plane. 
This flow pattern dominates the hydraulic situa-
tion at the channel entrances and influences the 
local water depth and velocity. To evaluate the 
distribution in the intake plane the velocity to-
wards the screen was measured between each 
couple of intake piers at three different water 
depths. Figure 3 shows the resulting velocity dis-
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2.2. Physical model tests

The precise design of such fish downstream migration 
facility, especially of the entrances to the collector 
channel can not be deduced by sheer theoretical 
considerations, due to the complex hydraulic situation 
at the intake plane. Therefore a physical model test 
was conducted at the Laboratory to investigate the 
specific flow phenomena.
A 1:5 scaled Froude model, based on a power plant 
at the Lech river was constructed and equipped with 
the fish downstream migration setup (Figure 2). All 
values are provided in nature scale. Both, the screen 
area and the surface collect channel were 20 m long. 
A half of the water depth was build, since only the 
hydraulic conditions at the surface are interesting. Six 
openings each 0.5 m width were equally distributed 
along the surface channel. The surface collector had 
1.0 m width. The model discharge and the water 
level in the head water were kept constant so that an 
inflow velocity at the trash rack of 0.5 m/s resulted 
(ATV-DVWK, 2004).
Different orifices arrangements were tested. The 
overflow height h with respect to the retention 
water level was varied from 15 cm to 35 cm for each 
opening. Rectangular and round overflow shapes 
were employed (see Figure 2). The resulting discharge 
in the channel was measured with a flume gauge. 
Water surface elevations and flow velocities at different 
positions in the intake area and the migration facility 
were measured by gauges and with a micro propeller.

2.3. Results and discussion

The diversion of the water from the original 
river bed to the artificial arm creates specific and 
inhomogeneous flow pattern in the screen plane. 
This flow pattern dominates the hydraulic situation at 
the channel entrances and influences the local water 
depth and velocity. To evaluate the distribution in 
the intake plane the velocity towards the screen was 
measured between each couple of intake piers at three 
different water depths. Figure 3 shows the resulting 
velocity distribution. The horizontal axis represents 
the longitudinal position, where x = 0 m corresponds 
to the upstream end of the trash rack and x = 20 m 
is the screen end beside the weir. The intake piers are 
represented in white.

The minimum velocity measured was 0.04 m/s, which 
occurred close to the bay. The maximum was found 
near the bottom, next to the weir and mounted up to 
0.58 m/s. The average velocity was 0.31 ± 0.15 m/s. 
This inhomogeneous distribution has to be considered 
when calculating the required screen surface for a given 
discharge at a hydro power site in order to guarantee 
fish protection. 
To evaluate the influence of the inhomogeneous 
intake flow on the hydraulics of the orifices a series of 
experiments was done. Only one orifice was opened at 
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ratory. On the top of the intake piers and the trash 
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provide a safe passage to downstream. Then this 
channel is connected to a bypass which leads to 
the downstream of the weir in the upstream pas-
sage. For increasing the possibility of the fish to 
reach this corridor, many orifices are spread 
across the total length of the screen as shown in 
Figure 1. 

 

 
Figure 1. Bay power plant schema, model area in grey 

The concept is particularly adapted for the 
young fish, which swim on the surface as the sal-
monids. The fish those do not find the passage on 
the surface due to specific ground close swim be-
havior as for example the eels [1] have another 
possibility on the downstream side of the trash 
rack where an opening on the whole depth allow 
the evacuation of the debris resulting from the 
trash rack cleanings. 

2.2 Physical model tests 
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migration facility, especially of the entrances to 
the collector channel can not be deduced by sheer 
theoretical considerations, due to the complex hy-
draulic situation at the intake plane. Therefore a 
physical model test was conducted at the Labora-
tory to investigate the specific flow phenomena. 

A 1:5 scaled Froude model, based on a power 
plant at the Lech river was constructed and 
equipped with the fish downstream migration 
setup (Figure 2). All values are provided in nature 
scale. Both, the screen area and the surface collect 
channel were 20 m long. A half of the water depth 
was build, since only the hydraulic conditions at 
the surface are interesting. Six openings each 0.5 
m width were equally distributed along the surface 
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The model discharge and the water level in the 
head water were kept constant so that an inflow 
velocity at the trash rack of 0.5 m/s resulted [2]. 
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tion water level was varied from 15 cm to 35 cm 
for each opening. Rectangular and round overflow 
shapes were employed (see Figure 2). The result-
ing discharge in the channel was measured with a 
flume gauge. Water surface elevations and flow 
velocities at different positions in the intake area 
and the migration facility were measured by 
gauges and with a micro propeller. 

 

 
Figure 2. Physical model, scale 1:5 

2.3 Results and discussion 

The diversion of the water from the original 
river bed to the artificial arm creates specific and 
inhomogeneous flow pattern in the screen plane. 
This flow pattern dominates the hydraulic situa-
tion at the channel entrances and influences the 
local water depth and velocity. To evaluate the 
distribution in the intake plane the velocity to-
wards the screen was measured between each 
couple of intake piers at three different water 
depths. Figure 3 shows the resulting velocity dis-
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Figure 3. Velocity distribution at the screen.

tribution. The horizontal axis represents the longi-
tudinal position, where x = 0 m corresponds to the 
upstream end of the trash rack and x = 20 m is the 
screen end beside the weir. The intake piers are 
represented in white. 
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The minimum velocity measured was 0.04 m/s, 
which occurred close to the bay. The maximum 
was found near the bottom, next to the weir and 
mounted up to 0.58 m/s. The average velocity was 
0.31 ± 0.15 m/s. This inhomogeneous distribution 
has to be considered when calculating the required 
screen surface for a given discharge at a hydro 
power site in order to guarantee fish protection.  

To evaluate the influence of the inhomogene-
ous intake flow on the hydraulics of the orifices a 
series of experiments was done. Only one orifice 
was opened at a time and the corresponding dis-
charge was measured. Calculating the overfall co-
efficient µ with the Poleni-equation (1): 

 (1) 

where Q is the discharge, b is the entrance 
breadth, h is the overflow height and g is the 
gravitational acceleration and comparing the coef-
ficients reveals the local dependency on the intake 
flow. Figure 4 shows the results for all entrances. 
For both overflow shapes (round and rectangular) 
similar tendencies could be observed. The overfall 
coefficient is locally raised in the area of the weir, 
where the approach flow to the intake plane is 
higher. On the other side of the trash rack, towards 
the upstream, where the inflow velocity is smaller 
the coefficient is also low. Furthermore one can 
assume a slight influence of the positioning of the 
opening with regard to the piers, as indicated by 
the result for the opening number 3 at x = 9 m. 

 
Figure 4. Overfall coefficient for the different opening 

The averages of the overfall coefficient are 
µround = 0.74 ± 0.02 and µrectangular = 0.67 ± 0.04. 
This corresponds with literature references [11]. 
Considering normal service conditions with six 
entrances and overfall heights of 20 cm to 30 cm 
this results in a total channel discharge of 400 l/s 
to 600 l/s. The water depth and the velocity in the 
channel could be easily regulate with a gate at the 
downstream end and a slope in the channel in or-
der to provide an efficient and a safe passage to 
the downstream. 

3 DOWNSTREAM PASSAGE AT A BLOCK 
HPP 

3.1 Block HPP Migration Concept 

Beside bay type hydro power plants the most 
common design are so called block type facilities 
for run-of-the-river systems. Here the powerhouse 
is integrated into the weir. Thus typically there is 
an almost vertical intake plane, more or less di-
rectly in the river. One approach to achieve an ef-
fective guidance of downstream migrating fishes 
towards a bypass is an inclined screen in combina-
tion with a surface migration corridor [8]. There 
are theoretical considerations which try to explain 
the proposed guidance of the fish by velocity 
components parallel to the screen. However there 
is just the actual horizontal flow direction and the 
factual fish behavior and its dependency on the 
inclination remains unclear. Thus an investigation 
of the behavior of live fishes under controlled 
laboratory conditions was aspired. 

3.2 Experimental investigation 

Tests were conducted in an open-air laboratory 
channel with 6 m length, 0.47 m depth and 1.25 m 
width, which was supplied by water from the Isar 
river. An inclined screen with variable inclinations 
of 25°, 35°, 45° and 90° to the horizontal was in-
stalled in the test section. In order to avoid the fish 
passage through the screen the bar clearance was 
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3. Downstream passage at a block HPP

3.1. Block HPP Migration Concept

Beside bay type hydro power plants the most 
common design are so called block type facilities 
for run-of-the-river systems. Here the powerhouse 
is integrated into the weir. Thus typically there is 
an almost vertical intake plane, more or less directly 
in the river. One approach to achieve an effective 
guidance of downstream migrating fishes towards 
a bypass is an inclined screen in combination with 
a surface migration corridor (Larinier & Travade, 
2002). There are theoretical considerations which 
try to explain the proposed guidance of the fish by 
velocity components parallel to the screen. However 
there is just the actual horizontal flow direction and 
the factual fish behavior and its dependency on the 
inclination remains unclear. Thus an investigation of 
the behavior of live fishes under controlled laboratory 
conditions was aspired.

3.2. Experimental investigation

Tests were conducted in an open-air laboratory 
channel with 6 m length, 0.47 m depth and 1.25 m 
width, which was supplied by water from the Isar 
river. An inclined screen with variable inclinations of 
25°, 35°, 45° and 90° to the horizontal was installed 
in the test section. In order to avoid the fish passage 
through the screen the bar clearance was 4 mm 
(Figure 5). The discharge was set so, that velocity 
measurement of the screen approach flow yielded 
0.3 m/s. The screen is 5 cm overflowed. Furthermore 
video cameras were employed to observe the fish 
behavior. Experiments were carried out with farm 
juvenile brown trout (Salmo trutta) of 10 cm lengths. 
For each test 50 fish were placed in the headwater 
and observed for 48 hours. Three repetitions were 
performed per inclination.

a time and the corresponding discharge was measured. 
Calculating the overfall coefficient m with the Poleni-
equation (1):
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where Q is the discharge, b is the entrance breadth, 
h is the overflow height and g is the gravitational 
acceleration and comparing the coefficients reveals the 
local dependency on the intake flow. Figure 4 shows 
the results for all entrances. For both overflow shapes 
(round and rectangular) similar tendencies could be 
observed. The overfall coefficient is locally raised in 
the area of the weir, where the approach flow to the 
intake plane is higher. On the other side of the trash 
rack, towards the upstream, where the inflow velocity 
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efficient and a safe passage to the downstream.
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4. Conclusion

Promising approaches for fish downstream migration 
facilities appropriate for different common types of 
hydro power plants have been developed and tested. 
Scale tests with live fish proved that the guidance 
with an inclined screen towards a surface pass does 
effectively work and yielded information about 
required inclination. Physical model test served 
to deduce design guidelines for fish downstream 
migration facilities on bay located hydro power 
plants. A surface collector channel with 6 openings 
combined with a 2 cm bar clearance demonstrated 
optimal hydraulic condition to protect the fish from 
the turbine and bring them safely to the downstream.

3.3. Results and discussion

The percentage of fish, which passed above the 
screen as a function of the screen inclination is 
shown in Figure 6. A clear tendency rather to 
swim above the overflowed screen when the angle 
is smaller was observed. Thus a vertical screen 
seems to be repellent for fish and does not forward 
guidance to the surface. The 25° screen inclination 
is the most efficient to guide the fish to the top. 
This implies that the inclination of the screen to 
the horizontal will indeed allow a better guidance 
of the fish into a surface bypass. Furthermore it was 
noticed, that the lighting conditions and the water 
turbidity do significantly influence the downstream 
migration (Cuchet et al., 2009). As the fish behavior 
is complex further experiments in a bigger scale 
are desirable to confirm the observations (Cuchet 
et al., 2011).

Figure 5. Longitudinal section of the experimental setup. 

4 mm (Figure 5). The discharge was set so, that 
velocity measurement of the screen approach flow 
yielded 0.3 m/s. The screen is 5 cm overflowed. 
Furthermore video cameras were employed to ob-
serve the fish behavior. Experiments were carried 
out with farm juvenile brown trout (Salmo trutta) 
of 10 cm lengths. For each test 50 fish were 
placed in the headwater and observed for 48 
hours. Three repetitions were performed per incli-
nation. 
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4 CONCLUSION 

Promising approaches for fish downstream mi-
gration facilities appropriate for different common 
types of hydro power plants have been developed 
and tested. Scale tests with live fish proved that 
the guidance with an inclined screen towards a 
surface pass does effectively work and yielded in-
formation about required inclination. Physical 
model test served to deduce design guidelines for 
fish downstream migration facilities on bay lo-
cated hydro power plants. A surface collector 
channel with 6 openings combined with a 2 cm 
bar clearance demonstrated optimal hydraulic 
condition to protect the fish from the turbine and 
bring them safely to the downstream. 
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Investigation on fish behaviors to flow conditions  

by laboratory physical model and numerical simulations

R. HAN1, Q. CHEN1, R. LI1, 
Q. CHEN2 & W. LI2

ABSTRACT. The paper presents a comprehensive method to investigate fish behaviors through 
laboratory scaled model and numerical simulations. Spinibarbus hollandi (S. hollandi), which is an 
important freshwater fish in South China, was selected in the study. The 1:60 scaled physical model 
was built basing on a 2.6-km-long reach of the Jinshajiang River. The preference of S. hollandi to 
different bed materials and flow conditions was investigated. In total, five types of bed materials 
were tested in the experiments. Flow velocity preference and turbulence intensity effects were 
studied as well. Basing on the data refined from the lab experiments, the curves of fish behaviors 
in relations to flow conditions were defined and were used to develop an individual-based fish 
dynamic module. The fish module was then integrated with a computational fluid dynamics 
(CFD) module. The integrated model was first calibrated and validated by the experimental 
data. Finally, the model was applied to assess the impacts of altered flow regimes due to upstream 
reservoir operation on S. hollandi dynamics in a compound channel of the Lijiang River. Through 
the application, the capability and limits of the model were well demonstrated.

KEYWORDS: Fish behaviors, laboratory scaled model, numerical simulation, individual-based module, 
vector-based movement.
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1. Introduction

Behaviors are essential measures for fish to accommodate 
changing environmental conditions (Railsback et al., 
1999). However, investigation on fish behaviors in 
natural or laboratory systems is difficult because of 
multiple physiological and environmental processes 
and interactions, and difference between individuals. 
Plenty of measures have been taken to discover the 
principles of fish behavior. Webb (2002) conducted a 
series of experiments to investigate the posture, depth 
and swimming trajectories of various fishes under 
different flow perturbation and turbulence. Burrows 
(2001) and Gibson et al. (2002) studied juvenile plaice 
Pleuronectes platessa behaviors in relation to depth 
changes. These experiments mainly used regular flumes 
or tanks (Burrows, 2001; Bégout Anras et al., 2004), 
while ignored or simplified the complex flow in nature. 
In addition, the fish behaviors were characterized under 
forced swimming (Castro-Santos, 2005). 
Recently, researches on fish behaviors under volitional 
swimming received more and more attentions. Castro-
Santos (2005) analyzed the volitional swimming 
behavior of migratory fishes when traversing velocity 
barriers. Li et al. (2011) studied the ethology of 
S. hollandi by a laboratory physical model. Meanwhile, 
numerical models of fish behaviors at individual level 
(Reed, 1983; Humston et al., 2004) are rapidly 
developed because of the advancement of computer 
technology and spatial data collection (Chen et al., 
2010). There is a great demand to combine fish 
ethology study and numerical model development. 
This paper presents a comprehensive approach to 
investigate fish (S. hollandi) behaviors through a 
laboratory scaled model under volitional swimming 
condition and an individual-based numerical model. 
The developed method provides an essential way to 
study fish dynamics in natural water.

2. Laboratory experiments

2.1. Materials and methods

Experiments about fish preference to bed materials 
and flow conditions were conducted at the 1:60 scaled 

physical model (Figure 1) which was built basing on 
a 2.6-km-long reach of the Jinshajiang River. The 
physical model is 43m in length, 5-13 m in width, and 
meets the requirement of optimal depth for S. hollandi 
behavior experiments. Diverse bed morphology and 
bed materials were reproduced in the model.

Experiments about fish preferential velocities were 
obtained using a large D-ended, fiberglass holding 
tank (Figure 2). To simulate a velocity gradient under 
laboratory condition, an artificial baffle was created 
in the tank. Velocities in this tank gradually changed 
from 0.45 m/s to 4.5 m/s.

Ninety two-year-old S. hollandi were selected (healthy, 
300-350g in weight, 26-28 cm in length) from 
captured fish in the river, and were then raised for 
one month in a 17.5 m × 3 m × 1.5 m flume, supplied 
with fully-aerated running water to ensure the water 
quality conditions. During the experiments, fish 
behaviors were observed and recorded by underwater 
IR monitors, cameras and short-range telescopes to 
avoid unexpected disturbance.

2.1.1. Bed materials experiment
Five types of bed materials (Table 1) were sequentially 
distributed in the physical model (Figure 1). And the 
water depth was homogeneous. Prior to experiments, 
fish were acclimated to the appropriate water 
environment for 7 days. The installed underwater 
recorders observed the presence or absence of fish in 

Figure 1. Layout of the physical model.

jiang River. The physical model is 43m in length, 
5-13m in width, and meets the requirement of op-
timal depth for S. hollandi behavior experiments. 
Diverse bed morphology and bed materials were 
reproduced in the model. 
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Figure. 1 Layout of the physical model 

Experiments about fish preferential velocities 
were obtained using a large D-ended, fiberglass 
holding tank (Figure. 2). To simulate a velocity 
gradient under laboratory condition, an artificial 
baffle was created in the tank. Velocities in this 
tank gradually changed from 0.45m/s to 4.5 m/s. 

Figure. 2 Layout of the experimental tank 

Ninety two-year-old S. hollandi were selected 
(healthy, 300-350g in weight, 26-28cm in length) 
from captured fish in the river, and were then 
raised for one month in a 17.5m×3m×1.5m flume, 
supplied with fully-aerated running water to en-
sure the water quality conditions. During the ex-
periments, fish behaviors were observed and re-
corded by underwater IR monitors, cameras and 
short-range telescopes to avoid unexpected distur-
bance.

2.1.1 Bed materials experiment 
Five types of bed materials (Table 1) were se-
quentially distributed in the physical model (Fig-
ure. 1). And the water depth was homogeneous. 
Prior to experiments, fish were acclimated to the 
appropriate water environment for 7 days. The in-
stalled underwater recorders observed the pres-
ence or absence of fish in each bed material. The 
accumulated residence time in each bed material 
was calculated from the recorded data. 

Table 1.  Bed materials and distribution 
Particle diameter 

[mm] 
Region along 

flow direction [m] 
Fine sand 1 0-1.2 

Coarse sand 3 1.2-2.4 
Small gravel 40 2.4-3.6 

Gravel with rocks 50 3.6-4.8 
Cobble stone 40 4.8-6.0 

2.1.2 Flow experiment 
The flow conditions were created and controlled 
by a pump, a line of valves and a rectangular weir 
(Figure. 1). Firstly, the regions where fish mostly 
appears were determined by visual observation. 
Then, instruments of underwater cameras and 
three-dimensional acoustic Doppler current meters 
were installed in these regions to measure fish ap-
pearance and flow conditions at 200 times per 
second. Finally, fish appearance frequency and 
flow parameters including mean velocity, bound-
ary layer velocity, Reynolds stress and wave spec-
trum were calculated.  
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2.1.3 Preferential velocities experiment 
The experiments were conducted in the tank 
shown in Figure 2. Inflow was slightly directed 
against the tank wall to reduce acoustic noises, 
and the distributions of fish activities were re-
corded by cameras and the mean velocities were 
measured at the same time. 

flow direc-Flow direction

2.2 Experimental results 
Fish behaviors were analyzed through the re-
corded videos. The accumulated time that fish
presented on a certain bed material is given in Ta-
ble 2. It was found that S. hollandi were strongly 
attracted to the cobble stone, and this result was 
confirmed by nonparametric Kruskal-Wallis ana-
lyses (PKW < 0.01). 

Table 2. Accumulated residence time on bed materials
Accumulated time [hour]

Fine sand 0.3
Coarse sand 0.4
Little gravel 1.0

Gravel with rocks 0.8
Cobble stone 2.2

Fish residence ratio was calculated to obtain ve-
locity preference of S. hollandi. Analyses on the 
experimental data showed that S. hollandi pre-
ferred staying in velocity ranging from 0.3m/s to 
0.6m/s. When velocities were higher than 0.7m/s,
fish residence declined rapidly, and the utmost ve-
locity for fish to stay was 1.7m/s. Therefore, the 
preferential velocities range of S. hollandi is from
0.3m/s to 0.6m/s (PKW<0.05).

Figure. 3 Relationship between presence ratio and velocity

jiang River. The physical model is 43m in length, 
5-13m in width, and meets the requirement of op-
timal depth for S. hollandi behavior experiments. 
Diverse bed morphology and bed materials were 
reproduced in the model. 
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Experiments about fish preferential velocities 
were obtained using a large D-ended, fiberglass 
holding tank (Figure. 2). To simulate a velocity 
gradient under laboratory condition, an artificial 
baffle was created in the tank. Velocities in this 
tank gradually changed from 0.45m/s to 4.5 m/s. 

Figure. 2 Layout of the experimental tank 

Ninety two-year-old S. hollandi were selected 
(healthy, 300-350g in weight, 26-28cm in length) 
from captured fish in the river, and were then 
raised for one month in a 17.5m×3m×1.5m flume, 
supplied with fully-aerated running water to en-
sure the water quality conditions. During the ex-
periments, fish behaviors were observed and re-
corded by underwater IR monitors, cameras and 
short-range telescopes to avoid unexpected distur-
bance.

2.1.1 Bed materials experiment 
Five types of bed materials (Table 1) were se-
quentially distributed in the physical model (Fig-
ure. 1). And the water depth was homogeneous. 
Prior to experiments, fish were acclimated to the 
appropriate water environment for 7 days. The in-
stalled underwater recorders observed the pres-
ence or absence of fish in each bed material. The 
accumulated residence time in each bed material 
was calculated from the recorded data. 

Table 1.  Bed materials and distribution 
Particle diameter 

[mm] 
Region along 

flow direction [m] 
Fine sand 1 0-1.2 

Coarse sand 3 1.2-2.4 
Small gravel 40 2.4-3.6 

Gravel with rocks 50 3.6-4.8 
Cobble stone 40 4.8-6.0 

2.1.2 Flow experiment 
The flow conditions were created and controlled 
by a pump, a line of valves and a rectangular weir 
(Figure. 1). Firstly, the regions where fish mostly 
appears were determined by visual observation. 
Then, instruments of underwater cameras and 
three-dimensional acoustic Doppler current meters 
were installed in these regions to measure fish ap-
pearance and flow conditions at 200 times per 
second. Finally, fish appearance frequency and 
flow parameters including mean velocity, bound-
ary layer velocity, Reynolds stress and wave spec-
trum were calculated.  
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2.1.3 Preferential velocities experiment 
The experiments were conducted in the tank 
shown in Figure 2. Inflow was slightly directed 
against the tank wall to reduce acoustic noises, 
and the distributions of fish activities were re-
corded by cameras and the mean velocities were 
measured at the same time. 

flow direc-Flow direction

2.2 Experimental results 
Fish behaviors were analyzed through the re-
corded videos. The accumulated time that fish
presented on a certain bed material is given in Ta-
ble 2. It was found that S. hollandi were strongly 
attracted to the cobble stone, and this result was 
confirmed by nonparametric Kruskal-Wallis ana-
lyses (PKW < 0.01). 

Table 2. Accumulated residence time on bed materials
Accumulated time [hour]

Fine sand 0.3
Coarse sand 0.4
Little gravel 1.0

Gravel with rocks 0.8
Cobble stone 2.2

Fish residence ratio was calculated to obtain ve-
locity preference of S. hollandi. Analyses on the 
experimental data showed that S. hollandi pre-
ferred staying in velocity ranging from 0.3m/s to 
0.6m/s. When velocities were higher than 0.7m/s,
fish residence declined rapidly, and the utmost ve-
locity for fish to stay was 1.7m/s. Therefore, the 
preferential velocities range of S. hollandi is from
0.3m/s to 0.6m/s (PKW<0.05).

Figure. 3 Relationship between presence ratio and velocity

Figure 2. Layout of the experimental tank.
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each bed material. The accumulated residence time in 
each bed material was calculated from the recorded data.

2.1.2. Flow experiment
The flow conditions were created and controlled 
by a pump, a line of valves and a rectangular weir 
(Figure 1). Firstly, the regions where fish mostly 
appears were determined by visual observation. 
Then, instruments of underwater cameras and three-
dimensional acoustic Doppler current meters were 
installed in these regions to measure fish appearance 
and flow conditions at 200 times per second. Finally, 
fish appearance frequency and flow parameters 
including mean velocity, boundary layer velocity, 
Reynolds stress and wave spectrum were calculated. 

2.1.3. Preferential velocities experiment
The experiments were conducted in the tank shown in 
Figure 2. Inflow was slightly directed against the tank 
wall to reduce acoustic noises, and the distributions of 
fish activities were recorded by cameras and the mean 
velocities were measured at the same time.

2.2. Experimental results

Fish behaviors were analyzed through the recorded 
videos. The accumulated time that fish presented on a 
certain bed material is given in Table 2. It was found 

that S. hollandi were strongly attracted to the cobble 
stone, and this result was confirmed by nonparametric 
Kruskal-Wallis analyses (PKW < 0.01).

Fish residence ratio was calculated to obtain velocity 
preference of S. hollandi. Analyses on the experimental 
data showed that S. hollandi preferred staying in velocity 
ranging from 0.3 m/s to 0.6 m/s. When velocities were 
higher than 0.7m/s, fish residence declined rapidly, 
and the utmost velocity for fish to stay was 1.7 m/s. 
Therefore, the preferential velocities range of S. hollandi 
is from 0.3 m/s to 0.6 m/s (PKW < 0.05).

During the analyses, it was observed that not only velocity 
but also turbulence intensity had significant effect on S. 
hollandi behaviors. Table 3 presents the detailed flow 
conditions and S. hollandi presence ratios at 5 zones. 
Comparisons between zone 1 and zone 5 indicated 
that S. hollandi preferred more turbulent water (zone 1) 
although velocity in zone 5 was more suitable.

jiang River. The physical model is 43m in length, 
5-13m in width, and meets the requirement of op-
timal depth for S. hollandi behavior experiments. 
Diverse bed morphology and bed materials were 
reproduced in the model. 
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Figure. 1 Layout of the physical model 

Experiments about fish preferential velocities 
were obtained using a large D-ended, fiberglass 
holding tank (Figure. 2). To simulate a velocity 
gradient under laboratory condition, an artificial 
baffle was created in the tank. Velocities in this 
tank gradually changed from 0.45m/s to 4.5 m/s. 

Figure. 2 Layout of the experimental tank 

Ninety two-year-old S. hollandi were selected 
(healthy, 300-350g in weight, 26-28cm in length) 
from captured fish in the river, and were then 
raised for one month in a 17.5m×3m×1.5m flume, 
supplied with fully-aerated running water to en-
sure the water quality conditions. During the ex-
periments, fish behaviors were observed and re-
corded by underwater IR monitors, cameras and 
short-range telescopes to avoid unexpected distur-
bance.

2.1.1 Bed materials experiment 
Five types of bed materials (Table 1) were se-
quentially distributed in the physical model (Fig-
ure. 1). And the water depth was homogeneous. 
Prior to experiments, fish were acclimated to the 
appropriate water environment for 7 days. The in-
stalled underwater recorders observed the pres-
ence or absence of fish in each bed material. The 
accumulated residence time in each bed material 
was calculated from the recorded data. 

Table 1.  Bed materials and distribution 
Particle diameter 

[mm] 
Region along 

flow direction [m] 
Fine sand 1 0-1.2 

Coarse sand 3 1.2-2.4 
Small gravel 40 2.4-3.6 

Gravel with rocks 50 3.6-4.8 
Cobble stone 40 4.8-6.0 

2.1.2 Flow experiment 
The flow conditions were created and controlled 
by a pump, a line of valves and a rectangular weir 
(Figure. 1). Firstly, the regions where fish mostly 
appears were determined by visual observation. 
Then, instruments of underwater cameras and 
three-dimensional acoustic Doppler current meters 
were installed in these regions to measure fish ap-
pearance and flow conditions at 200 times per 
second. Finally, fish appearance frequency and 
flow parameters including mean velocity, bound-
ary layer velocity, Reynolds stress and wave spec-
trum were calculated.  
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2.1.3 Preferential velocities experiment 
The experiments were conducted in the tank 
shown in Figure 2. Inflow was slightly directed 
against the tank wall to reduce acoustic noises, 
and the distributions of fish activities were re-
corded by cameras and the mean velocities were 
measured at the same time. 

flow direc-Flow direction

2.2 Experimental results 
Fish behaviors were analyzed through the re-
corded videos. The accumulated time that fish
presented on a certain bed material is given in Ta-
ble 2. It was found that S. hollandi were strongly 
attracted to the cobble stone, and this result was 
confirmed by nonparametric Kruskal-Wallis ana-
lyses (PKW < 0.01). 

Table 2. Accumulated residence time on bed materials
Accumulated time [hour]

Fine sand 0.3
Coarse sand 0.4
Little gravel 1.0

Gravel with rocks 0.8
Cobble stone 2.2

Fish residence ratio was calculated to obtain ve-
locity preference of S. hollandi. Analyses on the 
experimental data showed that S. hollandi pre-
ferred staying in velocity ranging from 0.3m/s to 
0.6m/s. When velocities were higher than 0.7m/s,
fish residence declined rapidly, and the utmost ve-
locity for fish to stay was 1.7m/s. Therefore, the 
preferential velocities range of S. hollandi is from
0.3m/s to 0.6m/s (PKW<0.05).

Figure. 3 Relationship between presence ratio and velocity

Table 1. Bed materials and distribution.
Table 2. Accumulated residence time on bed materials.

jiang River. The physical model is 43m in length, 
5-13m in width, and meets the requirement of op-
timal depth for S. hollandi behavior experiments. 
Diverse bed morphology and bed materials were 
reproduced in the model. 
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Experiments about fish preferential velocities 
were obtained using a large D-ended, fiberglass 
holding tank (Figure. 2). To simulate a velocity 
gradient under laboratory condition, an artificial 
baffle was created in the tank. Velocities in this 
tank gradually changed from 0.45m/s to 4.5 m/s. 

Figure. 2 Layout of the experimental tank 

Ninety two-year-old S. hollandi were selected 
(healthy, 300-350g in weight, 26-28cm in length) 
from captured fish in the river, and were then 
raised for one month in a 17.5m×3m×1.5m flume, 
supplied with fully-aerated running water to en-
sure the water quality conditions. During the ex-
periments, fish behaviors were observed and re-
corded by underwater IR monitors, cameras and 
short-range telescopes to avoid unexpected distur-
bance.

2.1.1 Bed materials experiment 
Five types of bed materials (Table 1) were se-
quentially distributed in the physical model (Fig-
ure. 1). And the water depth was homogeneous. 
Prior to experiments, fish were acclimated to the 
appropriate water environment for 7 days. The in-
stalled underwater recorders observed the pres-
ence or absence of fish in each bed material. The 
accumulated residence time in each bed material 
was calculated from the recorded data. 

Table 1.  Bed materials and distribution 
Particle diameter 

[mm] 
Region along 

flow direction [m] 
Fine sand 1 0-1.2 

Coarse sand 3 1.2-2.4 
Small gravel 40 2.4-3.6 

Gravel with rocks 50 3.6-4.8 
Cobble stone 40 4.8-6.0 

2.1.2 Flow experiment 
The flow conditions were created and controlled 
by a pump, a line of valves and a rectangular weir 
(Figure. 1). Firstly, the regions where fish mostly 
appears were determined by visual observation. 
Then, instruments of underwater cameras and 
three-dimensional acoustic Doppler current meters 
were installed in these regions to measure fish ap-
pearance and flow conditions at 200 times per 
second. Finally, fish appearance frequency and 
flow parameters including mean velocity, bound-
ary layer velocity, Reynolds stress and wave spec-
trum were calculated.  
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2.1.3 Preferential velocities experiment 
The experiments were conducted in the tank 
shown in Figure 2. Inflow was slightly directed 
against the tank wall to reduce acoustic noises, 
and the distributions of fish activities were re-
corded by cameras and the mean velocities were 
measured at the same time. 

flow direc-Flow direction

2.2 Experimental results 
Fish behaviors were analyzed through the re-
corded videos. The accumulated time that fish
presented on a certain bed material is given in Ta-
ble 2. It was found that S. hollandi were strongly 
attracted to the cobble stone, and this result was 
confirmed by nonparametric Kruskal-Wallis ana-
lyses (PKW < 0.01). 

Table 2. Accumulated residence time on bed materials
Accumulated time [hour]

Fine sand 0.3
Coarse sand 0.4
Little gravel 1.0

Gravel with rocks 0.8
Cobble stone 2.2

Fish residence ratio was calculated to obtain ve-
locity preference of S. hollandi. Analyses on the 
experimental data showed that S. hollandi pre-
ferred staying in velocity ranging from 0.3m/s to 
0.6m/s. When velocities were higher than 0.7m/s,
fish residence declined rapidly, and the utmost ve-
locity for fish to stay was 1.7m/s. Therefore, the 
preferential velocities range of S. hollandi is from
0.3m/s to 0.6m/s (PKW<0.05).

Figure. 3 Relationship between presence ratio and velocity

Figure 3. Relationship between presence ratio and velocity.

jiang River. The physical model is 43m in length, 
5-13m in width, and meets the requirement of op-
timal depth for S. hollandi behavior experiments. 
Diverse bed morphology and bed materials were 
reproduced in the model. 
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Figure. 1 Layout of the physical model 

Experiments about fish preferential velocities 
were obtained using a large D-ended, fiberglass 
holding tank (Figure. 2). To simulate a velocity 
gradient under laboratory condition, an artificial 
baffle was created in the tank. Velocities in this 
tank gradually changed from 0.45m/s to 4.5 m/s. 

Figure. 2 Layout of the experimental tank 

Ninety two-year-old S. hollandi were selected 
(healthy, 300-350g in weight, 26-28cm in length) 
from captured fish in the river, and were then 
raised for one month in a 17.5m×3m×1.5m flume, 
supplied with fully-aerated running water to en-
sure the water quality conditions. During the ex-
periments, fish behaviors were observed and re-
corded by underwater IR monitors, cameras and 
short-range telescopes to avoid unexpected distur-
bance.

2.1.1 Bed materials experiment 
Five types of bed materials (Table 1) were se-
quentially distributed in the physical model (Fig-
ure. 1). And the water depth was homogeneous. 
Prior to experiments, fish were acclimated to the 
appropriate water environment for 7 days. The in-
stalled underwater recorders observed the pres-
ence or absence of fish in each bed material. The 
accumulated residence time in each bed material 
was calculated from the recorded data. 

Table 1.  Bed materials and distribution 
Particle diameter 

[mm] 
Region along 

flow direction [m] 
Fine sand 1 0-1.2 

Coarse sand 3 1.2-2.4 
Small gravel 40 2.4-3.6 

Gravel with rocks 50 3.6-4.8 
Cobble stone 40 4.8-6.0 

2.1.2 Flow experiment 
The flow conditions were created and controlled 
by a pump, a line of valves and a rectangular weir 
(Figure. 1). Firstly, the regions where fish mostly 
appears were determined by visual observation. 
Then, instruments of underwater cameras and 
three-dimensional acoustic Doppler current meters 
were installed in these regions to measure fish ap-
pearance and flow conditions at 200 times per 
second. Finally, fish appearance frequency and 
flow parameters including mean velocity, bound-
ary layer velocity, Reynolds stress and wave spec-
trum were calculated.  
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2.1.3 Preferential velocities experiment 
The experiments were conducted in the tank 
shown in Figure 2. Inflow was slightly directed 
against the tank wall to reduce acoustic noises, 
and the distributions of fish activities were re-
corded by cameras and the mean velocities were 
measured at the same time. 

flow direc-Flow direction

2.2 Experimental results 
Fish behaviors were analyzed through the re-
corded videos. The accumulated time that fish
presented on a certain bed material is given in Ta-
ble 2. It was found that S. hollandi were strongly 
attracted to the cobble stone, and this result was 
confirmed by nonparametric Kruskal-Wallis ana-
lyses (PKW < 0.01). 

Table 2. Accumulated residence time on bed materials
Accumulated time [hour]

Fine sand 0.3
Coarse sand 0.4
Little gravel 1.0

Gravel with rocks 0.8
Cobble stone 2.2

Fish residence ratio was calculated to obtain ve-
locity preference of S. hollandi. Analyses on the 
experimental data showed that S. hollandi pre-
ferred staying in velocity ranging from 0.3m/s to 
0.6m/s. When velocities were higher than 0.7m/s,
fish residence declined rapidly, and the utmost ve-
locity for fish to stay was 1.7m/s. Therefore, the 
preferential velocities range of S. hollandi is from
0.3m/s to 0.6m/s (PKW<0.05).

Figure. 3 Relationship between presence ratio and velocity

During the analyses, it was observed that not only 
velocity but also turbulence intensity had signifi-
cant effect on S. hollandi behaviors. Table 3 pre-
sents the detailed flow conditions and S. hollandi
presence ratios at 5 zones. Comparisons between 
zone 1 and zone 5 indicated that S. hollandi pre-

ferred more turbulent water (zone 1) although ve-
locity in zone 5 was more suitable. 

3 NUMERICAL SIMULATION 

3.1 Model overview 
Mathematical methods linking fish trajectories to 
hydrodynamic patterns in terms of fish behavioral 
elements remain a challenge (Steel et al., 2001). In 
this study, a fish dynamic model based on indi-
vidual-based approach (DeAngelis et al., 1990) 
was developed. The model integrated a two-
dimensional flow module, an individual-based 
module for describing fish swimming behaviors 
and vector-based movement rules that mapped 
fish behaviors and flow factors. 

The flow field was simulated by the computa-
tional fluid dynamics (CFD) software Fluent that 
solved the Navier-Stokes equations of fluid mo-
tion at discrete points in a finite element mesh. 
The flow (ux, uy, h) at any place that fish might 
move to was interpolated from the surrounding 
computation points. The movement of fish was 
simulated in three-steps: first, fish was ready to 
move depending on its situation and flow stimuli, 
and then it executed a movement as a response to 
flow (Bian, 2003), and finally, it selected a place 
to spend the next time increment according to its 
flow preference obtained from the aforementioned 

experiments. Fish movement direction in each 
time increment was determined by its orientation 
at the very beginning; and the swimming speed 
was obtained through experiments and depended 
on its life stage (Coombs, 1999). 

3.2 Model calibration and validation 
The developed numerical model was calibrated by 
the data obtained from the laboratory experiments. 
Fish swimming speed (ui) were adjusted until 
simulated fish trajectory resembled the observed 
fish behaviors in experiments. The values of key 
parameters after calibration are given in Table 4.  

The calibrated model was validated by the 
data from the laboratory experiments, and the 
simulated spatial patterns of fish residence are il-
lustrated in Figure. 4. 

Figure. 4 Simulated spatial patterns of fish residence

3.3 Model application 
The validated model was then applied to investi-
gate the effects of flow regulation on S. hollandi
dynamics in a compound channel of the Lijiang 
River, China. The major configurations of the 
model were shown in Table 4, where λ is the pa-
rameter of Poisson process describing fish swim-
ming in and out of the boundaries.  

Table 3. Fish presence ratio and related turbulence intensity 
vMonitoring 

zone
x

[m/s) 
yv  

[m/s] 
zv  

[m/s] 
Tx Ty Tz

Presence    
ratio[%]

1 1.25 0.30 0.62 0.60 1.26 1.12 19.35 
2 0.15 0.09 0.11 0.37 1.46 1.22 22.58 
3 0.27 0.04 0.10 0.28 1.57 1.13 25.8 
4 0.08 0.23 0.10 0.23 1.1 1.00 22.58 
5 0.50 0.06 0.04 0.25 0.75 0.89 9.67 

*vx,vy,vz: longitudinal, transverse, vertical mean velocity 
Tx,Ty,Tz: longitudinal, transverse, vertical turbulence intensity 

High
frequency 

Low  
frequency 

Table 4.  Parameter value used in fish dynamic simulations
Parameter Parameter values used in laboratory model Parameter values used in Lijiang River simulation 
Life cycle Young (2-year-old)  Juvenile to senility 

Initial number 90 1000 
Time increment 1 second 24 hours 

Fish swimming speed 0-0.02m/s 0-50m/d 
Poisson coefficient (λ) - 2

Growth equation - 00.01( ) 3
45080.13(1 )

t t
W e

− −
= −

Suitable velocity 0.3-0.6m/s 

Table 3. Fish presence ratio and related turbulence intensity.
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fish trajectory resembled the observed fish behaviors 
in experiments. The values of key parameters after 
calibration are given in Table 4.
The calibrated model was validated by the data from 
the laboratory experiments, and the simulated spatial 
patterns of fish residence are illustrated in Figure. 4.

3.3. Model application

The validated model was then applied to investigate 
the effects of flow regulation on S. hollandi dynamics 
in a compound channel of the Lijiang River, China. 
The major configurations of the model were shown 
in Table 4, where λ is the parameter of Poisson 
process describing fish swimming in and out of the 
boundaries.

3. Numerical simulation

3.1. Model overview

Mathematical methods linking fish trajectories to 
hydrodynamic patterns in terms of fish behavioral 
elements remain a challenge (Steel et al., 2001). In this 
study, a fish dynamic model based on individual-based 
approach (De Angelis et al., 1990) was developed. The 
model integrated a two-dimensional flow module, an 
individual-based module for describing fish swimming 
behaviors and vector-based movement rules that 
mapped fish behaviors and flow factors.
The flow field was simulated by the computational 
fluid dynamics (CFD) software Fluent that solved the 
Navier-Stokes equations of fluid motion at discrete 
points in a finite element mesh. The flow (ux, uy, h) 
at any place that fish might move to was interpolated 
from the surrounding computation points. The 
movement of fish was simulated in three-steps: first, 
fish was ready to move depending on its situation and 
flow stimuli, and then it executed a movement as a 
response to flow (Bian, 2003), and finally, it selected 
a place to spend the next time increment according to 
its flow preference obtained from the aforementioned 
experiments. Fish movement direction in each time 
increment was determined by its orientation at the 
very beginning; and the swimming speed was obtained 
through experiments and depended on its life stage 
(Coombs, 1999).

3.2. Model calibration and validation

The developed numerical model was calibrated by the 
data obtained from the laboratory experiments. Fish 
swimming speed (ui) were adjusted until simulated 

During the analyses, it was observed that not only 
velocity but also turbulence intensity had signifi-
cant effect on S. hollandi behaviors. Table 3 pre-
sents the detailed flow conditions and S. hollandi
presence ratios at 5 zones. Comparisons between 
zone 1 and zone 5 indicated that S. hollandi pre-

ferred more turbulent water (zone 1) although ve-
locity in zone 5 was more suitable. 
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3.1 Model overview 
Mathematical methods linking fish trajectories to 
hydrodynamic patterns in terms of fish behavioral 
elements remain a challenge (Steel et al., 2001). In 
this study, a fish dynamic model based on indi-
vidual-based approach (DeAngelis et al., 1990) 
was developed. The model integrated a two-
dimensional flow module, an individual-based 
module for describing fish swimming behaviors 
and vector-based movement rules that mapped 
fish behaviors and flow factors. 

The flow field was simulated by the computa-
tional fluid dynamics (CFD) software Fluent that 
solved the Navier-Stokes equations of fluid mo-
tion at discrete points in a finite element mesh. 
The flow (ux, uy, h) at any place that fish might 
move to was interpolated from the surrounding 
computation points. The movement of fish was 
simulated in three-steps: first, fish was ready to 
move depending on its situation and flow stimuli, 
and then it executed a movement as a response to 
flow (Bian, 2003), and finally, it selected a place 
to spend the next time increment according to its 
flow preference obtained from the aforementioned 

experiments. Fish movement direction in each 
time increment was determined by its orientation 
at the very beginning; and the swimming speed 
was obtained through experiments and depended 
on its life stage (Coombs, 1999). 

3.2 Model calibration and validation 
The developed numerical model was calibrated by 
the data obtained from the laboratory experiments. 
Fish swimming speed (ui) were adjusted until 
simulated fish trajectory resembled the observed 
fish behaviors in experiments. The values of key 
parameters after calibration are given in Table 4.  

The calibrated model was validated by the 
data from the laboratory experiments, and the 
simulated spatial patterns of fish residence are il-
lustrated in Figure. 4. 
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3.3 Model application 
The validated model was then applied to investi-
gate the effects of flow regulation on S. hollandi
dynamics in a compound channel of the Lijiang 
River, China. The major configurations of the 
model were shown in Table 4, where λ is the pa-
rameter of Poisson process describing fish swim-
ming in and out of the boundaries.  

Table 3. Fish presence ratio and related turbulence intensity 
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Table 4.  Parameter value used in fish dynamic simulations
Parameter Parameter values used in laboratory model Parameter values used in Lijiang River simulation 
Life cycle Young (2-year-old)  Juvenile to senility 

Initial number 90 1000 
Time increment 1 second 24 hours 

Fish swimming speed 0-0.02m/s 0-50m/d 
Poisson coefficient (λ) - 2

Growth equation - 00.01( ) 3
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Table 4.  Parameter value used in fish dynamic simulations.

During the analyses, it was observed that not only 
velocity but also turbulence intensity had signifi-
cant effect on S. hollandi behaviors. Table 3 pre-
sents the detailed flow conditions and S. hollandi
presence ratios at 5 zones. Comparisons between 
zone 1 and zone 5 indicated that S. hollandi pre-

ferred more turbulent water (zone 1) although ve-
locity in zone 5 was more suitable. 
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3.1 Model overview 
Mathematical methods linking fish trajectories to 
hydrodynamic patterns in terms of fish behavioral 
elements remain a challenge (Steel et al., 2001). In 
this study, a fish dynamic model based on indi-
vidual-based approach (DeAngelis et al., 1990) 
was developed. The model integrated a two-
dimensional flow module, an individual-based 
module for describing fish swimming behaviors 
and vector-based movement rules that mapped 
fish behaviors and flow factors. 

The flow field was simulated by the computa-
tional fluid dynamics (CFD) software Fluent that 
solved the Navier-Stokes equations of fluid mo-
tion at discrete points in a finite element mesh. 
The flow (ux, uy, h) at any place that fish might 
move to was interpolated from the surrounding 
computation points. The movement of fish was 
simulated in three-steps: first, fish was ready to 
move depending on its situation and flow stimuli, 
and then it executed a movement as a response to 
flow (Bian, 2003), and finally, it selected a place 
to spend the next time increment according to its 
flow preference obtained from the aforementioned 

experiments. Fish movement direction in each 
time increment was determined by its orientation 
at the very beginning; and the swimming speed 
was obtained through experiments and depended 
on its life stage (Coombs, 1999). 

3.2 Model calibration and validation 
The developed numerical model was calibrated by 
the data obtained from the laboratory experiments. 
Fish swimming speed (ui) were adjusted until 
simulated fish trajectory resembled the observed 
fish behaviors in experiments. The values of key 
parameters after calibration are given in Table 4.  

The calibrated model was validated by the 
data from the laboratory experiments, and the 
simulated spatial patterns of fish residence are il-
lustrated in Figure. 4. 
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3.3 Model application 
The validated model was then applied to investi-
gate the effects of flow regulation on S. hollandi
dynamics in a compound channel of the Lijiang 
River, China. The major configurations of the 
model were shown in Table 4, where λ is the pa-
rameter of Poisson process describing fish swim-
ming in and out of the boundaries.  
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Figure 4. Simulated spatial patterns of fish residence.

Figure 5. Accumulated fish residence time (upper) and 
biomass change (down).

Long 
residence 

Short 
  residence

WR 

NR

Figure. 5 Accumulated fish residence time (upper) and bio-
mass change (down)

Two scenarios, with regulation (WR) and no regu-
lation (NR) were simulated, and the accumulated 
residence time as well as total biomass changes 
was given in Figure 5. In general, little difference 
was observed between the two scenarios, except 
for the regions of historical spawning grounds (in-
dicated by the circles). The biomass of S. hollandi
under flow regulation was slightly larger than that 
without regulation. The main reason is that in-
crease of discharge in the long dry-season im-
proved the habitat quality of the fish. 

4 DISCUSSION 

Plenty of researches have been conducted to study 
fish behaviors in relation to flow condition under 
forcing swimming in flumes. This research took 
an effort to investigate fish behaviors under voli-
tional swimming by using a laboratory scaled 
model. Results showed that young S. hollandi pre-
ferred a cobble stone bed, turbulent water and a 
velocity ranged from 0.3m/s to 0.6m/s. Basing on 
such experimental results, numerical models at in-
dividual level can be developed to facilitate the 
study of fish behaviors in various flows. 

Fish movement is critical to realistic simulation 
of how individuals respond to changes in hydrau-
lic regimes (Railsback et al., 1999). Models at a 
purely behavioral level can be hard to relate to 
known facts (Ekeberg, 1993), while vector-based 
movement rules showed relatively straightforward 
to implement in the individual-based approach. 
For further study, fish movement behaviors could 
be classified into different patterns, obeying the 
fundamental vector-based rules while being char-
acterized by the swimming trajectories. 

The development of numerical model provides 
a robust interpretation from a laboratory scale to a 
natural world. The model could accommodate al-
gorithms from lab observations and elaborate 
equations with experiment data, and then served 
to quantitatively explore the fish behaviors in real 
flows.
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Fish movement is critical to realistic simulation of 
how individuals respond to changes in hydraulic 
regimes (Railsback et al., 1999). Models at a purely 
behavioral level can be hard to relate to known facts 
(Ekeberg, 1993), while vector-based movement rules 
showed relatively straightforward to implement in 
the individual-based approach. For further study, 
fish movement behaviors could be classified into 
different patterns, obeying the fundamental vector-
based rules while being characterized by the swimming 
trajectories.
The development of numerical model provides a 
robust interpretation from a laboratory scale to a 
natural world. The model could accommodate 
algorithms from lab observations and elaborate 
equations with experiment data, and then served to 
quantitatively explore the fish behaviors in real flows.
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Two scenarios, with regulation (WR) and no regulation 
(NR) were simulated, and the accumulated residence 
time as well as total biomass changes was given in 
Figure 5. In general, little difference was observed 
between the two scenarios, except for the regions of 
historical spawning grounds (indicated by the circles). 
The biomass of S. hollandi under flow regulation 
was slightly larger than that without regulation. The 
main reason is that increase of discharge in the long 
dry-season improved the habitat quality of the fish.

4. Discussion

Plenty of researches have been conducted to study 
fish behaviors in relation to flow condition under 
forcing swimming in flumes. This research took an 
effort to investigate fish behaviors under volitional 
swimming by using a laboratory scaled model. Results 
showed that young S. hollandi preferred a cobble 
stone bed, turbulent water and a velocity ranged 
from 0.3m/s to 0.6m/s. Basing on such experimental 
results, numerical models at individual level can be 
developed to facilitate the study of fish behaviors in 
various flows.
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Estimation of Northern Pike population characteristics  

in a large alluvial river: the Allier

J. SAUVANET1, A. BEC1,  
G. BOURDIER1 & C. DESVILETTES1

ABSTRACT. According to the Water Framework Directive (WFD; CE/2000/60), a number of fish 
species can be identified as “sentinel species”, which are deemed to be indicative of a particular 
zone along the river continuum. For such key species, information regarding recruitment and 
population structure should be assessed accurately. One of those river fish can undoubtedly be 
the top piscivore Northern pike (Esox lucius L.), a phytophilic species which highly depends on 
backwaters and river vegetated areas for spawning and recruitment. We developed a sampling 
protocol for pike in large alluvial rivers in view of standardization and in order to estimate 
adult population density and structure. A two occasions mark-recapture experiment based on 
a combination of net fishing and boat electro-fishing was specifically designed for backwaters 
and defined channel sectors during annual high flow level of the Allier river (France). Estimated 
densities calculated by using Chapman-Petersen and Log-linear models were weak, ranging from 
0.68 (± 0.16) fish ha-1 to 0.71 (± 0.20) fish ha-1. On the opposite, pike length growth was high 
and 8 to 9 years-old females were captured. Age and sex distribution emerged as unbalanced 
highlighting the precarious status of pike in the studied area due to very limited recruitment and 
angling pressure. The majority of pike were captured in parapotamic side arms which underlines 
the importance of specific lentic habitat in semi regulated large alluvial rivers with wide riffle-
pool-run sequences dominating geomorphological units.

KEYWORDS: Northern pike, Alluvial river backwaters, density, Electrofishing, Net fishing.

1. Université Blaise-Pascal, LMGE UMR CNRS 6023, équipe Biodiversité & Fonctionnement des Réseaux Trophiques Aquatiques, 
63171 Aubière cedex France.
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1. Introduction 

Large European alluvial river have been subject to 
physical alterations (flow regulation and riverbank 
stabilisation) which have reduced habitat heterogeneity 
and decreased the lateral connectivity and dynamic 
of waterbodies, leading to a loss of diversity and 
abundance of riverine fish species (Welcomme, 
1995). One of those river fish is the top carnivore 
Northern Pike (Esox lucius L., hereafter termed 
pike), a phytophilic species which highly depends 
on backwaters and river vegetated areas for spawning 
and recruitment (Casselman & Lewis, 1996). Loss 
or alteration of those specific areas are considered 
to be the major cause of the decline of pike 
population which explain the role attributed to pike 
for the assessment of lowland rivers functionality. 
It is therefore necessary to have a reliable sampling 
method to determine its population density. Indeed, 
no standardised method exists for efficient sampling 
of pike populations in large alluvial rivers. This fish 
is difficult to sample in large rivers because of the 
multiplicity of potential channel habitats encountered 
(Borcherding et al., 2002). Fortunately, when high 
discharge occurs during winter and spring, pike are 
forced to move to refuge areas at proximity to the 
bank and riparian zone (bays and alcoves) or into the 
connected side arms (Raat, 1988). This behaviour is 
reinforced during the spawning period when pike 
reached backwaters, shallow vegetated areas and 
side arms. Consequently, we developed an accurate 
and reliable method for estimating pike abundance 
in large gravel bed alluvial river during period of 
high discharge. A two-event mark-recapture design 
was conducted in February and April-May 2009 
using a combined effort of trammel nets and boat 
electrofishing. Obtained data were used to analyse 
the structure of the river pike population and to gain 
knowledge on pike dynamic in large alluvial rivers. 
Finally our method was especially designed for semi 
regulated large river with persistence of free-flowing 
stretches and braided or meandering channels. 

2. Methods

Our study was undertaken in the river Allier (France), 
within a 11 km stretch delimited upstream by the dam 
reservoir of Vichy town and downstream by a ruined 
weir near Billy village. We assumed our population 
was closed to migration because the possibilities of 
entry and exit to the studied area were extremely low. 
The river mesohabitats were monitored. (mapping and 
kayak channel survey). Rapid, riffle and run sectors 
were not considered for fishing and connected side 
arms and their proximity were classified as priority 
sectors for fishing, followed by channel specific points 
such as deep pools, alcoves. A two occasions mark-
recapture experiment was conducted when discharges 
were respectively of 153 m3 s-1 and 96 m3 s-1. Fish 
were collected by means of trammel nets coupled 
with boat electrofishing and received three different 
marks, anchor Tag, an opercular clip and a cryomark 
The abundance of pike was estimated using two 
models, the discrete-time model of Chapman-Peterson 
and a loglinear model. Both are recommended for 
two-pass mark-recapture estimates assuming however 
the population was closed during the marking and 
recapture events (Cormack, 1989).

3. Results

During the study period, lentic channel parts covered 
39.1% of the stretch surface. The proportion of large 
and shallow runs and riffles were respectively 36.7% 
and 18.8%. Rapid sectors under Vichy dam and 
road bridges foundations constituted 3.2% of the 
studied area. Pools, deep alcoves or embayments were 
scarse only 0.25% whereas the different backwaters 
represented 7,8% of the stretch surface.

Pikes (≥ 1+) abundance was estimated to be 81 
(95% CI = 65-98) with the Chapman-Peterson model 
estimator and 84 (95% CI = 64-104) with the log-
linear model. Reported to the entire surface of the 
studied area, the density of pike is therefore estimated 
as 0.68 (± 0.16) fish ha-1 (Chapman-Peterson estimator) 
or 0.71 (± 0.20) fish ha-1 (log-linear model). Pikes 
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were unequally distributed in the river. No pikes were 
captured in the secondary channels and only two pikes 
were captured in the channel mesohabitats while a 
total of 43 individuals were captured in parapotamic 
side arms (Table 1). Therefore regarding only potential 
habitat for this species, we calculated pike densities 
as being 15.3 (± 3.7) fish.ha-1 with the Chapman-
Peterson model estimator and 15.9 (± 3.8) fish ha-1 

with the log linear model.
Nine year classes have been determined and the oldest 
pikes were 9-year-old females (9+) (Fig. 1,). The age 
structure showed a preponderance of 4-7 year-old 
individuals representing 72% of the population. This 
was more particularly marked for the females where 
no specimen younger than 4-year-old was sampled. 
Concerning the males, individuals over 7-year-old 
(7+) were lacking while 29% of the captured males 
belonged to 2-3 year-old pikes. 
Average back-calculated lengths served to fit the Von 
Bertalanffy Growth Function (Fig. 2), calculated for 
length as:
 Lt = 112 (1 – e-0.1893 (t – 0.1289))

4. Discussion

Coupling electrofishing and trammel net techniques of 
capture seems to be a key condition for a representative 
sampling of pike size differences. Electro fishing caught 
more efficiency smaller individuals while net fishing 
captured larger individuals (> 50 cm TL). 
Reported to the entire surface of the stretch, our 
estimated density of pike is really low (< 1 fish ha-1). 
Few data on pike abundance are available in rivers. 
In Dorset chalk-streams (UK) very high densities 
of 1+ to 10+ pike (32 fish ha-1 to 80 fish ha-1) were 
found by Mann (1980), while in Poland, Backiel 
(1971) and Mann and Penczak (1984) reported 
lowest densities in large meandering rivers such as 
the Vistula (2.5 fish ha-1) and the Pilica (11 fish ha-1). 
In large alluvial rivers such as the Rhine, pike only 
constitute 0.10 to 0.19% of the fish communities 
found in backwater channels while in the Garonne 
and the Upper Rhône (France) Lamouroux et al. 

 

 
Figure 2. Theoritical growth in length (VBGF) of pike 
from the Allier river stretch  

 
4 DISCUSSION 
 
Coupling electrofishing and trammel net tech-

niques of capture seems to be a key condition for 
a representative sampling of pike size differences. 
Electro fishing caught more efficiency smaller in-
dividuals while net fishing captured larger indi-
viduals (>50 cm TL).  

 
Reported to the entire surface of the stretch, 

our estimated density of pike is really low (<1 
fish.ha-1). Few data on pike abundance are avail-
able in rivers. In Dorset chalk-streams (UK) very 
high densities of  1+ to 10+ pike (32 fish.ha-1 to 
80 fish.ha-1) were found by Mann (1980), while in 
Poland, Backiel (1971) and Mann and Penczak 
(1984) reported lowest densities  in large mean-
dering rivers such as the Vistula (2.5 fish.ha-1) and 
the Pilica (11 fish.ha-1). In large alluvial rivers 
such as the Rhine, pike only constitute 0.10 to 
0.19 %  of the fish communities found in backwa-
ter channels while in the Garonne and the Upper 
Rhône (France) Lamouroux et al. (1999) 
complained about the low densities of pike found 
in these rivers. 

The lack of enough appropriate habitats in the 
studied sector might be an explanation to the low 
density estimate. Indeed, the majority of pike cap-
tures were concentrated in four side arms, three of 
them (SA4, SA5 and SA6) being closely situated 
within one kilometre of river (see Table 1). Those 
side arms offered submerged macrophyte beds, 
submerged branches and trunks and a copious 
number of potential fish prey (small cyprinids and 
pumpkinseeds) contrasting with pike deserted 
backwaters that lacked of physical complexity. 
Our data highlight the precarious status of pike 
and the importance of specific lentic habitat in 
large french alluvial rivers, especially parapotamic 
side arms. The protocol is sufficient, even with a 
weak density of fish, to obtain and evaluate 

growth parameters and sex and age group distri-
bution. Pike pluri-annual monitoring program 
within such a river stretch could constitute a help 
for estimating recruitment and mandate a pike rec-
reational harvest or restoration programs. 
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Figure 2. Theoritical growth in length (VBGF) of pike from 
the Allier river stretch.

boat electrofishing. Obtained data were used to 
analyse the structure of the river pike population 
and to gain knowledge on pike dynamic in large 
alluvial rivers. Finally our method was especially 
designed for semi regulated large river with per-
sistence of free-flowing stretches and braided or 
meandering channels.  
 

2 METHODS 
 
Our study was undertaken in the river Allier 

(France), within a 11 km stretch delimited up-
stream by the dam reservoir of Vichy town and 
downstream by a ruined weir near Billy village. 
We assumed our population was closed to migra-
tion because the possibilities of entry and exit to 
the studied area were extremely low. The river 
mesohabitats were monitored. (mapping and 
kayak channel survey). Rapid, riffle and run sec-
tors were not considered for fishing and connected 
side arms and their proximity were classified as 
priority sectors for fishing, followed by channel 
specific points such as deep pools, alcoves. A two 
occasions mark-recapture experiment was con-
ducted when discharges were respectively of 153 
m3.s-1 and 96 m3.s-1. Fish were collected by means 
of trammel nets coupled with boat electrofishing 
and received three different marks, anchor Tag, an 
opercular clip and a cryomark  

The abundance of pike was estimated using 
two models, the discrete-time model of Chapman-
Peterson and a loglinear model. Both are recom-
mended for two-pass mark-recapture estimates  
assuming however the population was closed dur-
ing the marking and recapture events (Cormack, 
1989).  

 
3 RESULTS 
 
During the study period, lentic channel parts 

covered 39.1% of the stretch surface. The propor-
tion of large and shallow runs and riffles were re-
spectively 36.7% and 18.8%. Rapid sectors under 
Vichy dam and road bridges foundations consti-
tuted 3.2% of the studied area. Pools, deep al-
coves or embayments were scarse only 0.25% 
whereas the different backwaters represented 
7,8% of the stretch surface. 

 
Pikes (≥1+) abundance was estimated to be 81 

(95% CI = 65-98) with the Chapman-Peterson
model estimator and 84 (95% CI = 64-104) with 
the log-linear model. Reported to the entire sur-
face of the studied area, the density of pike is 
therefore estimated as 0.68 (± 0.16) fish.ha-1 
(Chapman-Peterson estimator) or 0.71 (± 0.20) 
fish.ha-1 (log-linear model). Pikes were unequally 
distributed in the river. No pikes were captured in 

the secondary channels and only two pikes were 
captured in the channel mesohabitats while a total 
of 43 individuals were captured in parapotamic 
side arms (Table 1). Therefore regarding only po-
tential habitat for this species, we calculated pike 
densities as being 15.3 (± 3.7) fish.ha-1 with the 
Chapman-Peterson model estimator and 15.9 (± 
3.8) fish.ha-1 with the log linear model. 

Nine year classes have been determined and 
the oldest pikes were 9-year-old females (9+) 
(Fig. 1,). The age structure showed a preponder-
ance of 4-7 year-old individuals representing 72% 
of the population. This was more particularly 
marked for the females where no specimen 
younger than 4-year-old was sampled. Concerning 
the males, individuals over 7-year-old (7+) were 
lacking while 29% of the captured males belonged 
to 2-3 year-old pikes.  

Average back-calculated lengths served to fit 
the Von Bertalanffy Growth Function (Fig. 2), 
calculated for length as : 

 
 Lt = 112 (1 – e-0.1893 (t – 0.1289)) 
 

Table 1.  Backwaters characteristics and localization of 
captured pike in the studied area. ______________________________________________ 
Side-
arms 

Type Distance 
from Vichy 

dam 

Number of 
captured 

pike 
SA1 Parapotamon 1 km 10 

SA2 Parapotamon 2.4 km  
SA3 Parapotamon 5 km  
SA4 Parapotamon 6.5 km 6 
SA5 Parapotamon 6.9 km 18 
SA6 Parapotamon 7.5 km 8 
SA7 Parapotamon 8.4 km  
SA8 Parapotamon 9.2 km 1 
PSA1 Pseudo-parapotamon 10.3 km  
DSA Plesiopotamon 5 km  

* Plesiopotamon is a totaly disconnected old side 
arm. Two pike (1+) were captured in the channel.
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Figure 1. Age composition of pike population in the Al-
lier river stretch] 

Table 1. Backwaters characteristics and localization of 
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and to gain knowledge on pike dynamic in large 
alluvial rivers. Finally our method was especially 
designed for semi regulated large river with per-
sistence of free-flowing stretches and braided or 
meandering channels.  
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tion because the possibilities of entry and exit to 
the studied area were extremely low. The river 
mesohabitats were monitored. (mapping and 
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priority sectors for fishing, followed by channel 
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m3.s-1 and 96 m3.s-1. Fish were collected by means 
of trammel nets coupled with boat electrofishing 
and received three different marks, anchor Tag, an 
opercular clip and a cryomark  

The abundance of pike was estimated using 
two models, the discrete-time model of Chapman-
Peterson and a loglinear model. Both are recom-
mended for two-pass mark-recapture estimates  
assuming however the population was closed dur-
ing the marking and recapture events (Cormack, 
1989).  

 
3 RESULTS 
 
During the study period, lentic channel parts 

covered 39.1% of the stretch surface. The propor-
tion of large and shallow runs and riffles were re-
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tuted 3.2% of the studied area. Pools, deep al-
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the secondary channels and only two pikes were 
captured in the channel mesohabitats while a total 
of 43 individuals were captured in parapotamic 
side arms (Table 1). Therefore regarding only po-
tential habitat for this species, we calculated pike 
densities as being 15.3 (± 3.7) fish.ha-1 with the 
Chapman-Peterson model estimator and 15.9 (± 
3.8) fish.ha-1 with the log linear model. 

Nine year classes have been determined and 
the oldest pikes were 9-year-old females (9+) 
(Fig. 1,). The age structure showed a preponder-
ance of 4-7 year-old individuals representing 72% 
of the population. This was more particularly 
marked for the females where no specimen 
younger than 4-year-old was sampled. Concerning 
the males, individuals over 7-year-old (7+) were 
lacking while 29% of the captured males belonged 
to 2-3 year-old pikes.  

Average back-calculated lengths served to fit 
the Von Bertalanffy Growth Function (Fig. 2), 
calculated for length as : 
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Table 1.  Backwaters characteristics and localization of 
captured pike in the studied area. ______________________________________________ 
Side-
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dam 
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captured 
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SA3 Parapotamon 5 km  
SA4 Parapotamon 6.5 km 6 
SA5 Parapotamon 6.9 km 18 
SA6 Parapotamon 7.5 km 8 
SA7 Parapotamon 8.4 km  
SA8 Parapotamon 9.2 km 1 
PSA1 Pseudo-parapotamon 10.3 km  
DSA Plesiopotamon 5 km  

* Plesiopotamon is a totaly disconnected old side 
arm. Two pike (1+) were captured in the channel.
 

 

 

0

1

2

3

4

5

6

7

1 2 3 4 5 6 7 8 9
Ages

Nu
m

be
r

Unsexed Males Females

Figure 1. Age composition of pike population in the Al-
lier river stretch] Figure 1. Age composition of pike population in the Allier 
river stretch].



  
  

3  ●
    
  
  

136 Session 3  ○○ ● ○○○FISH

with pike deserted backwaters that lacked of physical 
complexity. Our data highlight the precarious status 
of pike and the importance of specific lentic habitat 
in large french alluvial rivers, especially parapotamic 
side arms. The protocol is sufficient, even with a 
weak density of fish, to obtain and evaluate growth 
parameters and sex and age group distribution. Pike 
pluri-annual monitoring program within such a 
river stretch could constitute a help for estimating 
recruitment and mandate a pike recreational harvest 
or restoration programs.

(1999) complained about the low densities of pike 
found in these rivers.
The lack of enough appropriate habitats in the studied 
sector might be an explanation to the low density 
estimate. Indeed, the majority of pike captures were 
concentrated in four side arms, three of them (SA4, 
SA5 and SA6) being closely situated within one 
kilometre of river (see Table 1). Those side arms offered 
submerged macrophyte beds, submerged branches 
and trunks and a copious number of potential fish 
prey (small cyprinids and pumpkinseeds) contrasting 
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Stability and ecological functionality  

of unstructured block ramps

S. TAMAGNI1, V. WEITBRECHT1 & R. BOES1

ABSTRACT. Ecological requirements for river engineering works, such as unstructured block ramps, 
are becoming more and more eminent. The applicability of block ramps is not just depending 
on stability criteria, but also on ecological parameters, as for example structural heterogeneity 
in combination with certain flow and turbulence conditions. The ecological functionality of 
unstructured block ramps, especially in terms of fish migration corridors, is not proven yet. Based 
on the characterization of the hydraulic conditions occurring on the ramp for different flow 
and sediment scenarios, the ecological functionality is analyzed, e.g. by describing the presence 
of migration corridors representing the needs of different species. The present research aims to 
improve existing design guidelines, in respect of both stability and ecological requirements. The 
laboratory study is supplemented by field tests where the migration capacity of two different fish 
species is investigated.

KEYWORDS: block ramps, ecological functionality, longitudinal connectivity, stability criteria.
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1. Introduction

In Switzerland there are approximately 100’000 drops 
or sills with a level difference Dh larger than 50 cm 
(Zeh Weissman et al., 2009), interrupting the 
longitudinal connectivity of the watercourses. For 
this reason the current knowledge about alternative 
structures, such as unstructured block ramps replacing 
the existing drop structures that do not satisfy the 
ecological requirements, has to be extended.
Unstructured block ramps are characterized by large 
isolated blocks, randomly placed on the bed material 
with a certain block placement density l, defined 
as the ratio between the area covered with blocks 
and the total area (Fig. 1). There is neither contact 
between the blocks nor geometrical or regular block 
pattern. Typical applicability ranges are a ramp slope 
S < 3%, a maximum block weight up to 5 t, a block 
placement density l < 30%, and a specific discharge 
q < 12 m3/sm.
Comprehensive design guidelines for this type of block 
ramp are missing. Several approaches are available 
to characterize the flow conditions occurring on the 
ramp, but they are often limited to a certain parameter 
range corresponding to certain test condition. 
Furthermore, the effective ecological functionality 
of this ramp type is not proven yet. However, the 
number of structures being executed is increasing 
because of their ecological character.

The fulfillment of the ecological requirements includes 
the longitudinal connection (target fish species and 
other species are able to overcome the ramp) and the 
presence of appropriate habitat conditions on the 
ramp for certain species.
The present research project aims to improve existing 
design guidelines by extending their application 
range while proving the ecological functionality of 
unstructured block ramps.

2. Experiments

The experiments are carried out in a rectangular 
tilting flume 13.50 m long, 0.60 m wide, and 
0.60 m deep with sidewalls made of glass and PVC 
(Fig. 2). The block ramp is modeled over the entire 
width of the flume with a certain initial slope So with 
movable bed material (characterized by d90, dm and  
s = √ d84/d16), covered with blocks of a certain 

Figure 1. Unstructured block ramp at the Landquart River 
(Canton Graubünden, Switzerland).
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1 INTRODUCTION 

In Switzerland there are approximately 100’000 
drops or sills with a level difference Δh larger 
than 50 cm (Zeh Weissman et al., 2009), interrupt-
ing the longitudinal connectivity of the water-
courses. For this reason the current knowledge 
about alternative structures, such as unstructured 
block ramps replacing the existing drop structures 
that do not satisfy the ecological requirements, has 
to be extended. 

Unstructured block ramps are characterized by 
large isolated blocks, randomly placed on the bed 
material with a certain block placement density λ, 
defined as the ratio between the area covered with 
blocks and the total area (Fig. 1). There is neither 
contact between the blocks nor geometrical or 
regular block pattern. Typical applicability ranges 
are a ramp slope S < 3%, a maximum block 
weight up to 5 t, a block placement density 
λ < 30%, and a specific discharge q < 12 m3/sm. 

Comprehensive design guidelines for this type 
of block ramp are missing. Several approaches are 
available to characterize the flow conditions oc-
curring on the ramp, but they are often limited to a 

certain parameter range corresponding to certain 
test condition. Furthermore, the effective ecologi-
cal functionality of this ramp type is not proven 
yet. However, the number of structures being exe-
cuted is increasing because of their ecological 
character.  

 

 
Figure 1. Unstructured block ramp at the Landquart River 
(Canton Graubünden, Switzerland) 

The fulfillment of the ecological requirements in-
cludes the longitudinal connection (target fish 
species and other species are able to overcome the 
ramp) and the presence of appropriate habitat con-
ditions on the ramp for certain species. 

Figure 2. Flume and instrumentation at VAW used for 
the experiments.

The present research project aims to improve 
existing design guidelines by extending their ap-
plication range while proving the ecological func-
tionality of unstructured block ramps. 
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Figure 2. Flume and instrumentation at VAW used for the 
experiments 

The experiments are carried out in a rectangular 
tilting flume 13.50 m long, 0.60 m wide, and 
0.60 m deep with sidewalls made of glass and 
PVC (Fig. 2). The block ramp is modeled over the 
entire width of the flume with a certain initial 
slope So with movable bed material (characterized 
by d90, dm and σ = √ d84/d16), covered with blocks 
of a certain equivalent block diameter D and a 
certain block placement density λ. The transition 
area between the inlet and the ramp head assures a 
fully developed turbulent approach flow regime 
and uniform water depth in lateral direction. At 
the end of the flume the bed level is fixed, so that 
erosion on the ramp leads to a rotation of the bed 
around this point. Nearly uniform flow depth at 
the outflow section is achieved with an adjustable 
needle weir to regulate the water depth. 

The flume is equipped with two pumps, to de-
liver a maximum discharge of 120 l/s. The trans-
ported sediment is caught in a submerged filtering 
basket at the flume end, connected to three weigh-
ing cells to continuously record the erosion rates. 

The bed topography is scanned with a laser dis-
tance sensor after each experimental run. The wa-
ter level is continuously measured with four pairs 
of ultrasonic sensors, positioned at the beginning, 
in the middle and at the end of the ramp and just 
before the needle weir. In addition, the bulk flow 
velocity is measured with the salt dilution method. 
Salty water is injected instantaneously over the 
entire flume width, approximately 1 m before the 
ramp head. The conductivity is measured at three 
cross sections with three pairs of electrodes con-
sisting of metal bands attached to the sidewalls. 
The bulk flow velocity is determined by calculat-
ing the time-lag between two summation curves of 
two different cross sections. 

The test procedure described is applied to each 
experiment. Firstly, the ramp is built with a cer-
tain parameter combination, and then the topogra-
phy is scanned with the laser. Afterwards the first 
run with a specific discharge q of 3.3 l/sm is 
started. The discharge is kept constant during 
every run until an equilibrium bed slope is 
achieved. In the present case the runs are stopped 
when the weight difference rate (ratio between the 
weight difference and the considered time step) in 
the filtering basked at the flume end is less than 
0.0005 within one hour of measurement. At this 
point the run is stopped and the bed topography 
scanned. A next run starts with a higher constant 
specific discharge. The discharge is increased 
stepwise until the ramp is either completely hori-
zontal (bed material completely eroded) or all the 
blocks are transported along the ramp (this failure 
mechanism was never observed during the present 
experiments). This failure of the ramp after a cer-
tain number of runs describes the end of one ex-
periment. 

Tab. 1 summarizes the parameters regarding 
blocks and bed material investigated up to now: 
block placement density λ, equivalent block di-
ameter D, characteristic grain diameter d90 und dm 
and material standard deviation σ. All experi-
ments were carried out without bed load addition 
and with a specific discharge q varying from 
3.3 l/sm to 60 l/sm (Fig. 5). The initial ramp slope 
So was 5% for all the experiments and the ramp 
length LR = 9 m (except for experiment “5 Short 
ramp”, where LR = 2.4 m). 

Experiments “1 Reference case” and “2 Re-
peatability” were carried out exactly with the 
same parameter combinations to test the repeat-
ability of the experiments. The ramp in experi-
ment “3 No blocks” was built only with bed mate-
rial, to directly compare the ramp stability with 
and without blocks. The bed material in experi-
ment “4 Uniform grain” was uniform (σ ≈ 1.1), to 
analyze the influence of the grain-size distribu-
tion. The ramp length LR was reduced in experi-
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equivalent block diameter D and a certain block 
placement density l. The transition area between 
the inlet and the ramp head assures a fully developed 
turbulent approach flow regime and uniform water 
depth in lateral direction. At the end of the flume the 
bed level is fixed, so that erosion on the ramp leads to a 
rotation of the bed around this point. Nearly uniform 
flow depth at the outflow section is achieved with an 
adjustable needle weir to regulate the water depth.
The flume is equipped with two pumps, to deliver 
a maximum discharge of 120 l/s. The transported 
sediment is caught in a submerged filtering basket 
at the flume end, connected to three weighing cells 
to continuously record the erosion rates.
The bed topography is scanned with a laser distance 
sensor after each experimental run. The water level is 
continuously measured with four pairs of ultrasonic 
sensors, positioned at the beginning, in the middle 
and at the end of the ramp and just before the 
needle weir. In addition, the bulk flow velocity is 
measured with the salt dilution method. Salty water 
is injected instantaneously over the entire flume 
width, approximately 1 m before the ramp head. 
The conductivity is measured at three cross sections 
with three pairs of electrodes consisting of metal bands 
attached to the sidewalls. The bulk flow velocity is 
determined by calculating the time-lag between two 
summation curves of two different cross sections.
The test procedure described is applied to each 
experiment. Firstly, the ramp is built with a certain 
parameter combination, and then the topography 
is scanned with the laser. Afterwards the first run 
with a specific discharge q of 3.3 l/sm is started. The 
discharge is kept constant during every run until an 
equilibrium bed slope is achieved. In the present 
case the runs are stopped when the weight difference 

rate (ratio between the weight difference and the 
considered time step) in the filtering basked at the 
flume end is less than 0.0005 within one hour of 
measurement. At this point the run is stopped and 
the bed topography scanned. A next run starts with 
a higher constant specific discharge. The discharge is 
increased stepwise until the ramp is either completely 
horizontal (bed material completely eroded) or all the 
blocks are transported along the ramp (this failure 
mechanism was never observed during the present 
experiments). This failure of the ramp after a certain 
number of runs describes the end of one experiment.
Tab. 1 summarizes the parameters regarding blocks 
and bed material investigated up to now: block 
placement density l, equivalent block diameter D, 
characteristic grain diameter d90 und dm and material 
standard deviation s. All experiments were carried out 
without bed load addition and with a specific discharge 
q varying from 3.3 l/sm to 60 l/sm (Fig. 5). The initial 
ramp slope So was 5% for all the experiments and the 
ramp length LR = 9 m (except for experiment “5 Short 
ramp”, where LR = 2.4 m).
Experiments “1 Reference case” and “2 Repeatability” 
were carried out exactly with the same parameter 
combinations to test the repeatability of the experiments. 
The ramp in experiment “3 No blocks” was built 
only with bed material, to directly compare the ramp 
stability with and without blocks. The bed material in 
experiment “4 Uniform grain” was uniform (s ≈ 1.1), 
to analyze the influence of the grain-size distribution. 
The ramp length LR was reduced in experiment “5 Short 
ramp”, to investigate its effects on the bed morphology, 
such as the development of banks. Finally, the block 
placement density l in experiment “6 High placement 
density” was increased to a value of 25%, in order to 
quantify its influence on the stability.

ment “5 Short ramp”, to investigate its effects on 
the bed morphology, such as the development of 
banks. Finally, the block placement density λ in 
xperiment “6 High placement density” was in-

creased to a value of 25%, in order to quantify its 
influence on the stability. 
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Table 1.  Investigated parameter combinations (model dimensions). The parameter changed compared to the reference case is 
plotted in bold letters 
Experiments So [%] LR [m] λ [%] D [mm] d90 [mm] D/d90 [-] dm [mm]  σ [-] 

1 Reference case 5 9 15 43 3.5 12.3 1.6 2.6 
2 Repeatability 5 9 15 43 3.5 12.3 1.6 2.6 
3 No blocks 5 9 - - 3.5 - 1.6 2.6 
4 Uniform grain 5 9 15 43 3.5 12.3 3.1 1.1 
5 Short ramp 5 2.4 15 43 3.5 12.3 1.6 2.6 
6 High placement density 5 9 25 43 3.5 12.3 1.6 2.6 
 

3 FIRST RESULTS AND DISCUSSION 

3.1 Ramp stability 
Since the ramp toe is fixed, a rotation around the 
ramp toe is observed when the discharge in-
creases, and the bed material is eroded. If the ratio 
between the boulders and the bed material is 
6 ≤ D/d90 ≤ 17 (Raudkivi & Ettema, 1982) like for 
the current experiments with D/d90 = 12, then the 
blocks follow this rotation undergoing a vertical 
movement. Due to this process, the ramp does not 
fail abruptly, but it is able to adjust its initial slope 
So to the higher discharge into a new equilibrium 
slope Se (Fig. 3). 

 

 
Figure 3. Rotation process of the unstructured block ramp 
due to erosion during increased discharge 

The erosion process is characterized by local 
scour holes downstream and local depositions up-
stream of the blocks, as well as high local turbu-
lence, which cause a rearrangement of the blocks 
and of the bed sediment (Fig. 4), and the flatten-
ing of the ramp. Through these processes the dis-
charge concentrates over time at different posi-
tions so that the flow patterns change 
continuously, until stable conditions and equilib-
rium slope are reached.  

For low discharge (3.3 and 6.7 l/sm), it could 
be observed that banks develop during all the ex-
periments, leading to locally concentrated flow. 
Consequently erosion and rearrangement proc-

esses cause increased heterogeneity, which repre-
sents a negative aspect for the stability on the one 
hand and a positive effect on the ecology on the 
other hand: i) locally the shear stress is increased 
and a cross-sectional averaged flow resistance is 
difficult to determine, ii) increased heterogeneity 
indicates improved ecological conditions, because 
of increased probability for fish to find the right 
conditions for migration or as a habitat. The bank 
development during low flow discharges is theo-
retically supported with the criterion of Jäggi 
(1983), where the bank development is given in 
function of the slope S, the river width W and the 
characteristic grain diameter dm.  

 

 
 

 
Figure 4. Rearrangement of blocks and bed material after a 
specific discharge of q = 13.3 l/sm (top) and 26.7 l/sm (bot-
tom, experiment 2). Regular structures like rows or arches 
can be observed. Flow from left to right. 

First experiments show that the blocks tend to 
move locally leading to more structured but not 
regular block pattern. During the tests and with 
increased hydraulic load, the block patterns form 
some kind of rows and arches or semi-arches and 
pools (Fig. 4). The next step will be the analysis 
of these structures using automatic object detec-
tion methods to find specific rules and to forecast 
these patterns. The essential design concept for 
unstructured block ramps should be the following: 
Design the ramp with an optimum parameter 
combination (equivalent block diameter D, block 
placement density λ and ratio between blocks and 

Table 1.  Investigated parameter combinations (model dimensions). The parameter changed compared to the reference case 
is plotted in bold letters.
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increased heterogeneity indicates improved ecological 
conditions, because of increased probability for fish to 
find the right conditions for migration or as a habitat. 
The bank development during low flow discharges 
is theoretically supported with the criterion of Jäggi 
(1983), where the bank development is given in 
function of the slope S, the river width W and the 
characteristic grain diameter dm. 

First experiments show that the blocks tend to move 
locally leading to more structured but not regular 
block pattern. During the tests and with increased 
hydraulic load, the block patterns form some kind of 
rows and arches or semi-arches and pools (Fig. 4). The 
next step will be the analysis of these structures using 
automatic object detection methods to find specific 
rules and to forecast these patterns. The essential 
design concept for unstructured block ramps should 
be the following: Design the ramp with an optimum 
parameter combination (equivalent block diameter D, 
block placement density l and ratio between blocks 
and bed material D/d90 ), so that low flows can locally 
rearrange the blocks, finding its own optimal block 
pattern in terms of ramp stability but also in terms 
of longitudinal ecological connectivity.
Figure 5 shows the results of the performed 
experiments. Every single point of the curves 
represents the obtained equilibrium slope Se after 
one single run, in which the discharge q remained 
constant. In Figure 5 the time component is not 

3. First results and discussion

3.1. Ramp stability

Since the ramp toe is fixed, a rotation around the 
ramp toe is observed when the discharge increases, 
and the bed material is eroded. If the ratio between 
the boulders and the bed material is 6 ≤ D/d90 ≤ 17 
(Raudkivi & Ettema, 1982) like for the current 
experiments with D/d90 = 12, then the blocks follow 
this rotation undergoing a vertical movement. Due 
to this process, the ramp does not fail abruptly, but 
it is able to adjust its initial slope So to the higher 
discharge into a new equilibrium slope Se (Fig. 3).

The erosion process is characterized by local scour 
holes downstream and local depositions upstream 
of the blocks, as well as high local turbulence, which 
cause a rearrangement of the blocks and of the bed 
sediment (Fig. 4), and the flattening of the ramp. 
Through these processes the discharge concentrates 
over time at different positions so that the flow 
patterns change continuously, until stable conditions 
and equilibrium slope are reached. 
For low discharge (3.3 and 6.7 l/sm), it could 
be observed that banks develop during all the 
experiments, leading to locally concentrated flow. 
Consequently erosion and rearrangement processes 
cause increased heterogeneity, which represents a 
negative aspect for the stability on the one hand and 
a positive effect on the ecology on the other hand: i) 
locally the shear stress is increased and a cross-sectional 
averaged flow resistance is difficult to determine, ii) 

Figure 3. Rotation process of the unstructured block ramp 
due to erosion during increased discharge.

ment “5 Short ramp”, to investigate its effects on 
the bed morphology, such as the development of 
banks. Finally, the block placement density λ in 
xperiment “6 High placement density” was in-

creased to a value of 25%, in order to quantify its 
influence on the stability. 
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Table 1.  Investigated parameter combinations (model dimensions). The parameter changed compared to the reference case is 
plotted in bold letters 
Experiments So [%] LR [m] λ [%] D [mm] d90 [mm] D/d90 [-] dm [mm]  σ [-] 

1 Reference case 5 9 15 43 3.5 12.3 1.6 2.6 
2 Repeatability 5 9 15 43 3.5 12.3 1.6 2.6 
3 No blocks 5 9 - - 3.5 - 1.6 2.6 
4 Uniform grain 5 9 15 43 3.5 12.3 3.1 1.1 
5 Short ramp 5 2.4 15 43 3.5 12.3 1.6 2.6 
6 High placement density 5 9 25 43 3.5 12.3 1.6 2.6 
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ramp toe is observed when the discharge in-
creases, and the bed material is eroded. If the ratio 
between the boulders and the bed material is 
6 ≤ D/d90 ≤ 17 (Raudkivi & Ettema, 1982) like for 
the current experiments with D/d90 = 12, then the 
blocks follow this rotation undergoing a vertical 
movement. Due to this process, the ramp does not 
fail abruptly, but it is able to adjust its initial slope 
So to the higher discharge into a new equilibrium 
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The erosion process is characterized by local 
scour holes downstream and local depositions up-
stream of the blocks, as well as high local turbu-
lence, which cause a rearrangement of the blocks 
and of the bed sediment (Fig. 4), and the flatten-
ing of the ramp. Through these processes the dis-
charge concentrates over time at different posi-
tions so that the flow patterns change 
continuously, until stable conditions and equilib-
rium slope are reached.  

For low discharge (3.3 and 6.7 l/sm), it could 
be observed that banks develop during all the ex-
periments, leading to locally concentrated flow. 
Consequently erosion and rearrangement proc-

esses cause increased heterogeneity, which repre-
sents a negative aspect for the stability on the one 
hand and a positive effect on the ecology on the 
other hand: i) locally the shear stress is increased 
and a cross-sectional averaged flow resistance is 
difficult to determine, ii) increased heterogeneity 
indicates improved ecological conditions, because 
of increased probability for fish to find the right 
conditions for migration or as a habitat. The bank 
development during low flow discharges is theo-
retically supported with the criterion of Jäggi 
(1983), where the bank development is given in 
function of the slope S, the river width W and the 
characteristic grain diameter dm.  

 

 
 

 
Figure 4. Rearrangement of blocks and bed material after a 
specific discharge of q = 13.3 l/sm (top) and 26.7 l/sm (bot-
tom, experiment 2). Regular structures like rows or arches 
can be observed. Flow from left to right. 

First experiments show that the blocks tend to 
move locally leading to more structured but not 
regular block pattern. During the tests and with 
increased hydraulic load, the block patterns form 
some kind of rows and arches or semi-arches and 
pools (Fig. 4). The next step will be the analysis 
of these structures using automatic object detec-
tion methods to find specific rules and to forecast 
these patterns. The essential design concept for 
unstructured block ramps should be the following: 
Design the ramp with an optimum parameter 
combination (equivalent block diameter D, block 
placement density λ and ratio between blocks and 

ment “5 Short ramp”, to investigate its effects on 
the bed morphology, such as the development of 
banks. Finally, the block placement density λ in 
xperiment “6 High placement density” was in-

creased to a value of 25%, in order to quantify its 
influence on the stability. 
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lence, which cause a rearrangement of the blocks 
and of the bed sediment (Fig. 4), and the flatten-
ing of the ramp. Through these processes the dis-
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tions so that the flow patterns change 
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Figure 4. Rearrangement of blocks and bed material after a 
specific discharge of q = 13.3 l/sm (top) and 26.7 l/sm (bot-
tom, experiment 2). Regular structures like rows or arches 
can be observed. Flow from left to right. 

First experiments show that the blocks tend to 
move locally leading to more structured but not 
regular block pattern. During the tests and with 
increased hydraulic load, the block patterns form 
some kind of rows and arches or semi-arches and 
pools (Fig. 4). The next step will be the analysis 
of these structures using automatic object detec-
tion methods to find specific rules and to forecast 
these patterns. The essential design concept for 
unstructured block ramps should be the following: 
Design the ramp with an optimum parameter 
combination (equivalent block diameter D, block 
placement density λ and ratio between blocks and 

Figure 4. Rearrangement of blocks and bed material after 
a specific discharge of q = 13.3 l/sm (top) and 26.7 l/sm 
(bottom, experiment 2). Regular structures like rows or 
arches can be observed. Flow from left to right.
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Institute of Aquatic Science and Technology. The goal 
of the field tests is to prove the effective ecological 
functionality of unstructured block ramps, measuring 
the migration capacity of two target fish species, 
namely the brown trout and the bullhead.
With help of electrofishing methods fish are trapped 
upstream of an existing block ramp at the Landquart 
River (Fig. 1), measured, marked with coded markers 
(PIT-Tagging) and catalogued, and are finally released 
downstream of the block ramp. After some days or 
weeks (depending on the species) fish are sought and 
counted again upstream of the ramp. Preliminary 
results indicate that unstructured block ramps do 
not limit the longitudinal connectivity for the brown 
trout.

4. Conclusion

In the present first phase of the PhD project the ramp 
behavior is studied under movable bed conditions 
related to bed structures that occur during different 
discharge conditions. Additional experiments are 
planned with bed load addition to the approach 
flow of the ramp. In the second phase, turbulence 
characteristics on the ramp, in particular between 
the blocks and close to the river bed, will be studied 
with 2D LDA, using a fixed bed topography derived 
from the first phase of model tests.
Up to now it is not possible to draw quantitative 
conclusions, especially on the ecological functionality 
of unstructured block ramps. More parameter 
combinations have to be tested to obtain a more 
general hydraulic description of the flow occurring 
on the ramp and to prove the presence of adequate 
migration corridors for longitudinal connectivity.
First model tests show the rearrangement of blocks 
and bed material occurring during low discharges, 
leading to more structured but not regular block 
configuration, as well as to higher heterogeneity of 
the river bed. In a next step the significance of the 
time needed to achieve equilibrium conditions and 
its influence on the ramp stability will be analyzed.

yet considered, although the influence on the ramp 
stability might be significant. The time to reach the 
equilibrium slope varied between approximately 8 
and 80 hours (model time).

Figure 5 suggest no considerable influence of the 
block placement density l on the ramp stability. 
Considering only the curves for experiments 
1, 2, 4 (l = 15%) and 6 (l = 25%), the stability 
development manifests a similar character and the 
obtained equilibrium slopes Se have approximately 
the same value. This result disagrees with previous 
results obtained at VAW (Tamagni et al., 2008), 
where the block placement density l turned out 
to be the most significant parameter for the ramp 
stability. One explanation is the absence of time in 
this analysis, which is much longer for all runs to 
reach the equilibrium in experiment 6 with a higher 
block placement density l. To confirm this hypothesis 
a quantitative analysis of the time component as well 
as the identification of the relevant dimensionless 
parameters will be done. A first approximate analysis 
shows that the time needed to reach equilibrium 
conditions for experiment 6 is approximately four 
times higher than for experiment 5.

3.2. Field tests

In order to support the model test results, field 
tests were carried out and are further planned 
in collaboration with EAWAG, the Swiss Federal 

Figure 5. Stability diagram for the investigated ramps.

bed material D/d90 ), so that low flows can locally 
rearrange the blocks, finding its own optimal 
block pattern in terms of ramp stability but also in 
terms of longitudinal ecological connectivity. 

Figure 5 shows the results of the performed ex-
periments. Every single point of the curves repre-
sents the obtained equilibrium slope Se after one 
single run, in which the discharge q remained con-
stant. In Figure 5 the time component is not yet 
considered, although the influence on the ramp 
stability might be significant. The time to reach 
the equilibrium slope varied between approxi-
mately 8 and 80 hours (model time). 
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Figure 5. Stability diagram for the investigated ramps 

Figure 5 suggest no considerable influence of the 
block placement density λ on the ramp stability. 
Considering only the curves for experiments 1, 2, 
4 (λ = 15%) and 6 (λ = 25%), the stability devel-
opment manifests a similar character and the ob-
tained equilibrium slopes Se have approximately 
the same value. This result disagrees with previ-
ous results obtained at VAW (Tamagni et al., 
2008), where the block placement density λ 
turned out to be the most significant parameter for 
the ramp stability. One explanation is the absence 
of time in this analysis, which is much longer for 
all runs to reach the equilibrium in experiment 6 
with a higher block placement density λ. To con-
firm this hypothesis a quantitative analysis of the 
time component as well as the identification of the 
relevant dimensionless parameters will be done. A 
first approximate analysis shows that the time 
needed to reach equilibrium conditions for ex-
periment 6 is approximately four times higher 
than for experiment 5. 

3.2 Field tests 
In order to support the model test results, field 
tests were carried out and are further planned in 
collaboration with EAWAG, the Swiss Federal In-
stitute of Aquatic Science and Technology. The 
goal of the field tests is to prove the effective eco-
logical functionality of unstructured block ramps, 
measuring the migration capacity of two target 

fish species, namely the brown trout and the bull-
head.  

With help of electrofishing methods fish are 
trapped upstream of an existing block ramp at the 
Landquart River (Fig. 1), measured, marked with 
coded markers (PIT-Tagging) and catalogued, and 
are finally released downstream of the block 
ramp. After some days or weeks (depending on 
the species) fish are sought and counted again up-
stream of the ramp. Preliminary results indicate 
that unstructured block ramps do not limit the 
longitudinal connectivity for the brown trout. 

4 CONCLUSION  

In the present first phase of the PhD project the 
ramp behavior is studied under movable bed con-
ditions related to bed structures that occur during 
different discharge conditions. Additional experi-
ments are planned with bed load addition to the 
approach flow of the ramp. In the second phase, 
turbulence characteristics on the ramp, in particu-
lar between the blocks and close to the river bed, 
will be studied with 2D LDA, using a fixed bed 
topography derived from the first phase of model 
tests. 

Up to now it is not possible to draw quantita-
tive conclusions, especially on the ecological 
functionality of unstructured block ramps. More 
parameter combinations have to be tested to ob-
tain a more general hydraulic description of the 
flow occurring on the ramp and to prove the pres-
ence of adequate migration corridors for longitu-
dinal connectivity. 

First model tests show the rearrangement of 
blocks and bed material occurring during low dis-
charges, leading to more structured but not regular 
block configuration, as well as to higher heteroge-
neity of the river bed. In a next step the signifi-
cance of the time needed to achieve equilibrium 
conditions and its influence on the ramp stability 
will be analyzed. 
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Riparian and aquatic plants 

 as river ecosystem engineers

A. GURNELL1

ABSTRACT. This paper will provide an overview of research conducted by the author and colleagues 
over the last decade on the impact of particular riparian and aquatic plant species on river 
morphology and vegetation dynamics. 
 The structure and function of riparian and aquatic vegetation varies along river systems with 
geomorphological setting, hydrological disturbances and surface-groundwater connectivity. This 
reflects the fact that plants colonizing riparian and aquatic zones have to cope with a very hostile 
environment where flood disturbances are frequent, droughts can be intense, alluvial substrates 
are often coarse and low in organic matter so that in the riparian zone moisture availability can 
be highly variable. 
 At the same time, certain aquatic and riparian plant species are particularly important for 
trapping and stabilizing of fluvially-transported sediments and organic matter including viable 
plant propagules. They often construct distinctive pioneer landforms that support suites of habitat 
patches and distinctive plant assemblages. These pioneer landforms can be crucial to accelerating 
the development of larger landforms such as river banks, vegetated islands and floodplains. 
 The paper will illustrate the concept of physical ecosystem engineering by plants, by presenting 
research on the emergent aquatic plant Sparganium erectum and the riparian tree species Populus nigra 
across rivers of varying size (10 to 1 000 m wide) and energy. It will demonstrate how ecosystem 
engineering by plants contributes not only to the natural morphodynamics of river systems but 
also to their recovery from human interventions including restoration.

KEYWORDS: Sparganium erectum, Populus nigra, pioneer landform, river morphodynamics, seed 
retention, sediment retention.
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Evaluation of flow formulas  

for submerged vegetation

D.C.M. AUGUSTIJN1, A.A. GALEMA1 
& F. HUTHOFF2

ABSTRACT. Much research has been dedicated to the interaction between flow and vegetation, 
however, this knowledge is only to a limited extend incorporated in models that are being used for 
river management practices. This may be partly due to the unknown reliability of the developed flow 
formulas. This contribution evaluates five different flow formulas derived for submerged vegetation: 
Klopstra et al. (1997); Stone and Shen (2002); Baptist et al. (2007); Huthoff et al. (2007); and Yang 
and Choi (2010). Each of these models is based on measurable vegetation characteristics to account 
for flow resistance by the vegetation. The evaluation of the flow formulas is based on the agreement 
with experimental data from literature, on their behaviour with respect to submergence ratio and 
on predicted water levels for different vegetation types. All models showed reasonable correlation 
to experimental data for rigid and flexible vegetation, however, average relative deviations were 
quite significant in the range of 24 to 43%. Some models showed unexpected behaviour in the 
ratio of the flow velocities in the surface and vegetation layer and deduced roughness parameters 
as function of submergence ratio. Predicted water levels for a given velocity varied up to several 
meters for some vegetation types. This shows that a particular choice for a model may have huge 
consequences when being used to predict water levels during flood conditions. The flow formulas 
proposed by Klopstra et al. (1997) and Yang and Choi (2010) show the best fit to experimental 
data and also show consistent physical behaviour. 

KEYWORDS: vegetation resistance, flow formulas, prediction, model comparison.
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1. Introduction

Currently many rivers in Europe are being 
rehabilitated to improve the ecological status. This 
provides more room for natural processes and may 
lead to less predictable developments in vegetation 
and morphological processes. In densely populated 
areas safety against flooding needs to be guaranteed. 
Uncontrolled natural developments may jeopardize 
safety requiring active management. Therefore, to 
predict hydraulic responses to vegetation developments 
in river floodplains computational models are 
commonly employed that include vegetation 
obstruction as part of the roughness parameterization. 
Many of such models have been developed in recent 
years, but only few are actually used in practice. The 
objective of this study is to evaluate some of these 
models and determine their reliability to ease the 
choice in applying recently developed flow models 
in current day river management practice.

2. Flow formulas

In this study five different flow formulas for submerged 
vegetation will be evaluated. Figure 1 shows a typical 
flow profile for submerged vegetation, including some 
characteristic parameters. All five models are briefly 
described below. 

2.1. Klopstra et al. (1997)

The formula by Klopstra et al. (1997) is based on 
the momentum equation for the vegetation layer 
and a logarithmic velocity profile in the surface layer. 

The analytical solution is a rather lengthy expression 
for which is referred to the original paper. The only 
unknown parameter in the model is the scaling 
parameter a. Various authors have derived empirical 
relations for a. Here we will use the relation of Van 
Velzen et al. (2003) which is also used for Dutch river 
management practice:

2.1 Klopstra et al. (1997) 

The formula by Klopstra et al. (1997) is based on 
the momentum equation for the vegetation layer 
and a logarithmic velocity profile in the surface 
layer. The analytical solution is a rather lengthy 
expression for which is referred to the original pa-
per. The only unknown parameter in the model is 
the scaling parameter α. Various authors have de-
rived empirical relations for α. Here we will use 
the relation of Van Velzen et al. (2003) which is 
also used for Dutch river management practice: 

7.0
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where k is the height of the vegetation.  

2.2 Stone and Shen (2002) 

Stone and Shen (2002) derived a flow formula 
based on the momentum balance and accounting 
for solidity. The depth-averaged velocity is given 
by: 
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where g is the gravitational acceleration, CD the 
drag coefficient, m the vegetation density, D the 
diameter of the plants, h the water depth and i the 
bed slope.  

2.3 Baptist et al. (2007) 

The flow formula of Baptist et al. (2007) is de-
rived by a genetic algorithm from a large number 
of simulations of a numerical turbulence model 
and reads: 
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where κ is the Von Karman constant taken as 0.4.  

2.4 Huthoff et al. (2007) 

Huthoff et al. (2007) derived an analytical expres-
sion for bulk flow through and over vegetation us-
ing scaling assumptions. The resulting expression 
for the depth-averaged velocity is:  
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where s is the spacing between the vegetation. 
 

2.5 Yang and Choi (2010) 

The flow formula of Yang and Choi (2010) is 
based on a uniform velocity in the vegetation 
layer added to the integration of a logarithmic ve-
locity profile in the surface layer:  
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All parameters are as defined before. 

3 EVALUATION 

The five formulas are evaluated in four different 
ways: (1) by comparison with experimental data 
for rigid and flexible vegetation; (2) by comparing 
the velocity in the vegetation layer and surface 
layer at different submergence ratios; (3) by com-
paring the behaviour of predicted roughness pa-
rameters; and (4) by comparing predicted water 
depths for a given velocity.  

3.1 Comparison to experimental data 

In many studies experimental data have been col-
lected in flumes for flow through and over vegeta-
tion. Galema (2010) made a compilation of these 
data. A difficulty with comparing experimental 
data from different sources is that not all data are 
measured in the same way and not all information 
is given. Some data which gave clear outliers were 
left out.  

In Table 1 the performance of the different 
flow formulas compared to experimental data is 
given. On average the difference between meas-
ured and computed velocities ranges from 24 to 
43%, which is considerable. For predicted water 
depths the deviations are usually smaller 
(Augustijn et al., 2008). The flow formulas per-
form slightly better for rigid vegetation than for 
flexible vegetation, except for Baptist et al. 
(2007). The formula of Stone and Shen (2002) 
performs the least. Figure 2 shows the best fit for 
the flexible data.  
 
Table 1.  Averages of relative deviations between measured 
and computed velocities for different flow formulas ______________________________________________ 
 rigid (N=214) flexible (N=119) ______________________________________________ 
Stone and Shen 30.5 % 43.2 % 
Klopstra et al. 23.9 % 24.5 % 
Baptist et al. 35.5 % 34.8 % 
Huthoff et al. 21.9 % 34.3 % 
Yang and Choi 24.8 % 27.3 % _____________________________________________ 
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The flow formula of Baptist et al. (2007) is de-
rived by a genetic algorithm from a large number 
of simulations of a numerical turbulence model 
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where κ is the Von Karman constant taken as 0.4.  

2.4 Huthoff et al. (2007) 

Huthoff et al. (2007) derived an analytical expres-
sion for bulk flow through and over vegetation us-
ing scaling assumptions. The resulting expression 
for the depth-averaged velocity is:  
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where s is the spacing between the vegetation. 
 

2.5 Yang and Choi (2010) 

The flow formula of Yang and Choi (2010) is 
based on a uniform velocity in the vegetation 
layer added to the integration of a logarithmic ve-
locity profile in the surface layer:  
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All parameters are as defined before. 

3 EVALUATION 

The five formulas are evaluated in four different 
ways: (1) by comparison with experimental data 
for rigid and flexible vegetation; (2) by comparing 
the velocity in the vegetation layer and surface 
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paring the behaviour of predicted roughness pa-
rameters; and (4) by comparing predicted water 
depths for a given velocity.  

3.1 Comparison to experimental data 

In many studies experimental data have been col-
lected in flumes for flow through and over vegeta-
tion. Galema (2010) made a compilation of these 
data. A difficulty with comparing experimental 
data from different sources is that not all data are 
measured in the same way and not all information 
is given. Some data which gave clear outliers were 
left out.  

In Table 1 the performance of the different 
flow formulas compared to experimental data is 
given. On average the difference between meas-
ured and computed velocities ranges from 24 to 
43%, which is considerable. For predicted water 
depths the deviations are usually smaller 
(Augustijn et al., 2008). The flow formulas per-
form slightly better for rigid vegetation than for 
flexible vegetation, except for Baptist et al. 
(2007). The formula of Stone and Shen (2002) 
performs the least. Figure 2 shows the best fit for 
the flexible data.  
 
Table 1.  Averages of relative deviations between measured 
and computed velocities for different flow formulas ______________________________________________ 
 rigid (N=214) flexible (N=119) ______________________________________________ 
Stone and Shen 30.5 % 43.2 % 
Klopstra et al. 23.9 % 24.5 % 
Baptist et al. 35.5 % 34.8 % 
Huthoff et al. 21.9 % 34.3 % 
Yang and Choi 24.8 % 27.3 % _____________________________________________ 

where k is the height of the vegetation.

2.2. Stone and Shen (2002)

Stone and Shen (2002) derived a flow formula based 
on the momentum balance and accounting for solidity. 
The depth-averaged velocity is given by:
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also used for Dutch river management practice: 
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of simulations of a numerical turbulence model 
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where κ is the Von Karman constant taken as 0.4.  

2.4 Huthoff et al. (2007) 

Huthoff et al. (2007) derived an analytical expres-
sion for bulk flow through and over vegetation us-
ing scaling assumptions. The resulting expression 
for the depth-averaged velocity is:  
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where s is the spacing between the vegetation. 
 

2.5 Yang and Choi (2010) 

The flow formula of Yang and Choi (2010) is 
based on a uniform velocity in the vegetation 
layer added to the integration of a logarithmic ve-
locity profile in the surface layer:  
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2.1 Klopstra et al. (1997) 

The formula by Klopstra et al. (1997) is based on 
the momentum equation for the vegetation layer 
and a logarithmic velocity profile in the surface 
layer. The analytical solution is a rather lengthy 
expression for which is referred to the original pa-
per. The only unknown parameter in the model is 
the scaling parameter α. Various authors have de-
rived empirical relations for α. Here we will use 
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diameter of the plants, h the water depth and i the 
bed slope.  
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The flow formula of Baptist et al. (2007) is de-
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of simulations of a numerical turbulence model 
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where κ is the Von Karman constant taken as 0.4.  

2.4 Huthoff et al. (2007) 

Huthoff et al. (2007) derived an analytical expres-
sion for bulk flow through and over vegetation us-
ing scaling assumptions. The resulting expression 
for the depth-averaged velocity is:  
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2.5 Yang and Choi (2010) 

The flow formula of Yang and Choi (2010) is 
based on a uniform velocity in the vegetation 
layer added to the integration of a logarithmic ve-
locity profile in the surface layer:  
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where g is the gravitational acceleration, CD the drag 
coefficient, m the vegetation density, D the diameter 
of the plants, h the water depth and i the bed slope. 

2.3. Baptist et al. (2007)

The flow formula of Baptist et al. (2007) is derived by 
a genetic algorithm from a large number of simulations 
of a numerical turbulence model and reads:
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where κ is the Von Karman constant taken as 0.4.  

2.4 Huthoff et al. (2007) 

Huthoff et al. (2007) derived an analytical expres-
sion for bulk flow through and over vegetation us-
ing scaling assumptions. The resulting expression 
for the depth-averaged velocity is:  
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where s is the spacing between the vegetation. 
 

2.5 Yang and Choi (2010) 

The flow formula of Yang and Choi (2010) is 
based on a uniform velocity in the vegetation 
layer added to the integration of a logarithmic ve-
locity profile in the surface layer:  
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All parameters are as defined before. 

3 EVALUATION 

The five formulas are evaluated in four different 
ways: (1) by comparison with experimental data 
for rigid and flexible vegetation; (2) by comparing 
the velocity in the vegetation layer and surface 
layer at different submergence ratios; (3) by com-
paring the behaviour of predicted roughness pa-
rameters; and (4) by comparing predicted water 
depths for a given velocity.  

3.1 Comparison to experimental data 

In many studies experimental data have been col-
lected in flumes for flow through and over vegeta-
tion. Galema (2010) made a compilation of these 
data. A difficulty with comparing experimental 
data from different sources is that not all data are 
measured in the same way and not all information 
is given. Some data which gave clear outliers were 
left out.  

In Table 1 the performance of the different 
flow formulas compared to experimental data is 
given. On average the difference between meas-
ured and computed velocities ranges from 24 to 
43%, which is considerable. For predicted water 
depths the deviations are usually smaller 
(Augustijn et al., 2008). The flow formulas per-
form slightly better for rigid vegetation than for 
flexible vegetation, except for Baptist et al. 
(2007). The formula of Stone and Shen (2002) 
performs the least. Figure 2 shows the best fit for 
the flexible data.  
 
Table 1.  Averages of relative deviations between measured 
and computed velocities for different flow formulas ______________________________________________ 
 rigid (N=214) flexible (N=119) ______________________________________________ 
Stone and Shen 30.5 % 43.2 % 
Klopstra et al. 23.9 % 24.5 % 
Baptist et al. 35.5 % 34.8 % 
Huthoff et al. 21.9 % 34.3 % 
Yang and Choi 24.8 % 27.3 % _____________________________________________ 

2.1 Klopstra et al. (1997) 

The formula by Klopstra et al. (1997) is based on 
the momentum equation for the vegetation layer 
and a logarithmic velocity profile in the surface 
layer. The analytical solution is a rather lengthy 
expression for which is referred to the original pa-
per. The only unknown parameter in the model is 
the scaling parameter α. Various authors have de-
rived empirical relations for α. Here we will use 
the relation of Van Velzen et al. (2003) which is 
also used for Dutch river management practice: 
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where k is the height of the vegetation.  

2.2 Stone and Shen (2002) 

Stone and Shen (2002) derived a flow formula 
based on the momentum balance and accounting 
for solidity. The depth-averaged velocity is given 
by: 
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where g is the gravitational acceleration, CD the 
drag coefficient, m the vegetation density, D the 
diameter of the plants, h the water depth and i the 
bed slope.  

2.3 Baptist et al. (2007) 

The flow formula of Baptist et al. (2007) is de-
rived by a genetic algorithm from a large number 
of simulations of a numerical turbulence model 
and reads: 
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where κ is the Von Karman constant taken as 0.4.  

2.4 Huthoff et al. (2007) 

Huthoff et al. (2007) derived an analytical expres-
sion for bulk flow through and over vegetation us-
ing scaling assumptions. The resulting expression 
for the depth-averaged velocity is:  
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where s is the spacing between the vegetation. 
 

2.5 Yang and Choi (2010) 

The flow formula of Yang and Choi (2010) is 
based on a uniform velocity in the vegetation 
layer added to the integration of a logarithmic ve-
locity profile in the surface layer:  
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All parameters are as defined before. 

3 EVALUATION 

The five formulas are evaluated in four different 
ways: (1) by comparison with experimental data 
for rigid and flexible vegetation; (2) by comparing 
the velocity in the vegetation layer and surface 
layer at different submergence ratios; (3) by com-
paring the behaviour of predicted roughness pa-
rameters; and (4) by comparing predicted water 
depths for a given velocity.  

3.1 Comparison to experimental data 

In many studies experimental data have been col-
lected in flumes for flow through and over vegeta-
tion. Galema (2010) made a compilation of these 
data. A difficulty with comparing experimental 
data from different sources is that not all data are 
measured in the same way and not all information 
is given. Some data which gave clear outliers were 
left out.  

In Table 1 the performance of the different 
flow formulas compared to experimental data is 
given. On average the difference between meas-
ured and computed velocities ranges from 24 to 
43%, which is considerable. For predicted water 
depths the deviations are usually smaller 
(Augustijn et al., 2008). The flow formulas per-
form slightly better for rigid vegetation than for 
flexible vegetation, except for Baptist et al. 
(2007). The formula of Stone and Shen (2002) 
performs the least. Figure 2 shows the best fit for 
the flexible data.  
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where k is the Von Karman constant taken as 0.4.

2.4. Huthoff et al. (2007)

Huthoff et al. (2007) derived an analytical expression 
for bulk flow through and over vegetation using scaling 
assumptions. The resulting expression for the depth-
averaged velocity is: 
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the momentum equation for the vegetation layer 
and a logarithmic velocity profile in the surface 
layer. The analytical solution is a rather lengthy 
expression for which is referred to the original pa-
per. The only unknown parameter in the model is 
the scaling parameter α. Various authors have de-
rived empirical relations for α. Here we will use 
the relation of Van Velzen et al. (2003) which is 
also used for Dutch river management practice: 

7.0
0227.0 k=!  (1) 
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2.2 Stone and Shen (2002) 

Stone and Shen (2002) derived a flow formula 
based on the momentum balance and accounting 
for solidity. The depth-averaged velocity is given 
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drag coefficient, m the vegetation density, D the 
diameter of the plants, h the water depth and i the 
bed slope.  

2.3 Baptist et al. (2007) 

The flow formula of Baptist et al. (2007) is de-
rived by a genetic algorithm from a large number 
of simulations of a numerical turbulence model 
and reads: 
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where κ is the Von Karman constant taken as 0.4.  

2.4 Huthoff et al. (2007) 

Huthoff et al. (2007) derived an analytical expres-
sion for bulk flow through and over vegetation us-
ing scaling assumptions. The resulting expression 
for the depth-averaged velocity is:  
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where s is the spacing between the vegetation. 
 

2.5 Yang and Choi (2010) 

The flow formula of Yang and Choi (2010) is 
based on a uniform velocity in the vegetation 
layer added to the integration of a logarithmic ve-
locity profile in the surface layer:  
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All parameters are as defined before. 

3 EVALUATION 

The five formulas are evaluated in four different 
ways: (1) by comparison with experimental data 
for rigid and flexible vegetation; (2) by comparing 
the velocity in the vegetation layer and surface 
layer at different submergence ratios; (3) by com-
paring the behaviour of predicted roughness pa-
rameters; and (4) by comparing predicted water 
depths for a given velocity.  

3.1 Comparison to experimental data 

In many studies experimental data have been col-
lected in flumes for flow through and over vegeta-
tion. Galema (2010) made a compilation of these 
data. A difficulty with comparing experimental 
data from different sources is that not all data are 
measured in the same way and not all information 
is given. Some data which gave clear outliers were 
left out.  

In Table 1 the performance of the different 
flow formulas compared to experimental data is 
given. On average the difference between meas-
ured and computed velocities ranges from 24 to 
43%, which is considerable. For predicted water 
depths the deviations are usually smaller 
(Augustijn et al., 2008). The flow formulas per-
form slightly better for rigid vegetation than for 
flexible vegetation, except for Baptist et al. 
(2007). The formula of Stone and Shen (2002) 
performs the least. Figure 2 shows the best fit for 
the flexible data.  
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2.1 Klopstra et al. (1997) 

The formula by Klopstra et al. (1997) is based on 
the momentum equation for the vegetation layer 
and a logarithmic velocity profile in the surface 
layer. The analytical solution is a rather lengthy 
expression for which is referred to the original pa-
per. The only unknown parameter in the model is 
the scaling parameter α. Various authors have de-
rived empirical relations for α. Here we will use 
the relation of Van Velzen et al. (2003) which is 
also used for Dutch river management practice: 
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where k is the height of the vegetation.  

2.2 Stone and Shen (2002) 

Stone and Shen (2002) derived a flow formula 
based on the momentum balance and accounting 
for solidity. The depth-averaged velocity is given 
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where g is the gravitational acceleration, CD the 
drag coefficient, m the vegetation density, D the 
diameter of the plants, h the water depth and i the 
bed slope.  

2.3 Baptist et al. (2007) 

The flow formula of Baptist et al. (2007) is de-
rived by a genetic algorithm from a large number 
of simulations of a numerical turbulence model 
and reads: 
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where κ is the Von Karman constant taken as 0.4.  

2.4 Huthoff et al. (2007) 

Huthoff et al. (2007) derived an analytical expres-
sion for bulk flow through and over vegetation us-
ing scaling assumptions. The resulting expression 
for the depth-averaged velocity is:  
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where s is the spacing between the vegetation. 
 

2.5 Yang and Choi (2010) 

The flow formula of Yang and Choi (2010) is 
based on a uniform velocity in the vegetation 
layer added to the integration of a logarithmic ve-
locity profile in the surface layer:  
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All parameters are as defined before. 

3 EVALUATION 

The five formulas are evaluated in four different 
ways: (1) by comparison with experimental data 
for rigid and flexible vegetation; (2) by comparing 
the velocity in the vegetation layer and surface 
layer at different submergence ratios; (3) by com-
paring the behaviour of predicted roughness pa-
rameters; and (4) by comparing predicted water 
depths for a given velocity.  

3.1 Comparison to experimental data 

In many studies experimental data have been col-
lected in flumes for flow through and over vegeta-
tion. Galema (2010) made a compilation of these 
data. A difficulty with comparing experimental 
data from different sources is that not all data are 
measured in the same way and not all information 
is given. Some data which gave clear outliers were 
left out.  

In Table 1 the performance of the different 
flow formulas compared to experimental data is 
given. On average the difference between meas-
ured and computed velocities ranges from 24 to 
43%, which is considerable. For predicted water 
depths the deviations are usually smaller 
(Augustijn et al., 2008). The flow formulas per-
form slightly better for rigid vegetation than for 
flexible vegetation, except for Baptist et al. 
(2007). The formula of Stone and Shen (2002) 
performs the least. Figure 2 shows the best fit for 
the flexible data.  
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where s is the spacing between the vegetation.

Figure 1. Typical flow profile for submerged vegetation.

 
1 INTRODUCTION 

Currently many rivers in Europe are being reha-
bilitated to improve the ecological status. This 
provides more room for natural processes and may 
lead to less predictable developments in vegeta-
tion and morphological processes. In densely 
populated areas safety against flooding needs to 
be guaranteed. Uncontrolled natural developments 
may jeopardize safety requiring active manage-
ment. Therefore, to predict hydraulic responses to 
vegetation developments in river floodplains 
computational models are commonly employed 
that include vegetation obstruction as part of the 
roughness parameterization. Many of such models 
have been developed in recent years, but only few 
are actually used in practice. The objective of this 
study is to evaluate some of these models and de-
termine their reliability to ease the choice in ap-
plying recently developed flow models in current 
day river management practice.  

2 FLOW FORMULAS 

In this study five different flow formulas for sub-
merged vegetation will be evaluated. Figure 1 
shows a typical flow profile for submerged vege-
tation, including some characteristic parameters. 
All five models are briefly described below.  

Figure 1. Typical flow profile for submerged vegetation. 
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ABSTRACT: Much research has been dedicated to the interaction between flow and vegetation, however, 
this knowledge is only to a limited extend incorporated in models that are being used for river manage-
ment practices. This may be partly due to the unknown reliability of the developed flow formulas. This 
contribution evaluates five different flow formulas derived for submerged vegetation: Klopstra et al. 
(1997); Stone and Shen (2002); Baptist et al. (2007); Huthoff et al. (2007); and Yang and Choi (2010). 
Each of these models is based on measurable vegetation characteristics to account for flow resistance by 
the vegetation. The evaluation of the flow formulas is based on the agreement with experimental data 
from literature, on their behaviour with respect to submergence ratio and on predicted water levels for dif-
ferent vegetation types. All models showed reasonable correlation to experimental data for rigid and 
flexible vegetation, however, average relative deviations were quite significant in the range of 24 to 43%. 
Some models showed unexpected behaviour in the ratio of the flow velocities in the surface and vegeta-
tion layer and deduced roughness parameters as function of submergence ratio. Predicted water levels for 
a given velocity varied up to several meters for some vegetation types. This shows that a particular choice 
for a model may have huge consequences when being used to predict water levels during flood condi-
tions. The flow formulas proposed by Klopstra et al. (1997) and Yang and Choi (2010) show the best fit 
to experimental data and also show consistent physical behaviour.  
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3.2. Velocity ratio
Here we evaluate the flow velocities in the vegetation 
and surface layer as predicted by the different flow 
formulas. For submerged vegetation, the velocity 
in the vegetation layer is expected to be lower than 
the velocity in the surface layer and the difference is 
likely to increase with growing water depth. Hence, 
the ratio between the average velocity in the surface 
layer and vegetation layer, Us/Uv, should approach 1 
when h approaches k and Us/Uv should increase with 
increasing submergence ratio, h/k. Figure 3 shows 
Us/Uv as function of h/k computed by the different 
flow formulas for natural grassland as defined by Van 
Velzen et al. (2003) (m = 4 500 m-2; D = 0.003 m; 
k = 0.15 m; CD = 1). The formula of Baptist et al. 
(2007) is not included in this figure as it does not 
provide separate expressions for flow velocities in 
the two layers.
In Figure 3, the formulas by Klopstra et al. (1997) 
and Yang and Choi (2010) show expected behaviour 

2.5. Yang and Choi (2010)

The flow formula of Yang and Choi (2010) is based 
on a uniform velocity in the vegetation layer added 
to the integration of a logarithmic velocity profile in 
the surface layer:

2.1 Klopstra et al. (1997) 

The formula by Klopstra et al. (1997) is based on 
the momentum equation for the vegetation layer 
and a logarithmic velocity profile in the surface 
layer. The analytical solution is a rather lengthy 
expression for which is referred to the original pa-
per. The only unknown parameter in the model is 
the scaling parameter α. Various authors have de-
rived empirical relations for α. Here we will use 
the relation of Van Velzen et al. (2003) which is 
also used for Dutch river management practice: 
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where k is the height of the vegetation.  

2.2 Stone and Shen (2002) 

Stone and Shen (2002) derived a flow formula 
based on the momentum balance and accounting 
for solidity. The depth-averaged velocity is given 
by: 
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where g is the gravitational acceleration, CD the 
drag coefficient, m the vegetation density, D the 
diameter of the plants, h the water depth and i the 
bed slope.  

2.3 Baptist et al. (2007) 

The flow formula of Baptist et al. (2007) is de-
rived by a genetic algorithm from a large number 
of simulations of a numerical turbulence model 
and reads: 
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where κ is the Von Karman constant taken as 0.4.  

2.4 Huthoff et al. (2007) 

Huthoff et al. (2007) derived an analytical expres-
sion for bulk flow through and over vegetation us-
ing scaling assumptions. The resulting expression 
for the depth-averaged velocity is:  
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where s is the spacing between the vegetation. 
 

2.5 Yang and Choi (2010) 

The flow formula of Yang and Choi (2010) is 
based on a uniform velocity in the vegetation 
layer added to the integration of a logarithmic ve-
locity profile in the surface layer:  
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All parameters are as defined before. 

3 EVALUATION 

The five formulas are evaluated in four different 
ways: (1) by comparison with experimental data 
for rigid and flexible vegetation; (2) by comparing 
the velocity in the vegetation layer and surface 
layer at different submergence ratios; (3) by com-
paring the behaviour of predicted roughness pa-
rameters; and (4) by comparing predicted water 
depths for a given velocity.  

3.1 Comparison to experimental data 

In many studies experimental data have been col-
lected in flumes for flow through and over vegeta-
tion. Galema (2010) made a compilation of these 
data. A difficulty with comparing experimental 
data from different sources is that not all data are 
measured in the same way and not all information 
is given. Some data which gave clear outliers were 
left out.  

In Table 1 the performance of the different 
flow formulas compared to experimental data is 
given. On average the difference between meas-
ured and computed velocities ranges from 24 to 
43%, which is considerable. For predicted water 
depths the deviations are usually smaller 
(Augustijn et al., 2008). The flow formulas per-
form slightly better for rigid vegetation than for 
flexible vegetation, except for Baptist et al. 
(2007). The formula of Stone and Shen (2002) 
performs the least. Figure 2 shows the best fit for 
the flexible data.  
 
Table 1.  Averages of relative deviations between measured 
and computed velocities for different flow formulas ______________________________________________ 
 rigid (N=214) flexible (N=119) ______________________________________________ 
Stone and Shen 30.5 % 43.2 % 
Klopstra et al. 23.9 % 24.5 % 
Baptist et al. 35.5 % 34.8 % 
Huthoff et al. 21.9 % 34.3 % 
Yang and Choi 24.8 % 27.3 % _____________________________________________ 

All parameters are as defined before.

3. Evaluation

The five formulas are evaluated in four different ways: 
(1) by comparison with experimental data for rigid 
and flexible vegetation; (2) by comparing the velocity 
in the vegetation layer and surface layer at different 
submergence ratios; (3) by comparing the behaviour of 
predicted roughness parameters; and (4) by comparing 
predicted water depths for a given velocity.

3.1. Comparison to experimental data

In many studies experimental data have been collected 
in flumes for flow through and over vegetation. 
Galema (2010) made a compilation of these data. 
A difficulty with comparing experimental data from 
different sources is that not all data are measured in 
the same way and not all information is given. Some 
data which gave clear outliers were left out.
In Table 1 the performance of the different flow 
formulas compared to experimental data is given. 
On average the difference between measured and 
computed velocities ranges from 24 to 43%, which is 
considerable. For predicted water depths the deviations 
are usually smaller (Augustijn et al., 2008). The flow 
formulas perform slightly better for rigid vegetation 
than for flexible vegetation, except for Baptist et 
al. (2007). The formula of Stone and Shen (2002) 
performs the least. Figure 2 shows the best fit for the 
flexible data.
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Table 1. Averages of relative deviations between measured 
and computed velocities for different flow formulas

2.1 Klopstra et al. (1997) 

The formula by Klopstra et al. (1997) is based on 
the momentum equation for the vegetation layer 
and a logarithmic velocity profile in the surface 
layer. The analytical solution is a rather lengthy 
expression for which is referred to the original pa-
per. The only unknown parameter in the model is 
the scaling parameter α. Various authors have de-
rived empirical relations for α. Here we will use 
the relation of Van Velzen et al. (2003) which is 
also used for Dutch river management practice: 
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where k is the height of the vegetation.  

2.2 Stone and Shen (2002) 

Stone and Shen (2002) derived a flow formula 
based on the momentum balance and accounting 
for solidity. The depth-averaged velocity is given 
by: 
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where g is the gravitational acceleration, CD the 
drag coefficient, m the vegetation density, D the 
diameter of the plants, h the water depth and i the 
bed slope.  

2.3 Baptist et al. (2007) 

The flow formula of Baptist et al. (2007) is de-
rived by a genetic algorithm from a large number 
of simulations of a numerical turbulence model 
and reads: 
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where κ is the Von Karman constant taken as 0.4.  

2.4 Huthoff et al. (2007) 

Huthoff et al. (2007) derived an analytical expres-
sion for bulk flow through and over vegetation us-
ing scaling assumptions. The resulting expression 
for the depth-averaged velocity is:  
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where s is the spacing between the vegetation. 
 

2.5 Yang and Choi (2010) 

The flow formula of Yang and Choi (2010) is 
based on a uniform velocity in the vegetation 
layer added to the integration of a logarithmic ve-
locity profile in the surface layer:  
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All parameters are as defined before. 

3 EVALUATION 

The five formulas are evaluated in four different 
ways: (1) by comparison with experimental data 
for rigid and flexible vegetation; (2) by comparing 
the velocity in the vegetation layer and surface 
layer at different submergence ratios; (3) by com-
paring the behaviour of predicted roughness pa-
rameters; and (4) by comparing predicted water 
depths for a given velocity.  

3.1 Comparison to experimental data 

In many studies experimental data have been col-
lected in flumes for flow through and over vegeta-
tion. Galema (2010) made a compilation of these 
data. A difficulty with comparing experimental 
data from different sources is that not all data are 
measured in the same way and not all information 
is given. Some data which gave clear outliers were 
left out.  

In Table 1 the performance of the different 
flow formulas compared to experimental data is 
given. On average the difference between meas-
ured and computed velocities ranges from 24 to 
43%, which is considerable. For predicted water 
depths the deviations are usually smaller 
(Augustijn et al., 2008). The flow formulas per-
form slightly better for rigid vegetation than for 
flexible vegetation, except for Baptist et al. 
(2007). The formula of Stone and Shen (2002) 
performs the least. Figure 2 shows the best fit for 
the flexible data.  
 
Table 1.  Averages of relative deviations between measured 
and computed velocities for different flow formulas ______________________________________________ 
 rigid (N=214) flexible (N=119) ______________________________________________ 
Stone and Shen 30.5 % 43.2 % 
Klopstra et al. 23.9 % 24.5 % 
Baptist et al. 35.5 % 34.8 % 
Huthoff et al. 21.9 % 34.3 % 
Yang and Choi 24.8 % 27.3 % _____________________________________________ 

Figure 2. Best fit for data on flexible vegetation by flow 
formula of Klopstra et al. (1997).
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Figure 2. Best fit for data on flexible vegetation by flow 
formula of Klopstra et al. (1997) 

3.2 Velocity ratio 

Here we evaluate the flow velocities in the vegeta-
tion and surface layer as predicted by the different 
flow formulas. For submerged vegetation, the ve-
locity in the vegetation layer is expected to be 
lower than the velocity in the surface layer and the 
difference is likely to increase with growing water 
depth. Hence, the ratio between the average veloc-
ity in the surface layer and vegetation layer, 
Us/Uv, should approach 1 when h approaches k 
and Us/Uv should increase with increasing sub-
mergence ratio, h/k. Figure 3 shows Us/Uv as func-
tion of h/k computed by the different flow formu-
las for natural grassland as defined by Van Velzen 
et al. (2003) (m = 4500 m

-2
; D = 0.003 m; k = 0.15 

m; CD = 1). The formula of Baptist et al. (2007) is 
not included in this figure as it does not provide 
separate expressions for flow velocities in the two 
layers. 

In Figure 3, the formulas by Klopstra et al. 
(1997) and Yang and Choi (2010) show expected 
behaviour as Us/Uv is always positive and ap-
proaches 1 for low submergence. The flow for-
mula of Stone and Shen (2002) gives a relation-
ship for Us/Uv only depending on the submergence 
ratio  
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Figure 3. Ratio between the velocity in surface layer and 
vegetation layer (Us/Uv) versus submergence ratio (h/k) for 
natural grassland and different flow formulas 

h/k and in the limiting condition that h approaches 
k, Us/Uv approaches a value of 1.5. This clearly 
does not agree with the expected physical behav-
iour. The descriptions for Us and Uv by Huthoff et 
al. (2007) show for low submergence ratios values 
for Us/Uv smaller than unity, and this effect be-
comes more pronounced for sparse vegetation. 
This means that the formula of Huthoff et al. 
(2007) gives unrealistic results for low submer-
gence ratios. 

3.3 Roughness parameters 

From the flow formulas roughness parameters can 
be derived such as Manning’s n or a Nikuradse 
roughness length, kN. It is generally agreed that for 
submerged vegetation these parameters decrease 
in value with increasing submergence ratio. For 
Manning this behaviour is shown by all five flow 
formulas. The Nikuradse roughness length de-
creases with increasing submergence ratios for 
three out of the five flow formulas (see Figure 4). 
For the formula of Stone and Shen (2002) the Ni-
kuradse roughness length increases with relative 
water depth. The flow formula of Baptist et al. 
(2007) reduces to a constant Nikuradse roughness 
length which can be expressed as a function of 
vegetation characteristics (Augustijn et al., 2008). 
For submergence ratios larger than 5 the flow 
formulas approach to a constant value for Man-
ning’s n. To obtain a constant value for kN the 
submergence ratio needs even be larger. 
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Figure 4. Nikuradse roughness length (kN) as function of 
submergence ratio (h/k) for different flow formulas 

3.4 Predicted water depths 

Figure 5 shows the predicted water depths for 
several vegetation types as defined by Van Velzen 
et al. (2003) at a velocity of 1 m/s. For manage-
ment purposes the predicted differences are rela-
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as a function of vegetation characteristics (Augustijn 
et al., 2008). For submergence ratios larger than 5 
the flow formulas approach to a constant value for 
Manning’s n. To obtain a constant value for kN the 
submergence ratio needs even be larger.

3.4. Predicted water depths

Figure 5 shows the predicted water depths for several 
vegetation types as defined by Van Velzen et al. (2003) 
at a velocity of 1 m/s. For management purposes the 
predicted differences are relatively large, varying up 
to several meters for reed. The formula by Stone and 

as Us/Uv is always positive and approaches 1 for low 
submergence. The flow formula of Stone and Shen 
(2002) gives a relationship for Us/Uv only depending 
on the submergence ratio h/k and in the limiting 
condition that h approaches k, Us/Uv approaches 
a value of 1.5. This clearly does not agree with the 
expected physical behaviour. The descriptions for 
Us and Uv by Huthoff et al. (2007) show for low 
submergence ratios values for Us/Uv smaller than 
unity, and this effect becomes more pronounced for 
sparse vegetation. This means that the formula of 
Huthoff et al. (2007) gives unrealistic results for low 
submergence ratios.

3.3. Roughness parameters

From the flow formulas roughness parameters can 
be derived such as Manning’s n or a Nikuradse 
roughness length, kN. It is generally agreed that for 
submerged vegetation these parameters decrease in 
value with increasing submergence ratio. For Manning 
this behaviour is shown by all five flow formulas. 
The Nikuradse roughness length decreases with 
increasing submergence ratios for three out of the 
five flow formulas (see Figure 4). For the formula 
of Stone and Shen (2002) the Nikuradse roughness 
length increases with relative water depth. The flow 
formula of Baptist et al. (2007) reduces to a constant 
Nikuradse roughness length which can be expressed 
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Figure 2. Best fit for data on flexible vegetation by flow 
formula of Klopstra et al. (1997) 

3.2 Velocity ratio 

Here we evaluate the flow velocities in the vegeta-
tion and surface layer as predicted by the different 
flow formulas. For submerged vegetation, the ve-
locity in the vegetation layer is expected to be 
lower than the velocity in the surface layer and the 
difference is likely to increase with growing water 
depth. Hence, the ratio between the average veloc-
ity in the surface layer and vegetation layer, 
Us/Uv, should approach 1 when h approaches k 
and Us/Uv should increase with increasing sub-
mergence ratio, h/k. Figure 3 shows Us/Uv as func-
tion of h/k computed by the different flow formu-
las for natural grassland as defined by Van Velzen 
et al. (2003) (m = 4500 m
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m; CD = 1). The formula of Baptist et al. (2007) is 
not included in this figure as it does not provide 
separate expressions for flow velocities in the two 
layers. 

In Figure 3, the formulas by Klopstra et al. 
(1997) and Yang and Choi (2010) show expected 
behaviour as Us/Uv is always positive and ap-
proaches 1 for low submergence. The flow for-
mula of Stone and Shen (2002) gives a relation-
ship for Us/Uv only depending on the submergence 
ratio  
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Figure 3. Ratio between the velocity in surface layer and 
vegetation layer (Us/Uv) versus submergence ratio (h/k) for 
natural grassland and different flow formulas 

h/k and in the limiting condition that h approaches 
k, Us/Uv approaches a value of 1.5. This clearly 
does not agree with the expected physical behav-
iour. The descriptions for Us and Uv by Huthoff et 
al. (2007) show for low submergence ratios values 
for Us/Uv smaller than unity, and this effect be-
comes more pronounced for sparse vegetation. 
This means that the formula of Huthoff et al. 
(2007) gives unrealistic results for low submer-
gence ratios. 
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be derived such as Manning’s n or a Nikuradse 
roughness length, kN. It is generally agreed that for 
submerged vegetation these parameters decrease 
in value with increasing submergence ratio. For 
Manning this behaviour is shown by all five flow 
formulas. The Nikuradse roughness length de-
creases with increasing submergence ratios for 
three out of the five flow formulas (see Figure 4). 
For the formula of Stone and Shen (2002) the Ni-
kuradse roughness length increases with relative 
water depth. The flow formula of Baptist et al. 
(2007) reduces to a constant Nikuradse roughness 
length which can be expressed as a function of 
vegetation characteristics (Augustijn et al., 2008). 
For submergence ratios larger than 5 the flow 
formulas approach to a constant value for Man-
ning’s n. To obtain a constant value for kN the 
submergence ratio needs even be larger. 
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Figure 4. Nikuradse roughness length (kN) as function of 
submergence ratio (h/k) for different flow formulas 

3.4 Predicted water depths 

Figure 5 shows the predicted water depths for 
several vegetation types as defined by Van Velzen 
et al. (2003) at a velocity of 1 m/s. For manage-
ment purposes the predicted differences are rela-
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natural grassland and different flow formulas.
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Figure 2. Best fit for data on flexible vegetation by flow 
formula of Klopstra et al. (1997) 

3.2 Velocity ratio 

Here we evaluate the flow velocities in the vegeta-
tion and surface layer as predicted by the different 
flow formulas. For submerged vegetation, the ve-
locity in the vegetation layer is expected to be 
lower than the velocity in the surface layer and the 
difference is likely to increase with growing water 
depth. Hence, the ratio between the average veloc-
ity in the surface layer and vegetation layer, 
Us/Uv, should approach 1 when h approaches k 
and Us/Uv should increase with increasing sub-
mergence ratio, h/k. Figure 3 shows Us/Uv as func-
tion of h/k computed by the different flow formu-
las for natural grassland as defined by Van Velzen 
et al. (2003) (m = 4500 m
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; D = 0.003 m; k = 0.15 

m; CD = 1). The formula of Baptist et al. (2007) is 
not included in this figure as it does not provide 
separate expressions for flow velocities in the two 
layers. 

In Figure 3, the formulas by Klopstra et al. 
(1997) and Yang and Choi (2010) show expected 
behaviour as Us/Uv is always positive and ap-
proaches 1 for low submergence. The flow for-
mula of Stone and Shen (2002) gives a relation-
ship for Us/Uv only depending on the submergence 
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Figure 3. Ratio between the velocity in surface layer and 
vegetation layer (Us/Uv) versus submergence ratio (h/k) for 
natural grassland and different flow formulas 

h/k and in the limiting condition that h approaches 
k, Us/Uv approaches a value of 1.5. This clearly 
does not agree with the expected physical behav-
iour. The descriptions for Us and Uv by Huthoff et 
al. (2007) show for low submergence ratios values 
for Us/Uv smaller than unity, and this effect be-
comes more pronounced for sparse vegetation. 
This means that the formula of Huthoff et al. 
(2007) gives unrealistic results for low submer-
gence ratios. 

3.3 Roughness parameters 

From the flow formulas roughness parameters can 
be derived such as Manning’s n or a Nikuradse 
roughness length, kN. It is generally agreed that for 
submerged vegetation these parameters decrease 
in value with increasing submergence ratio. For 
Manning this behaviour is shown by all five flow 
formulas. The Nikuradse roughness length de-
creases with increasing submergence ratios for 
three out of the five flow formulas (see Figure 4). 
For the formula of Stone and Shen (2002) the Ni-
kuradse roughness length increases with relative 
water depth. The flow formula of Baptist et al. 
(2007) reduces to a constant Nikuradse roughness 
length which can be expressed as a function of 
vegetation characteristics (Augustijn et al., 2008). 
For submergence ratios larger than 5 the flow 
formulas approach to a constant value for Man-
ning’s n. To obtain a constant value for kN the 
submergence ratio needs even be larger. 
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Figure 4. Nikuradse roughness length (kN) as function of 
submergence ratio (h/k) for different flow formulas 

3.4 Predicted water depths 

Figure 5 shows the predicted water depths for 
several vegetation types as defined by Van Velzen 
et al. (2003) at a velocity of 1 m/s. For manage-
ment purposes the predicted differences are rela-

Figure 4. Nikuradse roughness length (kN) as function of 
submergence ratio (h/k) for different flow formulas.

Figure 5. Differences in predicted water depth h by the 
flow formulas for different vegetation types and a flow 
velocity of 1 m/s.

tively large, varying up to several meters for reed. 
The formula by Stone and Shen (2002) predicts 
the highest water level for almost all vegetation 
types.  
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Figure 5. Differences in predicted water depth h by the flow 
formulas for different vegetation types and a flow velocity 
of 1 m/s 

4 DISCUSSION AND CONCLUSIONS 

Based on the evaluation it can be concluded that 
the flow formula of Stone and Shen (2002) per-
forms the least when compared to experimental 
data. This formula also shows physical incorrect 
behaviour as the ratio between the velocity in the 
surface layer and vegetation layer is the same for 
all vegetation types and approaches 1.5 for low 
submergence ratios (h/k �1). Moreover, the Niku-
radse roughness length derived from the flow 
formula of Stone and Shen (2002) increases with 
increasing submergence ratio which is unex-
pected. 

The flow formula of Huthoff et al. (2007) has 
the smallest relative deviation for experimental 
data on rigid vegetation (Table 1), but for low 
submergence ratios the model predicts larger ve-
locities in the vegetation layer than in the surface 
layer. This qualitative behaviour of the formula is 
not in accordance with the general observations. 
However, the unrealistic behaviour is suppressed 
when predicting the average flow velocity for the 
entire flow depth. 

The formula of Baptist et al. (2007) has the 
largest average of the relative deviations between 
measured and computed velocities for rigid vege-
tation, but for other indicators of the goodness of 
fit (e.g. linear correlation coefficient or root of the 
mean squared differences) the formula performs 
better. The formula of Baptist et al. is equivalent 
with the White-Colebrook equation with constant 
Nikuradse roughness length for a given vegetation 
type, independent of water depth. 

The two best performing and physically most 
correctly behaving flow formulas are those of 
Klopstra et al. (1997) and Yang and Choi (2010). 
Both are based on similar principles, i.e. a uniform 
flow velocity in the vegetation layer based on a 
force balance and a logarithmic velocity profile in 
the surface layer. Of these two formulas, the ex-
pression by Yang and Choi (2010) is the mathe-
matically more simple one.  

If the flow formulas by Klopstra et al. (1997) 
and Yang and Choi (2010) are considered most re-
liable, they still only predict experimental flow 
velocities within a band width of approximately 
50%.   This means that even though the qualitative 
behaviour of the formulas is as expected, they still 
do not give accurate predictions. For different 
plant configurations they predict differences in 
water levels of up to 2 m for a depth averaged 
flow velocity of 1 m/s (Figure 5). The existence of 
this uncertainty should be realized when applying 
one of these formulas in models used for man-
agement applications. 

Given the vast amount of research already per-
formed in this area it is questionable whether yet 
another generally applicable flow formula would 
perform any better. Research initiatives should be 
taken to monitor the resistance in the field where 
non-ideal conditions may introduce aspects which 
are unaccounted for in flow formulas evaluated 
here.   
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the formula performs better. The formula of Baptist et 
al. is equivalent with the White-Colebrook equation 
with constant Nikuradse roughness length for a given 
vegetation type, independent of water depth.
The two best performing and physically most correctly 
behaving flow formulas are those of Klopstra et al. 
(1997) and Yang and Choi (2010). Both are based 
on similar principles, i.e. a uniform flow velocity in 
the vegetation layer based on a force balance and a 
logarithmic velocity profile in the surface layer. Of 
these two formulas, the expression by Yang and Choi 
(2010) is the mathematically more simple one. 
If the flow formulas by Klopstra et al. (1997) and Yang 
and Choi (2010) are considered most reliable, they 
still only predict experimental flow velocities within 
a band width of approximately 50%. This means 
that even though the qualitative behaviour of the 
formulas is as expected, they still do not give accurate 
predictions. For different plant configurations they 
predict differences in water levels of up to 2 m for 
a depth averaged flow velocity of 1 m/s (Figure 5). 
The existence of this uncertainty should be realized 
when applying one of these formulas in models used 
for management applications.
Given the vast amount of research already performed 
in this area it is questionable whether yet another 
generally applicable flow formula would perform any 
better. Research initiatives should be taken to monitor 
the resistance in the field where non-ideal conditions 
may introduce aspects which are unaccounted for in 
flow formulas evaluated here.

Shen (2002) predicts the highest water level for almost 
all vegetation types.

4. Discussion and conclusions

Based on the evaluation it can be concluded that the 
flow formula of Stone and Shen (2002) performs 
the least when compared to experimental data. This 
formula also shows physical incorrect behaviour as 
the ratio between the velocity in the surface layer 
and vegetation layer is the same for all vegetation 
types and approaches 1.5 for low submergence ratios 
(h/k → 1). Moreover, the Nikuradse roughness length 
derived from the flow formula of Stone and Shen 
(2002) increases with increasing submergence ratio 
which is unexpected.
The flow formula of Huthoff et al. (2007) has the 
smallest relative deviation for experimental data on 
rigid vegetation (Table 1), but for low submergence 
ratios the model predicts larger velocities in the 
vegetation layer than in the surface layer. This 
qualitative behaviour of the formula is not in 
accordance with the general observations. However, 
the unrealistic behaviour is suppressed when predicting 
the average flow velocity for the entire flow depth.
The formula of Baptist et al. (2007) has the largest 
average of the relative deviations between measured and 
computed velocities for rigid vegetation, but for other 
indicators of the goodness of fit (e.g. linear correlation 
coefficient or root of the mean squared differences) 
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ABSTRACT. In Mediterranean environments, the riparian vegetation is adapted to semiarid 
conditions, being the limiting factors basically three: water availability, flow regime and flood regime. 
In order to set up an available tool for modelling riparian vegetation dynamics in Mediterranean 
semiarid environments, the RIPFLOW model was calibrated. The calibration was made by the 
expertise trial and error of the sub-models’ parameters, with comparison of the observed and the 
simulated vegetation in the last year. The model was considered well calibrated, obtaining maximum 
values of correctly classified instances (71.86% of the simulated cells) and a good coefficient of 
agreement, Cohen’s Kappa (k = 0.56 ± 0.0079, 95 % confidence limit). This opens the way to 
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1. Introduction

The riparian vegetation exerts an important 
influence on sediment retention processes (Hupp 
& Rinaldi, 2010), has an essential role in water 
quality control (Medici et al., 2010) and favours 
a complex distribution of habitats along the river 
(Naiman et al., 2005). Its distribution depends on 
the morphology and the hydrological regime of the 
stream. Frequently, the riparian species are adapted to 
the variant conditions of the river dynamics. When 
the fluvial characteristics are modified, these plant 
species are susceptible to be replaced by terrestrials, 
favouring less bio-diverse environments, worse water 
quality and more exposed river beds; definitely leading 
to a poor or bad ecological status.
The main objective of this work was to set up an 
available tool for modelling riparian vegetation 
dynamic distribution in Mediterranean semiarid 
environments. Once the RIPFLOW model was 
selected (Francés et al., 2010), the efforts were focused 
on its calibration in a representative reach of the 
Mijares River (Spain).

2. The RIPFLOW model

The RIPFLOW model simulates the dynamic riparian 
vegetation distribution, establishing its succession or 
retrogression in response to physical parameters. It 
has demonstrated to be a very useful tool in different 
hydrological conditions across Europe (Francés et 
al., 2010).
The model consists of five successive sub-models called 
recruitment, shear stress, flood duration, soil moisture 
and succession progression.
Recruitment establishes the pioneer areas where 
the recruitment may occur, considering changes 
in morphology, scour disturbances and water table 
elevations. Shear stress evaluates the effect of maximum 
yearly shear stress on vegetation. To each vegetation 
type, a threshold value (SSlim) was assigned, so 
when the disturbance is higher the vegetation is 
considered to be removed. Flood duration includes 
the retrogression caused by physiological stress, 

considering succession phase, stand age and impact 
severity. Soil moisture analyzes the water abundance 
or scarcity in the soil, by means of Evapotranspiration 
Index (ETidx) calculations (Morales & Francés, 2009). 
The vegetation performance is established by upper 
and lower ETidx limits. Finally, succession progression 
evaluates if any stand is old enough to become a 
different succession series.

Requirements

The RIPFLOW model requires ESRI™ ArcGis9.2® 
with spatial analyst extension, Python version 2.4, 
and Microsoft.NET Framework 4. The RibAV model 
software needs to be installed externally to allow the 
correct functioning of the soil moisture sub-model.
Several topographical and hydrological inputs are 
required to allow the model operation. Most of the 
hydrological inputs required a previous hydraulic 
modelling. In addition, a database is required for each 
year representative input maps definition, which must 
have equal grid extension and pixel size.

3. Study site description

The site (539 m long, 850 masl) is in the Mijares 
River, near to the village of Mora de Rubielos (Teruel). 
Eleven ºC is the average annual temperature, 500 mm 
the average annual precipitation and 0.894 m3/s the 
mean annual discharge. It was selected by its natural 
dynamism, free from flow regulation, its variety of 
vegetation succession phases and stands’ age, and 
its proximity to a gauging station with long time 
series. The study area was delimited considering the 
flood with recurrence interval of 100 years (approx. 
860 masl).

3.1. Observed vegetation and succession phases

The vegetation survey was accomplished once 2009 
ended. Before, patches were delineated upon aerial 
photos, and then surveyed and characterized in the 
field; soil sampling and vegetation characterization 
were assessed. The age of each patch was estimated 
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applying growth curves (defined for the species in the 
site) to the key species in the patch.
Two parallel and interconnected succession series were 
identified on the site: woodland and reed. Patches 
were classified into succession phases according to 
the species, age and development stage of the plants. 
Only one initial (IP) and one pioneer phase (PP) were 
defined as the colonization stage for both series. In 
both succession series, herbs phase (HP) is followed 
by the shrubs phase (SP). The shrubs phase within 
reed series (SP*) can progress to the woodland series 
after ten years. After any shrubs phase, vegetation 
can progress to the early successional woodland (ES) 
and the established forest (EF). Finally, under stable 
conditions the riparian and terrestrial species can 
dominate together in the mature stage (MF). When 
disturbances take place, retrogressions to earlier phases 
may occur.

3.2. Soil types parameters

The terrain elevation was used to stratify the soil survey 
sampling. From each sample (30-60 cm soil depth), 
the percentages of gravel, sand, silt, clay and organic 
matter were estimated. These characteristics were 
introduced in the “Soil Water Characteristics” model 
(Saxton & Rawls, 2006), which provided for each soil 
type the following parameters: soil moisture at field 
capacity, porosity, saturated hydraulic conductivity, 
bubble pressure, and porosity index. The soil types 
map allowed the selection of the corresponding set 
of parameters in each cell, during the soil moisture 
simulations.

3.3. Hydro-meteorological data

Monitoring networks of different institutions 
(AEMET, CEDEX and IVIA) supplied valid data 
for the soil moisture sub-model variables: precipitation 
(P), potential evapotranspiration (ET0) and river 
discharge (Q).
Data from the nearest stations were adjusted daily 
to the site location for the period 1968-2009. 
Seven stations (AEMET) were used to interpolate 
precipitation by inverse distance weighting (b=2).

Temperature data came from the meteorological 
station of Sarrión (AEMET) and corrected for 
elevation. We used the estimated values of ET0 by 
Penman-Monteith equation (IVIA) in the station of 
Planes; the accuracy of such estimations was tested 
by several authors. Such values were the reference to 
calibrate in-site the simplified Hargreaves equation 
(Samani, 2000), using a correction factor of 0.001887.
The mean daily flow was available in the station of 
Sarrión (CEDEX), 550 m downstream of the study 
site. The watershed area is very similar and there are 
no tributaries or springs between them, therefore no 
correction was necessary.

4. Hydraulic simulations

Influence zones, water table elevations (WTE) and 
shear stresses (SS) were obtained by performing 2D 
hydraulic simulations with the Guad-2D software 
(InclamSoft). GUAD-2D is a finite volume based 
two-dimensional model for the numerical simulation 
of transient flows over irregular topography, under 
the shallow water equations hypothesis (Murillo et 
al., 2008).
Besides the digital elevation model, a Manning 
roughness shape was defined as input according 
to Cowan estimation procedure, considering both 
grain size and vegetation features along the reach. 
Boundary conditions corresponded, upstream, to 
a flat hydrograph for each simulated flow (20 flows 
ranging 0-650 m3/s) and downstream to critical flow 
regime. Results demonstrated that the last downstream 
section of the studied reach was upstream far enough 
from the end of the model to not be affected by this 
boundary condition.

4.1.	Aquatic,	bank	and	floodplain	zones

Three areas were deducted to analyze the influence 
of flow magnitude and frequency on the riparian 
vegetation. The aquatic zone (AZ) corresponded 
to the river channel area under the base flow for 
driest conditions (0.2 m3/s). The bank zone (BZ) 
was immediately adjacent to AZ and just below the 
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iteratively variations of the different sub-model 
parameters values and comparisons between the last 
simulated year vegetation and the observed vegetation 
maps.

5.1. Hydraulic maps selection

Each year representative base flow elevation and 
flood duration maps selection was set through flow 
frequency analysis, excess curves and percentile values, 
considering five year types: very wet, wet, medium, 
dry and very dry. The SS maps specification took into 
account the maximum monthly instantaneous flow of 
each year. Finally, the soil moisture sub-model made 
an interpolation between the higher and lower nearest 
WTE maps to establish the more accurate WTE for 
the daily flow value.

5.2. Tools for performance evaluation:  
confusion matrix and Cohen’s Kappa

In order to evaluate the calibration results quality two 
useful tools were selected: the confusion matrix, which 
is a visualization tool where the columns represent the 
number of units simulated for each category while the 
rows represent the observed values; and the Cohen’s 
Kappa (Cohen, 1960), a coefficient of agreement 
which takes into account the chance agreement effect.

6. Calibration results

The final confusion matrix (Table 1) showed a 
very satisfactory calibration result with maximum 
values in the main diagonal (71.86%); and a very 
good distinction between terrestrial and riparian 
vegetation (93.64% terrestrial vegetation successfully 
simulated; 98.80% riparian units simulated as riparian 
vegetation).
The Cohen’s Kappa value of 0.56 ± 0.0079 (95% 
confidence limit), confirmed that the outcome 
was successfully compared to the real vegetation 
distribution. Based on these results, the model was 
considered to be well calibrated and ready to be 
applied in hydro-meteorological scenarios.

bankfull level (wetted areas between 0.2 and 5 m3/s). 
Finally, over the bankfull level, the floodplain zone 
(FZ) was the least disturbed area, with a higher 
presence of older succession phases.

4.2. Water table elevation

The water depths were obtained for each simulated 
flow. Then WTE of the river wet main channel zone 
were interpolated to represent ground water levels 
under dry banks along each side of the river. Ground 
water level was considered horizontal under the banks. 
Interpolations from water depths were done assigning, 
by the Thiessen proximity algorithm, the nearest 
water elevation of the wet channel zone to its nearest 
dry bank zone, up to model boundaries. The result 
was the WTE shape for each reference flow of the 
simulated set.

4.3. Shear stress

According to water depths and velocities obtained 
from hydraulic simulations, SS were deducted. The 
bed shear velocity u* is defined as 

4.1 Aquatic, bank and floodplain zones 
Three areas were deducted to analyze the influ-
ence of flow magnitude and frequency on the ripa-
rian vegetation. The aquatic zone (AZ) corres-
ponded to the river channel area under the base 
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zone (BZ) was immediately adjacent to AZ and 
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from hydraulic simulations, SS were deducted. 
The bed shear velocity u* is defined as 

IgRu H=* , where RH is the hydraulic radius, g 
the gravity acceleration and I the energy slope. 
Besides, IRCv H= , where v is the flow velocity 
and C the Chézy roughness coefficient. Thus, both 
expressions combined lead to *Cugv = . Chézy 
and Manning (n) coefficients are related by the 
well-known expression 6/1

H
1Rn49.1C −= . Moreover, 

for shallow water flows, the hydraulic radius (RH) 
can be approximated by the flow depth (y), so, the 
relationship between v and u* is given by

6/1* ynv102.2u −⋅⋅= . Finally, bed SS are evaluated 
as 

2*u⋅= ρτ  where ρ is the water density. Veloc-
ity and water depth shapes were previously ob-
tained with hydraulic simulations, and Manning 
roughness shapes were those used as parameters 
of the hydraulic model. 

5 CALIBRATION METHODOLOGY 

The model was calibrated considering a time pe-
riod of 42 years (1968-2009) and the observed 
vegetation as starting condition. The calibration 
process required iteratively variations of the dif-
ferent sub-model parameters values and compari-
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and the observed vegetation maps. 
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flow value. 
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trix, which is a visualization tool where the col-
umns represent the number of units simulated for 
each category while the rows represent the ob-
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1960), a coefficient of agreement which takes into 
account the chance agreement effect. 

6 CALIBRATION RESULTS 

The final confusion matrix (Table 1) showed a 
very satisfactory calibration result with maximum 
values in the main diagonal (71.86 %); and a very 
good distinction between terrestrial and riparian 
vegetation (93.64 % terrestrial vegetation success-
fully simulated; 98.80 % riparian units simulated 
as riparian vegetation). 

 
Table 1. Confusion matrix. Observed vegetation in rows; 
simulated vegetation in columns.  
Phases IP PP HP HP* SP SP* ES EF MS UF
IP 145 19 611 29 153 3 131 55 105 0 

PP 196 181 36 13 38 5 36 1 4 17 

HP 243 14 551 13 163 3 128 36 98 29 

HP* 0 0 0 0 0 0 0 0 0 0 

SP 335 30 197 19 931 12 130 34 164 45 

SP* 179 23 75 17 349 25 66 81 455 7 

ES 313 47 23 16 84 13 1255 156 757 59 

EF 389 28 22 45 97 22 5 1112 229 62 

MS 496 12 12 4 78 12 27 13 750 4 

UF 304 76 41 32 637 46 37 60 205 17678
* Reed succession series 

 
The Cohen’s Kappa value of 0.56 ± 0.0079 (95 % 
confidence limit), confirmed that the outcome was 
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7. Conclusions

The RIPFLOW model was well calibrated with high 
values of correctly classified instances (71.86 % of 
the simulated cells) and a good kappa value (0.56 
± 0.0079, 95 % confidence limit), being capable of 
simulating the vegetation community presence and 
distribution, and showing an excellent distinction 
between riparian and terrestrial bands. 
The RIPFLOW model is now available for several 
hydrological, morphological and climate scenarios 
analyses in the Terde reach, or in reaches with 
similar characteristics. This work was funded by 
the RIPFLOW project (Era-Net IWRM Funding 
Initiative; Spanish MEC CGL2008-03076-E/BTE), 
and SCARCE project (CONSOLIDER-Ingenio, 
CSD2009-00065).

6.2. Model parameters

The model parameters (Table 2) included the SSlim, 
which were considered to be higher in older succession 
phases; and the ETidx upper and lower limits, which 
were set considering the required plant’s effort to 
evolve into a more advanced succession stage, and 
the maintenance minimum value respectively.

6.3. Vegetation dynamic distribution

The results showed enough variability through the 42 
years period, to be considered realistic. During flood 
or drought events, an important area of the riparian 
vegetation was removed by the model.

The model simulated correctly the vegetation 
community presence (Fig. 1) and distribution, 
showing riparian bands near the stream and terrestrial 
vegetation in further zones (Fig. 2).
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Figure 2. Riparian and terrestrial vegetation distribution 
observed in field in 2009 (left) and simulated with the 
RIPFLOW model in 2009 (right).
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Figure 1. Comparison between observed and simulated 
vegetation stages for year 2009.

Modelling the spatial distribution and temporal dynamics …
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Development of a new optical imaging technique  
for studying the spatial heterogeneity  

in vegetated streams and rivers 

A. HERREMANS1, D. MEIRE1, P. TROCH1, R. VERHOEVEN1, 
K. BUIS2, P. MEIRE2, S. TEMMERMAN2 & G. VERHOEVEN3

ABSTRACT. The interaction of macrophytes, stream flow and sediments results in heterogeneity in 
vegetated rivers. This process is characterized by the formation of a pattern of macrophyte patches 
and flow gradients and defines the functionality of the river ecosystem. A one-dimensional model, 
describing the plant-flow interactions in a simplified way, has previously been established. For the 
development of a two-dimensional, depth-averaged model, the understanding of the plant-flow 
interactions is very important. To get more insight in those processes, the input of 2D data with 
a high spatial and temporal resolution is elementary. Therefore we are developing a new optical 
measuring technique, using aerial imagery to obtain high resolution data of the different stream 
characteristics needed to describe the interactions. This paper describes the setup of this optical 
measuring technique.
 An off-the-shelve digital camera (Nikon D300s) will be mounted onto a pole or an unmanned 
aerial vehicle. Due to the low operating altitude, a high spatial resolution can be obtained. After 
the necessary image geo-referencing, the pixel values captured in the imagery can be converted 
into physical reflectance values. The interpretation of the latter will enable the extraction of the 
characteristics needed for the development of the 2D model, which will support us to a better 
understanding of the ecosystem interactions. All measurements will be repeated regularly through 
the macrophytes’ growing season to capture the evolution of the growing process. Since the project 
only started in 2010, many issues have to be explored and further developed, while additional 
questions may arise. Therefore, the measurement plan and characteristics to be measured might 
be further adapted during the campaigns.

1. Hydraulics Laboratory, Department of Civil Engineering, Ghent University, Ghent, Belgium
2. Ecosystem Management Research Group, Department of Biology, University of Antwerp, Antwerp, Belgium. 
3. LBI for Archaeological Prospection & Virtual Archaeology, Ludwig Boltzmann Institute, Vienna, Austria.
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1. Introduction

A good management of a river ecosystem requires 
that the definition of the good functionality of the 
ecosystem is known. That functionality depends on the 
interactions of sediments, macrophytes and stream flow. 
The interactions result in a heterogeneously vegetated 
river, characterized by a pattern of macrophyte patches 
and flow gradients.
According to Jones et al. (1994), macrophytes can be 
called ecosystem engineers. These ecosystem engineers 
modulate directly or indirectly the availability of 
resources to other species by causing physical state 
changes in biotic or abiotic materials, and by doing 
this, they modify, maintain and create habitats (Jones 
et al., 1994). Macrophytes do indeed impact abiotic 
factors such as the sediments and stream flow in the 
river (Schulz et al., 2003). By interacting with the 
available nutrients in the water (Harvey et al., 2011), 
they create opportunities for other organisms.
Positive and negative feedback mechanisms can be 
discovered in the river ecosystem (Fisher et al., 2007). 
The occurrence of macrophyte patches in the river gives 
a lower water velocity through the patches, and a higher 
one around them. This velocity gradient interacts with 
the sediments in and around the patches, resulting 
in sedimentation at some locations, and erosion on 
others (Wharton et al., 2006; Jarvela et al., 2006). 
The concentration of nutrients is also influenced by 
the presence and distribution of the macrophytes. 
The patches can even influence themselves. More 
upstream patches are a protection for downstream 
patches, the same can be said about the upstream and 
downstream part of one patch. The occurrence of 
feedback mechanisms at different scales gives evidence 
of a possible spatial self-organization of the macrophyte 
patches in the river ecosystem (Rietkerk & Van de 
Koppel, 2008).
Research on the plant-flow interactions and self-
organization is on-going (Corenblit et al., 2009; Schulz 
et al., 2003; Franklin et al., 2008), but there is still 
a need for a better understanding of the plant-flow 
interactions. The Hydraulics Laboratory of Ghent 
University, in collaboration with the ECOBE research 
group of the University of Antwerp, is developing 

a STReam-RIVer-Ecosystem model (STRIVE) 
describing those interactions. After the establishment 
of a one-dimensional model, we want to develop a two-
dimensional (2D) depth-averaged model including the 
patchiness of the vegetation in the river.
To gain more insight in important plant-flow interaction 
processes that have to be included in the model, we 
are developing an optical measuring technique. Once 
everything operates as expected, high resolution 2D 
data of the different stream characteristics will enable 
the extraction of the essential data needed for the 2D 
model, eventually leading to a better understanding and 
quantification of the previously mentioned interactions. 
The technique aims to make the data-gathering process 
less time consuming and less labour-intensive compared 
to the techniques presently used, while resulting in a 
better spatial resolution of the obtained data.
This paper describes the setup of this optical measuring 
technique along with the first milestones that are 
currently in the pipeline.

2. Development and application  
of the new optical imaging technique

2.1. Hardware

Since the aim is to develop a straightforward, low- 
cost measuring technique, an off-the-shelve digital 
still camera is used. For various reasons (e.g. the ability 
to shoot High-Definition movies) a Nikon D300s 
has been chosen (NikonCorporation, 2009). This 
camera will be equipped with a Tokina AT-X 116 Pro 
DX, a wide angle lens that has a very large field-of-
view. Although this comes with the penalty of optical 
distortions, an accurate camera model was generated 
and allows for undistorting all the acquired imagery.
The digital camera will be put onto two aerial platforms. 
Initially, a single pole system will be used. Since this 
system attains a maximum height of 5 meters, it enables 
the acquisition of nadir images that cover the entire 
width of small streams in one picture. However, due 
to obvious mobility issues and limitations in case of 
larger rivers, this approach only allows to map rivers 
that are limited in both channel width and length. 
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Therefore, an unmanned aerial vehicle (UAV) called 
Pixy (i.e. a radio-controlled paramotor) will be used 
to cover larger rivers (VisionDuCiel, 2008).
Although the Pixy will operate in the 20 to 40 m range, 
both approaches yield imagery with a (sub-) centimeter 
spatial resolution.
As is inherent to most unmodified cameras, three broad 
spectral bands are acquired: a blue (400-500 nm), a 
green (500-600 nm) and a red band (600-700 nm). 
Next to a qualitative assessment of the spectra (by 
looking at the contrast between different pixels), a 
more quantitative approach is possible. Although the 
first one is more easily applicable, the second approach 
can provide some important physical parameters. More 
in detail, the digital numbers of all three channels will 
be related to ground reflectance values by a common 
empirical line method (Xu & Huang, 2008). In-situ 
spectral measurements will provide all the necessary 
data for this, while a radiometric camera calibration will 
tackle any non-uniform radiance response across the 
imaging sensor. Once all pixel values are converted to 
reflectance values, some common band indices – that 
have previously proven their effectiveness in the remote 
sensing field – can be calculated as well.

2.2. Location

The area which will mainly be studied is a part of 
the Zwarte Nete, a small lowland river of the Scheldt 
catchment in the north-eastern part of Belgium. The 
soil in that neighbourhood consists of a sand. The 
width of the river is only 4 to 5 meters, allowing the 
use of the pole for this first series of measurements. The 
depth of the river ranges roughly from 0.3 to 1 meter.
The macrophytes occurring most in the studied 
river are Various-leaved Water Starwort (Callitriche 
Platicarpa), Spiked Water Milfoil (Myriophyllum 
Spicatum), European Bur-reed (Sparganium Emersum) 
and American Elodea (Elocea Canadensis).
After the exploration of this first study site, other sites 
will follow. As the ultimate goal is the development of 
a broadly applicable measuring technique, the study 
area must be broadened to see whether the derived 
technique is valid for other lowland rivers as well.

2.3. Measuring techniques 

We will try to derive some different properties of the 
macrophytes, the flow velocity and the sediments. The 
next paragraphs report those properties and how we 
want to unravel them. All properties will additionally be 
measured by already established techniques, to be able 
to validate the accuracy of the data derived from the 
pictures, and to calibrate the image data where necessary.

2.3.1. Occurrence of macrophytes
An important factor for the development of a self-
organization theory is the registration of the spatial 
occurrence of the different macrophyte species in the 
river. By taking pictures of the whole river under study 
and stitching these pictures, a map of the total river 
reach can be obtained for a better overview of the spatial 
distribution of the different species. Next to the location 
of the patches, their shape and size can be studied.
In the study site some reference points will be installed, 
to make sure that the photographs can be geo-
referenced. This does not mean that these so-called 
ground control points (GCPs) will be visible on each 
image, the goal is to first stitch the photographs, and 
subsequently use the GCPs to geo-reference the whole 
map at once.
At least the difference between emergent, floating and 
submerged vegetation has to be derived, because this 
is an important factor for the hydraulic modelling of 
the river. This difference should be distinguishable 
by looking at the digital number of the pixels or, if 
necessary, at the ratio between different spectral bands. 
Maybe even different species might be detectable, but 
in the first place the plant type (emergent, floating, 
submerged) is the most important for the development 
of the hydraulic model, as this defines the change of 
the stream velocity along the depth (Shucksmith et 
al., 2010).
Another important factor for the hydraulic properties 
of the macrophytes, is the height of the submerged 
vegetation (Poggi et al., 2009). This factor may be 
deduced by looking at the change of the pixel values 
under investigation with depth, by checking the 
change of the surface water velocity vectors or maybe 
by applying photogrammetric techniques. Whether 
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Something probably more easy to derive is the amount 
(and possibly the type) of suspended sediments in 
the water. By linking the colour of the water, or the 
ratio between different colour spectra, to in-situ 
measurements, a correlation will be derived (Liedtke, 
1987). Of course the water colour depends on the 
incidence of light, and is therefore dependent on the 
time of the day and year, as well as on the weather 
conditions. Therefore, an accurate radiometric 
calibration and atmospheric correction will be applied 
before deriving the suspended sediment concentration 
(Murphy et al., 2009).

3. Further research

All measurement described above will be repeated 
regularly throughout the macrophytes’ season, to obtain 
a good mapping of the whole growing cycle with all 
related interactions. Once the total measuring plan is 
set out, other rivers might be included in the research, 
to be able to make the measuring technique applicable 
in different situations.
Since this is only the start of the project, further 
development of the measuring technique set out in 
this article will be necessary. All parts described will 
need further research and development, to establish 
an integrated technique able to map the characteristics 
needed for the development of a 2D model of the river. 
Eventually, this model then will help us to interpret 
the characteristics and will lead to further insight in 
the interactions of the river ecosystem. 
Since other research questions may arise during the 
campaign, this measurement plan might be adapted 
throughout the development.
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this is feasible or not, or what is the best manner to 
do this, has to be checked after taking the imagery.
A last plant characteristic we want to derive from the 
aerial shots is the biomass of the macrophyte patches. 
This might be directed straight away from the pixel 
values (or their calculated corresponding reflectance), 
or from the amount of water noticeable in between 
the macrophyte leaves and stems.

2.3.2. Stream velocity and velocity gradients
For the measurement of the 2D velocity field around 
the macrophyte patches, large-scale particle image 
velocimetry will be applied. This technique makes use of 
natural or artificial tracers. Successive photographs record 
their displacement through time. By applying a pattern-
matching technique afterwards, 2D surface velocity field 
can be derived (Muste et al., 2008). The technique has 
already proven its success in a broad range of measuring 
sites (Fujita & Hino, 2003; Hauet et al., 2009; Ho et 
al., 2009). We expect the natural occurring tracers in 
the water to be inadequate to compose a detailed, high 
resolution definition of the 2D velocity field. Therefore, 
artificial, biodegradable tracers will be used.
We have not yet chosen the magnitude and 
seeding density of the particles used, but some 
test measurements will indicate which properties 
will provide the best results. Since the measuring 
technique provides high spatial resolution data, the 
particles should be small enough in order to extract 
the resolution of the velocity field as high as possible.
Since nadir pictures are our standard, the processing 
of the images will be more easy afterwards, and we 
expect this not to be too difficult. By making use of 
the pole, all images will cover the same area. Once 
the Pixy is used, this is not longer true, and an extra 
treatment to match the pictures is necessary.
For the derivation of the velocity field of the pictures 
we will use VidPIV, a software developed for PIV 
computations by ILA (IntelligentLaserApplications).

2.3.3. Sediment characteristics
The third important cornerstone in the ecosystem 
interactions are the sediments. Since the bottom of 
the river is not always distinguishable on the pictures, 
it will be difficult to derive bottom characteristics.
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Biomechanical properties of submerged freshwater macrophytes - 
implications for plant reconfiguration  
and adaptation to hydraulic habitats
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ABSTRACT. Drag forces imposed by water flow are important abiotic determinants of the growth and 
spatio-temporal distribution of submerged macrophytes in aquatic ecosystems. Plant reconfiguration 
to reduce drag forces strongly depends on biomechanical characteristics. We analyse here with 
bending and tension tests the seasonal variation in biomechanical properties of shoots of the four 
submerged macrophyte species Glyceria fluitans, Ranunculus penicillatus, Myriophyllum alterniflorum 
and Fontinalis antipyretica that were sampled in winter and summer/autumn and relate these 
properties to the plant hydraulic habitats. 
 The cross-sectional areas of M. alterniflorum, R. penicillatus and F. antipyretica stems sampled in 
winter were larger and the breaking stresses and ‘tension’ Young’s modulus values of stems of the 
latter 2 species smaller than of summer specimens. G. fluitans stems, however, showed an opposite 
seasonal pattern. F. antipyretica, R. penicillatus and M. alterniflorum grow in faster flowing streams 
than G. fluitans and due to fierce flow especially the stems of F. antipyretica and R. penicillatus 
were probably weakened during the winter season. G. fluitans stems grow strongly from winter to 
summer, thus probably reducing the ‘tension’ Young’s modulus. The flexibility of new, freshly grown 
M. alterniflorum and R. penicillatus stems in summer was significantly higher, indicating potential 
tissue damage of brittle stems due to high water flow in winter. In summary, seasonal differences 
in biomechanical traits of river plants reflect differential seasonal habitat adaptations, i.e. in our 
study the specific habitat characteristics of F. antipyretica and R. penicillatus/M. alterniflorum as 
‘tensile’ plants growing in fast and moderate flowing river reaches, respectively, and of G. fluitans 
as ‘bending’ plants inhabiting slow flowing burns.
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1. Introduction

Submerged macrophytes are important structural 
components of many river and lake ecosystems 
providing food and shelter for benthic invertebrate 
organisms and fishes (Wetzel, 2001). The main 
determinants of seasonal and spatial plant distribution 
in streams and rivers are physical forces of flowing 
water whereas the availability of nutrients is far less 
important (Haslam, 2006). Although a major effect 
of physical forces on aquatic plants is the mechanical 
deformation of stems and leaves (Denny, 1988; Niklas, 
1992), this topic has until recently received only little 
attention with respect to freshwater macrophytes 
(but see Usherwood et al., 1997; Biehle et al., 1998; 
Schutten et al., 2005; Miler et al., 2011).
In flowing water submerged freshwater plants 
reconfigure and adopt a streamlined, compressed 
morphology (Sand-Jensen, 2003; O’Hare et al., 2007). 
Reconfiguration serves to reduce and minimize drag 
forces (O’Hare et al., 2007; Nikora, 2010). Drag forces 
exerted by water flow in rivers and brooks require 
‘tensile’ plants, which experience mainly friction drag, 
to be resistant against tension forces and to be flexible 
in order to streamline and reconfigure (O’Hare et al., 
2007; Nikora, 2010; Miler et al., 2011). More upright 
growing and stiffer ‘bending’ plants that are mainly 
affected by pressure drag inhabit stillwater habitats and 
streams with slower flow velocities (Miler et al., 2011). 
In a previous study, Miler et al. (2011) found that the 
four macrophyte species Glyceria fluitans, Ranunculus 
penicillatus, Myriophyllum alterniflorum and Fontinalis 
antiypretica that grow in distinctly different hydraulic 
habitats show specific biomechanical properties 
(expressed through genetic adaptation and/or 
phenotypic plasticity) that enable them to survive 
and grow there. In many streams flow conditions 
change dramatically in the course of the year (Haslam, 
2006). Rivers in the United Kingdom often originate 
in mountainous regions and during winter and spring 
spates occur due to high precipitation and snowmelt, 
respectively, whereas the water level during summer 
drops significantly (Haslam, 2006; Miler, personal 
observation). How macrophytes react with respect 
to their biomechanical characteristics towards such 

significant seasonal changes in the hydrograph has not 
been studied yet. We combine here biomechanical data 
of macrophytes sampled in spring from the study of 
Miler et al. (2011) with biomechanical data from the 
same macrophyte species collected during the summer 
growth season and analyze the effect of seasonality 
and water flow on their biomechanical characteristics.

2. Materials & methods

2.1. Plant sampling, preparation of plant stems  
and morphological measurements

Shoots of the submerged macrophyte species Glyceria 
fluitans, Ranunculus penicillatus, Myriophyllum 
alterniflorum and Fontinalis antiypretica were collected 
in 3 streams around the city of Aberdeen, United 
Kingdom, that differed in their morphology (mean 
width: 0.5 to 8.4 m, mean depth: 0.12 to 0.5 m) 
and flow characteristics (Table 1). Plant sampling 
took place in 2 time periods: the winter period 
(with little plant growth) from 9 March to 27 April 
2009 (period 1) and the summer/autumn (growth) 
period (period 2) from 2 July to 17 November 2009 
(Table 1). 

Table 1: The 4 plant species Glyceria fluitans, Ranunculus 
penicillatus, Myriophyllum alterniflorum and Fontinalis 
antipyretica, sampled in 3 rivers around the city of Aberdeen, 
United Kingdom during 2 time periods (1=winter, 
2=summer). Velocity (v) is measured before the sampled 
macrophyte patch at 60% water depth.

netic adaptation and/or phenotypic plasticity) that 
enable them to survive and grow there. In many 
streams flow conditions change dramatically in 
the course of the year (Haslam 2006). Rivers in 
the United Kingdom often originate in mountain-
ous regions and during winter and spring spates 
occur due to high precipitation and snowmelt, re-
spectively, whereas the water level during summer 
drops significantly (Haslam 2006, Miler personal 
observation). How macrophytes react with respect 
to their biomechanical characteristics towards 
such significant seasonal changes in the hydro-
graph has not been studied yet. We combine here 
biomechanical data of macrophytes sampled in 
spring from the study of Miler et al. (2011) with 
biomechanical data from the same macrophyte 
species collected during the summer growth sea-
son and analyze the effect of seasonality and wa-
ter flow on their biomechanical characteristics. 

2 MATERIALS & METHODS 

2.1 Plant sampling, preparation of plant stems 
and morphological measurements 

Shoots of the submerged macrophyte species 
Glyceria fluitans, Ranunculus penicillatus, 
Myriophyllum alterniflorum and Fontinalis anti-
ypretica were collected in 3 streams around the 
city of Aberdeen, United Kingdom, that differed 
in their morphology (mean width: 0.5 to 8.4 m, 
mean depth: 0.12 to 0.5 m) and flow characteris-
tics (Table 1). Plant sampling took place in 2 time 
periods: the winter period (with little plant 
growth) from 9 March to 27 April 2009 (period 1) 
and the summer/autumn (growth) period (period 
2) from 2 July to 17 November 2009 (Table 1).  

 
Table 2: The 4 plant species Glyceria fluitans, Ranunculus 
penicillatus, Myriophyllum alterniflorum and Fontinalis an-
tipyretica, sampled in 3 rivers around the city of Aberdeen, 
United Kingdom during 2 time periods (1=winter, 
2=summer). Velocity (v) is measured before the sampled 
macrophyte patch at 60% water depth.  

period Temp (°C) v (m s
-1

) species 

1 5.9 ± 1 0.97 ± 0.12 R. penicillatus 

1 6.4± 1.3 0.8 ± 0.1 M. alterniflorum 

1 6.3 ± 0.7 0.61 ± 0.04 F. antipyretica 

1 8 ± 1.7 0.40 ± 0.08 G. fluitans 

2 13.7 ± 0.4 0.54 ± 0.15 R. penicillatus 

2 14 0.86 M. alterniflorum 

2 10.2 ± 2.5 0.5 ± 0.03 F. antipyretica 

2 10.6 ± 3.4 0.41 ± 0.1 G. fluitans 

The plants were stored in a 50 l circular flow-
through aquarium with aeration and a 15h:9h 
day:night cycle (illumination by one daylight and 
one Fluora light bulb). 10 stems for each species 
were used for each biomechanical test within 10 h 
after they were taken from the aquarium. For ten-
sion and bending tests stem minimum diameter to 
length ratios of 1:10 and 1:15 were used to mini-
mize the effect of shear stress when subsequently 
calculating ‘tension’ Young’s modulus and flex-
ural rigidity. Tension and bending tests were con-
ducted with standardized stem section lengths of 
25 mm and 45 mm for F. antipyretica, M. alterni-
florum and R. penicillatus and 50 mm and 70 mm 
for G. fluitans, respectively. At the end of each 
stem part an extra 10 mm was provided for fixa-
tion to the testing device. 

Cross-sections of M. alterniflorum, R. penicil-
latus and G. fluitans with a thickness thinner than 
1 mm were cut with a razor-blade and pictures of 
cross-sections were taken with a photo camera 
(Fuji FinePix S1000fd, Fujifilm, Tokyo, Japan) on 
a light table ((Illuma System, Bencher Inc., Chi-
cago, U.S.A.). F. antipyretica stems were too thin 
to dissect and hence pictures of the whole stem 
were taken to measure the diameter. Cross-
sectional area and diameter measurements were 
taken with custom made imaging software. Two 
cross-sectional areas from each end of a plant 
stem section were calculated. At each end of the 
thin F. antipyretica stem sections two diameters 
were measured. Subsequently the cross-sectional 
areas were calculated as A = �d2/4 where A = 
cross-sectional area and d = diameter. From the 
four measured values of the cross sectional area 
the mean cross sectional area for each plant stem 
section was calculated.  

The biomechanical tests were performed with a 
Hounsfield S-series bench top testing machine 
Model H10K-S UTM using a 100N load cell. We 
focused here on 4 key parameters: stem cross-
sectional area (morphology), ‘tension’ Young’s 
modulus and breaking stress (both determined in 
uniaxial tension tests) and flexural rigidity (de-
termined in three-point bending tests). For 
uniaxial tension tests each end of the stem part 
was glued with cyanoacrylate (superglue) into a 
10 mm long brass tube with an internal diameter 
ranging from 1 to 5 mm to protect the plant tissue 
against mechanical deformation when clamped 
into the testing device. For three-point bending 
tests no preparation of the plant stems was neces-
sary. Due to slippage of the stem between the 
clamps, only ‘tension’ Young’s modulus, but not 
breaking stress could be measured during the ten-
sion tests of G. fluitans. 

Comparisons of the biomechanical properties 
between the winter and summer/autumn sampling 
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The plants were stored in a 50 l circular flow-through 
aquarium with aeration and a 15h:9h day:night cycle 
(illumination by one daylight and one Fluora light 
bulb). 10 stems for each species were used for each 
biomechanical test within 10 h after they were taken 
from the aquarium. For tension and bending tests 
stem minimum diameter to length ratios of 1:10 
and 1:15 were used to minimize the effect of shear 
stress when subsequently calculating ‘tension’ Young’s 
modulus and flexural rigidity. Tension and bending 
tests were conducted with standardized stem section 
lengths of 25 mm and 45 mm for F. antipyretica, 
M. alterniflorum and R. penicillatus and 50 mm and 
70 mm for G. fluitans, respectively. At the end of each 
stem part an extra 10 mm was provided for fixation 
to the testing device.
Cross-sections of M. alterniflorum, R. penicillatus 
and G. fluitans with a thickness thinner than 1 mm 
were cut with a razor-blade and pictures of cross-
sections were taken with a photo camera (Fuji FinePix 
S1000fd, Fujifilm, Tokyo, Japan) on a light table 
((Illuma System, Bencher Inc., Chicago, U.S.A.). F. 
antipyretica stems were too thin to dissect and hence 
pictures of the whole stem were taken to measure 
the diameter. Cross-sectional area and diameter 
measurements were taken with custom made imaging 
software. Two cross-sectional areas from each end of a 
plant stem section were calculated. At each end of the 
thin F. antipyretica stem sections two diameters were 
measured. Subsequently the cross-sectional areas were 
calculated as A = πd2/4 where A = cross-sectional area 
and d = diameter. From the four measured values of 
the cross sectional area the mean cross sectional area 
for each plant stem section was calculated. 
The biomechanical tests were performed with a 
Hounsfield S-series bench top testing machine Model 
H10K-S UTM using a 100N load cell. We focused 
here on 4 key parameters: stem cross-sectional area 
(morphology), ‘tension’ Young’s modulus and breaking 
stress (both determined in uniaxial tension tests) and 
flexural rigidity (determined in three-point bending 
tests). For uniaxial tension tests each end of the stem 
part was glued with cyanoacrylate (superglue) into 
a 10 mm long brass tube with an internal diameter 
ranging from 1 to 5 mm to protect the plant tissue 

against mechanical deformation when clamped into 
the testing device. For three-point bending tests no 
preparation of the plant stems was necessary. Due to 
slippage of the stem between the clamps, only ‘tension’ 
Young’s modulus, but not breaking stress could be 
measured during the tension tests of G. fluitans.
Comparisons of the biomechanical properties between 
the winter and summer/autumn sampling periods 
were made with an analysis of variance (ANOVA) 
using SAS 9.1. (SAS Institute, Cary, U.S.A.).

2.2. Tension tests

Both ends of the stem part were placed into friction 
grips, which trap the stem between a rough textured 
sprung cylinder and a piece of sand paper, and were 
stretched at a displacement rate of 10 mm min-1 until 
breakage of the stem. A force - displacement curve 
including breaking force and breaking displacement 
was recorded with a Hounsfield computer software 
(now: Tinius Olsen, Salfords, UK). Using the formulas 
ε = δ/L, s = F/A, ε = strain (m m-1), δ = displacement 
(m), L = length of the stem piece (m), s = stress 
(N m-2), F = force (N) and A = cross-sectional area 
(m) the force-displacement curve was converted into 
a stress-strain curve. From the stress-strain curve the 
‘tension’ Youngs modulus Et as the slope of the initial 
linear elastic part and breaking stress stmax as the 
maximum stress were calculated.

2.3. Bending tests

The stem was located centrally on two support bars 
that were mounted on the peak of an inclined plane. 
A metal bar was lowered from above at a displacement 
rate of 10 mm min-1. The vertical deflection Δ in mm 
and the corresponding force F in N were recorded. 
From the slope of the force-deflection curve F/Δ 
the flexural rigidity EI = (s3F)/(48Δ) with s as the 
horizontal span of the stem was calculated. The 
bending tests were not conducted for F. antipyretica 
since the stems were too flexible for measuring the 
forces during bending with the 100 N load cell. 
In the tests with G. fluitans, M. alterniflorum and 
R. penicillatus stems no breakage occurred since the 
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Flexural rigidity decreased from winter to summer 
in M. alterniflorum and R. penicillatus shoots (Fig. 3, 
ANOVA, M. alterniflorum, F1,58 = 36.77, p < 0.0001, 
R. penicillatus, F1,58 = 18.57, p < 0.0001). The 
G. fluitans stems did not differ seasonally in their 
flexural rigidity (ANOVA, G. fluitans, F1,58 = 2.71, 
p = 0.105). F. antipyretica stems were too flexible for 
the load cell used in this study and flexural rigidity 
could hence not be determined.

flexible stems at the end of the experiment slipped 
from the bars of the experimental setup.

3. Results

G. fluitans showed a significant increase from winter 
to summer in mean cross-sectional area (Fig. 1, 
ANOVA, F1,58 = 44.31, p < 0.0001). However, for 
M. alterniflorum, R. penicillatus and F. antipyretica 
a decrease could be observed (Fig. 1, ANOVA, 
M. alterniflorum, F1,58 = 4.65, p = 0.035, R. penicillatus, 
F1,58 = 49.28, p < 0.0001, F. antipyretica, F1,58 = 9.42, 
p = 0.0033). Breaking stress of F. antipyretica and 
R. penicillatus stems significantly increased from 
winter to summer (Fig. 2A, ANOVA, F. antipyretica, 
F1,58 = 17.37, p = 0.0001, R. penicillatus, F1,58 = 49.85, 
p < 0.0001).
In M. alterniflorum stems breaking stress did not 
change seasonally and it could not be measured for 
G. fluitans stems. 

The ‘tension’ Young’s modulus significantly increased 
from winter to summer in F. antipyretica and R. 
penicillatus stems (Fig. 2B, ANOVA, F. antipyretica, 
F1,58 = 10.11, p = 0.0024, R. penicillatus, F1,58 = 45.26, 
p < 0.0001) and decreased for G. fluitans stems 
(Fig. 2B, ANOVA, F1,58 = 26.07, p < 0.0001). 
M. alterniflorum stems showed no significant seasonal 
change in ‘tension’ Young’s modulus.

periods were made with an analysis of variance 
(ANOVA) using SAS 9.1. (SAS Institute, Cary, 
U.S.A.).  

2.2 Tension tests 
Both ends of the stem part were placed into fric-
tion grips, which trap the stem between a rough 
textured sprung cylinder and a piece of sand pa-
per, and were stretched at a displacement rate of 
10 mm min-1 until breakage of the stem. A force - 
displacement curve including breaking force and 
breaking displacement was recorded with a 
Hounsfield computer software (now: Tinius Ol-
sen, Salfords, UK). Using the formulas ε = δ/L, σ 
= F/A, ε = strain (m m-1), δ = displacement (m), L 
= length of the stem piece (m), σ = stress (N m-2), 
F = force (N) and A = cross-sectional area (m) the 
force-displacement curve was converted into a 
stress-strain curve. From the stress-strain curve 
the ‘tension’ Youngs modulus Et as the slope of 
the initial linear elastic part and breaking stress
σtmax as the maximum stress were calculated. 

2.3 Bending tests 
The stem was located centrally on two support 
bars that were mounted on the peak of an inclined 
plane. A metal bar was lowered from above at a 
displacement rate of 10 mm min-1. The vertical 
deflection Δ in mm and the corresponding force F 
in N were recorded. From the slope of the force-
deflection curve F/Δ the flexural rigidity EI = 
(s3F)/(48Δ) with s as the horizontal span of the 
stem was calculated. The bending tests were not 
conducted for F. antipyretica since the stems were 
too flexible for measuring the forces during bend-
ing with the 100 N load cell. In the tests with G. 
fluitans, M. alterniflorum and R. penicillatus 
stems no breakage occurred since the flexible 
stems at the end of the experiment slipped from 
the bars of the experimental setup. 

3 RESULTS 

G. fluitans showed a significant increase from 
winter to summer in mean cross-sectional area 
(Fig. 1, ANOVA, F1,58=44.31, p<0.0001). How-
ever, for M. alterniflorum, R. penicillatus and F.
antipyretica a decrease could be observed (Fig. 1, 
ANOVA, M. alterniflorum, F1,58=4.65, p=0.035, 
R. penicillatus, F1,58=49.28, p<0.0001, F. antipy-
retica, F1,58=9.42, p=0.0033). Breaking stress of 
F. antipyretica and R. penicillatus stems signifi-
cantly increased from winter to summer (Fig. 2 A, 
ANOVA, F. antipyretica, F1,58=17.37, p=0.0001,
R. penicillatus, F1,58=49.85, p<0.0001). 

In M. alterniflorum stems breaking stress did not 
change seasonally and it could not be measured 
for G. fluitans stems.  

 
Figure 1: Comparison of the mean cross-sectional area 
[mm2] of G. fluitans, R. penicillatus, M. alterniflorum and 
F. antipyretica between winter (W) and summer (S) periods 

The ‘tension’ Young’s modulus significantly 
increased from winter to summer in F. antipy-
retica and R. penicillatus stems (Fig. 2 B, 
ANOVA, F. antipyretica, F1,58=10.11, p=0.0024, 
R. penicillatus, F1,58=45.26, p<0.0001) and de-
creased for G. fluitans stems (Fig. 2 B, ANOVA,
F1,58=26.07, p<0.0001). M. alterniflorum stems 
showed no significant seasonal change in ‘ten-
sion’ Young’s modulus.  

Figure 2: Comparison of the breaking stress [kNm-2] (A) 
and ‘tension’ Young’s Modulus [MNm-2] (B) of G. fluitans, 
R. penicillatus, M. alterniflorum and F. antipyretica be-
tween winter (W) and summer (S) periods. 

Flexural rigidity decreased from winter to sum-
mer in M. alterniflorum and R. penicillatus shoots 
(Fig. 3, ANOVA, M. alterniflorum, F1,58=36.77, 
p<0.0001, R. penicillatus, F1,58=18.57, p<0.0001). 
The G. fluitans stems did not differ seasonally in 
their flexural rigidity (ANOVA, G. fluitans, 
F1,58=2.71, p=0.105). F. antipyretica stems were 
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cantly increased from winter to summer (Fig. 2 A, 
ANOVA, F. antipyretica, F1,58=17.37, p=0.0001,
R. penicillatus, F1,58=49.85, p<0.0001). 

In M. alterniflorum stems breaking stress did not 
change seasonally and it could not be measured 
for G. fluitans stems.  

 
Figure 1: Comparison of the mean cross-sectional area 
[mm2] of G. fluitans, R. penicillatus, M. alterniflorum and 
F. antipyretica between winter (W) and summer (S) periods 

The ‘tension’ Young’s modulus significantly 
increased from winter to summer in F. antipy-
retica and R. penicillatus stems (Fig. 2 B, 
ANOVA, F. antipyretica, F1,58=10.11, p=0.0024, 
R. penicillatus, F1,58=45.26, p<0.0001) and de-
creased for G. fluitans stems (Fig. 2 B, ANOVA,
F1,58=26.07, p<0.0001). M. alterniflorum stems 
showed no significant seasonal change in ‘ten-
sion’ Young’s modulus.  

Figure 2: Comparison of the breaking stress [kNm-2] (A) 
and ‘tension’ Young’s Modulus [MNm-2] (B) of G. fluitans, 
R. penicillatus, M. alterniflorum and F. antipyretica be-
tween winter (W) and summer (S) periods. 

Flexural rigidity decreased from winter to sum-
mer in M. alterniflorum and R. penicillatus shoots 
(Fig. 3, ANOVA, M. alterniflorum, F1,58=36.77, 
p<0.0001, R. penicillatus, F1,58=18.57, p<0.0001). 
The G. fluitans stems did not differ seasonally in 
their flexural rigidity (ANOVA, G. fluitans, 
F1,58=2.71, p=0.105). F. antipyretica stems were 

Figure 2. Comparison of the breaking stress [kNm-2] (A) 
and ‘tension’ Young’s Modulus [MNm-2] (B) of G. fluitans, 
R. penicillatus, M. alterniflorum and F. antipyretica between 
winter (W) and summer (S) periods.

Figure 3. Comparison of the flexural rigidity [Nmm2] of 
G. fluitans, R. penicillatus and M. alterniflorum between 
winter (W) and summer (S) periods.

too flexible for the load cell used in this study and 
flexural rigidity could hence not be determined.  

Figure 3: Comparison of the flexural rigidity [Nmm2] of G.
fluitans, R. penicillatus and M. alterniflorum between winter 
(W) and summer (S) periods 

DISCUSSION 

Overall, our values for the biomechanical parame-
ters of the 4 studied river plant species are in good 
accordance with previous studies of Usherwood et 
al. (1997), Biehle et al. (1998) and Miler et al. 
(2011). G. fluitans stems showed a seasonal in-
crease in stem cross-sectional area and a decrease 
in ‘tension’ Young’s modulus from winter to sum-
mer (Figs. 1, 2). In contrast, M. alterniflorum, R. 
penicillatus and F. antipyretica stems decreased 
in size (Fig. 1) and stems of the latter two species 
increased in ‘tension’ Young’s modulus as well as 
in breaking stress (Fig. 2) until summer. 

The proximate factors responsible for these 
species-specific differences in stem growth re-
flected by the size of the cross-sectional area are 
still largely unclear. Temperature was several de-
grees higher in the summer season but did not 
vary much between sites (Table 1). However, the 
habitat of G. fluitans had in both seasons always 
the lowest flow velocities. 

Fierce water flow due to high rainfalls and 
snowmelt during winter and early spring (Table 1) 
might have weakened the plant stems of M. al-
terniflorum and especially R. penicillatus and F. 
antipyretica with respect to damage through ten-
sion forces, which is visible in the reduced ‘ten-
sion’ Young’s modulus and breaking stress in 
winter (Fig. 2). G. fluitans shoots that occur in 
slow flowing burns (Table 1) grew strongly from 
winter to summer which might have reduced the 
‘tension’ Young’s modulus in summer/autumn 
due to an increase in cross-sectional area.  

R. penicillatus and M. alterniflorum stems had 
a low flexibility in winter (i.e. a high flexural ri-
gidity) since stems did not grow, were probably 
damaged during spates and became also more brit-
tle during winter. In summer the new, growing 
shoots have stem tissues with a higher flexibility. 

In summary, the seasonal differences in biome-
chanical characteristics of the studied river plant 
species reflect their differential habitat adapta-
tions. R. penicillatus, M. alterniflorum and F. an-
tipyretica growing in moderate to fast flowing up-
per and middle reaches of rivers are ‘tensile’ plant 
species and G. fluitans growing in slow flowing 
burns can be regarded as a ‘bending’ plant species 
(Miler et al. 2011). These plant types experience 
mainly friction or drag forces, respectively 
(Nikora 2010). This study shows that ‘tensile’ and 
‘bending plants not only display characteristic 
biomechanical traits, as previously analysed by 
Miler et al. (2011), but that they also show dis-
tinctive temporal changes due to a seasonally 
varying river hydrograph with spates during win-
ter and less/slower water flow during summer. 
Hence, future studies should account for the sea-
sonality of aquatic plant biomechanics. Further 
comparative analyses on the biomechanical prop-
erties of river plants are needed to describe their 
seasonal habitat adaptations and identify other po-
tentially important environmental factors. 

This work was supported by the Leverhulme 
Trust, Grant F/00152/Z 'Biophysics of flow-plant 
interactions in aquatic systems'. 
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R. penicillatus and M. alterniflorum stems had a low 
flexibility in winter (i.e. a high flexural rigidity) since 
stems did not grow, were probably damaged during 
spates and became also more brittle during winter. 
In summer the new, growing shoots have stem tissues 
with a higher flexibility.
In summary, the seasonal differences in biomechanical 
characteristics of the studied river plant species reflect 
their differential habitat adaptations. R. penicillatus, 
M. alterniflorum and F. antipyretica growing in 
moderate to fast flowing upper and middle reaches 
of rivers are ‘tensile’ plant species and G. fluitans 
growing in slow flowing burns can be regarded as 
a ‘bending’ plant species (Miler et al., 2011). These 
plant types experience mainly friction or drag forces, 
respectively (Nikora, 2010). This study shows 
that ‘tensile’ and ‘bending plants not only display 
characteristic biomechanical traits, as previously 
analysed by Miler et al. (2011), but that they also 
show distinctive temporal changes due to a seasonally 
varying river hydrograph with spates during winter 
and less/slower water flow during summer. Hence, 
future studies should account for the seasonality of 
aquatic plant biomechanics. Further comparative 
analyses on the biomechanical properties of river 
plants are needed to describe their seasonal habitat 
adaptations and identify other potentially important 
environmental factors.
This work was supported by the Leverhulme 
Trust, Grant F/00152/Z ‘Biophysics of flow-plant 
interactions in aquatic systems’.

3. Discussion

Overall, our values for the biomechanical parameters of 
the 4 studied river plant species are in good accordance 
with previous studies of Usherwood et al. (1997), Biehle 
et al. (1998) and Miler et al. (2011). G. fluitans stems 
showed a seasonal increase in stem cross-sectional area 
and a decrease in ‘tension’ Young’s modulus from winter 
to summer (Figs. 1, 2). In contrast, M. alterniflorum, 
R. penicillatus and F. antipyretica stems decreased in size 
(Fig. 1) and stems of the latter two species increased in 
‘tension’ Young’s modulus as well as in breaking stress 
(Fig. 2) until summer.
The proximate factors responsible for these species-
specific differences in stem growth reflected by the 
size of the cross-sectional area are still largely unclear. 
Temperature was several degrees higher in the summer 
season but did not vary much between sites (Table 1). 
However, the habitat of G. fluitans had in both seasons 
always the lowest flow velocities.
Fierce water flow due to high rainfalls and snowmelt 
during winter and early spring (Table 1) might have 
weakened the plant stems of M. alterniflorum and 
especially R. penicillatus and F. antipyretica with respect 
to damage through tension forces, which is visible in 
the reduced ‘tension’ Young’s modulus and breaking 
stress in winter (Fig. 2). G. fluitans shoots that occur 
in slow flowing burns (Table 1) grew strongly from 
winter to summer which might have reduced the 
‘tension’ Young’s modulus in summer/autumn due 
to an increase in cross-sectional area.
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ABSTRACT. Globally, river ecosystems serve as significant sources for socio economic development 
through the goods and services they offer. Underlying these services are functions that keep these 
ecosystems intact. Changes in these functions ultimately impacts on the capacity of ecosystems 
to deliver their services. Human activities often lead to changes in ecosystem functions, which 
may have a negative impact on the potential to deliver ecosystem services. For example through 
river regulation activities like dam constructions, which modify the flow regime; the key process 
influencing river-floodplain ecosystems. Similarly, the Kariba dam is said to have led to the ecological 
changes of its downstream Mana floodplains. This was reported by research studies done in the 
1980s which indicated a decline in Faidherbia albida (F. albida) tree species. These floodplains 
are a home to a number of wildlife species and hence an important tourism site in Zimbabwe. 
 This research was aimed at describing the historic (pre and post Kariba dam) and current terrestrial 
ecological state of the Mana floodplains. Data was gathered through review of literature, archival 
records and hydrological records. Furthermore, vegetation plots were set up to measure diameter 
at breast height (dbh) of F. albida trees. Results from this study show that the Kariba dam altered 
the peak mean monthly flows by about 60%. The frequency distribution of the dbh sizes of the 
current F. albida trees depicted an even-aged stand structure (mean dbh of 103cm). There was no 
evidence of growth of young F. albida trees as there were no trees with smaller (less than 40 cm) 
dbh sizes. 
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1. Introduction - General Overview

Water resources development has been responsible for 
the regulation of most rivers in the world (Hughes, 
2000; Beauchamp et al., 2007). Such developmental 
initiatives have contributed towards the disruption 
of the ecological integrity of most river ecosystems. 
For example, it has been reported that most rivers 
regulated by dams have resulted in the changes on 
the terrestrial ecology of its downstream floodplains 
and ultimately on the ability of such ecosystems to 
support wildlife and humans whose livelihoods are 
dependent on them (Petts, 1999). Despite the wide 
body of knowledge on these effects of dams in most 
river basins worldwide studies focusing on their effect 
on downstream floodplains and how these changes 
influence human well being in the African continent 
are still at infancy.
The case study for this research was drawn from the 
Mana floodplains which are located downstream of 
Kariba dam on the Zambezi River; Southern Africa. 
They are confined within the Mana Pools National 
Park in Zimbabwe.
Studies completed about 30 years ago, reported that 
the terrestrial ecology of the Mana floodplains had 

deteriorated due to the construction of the Kariba 
dam (Attwell, 1970; Davies et al., 1975; Guy, 1981). 
As such the Mana floodplains were said to be unable 
to provide sufficient pasture and habitat for wildlife 
species. This conclusion was based on the absence 
of regenerating Faidherbia albida (F. albida) tree 
species. The population of mature F. albida trees was 
reported to be declining (Dunham, 1989). F. albida is 

an important source of foliage and shade for wildlife 
species especially in the dry season.
In light of the above, it was argued by most researchers 
(Guy, 1981; Cumming, 1983; Nugent, 1988; 
Timberlake, 1998) that the Kariba dam attenuated 
the flooding events on the Mana floodplains which 
were crucial for moisture and sediment provision for 
the growth of F. albida. Furthermore, it was argued 
that this also exposed the floodplain to all year round 
access by wildlife which browse on the seedlings thus 
hindering the establishment of F. albida. These driving 
forces were therefore reported to have influenced the 
ecological changes on the Mana floodplains hence 
the need for this study; 50 years after the dam has 
been in operation.

2. Materials and methods

2.1. Ecological indicators used

In order to describe the Mana floodplains; the altered 
flow regime and hence the flooding events were used 
as indicators of the hydrology and hydraulics of the 
Zambezi River while the F. albida tree species was 
chosen as an indicator of the riparian vegetation. 
The selection of these indicators was based on both 
literature review and a build up from the past studies 
done on the Mana floodplains. Thus this study adopted 
F. albida tree species to describe the vegetation of the 
Mana floodplains. This is because studies have shown 
that the growth patterns of this tree are influenced 
by the flow regime as evidenced by its dominance on 
riverine ecosystems (Barnes and Fagg, 2003). This is 
also indicated by the presence of F. albida dominated 
woodland on these floodplains which is a demonstration 
of how it typifies the Mana floodplains.

2.1.  Data collection methods

Hydrological data: Data on the flow releases (discharge) 
was obtained from the Zambezi River Authority 
(ZRA) and also from previous research studies done 
in the study area. Hydrological data on the upstream 
flows (Victoria Falls Big tree station) covered the 

Figure 1. The Zambezi River Basin and location of the 
Mana floodplains.
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ecological state of the Mana floodplains. Data was gathered through review of literature, archival records 
and hydrological records. Furthermore, vegetation plots were set up to measure diameter at breast height 
(dbh) of F. albida trees. Results from this study show that the Kariba dam altered the peak mean monthly 
flows by about 60%. The frequency distribution of the dbh sizes of the current F. albida trees depicted an 
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trees as there were no trees with smaller (less than 40 cm) dbh sizes.  
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1 INTRODUCTION

1.1 General Overview 
Water resources development has been respon-

sible for the regulation of most rivers in the world 
(Hughes, 2000; Beauchamp et al., 2007). Such 
developmental initiatives have contributed to-
wards the disruption of the ecological integrity of 
most river ecosystems. For example, it has been 
reported that most rivers regulated by dams have 
resulted in the changes on the terrestrial ecology 
of its downstream floodplains and ultimately on 
the ability of such ecosystems to support wildlife 
and humans whose livelihoods are dependent on 
them (Petts, 1999). Despite the wide body of 
knowledge on these effects of dams in most river 
basins worldwide studies focusing on their effect 

on downstream floodplains and how these 
changes influence human well being in the Afri-
can continent are still at infancy.

The case study for this research was drawn 
from the Mana floodplains which are located 
downstream of Kariba dam on the Zambezi River; 
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period 1924 to 2009 while the data for the outflows 
from Kariba was from the period 1993 to 2009. 
F.albida: Systematic sampling was used to set up 30m 
x 30m vegetation plots. In total 23 plots on eight 
transects were set up. A Geographical Positioning 
System (GPS) was used to mark both the plots and 
transects which were spaced at a distance of 1 km 
apart. The transects were laid out perpendicular; to 
the Zambezi River across the floodplain.
In each plot the diameter at breast height (dbh) (1.3 m 
from the ground) of all the F. albida trees was measured 
with the use of the Mantax Precision Blue Calipers. 
The height of the F. albida trees was measured using an 
electronic clinometer (Haglof Electronic Clinometer 
(HEC-R)). 
In addition, Semi structured interviews were done 
with key informants to understand the history of 
the Mana floodplains. Information on how elephants 
influence the establishment of F.albida was obtained 
from the reviewed literature.

3. Resulwts and discussion

3.1. Flow variations upstream  
and downstream of the Kariba dam

Data covering a 16 year period from 1993 to 2009 
was analysed on mean monthly flows of the Zambezi 
River. The hydrograph below shows the differences 
in the mean monthly flow regime along the Zambezi 
River, upstream and downstream of the Kariba dam.
Figure 2 shows that the Kariba dam reduced the peak 
mean monthly flows to an almost flattened flow regime 
in all the months. The upstream mean monthly flows 
in April were 2 473m3/sec while the downstream 
flows in the same month were 941 m3/sec. This is a 
60% difference between the mean monthly flows. 
Consequently, an almost constant level of discharge is 
maintained throughout the year downstream of the dam.

3.2.	The	flooding	events	on	the	Mana	floodplains

The last natural large flooding event downstream 
of Kariba was reported to have been in 1957/58 

when the Kariba dam was being built. Since then 
the frequency and extent of artificial flooding on 
the Mana floodplains is said to be controlled by the 
frequency and number of floodgates opened at Kariba 
(Dunham, 1989a). The opening of these floodgates 
is dependent on the water levels in Lake Kariba and 
hydropower demands. At times they are opened during 
months which do not match the seasonal patterns 
within the catchment hence out-of-season flooding 
is experienced on the Mana floodplains.

3.2. Current Faidherbia albida stand structure

The measured dbh sizes of the F. albida trees were 
pooled into a frequency distribution of the dbh classes. 
The frequency distribution is illustrated in the figure 
below.

Figure 2. Mean monthly flows upstream and downstream 
of the Kariba dam.Figure 2: Mean monthly flows upstream and down-
stream of the Kariba dam. 

Figure 2 shows that the Kariba dam reduced 
the peak mean monthly flows to an almost flat-
tened flow regime in all the months. The upstream 
mean monthly flows in April were 2473m3 /sec 
while the downstream flows in the same month 
were 941m3/sec. This is a 60% difference between 
the mean monthly flows. Consequently, an almost 
constant level of discharge is maintained through-
out the year downstream of the dam.  

3.2 The flooding events on the Mana floodplains 
The last natural large flooding event down-

stream of Kariba was reported to have been in 
1957/58 when the Kariba dam was being built. 
Since then the frequency and extent of artificial 
flooding on the Mana floodplains is said to be 
controlled by the frequency and number of flood-
gates opened at Kariba (Dunham, 1989a). The 
opening of these floodgates is dependent on the 
water levels in Lake Kariba and hydropower de-
mands. At times they are opened during months 
which do not match the seasonal patterns within 
the catchment hence out-of-season flooding is ex-
perienced on the Mana floodplains.  

3.3 Current Faidherbia albida stand structure 
The measured dbh sizes of the F. albida trees 

were pooled into a frequency distribution of the 
dbh classes. The frequency distribution is illus-
trated in the figure below. 

Figure 3: dbh size distribution of F.albida on the Mana 
floodplains. 

Figure 3 depicts an even-aged tree stand as 
there is no evidence of young trees with smaller 
dbh sizes while the majority of the trees were 
concentrated in the middle class ranges of 71-
130cm. The maximum measured dbh was 244cm, 
while the minimum was 44cm. There were few 
trees in the dbh classes ranging from 140cm to 
more than 200cm. The mean dbh size for the 93 
trees measured was 103cm (S.D=35cm). The ma-
jority of the measured trees were in the height 
class of 16 to 20m. The calculated mean height 
was 17.4m (SD=3.7m) and a few trees were
ab

ropical forests (Mwavu and 
W

F. al-
bida trees established on these floodplains.

h or failure of F. albida
on the Mana floodplains.

ove 20m.  
These results show that the current F. albida

tree species on the Mana floodplains does not dis-
play the characteristics of a healthy tree stand 
structure as there is the loss of the reverse J curve 
(Mwavu and Witkowski, 2009). Even aged tree 
stands have been interpreted as a reflection of pe-
riods of human related, natural disturbances 
(Parker et al., 1985) and succession trends in sa-
vannas and dry t

itkowski, 2009). 

Tree ages for the current F. albida trees were 
not determined but studies have shown that on 
undisturbed sites, this tree species reaches a dbh 
of 200cm and height of 30m when it is between 
the age range of 80 to 100 years (Barnes and 
Fagg, 2003). Based on this information, a rough 
estimate of the age for the maximum measured 
dbh size of F. albida trees could mean that some 
of the trees` ages date back to the period between 
1910 and 1930. Those trees with the mean dbh 
size of about 100cm can be estimated to be about 
40 to 50 years old based on this known life span. 
This would further mean that the majority of the 
trees on the Mana floodplains established around 
the 50s to 60s which coincides with the time when 
the dam was built. Furthermore, the trees with the 
small dbh class of 41-50 could be around 25 years 
and might have established around the 1980s. This 
implies that for the past 20 years no young 

The period around the 80s during which it ap-
pears that young F. albida trees were not evident 
also coincides with the time when firstly, the 
management culling activities of wildlife were 
terminated, secondly; drought conditions were ex-
perienced in the region and thirdly the cessation of 
flooding events as the floodgates were not opened. 
These could have been the key factors that might 
have influenced the growt

Figure 2: Mean monthly flows upstream and down-
stream of the Kariba dam. 

Figure 2 shows that the Kariba dam reduced 
the peak mean monthly flows to an almost flat-
tened flow regime in all the months. The upstream 
mean monthly flows in April were 2473m3 /sec 
while the downstream flows in the same month 
were 941m3/sec. This is a 60% difference between 
the mean monthly flows. Consequently, an almost 
constant level of discharge is maintained through-
out the year downstream of the dam.  

3.2 The flooding events on the Mana floodplains 
The last natural large flooding event down-

stream of Kariba was reported to have been in 
1957/58 when the Kariba dam was being built. 
Since then the frequency and extent of artificial 
flooding on the Mana floodplains is said to be 
controlled by the frequency and number of flood-
gates opened at Kariba (Dunham, 1989a). The 
opening of these floodgates is dependent on the 
water levels in Lake Kariba and hydropower de-
mands. At times they are opened during months 
which do not match the seasonal patterns within 
the catchment hence out-of-season flooding is ex-
perienced on the Mana floodplains.  

3.3 Current Faidherbia albida stand structure 
The measured dbh sizes of the F. albida trees 

were pooled into a frequency distribution of the 
dbh classes. The frequency distribution is illus-
trated in the figure below. 

Figure 3: dbh size distribution of F.albida on the Mana 
floodplains. 

Figure 3 depicts an even-aged tree stand as 
there is no evidence of young trees with smaller 
dbh sizes while the majority of the trees were 
concentrated in the middle class ranges of 71-
130cm. The maximum measured dbh was 244cm, 
while the minimum was 44cm. There were few 
trees in the dbh classes ranging from 140cm to 
more than 200cm. The mean dbh size for the 93 
trees measured was 103cm (S.D=35cm). The ma-
jority of the measured trees were in the height 
class of 16 to 20m. The calculated mean height 
was 17.4m (SD=3.7m) and a few trees were
ab
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These results show that the current F. albida

tree species on the Mana floodplains does not dis-
play the characteristics of a healthy tree stand 
structure as there is the loss of the reverse J curve 
(Mwavu and Witkowski, 2009). Even aged tree 
stands have been interpreted as a reflection of pe-
riods of human related, natural disturbances 
(Parker et al., 1985) and succession trends in sa-
vannas and dry t

itkowski, 2009). 

Tree ages for the current F. albida trees were 
not determined but studies have shown that on 
undisturbed sites, this tree species reaches a dbh 
of 200cm and height of 30m when it is between 
the age range of 80 to 100 years (Barnes and 
Fagg, 2003). Based on this information, a rough 
estimate of the age for the maximum measured 
dbh size of F. albida trees could mean that some 
of the trees` ages date back to the period between 
1910 and 1930. Those trees with the mean dbh 
size of about 100cm can be estimated to be about 
40 to 50 years old based on this known life span. 
This would further mean that the majority of the 
trees on the Mana floodplains established around 
the 50s to 60s which coincides with the time when 
the dam was built. Furthermore, the trees with the 
small dbh class of 41-50 could be around 25 years 
and might have established around the 1980s. This 
implies that for the past 20 years no young 

The period around the 80s during which it ap-
pears that young F. albida trees were not evident 
also coincides with the time when firstly, the 
management culling activities of wildlife were 
terminated, secondly; drought conditions were ex-
perienced in the region and thirdly the cessation of 
flooding events as the floodgates were not opened. 
These could have been the key factors that might 
have influenced the growt

Figure 3/ dbh size distribution of F.albida on the Mana 
floodplains. 
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in the region and thirdly the cessation of flooding 
events as the floodgates were not opened. These 
could have been the key factors that might have 
influenced the growth or failure of F. albida on the 
Mana floodplains.
Key informants reported an increase in the 
dominance of shrubs like indigofera and other 
vegetation species like Croton megaboltrys which 
were formerly not common on the Mana floodplains. 
From this, it can be further inferred that since F. 
albida is a pioneer species the increasing dominance 
of the other vegetation species could be an indication 
of the start of the succession process on the Mana 
floodplains.
The relationship between the altered flow regime and 
the F. albida stand structure on the Mana floodplains
Based on the results in the previous sections, data 
from previous studies and opinions of the key 
informants; the direct impact of the altered flow 
on the mature F. albida trees has been the falling 
of trees along the river banks as the river channel 
has been observed to be widening due to increased 
bank erosion.
Furthermore, it can be inferred that the flood waters 
provide the moisture required for the growth of 
this tree species. Thus the growth of F. albida can 
be said to be influenced by the flow variations of 
the Zambezi River as it has been acknowledged that 
flow variations also determine the kind of vegetation 
species that grow on the floodplains (Pert et al., 
2010; Posthumus et al., 2010). Therefore moisture 
shortage would also impact on the establishment of 
F. albida considering that access to moisture is one of 
the critical requirements for the growth of this tree 
species (Barnes & Fagg, 2003). These increasing dry 
conditions might have also facilitated the growth of 
other vegetation species like indingofera shrubs. On 
the other hand, elephants uproot F. albida seedlings 
and de-bark mature trees.
These detectable changes on the Mana floodplains 
have raised questions as to whether they mark the 
start of the succession of the F. albida trees or it’s 
the increasing dry conditions which have facilitated 
the growth of drought tolerant species?

Figure 3 depicts an even-aged tree stand as there is 
no evidence of young trees with smaller dbh sizes 
while the majority of the trees were concentrated in 
the middle class ranges of 71-130 cm. The maximum 
measured dbh was 244 cm, while the minimum 
was 44cm. There were few trees in the dbh classes 
ranging from 140 cm to more than 200 cm. The 
mean dbh size for the 93 trees measured was 103cm 
(S.D = 35 cm). The majority of the measured trees 
were in the height class of 16 to 20 m. The calculated 
mean height was 17.4 m (SD = 3.7 m) and a few 
trees were above 20 m. 
These results show that the current F. albida tree 
species on the Mana floodplains does not display 
the characteristics of a healthy tree stand structure 
as there is the loss of the reverse J curve (Mwavu 
& Witkowski, 2009). Even aged tree stands have 
been interpreted as a reflection of periods of human 
related, natural disturbances (Parker et al., 1985) 
and succession trends in savannas and dry tropical 
forests (Mwavu & Witkowski, 2009).
Tree ages for the current F. albida trees were 
not determined but studies have shown that on 
undisturbed sites, this tree species reaches a dbh of 
200 cm and height of 30 m when it is between the 
age range of 80 to 100 years (Barnes & Fagg, 2003). 
Based on this information, a rough estimate of the 
age for the maximum measured dbh size of F. albida 
trees could mean that some of the trees` ages date 
back to the period between 1910 and 1930. Those 
trees with the mean dbh size of about 100 cm can 
be estimated to be about 40 to 50 years old based on 
this known life span. This would further mean that 
the majority of the trees on the Mana floodplains 
established around the 50s to 60s which coincides 
with the time when the dam was built. Furthermore, 
the trees with the small dbh class of 41-50 could be 
around 25 years and might have established around 
the 1980s. This implies that for the past 20 years no 
young F. albida trees established on these floodplains. 
The period around the 80s during which it appears 
that young F. albida trees were not evident also 
coincides with the time when firstly, the management 
culling activities of wildlife were terminated, 
secondly; drought conditions were experienced 



  
  
 

●  4
  
  

Session 4  ○○○ ● ○○ 175

F. albida trees is attributed to shortage of soil 
moisture and competition from other vegetation 
species though the influence of elephants also 
has to be ascertained. Alternatively, their 
absence can be linked to the growth patterns 
of F. albida as a pioneer species.

 • Consequently, the ecology of the Mana 
floodplains has gone through detectable 
changes over time as indicated by the reduction 
in the flooding events and even-aged F. albida 
tree stand structure. However, their capability 
to continue supporting vast wildlife numbers 
and the resultant long term impact on the 
tourism activities in the Mana Pools National 
Park still remains unknown.

4. Conclusions

 • The Kariba dam altered the peak mean 
monthly flow variations of the Zambezi 
River. This in turn impacted on the flooding 
frequency and extent on the Mana floodplains. 
However, the influence of the altered flow 
regime on the groundwater levels still needs 
to be explored. Thus the Mana floodplains 
are now subjected to artificial flooding events 
which are dependent on the number and 
duration of the floodgates opened.

 • In the current F. albida tree stand on the Mana 
floodplains there is no evidence of younger trees 
with smaller dbh sizes. The absence of young 

The interactions of the flow regime and the terrestrial ecology of the Mana floodplains …
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ABSTRACT. Over the last decades several studies highlighted the climatic changes induced by 
human activities. Climate change affects river hydrology by changing temperature, spatial and 
temporal distribution of precipitation. As floodplain vegetation is strongly related, dependent 
and adapted to flood occurrence and river stage variations, it is subject to these climate change 
effects. The presented study aims to evaluate the long term impacts of climate change on the 
Alpine riparian vegetation with a special focus on the hydrology-driven factors which influence 
the establishment, development and recycling of riparian vegetation. This work is part of an 
international initiative, which aims to quantify the climate change impacts on riparian vegetation 
in the Alpine and Mediterranean climates. The presented study has been carried out at the upper 
course of the Drau River (Austria). The site has been restored in 2002 and since then, it is subject 
to constant post project appraisal monitoring. To evaluate the long term effects of the climate 
change on the local riparian vegetation, a dynamic vegetation model was applied, allowing the 
simulation of the spatial and quantitative distribution of the vegetation over time. The model 
accounts for the effects of the river stage on vegetation recruitment and succession. Disturbance is 
considered based on experiences in field observations and hydrodynamic modeling. The successful 
establishment (recruitment) or recycling of the vegetation is evaluated in yearly time steps. Model 
outputs in the form of raster grids allow the quantification and visualization of the simulated 
results over time. The climate change impacts have been evaluated by performing three scenarios: 
reference period, optimistic and pessimistic. First replicates the reference period 1960-1990, second 
scenario (optimistic) was based on the climate change model scenario GCM ECHAM5 B1, time 
reference 2070-2100, while the third (pessimistic) was based on the climate change model scenario 
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1. Introduction

Riparian Vegetation and Climate Change

The fourth report of the Intergovernmental Panel on 
Climate Change clearly affirms that earth’s climate 
is changing (IPCC, 2007). Climate variations 
include temperature, type, quantity and timing of 
precipitation, which in turn affect river hydrology 
(Kundzewicz, 2008). River hydrology is a determinant 
leading force for the evolution of the riparian 
vegetation community (Bendix & Hupp, 2000; 
Edwards et al., 1999; Ward et al., 2002; Whited et 
al., 2007). In fact, riparian vegetation lifecycle is 
adapted to the magnitude, timing and frequency of 
floods (Karrenberg et al., 2002) and their physiology 
has evolved to withstand the floods disturbances.
Given the relationships climate-hydrology and 
hydrology-riparian vegetation is legitimate to argue 
that climate change is affecting also the wealth of 
riparian vegetation. However, although the syllogism 
appears to be correct, the quantification of these 
climate change induced impacts can not proceed in 
a speculative fashion and requires means of assessment. 
The quantification of these affections is the main 
objective of this paper which aims to measure the 
impacts of climate change on the Alpine riparian 
vegetation. The findings of this research are part of 

a broader, trans-national initiative which involved 
Austria, Portugal and Spain. The project is addressed as 
Ripflow (“RIPFLOW Project”) and its objectives where 
the modeling of riparian vegetation for the assessment 
of environmental flow regimes and climate change 
impacts within the EU Water Framework Directive.

2. Materials and methods

2.1. Study site

The presented study has been carried out at the upper 
course of the Drau River (Austria), nearby the village 
of Kleblach-Lind (Figure 1). The site has been restored 

GCM ECHAM5 A2, time reference 2070-2100. The final landscape simulated in the three 
scenarios did not highlight large differences among the scenarios. In all three cases the restored 
side channel section of the ecosystem seems not able of self sustain its ecological functionality 
over a long time period and shows a low biodiversity. However, the scenarios development paths 
which lead to the final results show some degree of difference which affords topics for discussion. 
A further discussion point is given by the fact that the model results were obtained using a static 
topography, thereby neglecting morphological changes (bank erosion, bar accretion) which play a 
key role in shaping the riparian vegetation. Suggestions for implementation of morphodynamics 
in vegetation modeling are discussed.

Keywords: riparian ecosystem modeling, climate change, alpine floodplain vegetation.

Figure 1. Case study location.

tation for the assessment of environmental flow 
regimes and climate change impacts within the 
EU Water Framework Directive. 

2 MATERIALS AND METHODS 

2.1 Study site 
The presented study has been carried out at the 
upper course of the Drau River (Austria), nearby 
the village of Kleblach-Lind (Figure 1). The site 
has been restored in 2002 and since then, it is 
subject to constant post project appraisal moni-
toring. One of the restoration objectives was to 
re-establish habitats suitable for the maintenance 
of typical and endangered Alpine riparian spe-
cies like Myricaria germanica which are indica-
tors of ecological functionality.

Figure 1. Case study location 

2.2 Dynamic Vegetation Model 
The applied model is expert rule based and ac-
counts for the major riparian ecosystem proc-
esses, namely recruitment, morphodynamic dis-
turbance and succession. It makes use of hydrau-
lic and morphological inputs in form of raster 
grids. The time step is one year and the outputs 
are one raster grid per simulated year and an area 
balance table (Benjankar 2009; Benjankar et al. 
2010). In order to allow an efficient, portable 
and comparable classification of the vegetation, 
the vegetation along the site is classified in suc-
cession series and succession phases accordingly 
to their development stage. 

2.3 Hydrodynamic Model 

Hydrodynamics were simulated using the two 
dimensional numerical flow model RSim-2D, a 
part of the RSim river modeling framework 
(Tritthart, 2005). The applied integrated hydro-
dynamic-numerical model is based on the Finite 
Element method, a triangular mesh and the Sma-
gorinsky turbulence closure and delivers depth-

averaged flow velocities. Several discharge 
classes between mean discharge and the dis-
charge of a 300-year-flood were modeled. The 
resulting flow variables as flow velocity, water 
surface elevation, water depth and bed shear 
stress during peak flow, as well as the maximum 
shear stress during the entire hydrograph of cor-
responding flood discharge class were calculated 
in every computation point. The groundwater 
level was approximated from the calculated wa-
ter surface elevation. These data were prepared 
as raster maps to be included into the Dynamic 
Vegetation Model. 

2.4 Climate change scenarios 
Temperature and precipitation outcomes of sev-
eral regional climate change models (i.e. REMO-
UBA (Jacob et al., 2008)) for “Special Report on 
Emission Scenarios” SRES (Nakicenovic et al, 
2000) scenario A2, pessimistic, and B1, optimis-
tic, were used for modeling the impact of climate 
change on riparian vegetation. Temperature is 
expected to increase for both scenarios. In con-
trast, the changes in precipitation vary highly 
and no clear trends are visible for the next cen-
tury (Nachtnebel & Stanzel, 2010). For scenario 
B1 a higher annual precipitation is expected in 
2100 than today. On the contrary the annual pre-
cipitation is predicted to be lower for scenario 
A2 (Nachtnebel & Stanzel, 2010). The winter 
precipitation will increase and the summer pre-
cipitation will decline for both scenarios. 

Beside changes in temperature and precipita-
tion, alterations of hydrology will occur. Mod-
eled hydrological variables are annual runoff, 
floods, low flow periods and hydrological re-
gime.  

2.5 Boundary conditions of simulated 
scenarios

Three scenarios were simulated, namely scenario 
1: reference period, scenario 2: optimistic and 
scenario 3: pessimistic scenario. The reference 
period replicated the time span 1960-1990 and 
was based on hydraulic data measured at the 
study site. The hydrographs for the climate 
change scenarios (scenario 2 and scenario 3) 
have been yield by applying the monthly dis-
charge variations, estimated by the climate 
change scenarios A2 and B1, to the reference 
period hydrograph. The analysis of the results 
focused solely on the bank zone, neglecting the 
rest of the site. The initial simulation point for all 
the scenarios was the vegetation mapped back in 
2002, right after the restoration works conclu-
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in 2002 and since then, it is subject to constant post 
project appraisal monitoring. One of the restoration 
objectives was to re-establish habitats suitable for 
the maintenance of typical and endangered Alpine 
riparian species like Myricaria germanica which are 
indicators of ecological functionality.

2.2. Dynamic vegetation model

The applied model is expert rule based and 
accounts for the major riparian ecosystem processes, 
namely recruitment, morphodynamic disturbance 
and succession. It makes use of hydraulic and 
morphological inputs in form of raster grids. The time 
step is one year and the outputs are one raster grid per 
simulated year and an area balance table (Benjankar, 
2009; Benjankar et al., 2010). In order to allow an 
efficient, portable and comparable classification of the 
vegetation, the vegetation along the site is classified 
in succession series and succession phases accordingly 
to their development stage.

2.3. Hydrodynamic model

Hydrodynamics were simulated using the two 
dimensional numerical flow model RSim-2D, a part of 
the RSim river modeling framework (Tritthart, 2005). 
The applied integrated hydrodynamic-numerical 
model is based on the Finite Element method, a 
triangular mesh and the Smagorinsky turbulence 
closure and delivers depth-averaged flow velocities. 
Several discharge classes between mean discharge 
and the discharge of a 300-year-flood were modeled. 
The resulting flow variables as flow velocity, water 
surface elevation, water depth and bed shear stress 
during peak flow, as well as the maximum shear stress 
during the entire hydrograph of corresponding flood 
discharge class were calculated in every computation 
point. The groundwater level was approximated from 
the calculated water surface elevation. These data 
were prepared as raster maps to be included into the 
Dynamic Vegetation Model.

2.4. Climate change scenarios

Temperature and precipitation outcomes of several 
regional climate change models (i.e. REMO-UBA 
(Jacob et al., 2008)) for “Special Report on Emission 
Scenarios” SRES (Nakicenovic et al., 2000) 
scenario A2, pessimistic, and B1, optimistic, were 
used for modeling the impact of climate change 
on riparian vegetation. Temperature is expected to 
increase for both scenarios. In contrast, the changes 
in precipitation vary highly and no clear trends are 
visible for the next century (Nachtnebel & Stanzel, 
2010). For scenario B1 a higher annual precipitation 
is expected in 2100 than today. On the contrary 
the annual precipitation is predicted to be lower 
for scenario A2 (Nachtnebel & Stanzel, 2010). The 
winter precipitation will increase and the summer 
precipitation will decline for both scenarios.
Beside changes in temperature and precipitation, 
alterations of hydrology will occur. Modeled 
hydrological variables are annual runoff, floods, low 
flow periods and hydrological regime.

2.5. Boundary conditions of simulated scenarios

Three scenarios were simulated, namely scenario 1: 
reference period, scenario 2: optimistic and scenario 
3: pessimistic scenario. The reference period replicated 
the time span 1960-1990 and was based on hydraulic 
data measured at the study site. The hydrographs 
for the climate change scenarios (scenario 2 and 
scenario 3) have been yield by applying the monthly 
discharge variations, estimated by the climate 
change scenarios A2 and B1, to the reference period 
hydrograph. The analysis of the results focused solely 
on the bank zone, neglecting the rest of the site. The 
initial simulation point for all the scenarios was the 
vegetation mapped back in 2002, right after the 
restoration works conclusion, when all the bank zone 
was occupied by initial phase (gravel). The topography 
measured in 2008 was used for all scenarios and kept 
constant throughout the whole modeling period.
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stable area balance are present and therefore depicting 
a very static situation.

3.4. Comparison of scenarios

All the climate change scenarios show a similar pattern: 
the initial phase is progressively replaced by more 
mature phases until the simulated riparian ecosystem 
reaches a stable situation in which the succession 

3. Results and discussion

Simulated scenarios are discussed by means of 
relative area balance charts (Figure 2) which portray 
the relative area balance of the vegetation succession 
phases in the bank zone over time.

3.1. Scenario 1: reference period
The first part of the simulated scenario 1 (Figure 2, 
top) maintains large areas open (initial phase) until the 
10th year, when a massive colonization starts to steadily 
occupy the bank zone. Beyond this year, the vegetation 
dynamics are led by successional processes and the 
turnover of the succession phases is very limited. 
Observing the whole period, the tendency of the 
simulated system is to constantly reduce the youngest 
succession phases (initial, pioneer and pioneer shrub 
phases) in favor of the most mature ones.

3.2. Scenario 2: optimistic

The global tendency of this simulated scenario 
shows (Figure 2, middle) a fair dynamic system in 
the first eight years of simulation. In this period, 
there is an active turnover of succession phases driven 
by disturbance. This situation applies, but with a 
consistent reduction, also in the second part of the 
simulation, more or less until the 16th -17th year. 
On the other hand, the final simulated period, from 
the 15th-16th year, portrays an ecosystem where the 
vegetation dynamics are time driven.

3.3. Scenario 3: pessimistic

Throughout the early years of simulation (Figure 2 
bottom) a large decrease of initial phase in favor of the 
pioneer phase occurs. In the 3rd year the herb phase 
is established and covers approximately 25-30% of 
the total area. At the same time, 10% of the area is 
covered with pioneer shrub which then turns into 
shrub phase.
In the following years these phases progressively turn 
into early succesional woodland. The overall indication 
given by this scenario is a marked lack of diversity 
in the final result. Only two succession phases with 

Figure 2. Relative area balance scenario 1 (top), scenario 2 
(middle) and scenario 3 (bottom).

sion, when all the bank zone was occupied by 
initial phase (gravel). The topography measured 
in 2008 was used for all scenarios and kept con-
stant throughout the whole modeling period. 

3 RESULTS AND DISCUSSION 

Simulated scenarios are discussed by means of 
relative area balance charts (Figure 2) which por-
tray the relative area balance of the vegetation 
succession phases in the bank zone over time. 

3.1 Scenario 1: reference period 

The first part of the simulated scenario 1 (Figure 
2, top) maintains large areas open (initial phase) 
until the 10th year, when a massive colonization 
starts to steadily occupy the bank zone. Beyond 
this year, the vegetation dynamics are led by 
successional processes and the turnover of the 
succession phases is very limited. Observing the 
whole period, the tendency of the simulated sys-
tem is to constantly reduce the youngest succes-
sion phases (initial, pioneer and pioneer shrub 
phases) in favor of the most mature ones.  

3.2 Scenario 2: optimistic 
The global tendency of this simulated sce-

nario shows (Figure 2, middle) a fair dynamic 
system in the first eight years of simulation. In 
this period, there is an active turnover of succes-
sion phases driven by disturbance. This situation 
applies, but with a consistent reduction, also in 
the second part of the simulation, more or less 
until the 16th -17th year. On the other hand, the 
final simulated period, from the 15th-16th year, 
portrays an ecosystem where the vegetation dy-
namics are time driven. 

3.3 Scenario 3 pessimistic 
Throughout the early years of simulation 

(Figure 2 bottom) a large decrease of initial 
phase in favor of the pioneer phase occurs. In the 
3rd year the herb phase is established and covers 
approximately 25-30% of the total area. At the 
same time, 10% of the area is covered with pio-
neer shrub which then turns into shrub phase. 

Figure 2 Relative area balance scenario 1 (top), sce-
nario 2 (middle) and scenario 3 (bottom). 

In the following years these phases progressively 
turn into early succesional woodland. The over-
all indication given by this scenario is a marked 
lack of diversity in the final result. Only two 
succession phases with stable area balance are 
present and therefore depicting a very static 
situation.

3.4 Comparison of scenarios 

All the climate change scenarios show a similar 
pattern: the initial phase is progressively re-
placed by more mature phases until the simu-
lated riparian ecosystem reaches a stable situa-
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seem not to represent the major impacting factor on 
this riparian vegetation community of the restored 
side channel which, in spite of climate change, on 
the long run would not be able of self-maintaining 
its ecological functionality. In fact in all three cases, 
there is a loss of the youngest succession phases, a 
reduction of the sites suitable for typical riparian 
habitat and ultimately a reduction of biodiversity 
and compromised ecological functionality. 
However, it has to be highlighted that in the current 
model version, morphodynamic changes are not 
considered. Such changes are pivotal elements for 
the vegetation evolution dynamics for their role in 
creating new seedling safe sites (Polzin & Rood, 
2006) and destruction of established vegetation 
stands through bank erosion (Dykaar & Wigington, 
2000). Morphodynamic has as well a tight link to 
hydrology and in second instance climate. Therefore 
the morphodynamic turnover rates in response to 
climate change should be investigated to obtain a 
more complete picture of the climate change induced 
impacts on Alpine riparian vegetation.

phases’ turnover is nearly or totally absent and the 
quantitative distribution of the succession phases is 
constant. Then, in last instance, all scenarios return 
a quite static picture of the simulated ecosystem. 
However there are some differences among the 
reference period and the climate change scenarios. 
In the reference period, the percentage of initial phase 
and the young succession phases (pioneer shrub and 
shrub) is larger, likely due to the larger magnitude 
of the peak events.

3.5. Discussion

The small differences observed in the area balances 
of the three scenarios suggest that the impact of 
climate change on floodplain vegetation is not very 
large. In all three cases, the restoration objective of 
maintaining a riparian environment suitable for 
long term survival of Myricaria germanica would 
not be reached since it requires open areas for its 
recruitment. This condition is met only in the first 
simulated part of every scenario. Climatic variations 
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in a laboratory flume with flexible vegetation
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ABSTRACT. In order to identify the linkages between physical processes and ecological response 
in rivers of particular interest are rivers with vegetation. In fact, in vegetated channels, the flow 
conveyance characteristics are principally affected by the turbulence of flow and by the hydraulic 
behavior of the vegetated elements. In this paper, by using experimental data collected in a straight 
laboratory flume with flexible vegetation on the bed, the existence of Kelvin-Helmotz (KH) 
vortex instability in the vegetated layer is verified and, then, its effect on the flow conveyance 
characteristics is also briefly analyzed.
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1. Introduction

Rivers with vegetation are of particular interest, 
because the analysis of the flow velocity field is rather 
complex and the accurate estimation of flow velocity 
profiles is essential to establish the conveyance of flows 
and the retention capacity of the channel.
Vegetation modifies the hydrodynamic conditions 
of flow influencing many processes in rivers, such 
as the transport of sediment, the retention of 
suspended sediment and the contaminants diffusion. 
Consequently, the effects related to the presence of 
vegetation, could alter complex interrelated processes 
and the equilibrium of the involved ecosystem.
The flow conveyance characteristics are principally 
affected by the turbulence characteristics of flow 
and by the geometry and the hydraulic behavior 
(completely submerged or emergent) of the vegetation 
elements. The main difficulty to analyze the effects of 
the flexible vegetation is that it oscillates in the flow 
changing position and assuming different inflection 
degrees. Essentially, vegetation can assume either the 
erect position or it can be flattened towards the bed 
(waving position) or it could be in prone position 
(Palmer, 1945; Carollo et al., 2002). In the first 
case, the flexible elements assume a rigid behaviour. 
Furthermore, the temporal changing of roughness due 
to natural vegetative growth could modify the stream 
hydrodynamic conditions continuously.
In other words, flow in a vegetated channel is essentially 
a movable boundary problem since roughness elements 
are deformed by the flow within the channel.
Many theoretical and experimental studies (Kouwen 
et al., 1969; Gourlay, 1970) have been carried out 
in order to define the vertical velocity profiles in 
vegetated channel. The realistic knowledge of the 
theoretical velocity profile allows the computation 
of the vertical mean flow velocity which is useful to 
estimate the mean cross-section velocity and, then, 
the friction factor.
In the past, much effort was devoted to test the 
applicability of the logarithmic law. From a theoretical 
point of view, the logarithmic velocity profile is applicable 
above a reference distance from the bed which would 
be the level where the bottom layer of constant velocity 

matches with the shear layer above it. For practical 
applications, Kouwen and Unny (1973) suggested a 
reference level equal to the vegetation height. On the 
other hand, some experimental studies conducted in this 
field (Ikeda & Kanazawa, 1996; Tsujimoto & Kitamura, 
1990; Carollo et al., 2002) have highlighted that the 
temporally averaged velocity profile has an inflection 
point near the top of the vegetation layer.
Thus, recently, Carollo et al. (2002, 2005), by applying 
the classical Prandt’s mixing length approach with a 
new expression of the mixing length, proposed the 
following theoretical velocity profile:
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Thus, recently, Carollo et al. (2002, 2005), by ap-
plying the classical Prandt’s mixing length ap-
proach with a new expression of the mixing 
length, proposed the following theoretical velocity 
profile: 
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where U = local longitudinal flow velocity, u* = 
shear velocity, Z=z/h = relative water depth (z =
distance from the channel bed), a1, a2, b0, b1 = co-
efficients.
The advantage of Eq. (1) (Carollo et al., 2002) is 
that it allows the description of  the flow both in-
side and above the vegetation. The coefficients a1,
a2, b0, b1 have both a physical meaning, being re-
lated to the mixing length parameters and to the 
bent vegetation height, and a geometrical mean-
ing. The meaning of the considered coefficients 
makes easy their estimation, so that the aforemen-
tioned velocity profile is easily adjustable to the 
experimental data and to the boundary conditions.  
On the other hand, Ghisalberti and Nepf (2006) 
have demonstrated that, in analogy with terrestrial 
canopies, also shallow aquatic flows with sub-
merged vegetation are better represented by a 
mixing layer than a rough boundary layer. The ve-
locity profile of a mixing layer is approximated by 
a hyperbolic tangent as: 

                                                    (2) 

where ΔU = U2 – U1 (U1 , U2 = the lowest and 
highest value of flow velocity where the velocity 
gradient is approximately zero),                               ,
θ = momentum thickness defined as (Ghisalberti 
and Nepf, 2006): 

                                                                 (3) 

z  = distance from the bed where UU = and
it does not necessarily correspond to the vegeta-
tion height, kv.
The application of Eq. (2) to interpret the vertical 
profile of flow velocity has been also verified by 
Carollo et al. (2008) by using data collected in a 
straight laboratory channel with flexible vegeta-
tion on the bed. In contrast to Ghisalberti and 
Nepf (2006), Carollo et al. (2008) applied the hy-
perbolic tangent profile by fixing the coordinate 
of the inflection point of the velocity profiles.

Ghisalberti and Nepf (2006), according with other 
researchers (Poggi et al., 2004; Carollo et al.,
2005), underlined how the analysis of turbulence 
structure of flow near the vegetated layer is fun-
damental to predict the hydraulic behavior of the 
vegetation and, consequently, the effect on flow 
resistance. Particularly, they observed the forma-
tion of an ordered sequence of long-term large-
scale vortices moving downstream with the same 
velocity as the mean flow and producing a motion 
of fluid toward both the bed (sweep) and the free 
surface (ejections), involving the whole flow 
depth. In the case of flexible vegetation, the vor-
tex-driven oscillation of velocity seems to drive 
the coherent vegetation waving, producing a spa-
tially and temporally variable drag force.  
But, it should be noted that the aforementioned 
behavior depends on the vegetation concentration 
and the vegetation inflection degree.
In this paper, by using the vertical flow velocity 
profiles measured in a previous experimental 
work (see also in Carollo et al., 2002, 2005), the 
instability condition determining the formation of 
turbulence structures near the vegetated layer is 
verified, for different vegetation concentrations 
and in the case of flexible and submerged vegeta-
tion.

2 EXPERIMENTAL CONDITIONS 

The experimental runs were carried out in a rec-
tangular straight flume constructed at the Diparti-
mento di Ingegneria Civile, Ambientale e Aaero-
spaziale -  University of Palermo (Italy). Details 
of the experimental runs can be found in other 
works (Carollo et al., 2002, 2005). In this work 
only essential elements are reported.  
The flume, 0.60 m wide and 14,4 m long, has a 
sloping bed. The measurement reach, 3 m long, 
was located at 7.9 m from the entrance channel 
section. The channel banks were rigid, while the 
channel bed was of grass, produced by a mixture 
of stable Loietto (50%), Festuca rubra (40%) and 
Poa pratensis (10%). The experimental runs were 
carried out for vegetation concentrations δ = 280,
310, 337, 440 stems/dm2.
The bent vegetation height observed in presence 
of flow through the transparent walls, kv, and the 
non-submerged vegetation height, Hv, were esti-
mated as the mean of three measurements by three 
decimal rules fixed to flume wall.  
The experimental runs were carried out varying, 
for each stem concentration, the flow rate and the 
flume bed slope. The water depth measurements 
ranged from 6.1 to 27.2 cm, which corresponded 
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where U = local longitudinal flow velocity, u* = 
shear velocity, Z=z/h = relative water depth (z =
distance from the channel bed), a1, a2, b0, b1 = co-
efficients.
The advantage of Eq. (1) (Carollo et al., 2002) is 
that it allows the description of  the flow both in-
side and above the vegetation. The coefficients a1,
a2, b0, b1 have both a physical meaning, being re-
lated to the mixing length parameters and to the 
bent vegetation height, and a geometrical mean-
ing. The meaning of the considered coefficients 
makes easy their estimation, so that the aforemen-
tioned velocity profile is easily adjustable to the 
experimental data and to the boundary conditions.  
On the other hand, Ghisalberti and Nepf (2006) 
have demonstrated that, in analogy with terrestrial 
canopies, also shallow aquatic flows with sub-
merged vegetation are better represented by a 
mixing layer than a rough boundary layer. The ve-
locity profile of a mixing layer is approximated by 
a hyperbolic tangent as: 
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where ΔU = U2 – U1 (U1 , U2 = the lowest and 
highest value of flow velocity where the velocity 
gradient is approximately zero),                               ,
θ = momentum thickness defined as (Ghisalberti 
and Nepf, 2006): 
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z  = distance from the bed where UU = and
it does not necessarily correspond to the vegeta-
tion height, kv.
The application of Eq. (2) to interpret the vertical 
profile of flow velocity has been also verified by 
Carollo et al. (2008) by using data collected in a 
straight laboratory channel with flexible vegeta-
tion on the bed. In contrast to Ghisalberti and 
Nepf (2006), Carollo et al. (2008) applied the hy-
perbolic tangent profile by fixing the coordinate 
of the inflection point of the velocity profiles.

Ghisalberti and Nepf (2006), according with other 
researchers (Poggi et al., 2004; Carollo et al.,
2005), underlined how the analysis of turbulence 
structure of flow near the vegetated layer is fun-
damental to predict the hydraulic behavior of the 
vegetation and, consequently, the effect on flow 
resistance. Particularly, they observed the forma-
tion of an ordered sequence of long-term large-
scale vortices moving downstream with the same 
velocity as the mean flow and producing a motion 
of fluid toward both the bed (sweep) and the free 
surface (ejections), involving the whole flow 
depth. In the case of flexible vegetation, the vor-
tex-driven oscillation of velocity seems to drive 
the coherent vegetation waving, producing a spa-
tially and temporally variable drag force.  
But, it should be noted that the aforementioned 
behavior depends on the vegetation concentration 
and the vegetation inflection degree.
In this paper, by using the vertical flow velocity 
profiles measured in a previous experimental 
work (see also in Carollo et al., 2002, 2005), the 
instability condition determining the formation of 
turbulence structures near the vegetated layer is 
verified, for different vegetation concentrations 
and in the case of flexible and submerged vegeta-
tion.

2 EXPERIMENTAL CONDITIONS 

The experimental runs were carried out in a rec-
tangular straight flume constructed at the Diparti-
mento di Ingegneria Civile, Ambientale e Aaero-
spaziale -  University of Palermo (Italy). Details 
of the experimental runs can be found in other 
works (Carollo et al., 2002, 2005). In this work 
only essential elements are reported.  
The flume, 0.60 m wide and 14,4 m long, has a 
sloping bed. The measurement reach, 3 m long, 
was located at 7.9 m from the entrance channel 
section. The channel banks were rigid, while the 
channel bed was of grass, produced by a mixture 
of stable Loietto (50%), Festuca rubra (40%) and 
Poa pratensis (10%). The experimental runs were 
carried out for vegetation concentrations δ = 280,
310, 337, 440 stems/dm2.
The bent vegetation height observed in presence 
of flow through the transparent walls, kv, and the 
non-submerged vegetation height, Hv, were esti-
mated as the mean of three measurements by three 
decimal rules fixed to flume wall.  
The experimental runs were carried out varying, 
for each stem concentration, the flow rate and the 
flume bed slope. The water depth measurements 
ranged from 6.1 to 27.2 cm, which corresponded 
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where U = local longitudinal flow velocity, u* = 
shear velocity, Z=z/h = relative water depth (z =
distance from the channel bed), a1, a2, b0, b1 = co-
efficients.
The advantage of Eq. (1) (Carollo et al., 2002) is 
that it allows the description of  the flow both in-
side and above the vegetation. The coefficients a1,
a2, b0, b1 have both a physical meaning, being re-
lated to the mixing length parameters and to the 
bent vegetation height, and a geometrical mean-
ing. The meaning of the considered coefficients 
makes easy their estimation, so that the aforemen-
tioned velocity profile is easily adjustable to the 
experimental data and to the boundary conditions.  
On the other hand, Ghisalberti and Nepf (2006) 
have demonstrated that, in analogy with terrestrial 
canopies, also shallow aquatic flows with sub-
merged vegetation are better represented by a 
mixing layer than a rough boundary layer. The ve-
locity profile of a mixing layer is approximated by 
a hyperbolic tangent as: 
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where ΔU = U2 – U1 (U1 , U2 = the lowest and 
highest value of flow velocity where the velocity 
gradient is approximately zero),                               ,
θ = momentum thickness defined as (Ghisalberti 
and Nepf, 2006): 
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z  = distance from the bed where UU = and
it does not necessarily correspond to the vegeta-
tion height, kv.
The application of Eq. (2) to interpret the vertical 
profile of flow velocity has been also verified by 
Carollo et al. (2008) by using data collected in a 
straight laboratory channel with flexible vegeta-
tion on the bed. In contrast to Ghisalberti and 
Nepf (2006), Carollo et al. (2008) applied the hy-
perbolic tangent profile by fixing the coordinate 
of the inflection point of the velocity profiles.

Ghisalberti and Nepf (2006), according with other 
researchers (Poggi et al., 2004; Carollo et al.,
2005), underlined how the analysis of turbulence 
structure of flow near the vegetated layer is fun-
damental to predict the hydraulic behavior of the 
vegetation and, consequently, the effect on flow 
resistance. Particularly, they observed the forma-
tion of an ordered sequence of long-term large-
scale vortices moving downstream with the same 
velocity as the mean flow and producing a motion 
of fluid toward both the bed (sweep) and the free 
surface (ejections), involving the whole flow 
depth. In the case of flexible vegetation, the vor-
tex-driven oscillation of velocity seems to drive 
the coherent vegetation waving, producing a spa-
tially and temporally variable drag force.  
But, it should be noted that the aforementioned 
behavior depends on the vegetation concentration 
and the vegetation inflection degree.
In this paper, by using the vertical flow velocity 
profiles measured in a previous experimental 
work (see also in Carollo et al., 2002, 2005), the 
instability condition determining the formation of 
turbulence structures near the vegetated layer is 
verified, for different vegetation concentrations 
and in the case of flexible and submerged vegeta-
tion.

2 EXPERIMENTAL CONDITIONS 

The experimental runs were carried out in a rec-
tangular straight flume constructed at the Diparti-
mento di Ingegneria Civile, Ambientale e Aaero-
spaziale -  University of Palermo (Italy). Details 
of the experimental runs can be found in other 
works (Carollo et al., 2002, 2005). In this work 
only essential elements are reported.  
The flume, 0.60 m wide and 14,4 m long, has a 
sloping bed. The measurement reach, 3 m long, 
was located at 7.9 m from the entrance channel 
section. The channel banks were rigid, while the 
channel bed was of grass, produced by a mixture 
of stable Loietto (50%), Festuca rubra (40%) and 
Poa pratensis (10%). The experimental runs were 
carried out for vegetation concentrations δ = 280,
310, 337, 440 stems/dm2.
The bent vegetation height observed in presence 
of flow through the transparent walls, kv, and the 
non-submerged vegetation height, Hv, were esti-
mated as the mean of three measurements by three 
decimal rules fixed to flume wall.  
The experimental runs were carried out varying, 
for each stem concentration, the flow rate and the 
flume bed slope. The water depth measurements 
ranged from 6.1 to 27.2 cm, which corresponded 
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where U = local longitudinal flow velocity, u* = 
shear velocity, Z=z/h = relative water depth (z =
distance from the channel bed), a1, a2, b0, b1 = co-
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experimental data and to the boundary conditions.  
On the other hand, Ghisalberti and Nepf (2006) 
have demonstrated that, in analogy with terrestrial 
canopies, also shallow aquatic flows with sub-
merged vegetation are better represented by a 
mixing layer than a rough boundary layer. The ve-
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θ = momentum thickness defined as (Ghisalberti 
and Nepf, 2006): 
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z  = distance from the bed where UU = and
it does not necessarily correspond to the vegeta-
tion height, kv.
The application of Eq. (2) to interpret the vertical 
profile of flow velocity has been also verified by 
Carollo et al. (2008) by using data collected in a 
straight laboratory channel with flexible vegeta-
tion on the bed. In contrast to Ghisalberti and 
Nepf (2006), Carollo et al. (2008) applied the hy-
perbolic tangent profile by fixing the coordinate 
of the inflection point of the velocity profiles.

Ghisalberti and Nepf (2006), according with other 
researchers (Poggi et al., 2004; Carollo et al.,
2005), underlined how the analysis of turbulence 
structure of flow near the vegetated layer is fun-
damental to predict the hydraulic behavior of the 
vegetation and, consequently, the effect on flow 
resistance. Particularly, they observed the forma-
tion of an ordered sequence of long-term large-
scale vortices moving downstream with the same 
velocity as the mean flow and producing a motion 
of fluid toward both the bed (sweep) and the free 
surface (ejections), involving the whole flow 
depth. In the case of flexible vegetation, the vor-
tex-driven oscillation of velocity seems to drive 
the coherent vegetation waving, producing a spa-
tially and temporally variable drag force.  
But, it should be noted that the aforementioned 
behavior depends on the vegetation concentration 
and the vegetation inflection degree.
In this paper, by using the vertical flow velocity 
profiles measured in a previous experimental 
work (see also in Carollo et al., 2002, 2005), the 
instability condition determining the formation of 
turbulence structures near the vegetated layer is 
verified, for different vegetation concentrations 
and in the case of flexible and submerged vegeta-
tion.

2 EXPERIMENTAL CONDITIONS 

The experimental runs were carried out in a rec-
tangular straight flume constructed at the Diparti-
mento di Ingegneria Civile, Ambientale e Aaero-
spaziale -  University of Palermo (Italy). Details 
of the experimental runs can be found in other 
works (Carollo et al., 2002, 2005). In this work 
only essential elements are reported.  
The flume, 0.60 m wide and 14,4 m long, has a 
sloping bed. The measurement reach, 3 m long, 
was located at 7.9 m from the entrance channel 
section. The channel banks were rigid, while the 
channel bed was of grass, produced by a mixture 
of stable Loietto (50%), Festuca rubra (40%) and 
Poa pratensis (10%). The experimental runs were 
carried out for vegetation concentrations δ = 280,
310, 337, 440 stems/dm2.
The bent vegetation height observed in presence 
of flow through the transparent walls, kv, and the 
non-submerged vegetation height, Hv, were esti-
mated as the mean of three measurements by three 
decimal rules fixed to flume wall.  
The experimental runs were carried out varying, 
for each stem concentration, the flow rate and the 
flume bed slope. The water depth measurements 
ranged from 6.1 to 27.2 cm, which corresponded 
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file has an inflection point near the top of the ve-
getation layer.
Thus, recently, Carollo et al. (2002, 2005), by ap-
plying the classical Prandt’s mixing length ap-
proach with a new expression of the mixing 
length, proposed the following theoretical velocity 
profile: 
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where U = local longitudinal flow velocity, u* = 
shear velocity, Z=z/h = relative water depth (z =
distance from the channel bed), a1, a2, b0, b1 = co-
efficients.
The advantage of Eq. (1) (Carollo et al., 2002) is 
that it allows the description of  the flow both in-
side and above the vegetation. The coefficients a1,
a2, b0, b1 have both a physical meaning, being re-
lated to the mixing length parameters and to the 
bent vegetation height, and a geometrical mean-
ing. The meaning of the considered coefficients 
makes easy their estimation, so that the aforemen-
tioned velocity profile is easily adjustable to the 
experimental data and to the boundary conditions.  
On the other hand, Ghisalberti and Nepf (2006) 
have demonstrated that, in analogy with terrestrial 
canopies, also shallow aquatic flows with sub-
merged vegetation are better represented by a 
mixing layer than a rough boundary layer. The ve-
locity profile of a mixing layer is approximated by 
a hyperbolic tangent as: 

                                                    (2) 

where ΔU = U2 – U1 (U1 , U2 = the lowest and 
highest value of flow velocity where the velocity 
gradient is approximately zero),                               ,
θ = momentum thickness defined as (Ghisalberti 
and Nepf, 2006): 
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z  = distance from the bed where UU = and
it does not necessarily correspond to the vegeta-
tion height, kv.
The application of Eq. (2) to interpret the vertical 
profile of flow velocity has been also verified by 
Carollo et al. (2008) by using data collected in a 
straight laboratory channel with flexible vegeta-
tion on the bed. In contrast to Ghisalberti and 
Nepf (2006), Carollo et al. (2008) applied the hy-
perbolic tangent profile by fixing the coordinate 
of the inflection point of the velocity profiles.

Ghisalberti and Nepf (2006), according with other 
researchers (Poggi et al., 2004; Carollo et al.,
2005), underlined how the analysis of turbulence 
structure of flow near the vegetated layer is fun-
damental to predict the hydraulic behavior of the 
vegetation and, consequently, the effect on flow 
resistance. Particularly, they observed the forma-
tion of an ordered sequence of long-term large-
scale vortices moving downstream with the same 
velocity as the mean flow and producing a motion 
of fluid toward both the bed (sweep) and the free 
surface (ejections), involving the whole flow 
depth. In the case of flexible vegetation, the vor-
tex-driven oscillation of velocity seems to drive 
the coherent vegetation waving, producing a spa-
tially and temporally variable drag force.  
But, it should be noted that the aforementioned 
behavior depends on the vegetation concentration 
and the vegetation inflection degree.
In this paper, by using the vertical flow velocity 
profiles measured in a previous experimental 
work (see also in Carollo et al., 2002, 2005), the 
instability condition determining the formation of 
turbulence structures near the vegetated layer is 
verified, for different vegetation concentrations 
and in the case of flexible and submerged vegeta-
tion.

2 EXPERIMENTAL CONDITIONS 

The experimental runs were carried out in a rec-
tangular straight flume constructed at the Diparti-
mento di Ingegneria Civile, Ambientale e Aaero-
spaziale -  University of Palermo (Italy). Details 
of the experimental runs can be found in other 
works (Carollo et al., 2002, 2005). In this work 
only essential elements are reported.  
The flume, 0.60 m wide and 14,4 m long, has a 
sloping bed. The measurement reach, 3 m long, 
was located at 7.9 m from the entrance channel 
section. The channel banks were rigid, while the 
channel bed was of grass, produced by a mixture 
of stable Loietto (50%), Festuca rubra (40%) and 
Poa pratensis (10%). The experimental runs were 
carried out for vegetation concentrations δ = 280,
310, 337, 440 stems/dm2.
The bent vegetation height observed in presence 
of flow through the transparent walls, kv, and the 
non-submerged vegetation height, Hv, were esti-
mated as the mean of three measurements by three 
decimal rules fixed to flume wall.  
The experimental runs were carried out varying, 
for each stem concentration, the flow rate and the 
flume bed slope. The water depth measurements 
ranged from 6.1 to 27.2 cm, which corresponded 
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file has an inflection point near the top of the ve-
getation layer.
Thus, recently, Carollo et al. (2002, 2005), by ap-
plying the classical Prandt’s mixing length ap-
proach with a new expression of the mixing 
length, proposed the following theoretical velocity 
profile: 
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where U = local longitudinal flow velocity, u* = 
shear velocity, Z=z/h = relative water depth (z =
distance from the channel bed), a1, a2, b0, b1 = co-
efficients.
The advantage of Eq. (1) (Carollo et al., 2002) is 
that it allows the description of  the flow both in-
side and above the vegetation. The coefficients a1,
a2, b0, b1 have both a physical meaning, being re-
lated to the mixing length parameters and to the 
bent vegetation height, and a geometrical mean-
ing. The meaning of the considered coefficients 
makes easy their estimation, so that the aforemen-
tioned velocity profile is easily adjustable to the 
experimental data and to the boundary conditions.  
On the other hand, Ghisalberti and Nepf (2006) 
have demonstrated that, in analogy with terrestrial 
canopies, also shallow aquatic flows with sub-
merged vegetation are better represented by a 
mixing layer than a rough boundary layer. The ve-
locity profile of a mixing layer is approximated by 
a hyperbolic tangent as: 
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where ΔU = U2 – U1 (U1 , U2 = the lowest and 
highest value of flow velocity where the velocity 
gradient is approximately zero),                               ,
θ = momentum thickness defined as (Ghisalberti 
and Nepf, 2006): 
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z  = distance from the bed where UU = and
it does not necessarily correspond to the vegeta-
tion height, kv.
The application of Eq. (2) to interpret the vertical 
profile of flow velocity has been also verified by 
Carollo et al. (2008) by using data collected in a 
straight laboratory channel with flexible vegeta-
tion on the bed. In contrast to Ghisalberti and 
Nepf (2006), Carollo et al. (2008) applied the hy-
perbolic tangent profile by fixing the coordinate 
of the inflection point of the velocity profiles.

Ghisalberti and Nepf (2006), according with other 
researchers (Poggi et al., 2004; Carollo et al.,
2005), underlined how the analysis of turbulence 
structure of flow near the vegetated layer is fun-
damental to predict the hydraulic behavior of the 
vegetation and, consequently, the effect on flow 
resistance. Particularly, they observed the forma-
tion of an ordered sequence of long-term large-
scale vortices moving downstream with the same 
velocity as the mean flow and producing a motion 
of fluid toward both the bed (sweep) and the free 
surface (ejections), involving the whole flow 
depth. In the case of flexible vegetation, the vor-
tex-driven oscillation of velocity seems to drive 
the coherent vegetation waving, producing a spa-
tially and temporally variable drag force.  
But, it should be noted that the aforementioned 
behavior depends on the vegetation concentration 
and the vegetation inflection degree.
In this paper, by using the vertical flow velocity 
profiles measured in a previous experimental 
work (see also in Carollo et al., 2002, 2005), the 
instability condition determining the formation of 
turbulence structures near the vegetated layer is 
verified, for different vegetation concentrations 
and in the case of flexible and submerged vegeta-
tion.

2 EXPERIMENTAL CONDITIONS 

The experimental runs were carried out in a rec-
tangular straight flume constructed at the Diparti-
mento di Ingegneria Civile, Ambientale e Aaero-
spaziale -  University of Palermo (Italy). Details 
of the experimental runs can be found in other 
works (Carollo et al., 2002, 2005). In this work 
only essential elements are reported.  
The flume, 0.60 m wide and 14,4 m long, has a 
sloping bed. The measurement reach, 3 m long, 
was located at 7.9 m from the entrance channel 
section. The channel banks were rigid, while the 
channel bed was of grass, produced by a mixture 
of stable Loietto (50%), Festuca rubra (40%) and 
Poa pratensis (10%). The experimental runs were 
carried out for vegetation concentrations δ = 280,
310, 337, 440 stems/dm2.
The bent vegetation height observed in presence 
of flow through the transparent walls, kv, and the 
non-submerged vegetation height, Hv, were esti-
mated as the mean of three measurements by three 
decimal rules fixed to flume wall.  
The experimental runs were carried out varying, 
for each stem concentration, the flow rate and the 
flume bed slope. The water depth measurements 
ranged from 6.1 to 27.2 cm, which corresponded 
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plying the classical Prandt’s mixing length ap-
proach with a new expression of the mixing 
length, proposed the following theoretical velocity 
profile: 
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where U = local longitudinal flow velocity, u* = 
shear velocity, Z=z/h = relative water depth (z =
distance from the channel bed), a1, a2, b0, b1 = co-
efficients.
The advantage of Eq. (1) (Carollo et al., 2002) is 
that it allows the description of  the flow both in-
side and above the vegetation. The coefficients a1,
a2, b0, b1 have both a physical meaning, being re-
lated to the mixing length parameters and to the 
bent vegetation height, and a geometrical mean-
ing. The meaning of the considered coefficients 
makes easy their estimation, so that the aforemen-
tioned velocity profile is easily adjustable to the 
experimental data and to the boundary conditions.  
On the other hand, Ghisalberti and Nepf (2006) 
have demonstrated that, in analogy with terrestrial 
canopies, also shallow aquatic flows with sub-
merged vegetation are better represented by a 
mixing layer than a rough boundary layer. The ve-
locity profile of a mixing layer is approximated by 
a hyperbolic tangent as: 
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where ΔU = U2 – U1 (U1 , U2 = the lowest and 
highest value of flow velocity where the velocity 
gradient is approximately zero),                               ,
θ = momentum thickness defined as (Ghisalberti 
and Nepf, 2006): 
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z  = distance from the bed where UU = and
it does not necessarily correspond to the vegeta-
tion height, kv.
The application of Eq. (2) to interpret the vertical 
profile of flow velocity has been also verified by 
Carollo et al. (2008) by using data collected in a 
straight laboratory channel with flexible vegeta-
tion on the bed. In contrast to Ghisalberti and 
Nepf (2006), Carollo et al. (2008) applied the hy-
perbolic tangent profile by fixing the coordinate 
of the inflection point of the velocity profiles.

Ghisalberti and Nepf (2006), according with other 
researchers (Poggi et al., 2004; Carollo et al.,
2005), underlined how the analysis of turbulence 
structure of flow near the vegetated layer is fun-
damental to predict the hydraulic behavior of the 
vegetation and, consequently, the effect on flow 
resistance. Particularly, they observed the forma-
tion of an ordered sequence of long-term large-
scale vortices moving downstream with the same 
velocity as the mean flow and producing a motion 
of fluid toward both the bed (sweep) and the free 
surface (ejections), involving the whole flow 
depth. In the case of flexible vegetation, the vor-
tex-driven oscillation of velocity seems to drive 
the coherent vegetation waving, producing a spa-
tially and temporally variable drag force.  
But, it should be noted that the aforementioned 
behavior depends on the vegetation concentration 
and the vegetation inflection degree.
In this paper, by using the vertical flow velocity 
profiles measured in a previous experimental 
work (see also in Carollo et al., 2002, 2005), the 
instability condition determining the formation of 
turbulence structures near the vegetated layer is 
verified, for different vegetation concentrations 
and in the case of flexible and submerged vegeta-
tion.

2 EXPERIMENTAL CONDITIONS 

The experimental runs were carried out in a rec-
tangular straight flume constructed at the Diparti-
mento di Ingegneria Civile, Ambientale e Aaero-
spaziale -  University of Palermo (Italy). Details 
of the experimental runs can be found in other 
works (Carollo et al., 2002, 2005). In this work 
only essential elements are reported.  
The flume, 0.60 m wide and 14,4 m long, has a 
sloping bed. The measurement reach, 3 m long, 
was located at 7.9 m from the entrance channel 
section. The channel banks were rigid, while the 
channel bed was of grass, produced by a mixture 
of stable Loietto (50%), Festuca rubra (40%) and 
Poa pratensis (10%). The experimental runs were 
carried out for vegetation concentrations δ = 280,
310, 337, 440 stems/dm2.
The bent vegetation height observed in presence 
of flow through the transparent walls, kv, and the 
non-submerged vegetation height, Hv, were esti-
mated as the mean of three measurements by three 
decimal rules fixed to flume wall.  
The experimental runs were carried out varying, 
for each stem concentration, the flow rate and the 
flume bed slope. The water depth measurements 
ranged from 6.1 to 27.2 cm, which corresponded 
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z  = distance from the bed where UU = and it does 
not necessarily correspond to the vegetation height, kv.
The application of Eq. (2) to interpret the vertical 
profile of flow velocity has been also verified by Carollo 
et al. (2008) by using data collected in a straight 
laboratory channel with flexible vegetation on the 
bed. In contrast to Ghisalberti and Nepf (2006), 
Carollo et al. (2008) applied the hyperbolic tangent 
profile by fixing the coordinate of the inflection point 
of the velocity profiles.
Ghisalberti and Nepf (2006), according with other 
researchers (Poggi et al., 2004; Carollo et al., 2005), 
underlined how the analysis of turbulence structure 
of flow near the vegetated layer is fundamental to 
predict the hydraulic behavior of the vegetation 
and, consequently, the effect on flow resistance. 
Particularly, they observed the formation of an 
ordered sequence of long-term large-scale vortices 
moving downstream with the same velocity as the 
mean flow and producing a motion of fluid toward 
both the bed (sweep) and the free surface (ejections), 
involving the whole flow depth. In the case of flexible 
vegetation, the vortex-driven oscillation of velocity 
seems to drive the coherent vegetation waving, 
producing a spatially and temporally variable drag 
force.
But, it should be noted that the aforementioned 
behavior depends on the vegetation concentration 
and the vegetation inflection degree. 
In this paper, by using the vertical flow velocity profiles 
measured in a previous experimental work (see also in 
Carollo et al., 2002, 2005), the instability condition 
determining the formation of turbulence structures 
near the vegetated layer is verified, for different 
vegetation concentrations and in the case of flexible 
and submerged vegetation.

1. Experimental conditions

The experimental runs were carried out in a 
rectangular straight flume constructed at the 
Dipartimento di Ingegneria Civile, Ambientale e 
Aaerospaziale - University of Palermo (Italy). Details 
of the experimental runs can be found in other works 

(Carollo et al., 2002, 2005). In this work only essential 
elements are reported.
The flume, 0.60 m wide and 14,4 m long, has a 
sloping bed. The measurement reach, 3 m long, was 
located at 7.9 m from the entrance channel section. 
The channel banks were rigid, while the channel bed 
was of grass, produced by a mixture of stable Loietto 
(50%), Festuca rubra (40%) and Poa pratensis (10%). 
The experimental runs were carried out for vegetation 
concentrations δ = 280, 310, 337, 440 stems/dm2.
The bent vegetation height observed in presence of 
flow through the transparent walls, kv, and the non-
submerged vegetation height, Hv, were estimated as 
the mean of three measurements by three decimal 
rules fixed to flume wall.
The experimental runs were carried out varying, for 
each stem concentration, the flow rate and the flume 
bed slope. The water depth measurements ranged 
from 6.1 to 27.2 cm, which corresponded to depth-
vegetation height ratio values ranging from 1.02 to 
6.04 and Froude numbers varying from 0.22 to 0.73 
(see in Carollo et al., 2005). During experimental runs 
the vegetation was always inflected, both prone and 
waving, and characterized by an inflection degree,  
kv/Hv, ranging from 0.25 to 0.73.
The influence of the depth/vegetation height ratio,  
h/kv, and of the stem concentration on velocity profiles, 
was analyzed for the fifteen runs listed in Table 1. For 
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During experimental runs the vegetation was al-
ways inflected, both prone and waving, and char-
acterized by an inflection degree, kv/Hv, ranging 
from 0.25 to 0.73. 
The influence of the depth/vegetation height ratio, 
h/kv, and of the stem concentration on velocity 
profiles, was analyzed for the fifteen runs listed in 
Table 1. For each run, Table 1 reports the water 
depth h, flume slope s, discharge Q, non-
submerged vegetation height Hv, stem concentra-
tion, δ, and bent vegetation height, kv. Runs 1-13 
were carried out with a vegetation which was al-
ways prone; while for runs 14 and 15 the vegeta-
tion was cut obtaining more rigid stems having a 
quasi-erect configuration.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The measurements of the longitudinal and trans-
verse flow velocity components were carried out 
by a 2D side-looking Acoustic Doppler Velocime-
ter (ADV). The details of the measurement tech-
niques can be found in Carollo et al. (2002).  
All the measured profiles of longitudinal velocity, 
U, assumed an inflection point. In Figure 1, as an 
example, the profile measured along the channel 
axis during run 10 is plotted against the relative 
water depth z/kv.  
In a previous work, Carollo et al. (2008) verified 
that all the experimental profiles are well ap-
proximated by Eq. 2.  
This condition and the presence of the inflection 
point in the mixing layer renders it subjected to 
Kelvin-Helmotz (KH) vortex instability (see also 
in Ikeda and Nakagawa, 1996; Ghisalberti and 
Nepf, 2006). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 VELOCITY SPECTRA ANALYSIS  

In accordance with  Ghisalberti and Nepf (2006), 
spectra of the measured longitudinal velocities 
have been used to examine oscillations within the 
mixing layer, having thickness tml.  
Thus, for each measurement vertical, the longitu-
dinal velocity spectra have been estimated through 
the Fourier transform, by taking into account that 
the sampling frequency is of 1/25 Hz =0.04 sec.  
In order to verify the existence of the Kelvin-
Helmotz (KH) vortex instability, the peak fre-
quency of flow velocity spectra, fc , (observed 
frequency) has been compared with the frequency, 
fKH, determined as function of the mixing layer 
thickness. The frequency fKH has been estimated 
as: 
 

 

                           (4) 

 

where  θ has been determined by eq. (3).  
Five points (points pt1, pt2, pt3, pt4, pt5) inside 
the mixing layer have been considered for the 
analysis. The point pt3 has been assumed coinci-
dent with the inflection point; points 1 and 2 have 
been located below pt3 and the points pt4 and pt5 
up to the inflection point. In Figure 2, for each 
stem concentration, the observed frequencies are 
compared with the predicted ones. It can be ob-
served that for concentrations of  280 and of 337 
stems/dm2 a good agreement between the ob-
served and the predicted frequencies is observed, 
especially inside of the mixing layer (points pt2, 
pt3, pt4). In the case of 440 stems/dm2 the afore-
mentioned agreement is not verified. This is 
probably due to the fact that the increase of stem 
concentration limits the momentum exchange. In 
Table 2 the mean values of the observed frequen-
cies are compared with predicted ones, for each 
measurement vertical and for each considered 
point. 

Table 1. Hydraulic characteristics for each run  
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3. Velocity spectra analysis

In accordance with Ghisalberti and Nepf (2006), 
spectra of the measured longitudinal velocities have 
been used to examine oscillations within the mixing 
layer, having thickness tml.
Thus, for each measurement vertical, the longitudinal 
velocity spectra have been estimated through the 
Fourier transform, by taking into account that the 
sampling frequency is of 1/25 Hz =0.04 sec.
In order to verify the existence of the Kelvin-Helmotz 
(KH) vortex instability, the peak frequency of flow 
velocity spectra, fc, (observed frequency) has been 
compared with the frequency, fKH, determined as 
function of the mixing layer thickness. The frequency 
fKH has been estimated as:
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to depth-vegetation height ratio values ranging 
from 1.02 to 6.04 and Froude numbers varying 
from 0.22 to 0.73 (see in Carollo et al., 2005). 
During experimental runs the vegetation was al-
ways inflected, both prone and waving, and char-
acterized by an inflection degree, kv/Hv, ranging 
from 0.25 to 0.73. 
The influence of the depth/vegetation height ratio, 
h/kv, and of the stem concentration on velocity 
profiles, was analyzed for the fifteen runs listed in 
Table 1. For each run, Table 1 reports the water 
depth h, flume slope s, discharge Q, non-
submerged vegetation height Hv, stem concentra-
tion, δ, and bent vegetation height, kv. Runs 1-13 
were carried out with a vegetation which was al-
ways prone; while for runs 14 and 15 the vegeta-
tion was cut obtaining more rigid stems having a 
quasi-erect configuration.

The measurements of the longitudinal and trans-
verse flow velocity components were carried out 
by a 2D side-looking Acoustic Doppler Velocime-
ter (ADV). The details of the measurement tech-
niques can be found in Carollo et al. (2002).
All the measured profiles of longitudinal velocity, 
U, assumed an inflection point. In Figure 1, as an 
example, the profile measured along the channel 
axis during run 10 is plotted against the relative 
water depth z/kv.
In a previous work, Carollo et al. (2008) verified 
that all the experimental profiles are well ap-
proximated by Eq. 2.  
This condition and the presence of the inflection 
point in the mixing layer renders it subjected to 
Kelvin-Helmotz (KH) vortex instability (see also 
in Ikeda and Nakagawa, 1996; Ghisalberti and 
Nepf, 2006). 

3 VELOCITY SPECTRA ANALYSIS  

In accordance with  Ghisalberti and Nepf (2006), 
spectra of the measured longitudinal velocities 
have been used to examine oscillations within the 
mixing layer, having thickness tml.
Thus, for each measurement vertical, the longitu-
dinal velocity spectra have been estimated through 
the Fourier transform, by taking into account that 
the sampling frequency is of 1/25 Hz =0.04 sec.  
In order to verify the existence of the Kelvin-
Helmotz (KH) vortex instability, the peak fre-
quency of flow velocity spectra, fc , (observed fre-
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to depth-vegetation height ratio values ranging 
from 1.02 to 6.04 and Froude numbers varying 
from 0.22 to 0.73 (see in Carollo et al., 2005). 
During experimental runs the vegetation was al-
ways inflected, both prone and waving, and char-
acterized by an inflection degree, kv/Hv, ranging 
from 0.25 to 0.73. 
The influence of the depth/vegetation height ratio, 
h/kv, and of the stem concentration on velocity 
profiles, was analyzed for the fifteen runs listed in 
Table 1. For each run, Table 1 reports the water 
depth h, flume slope s, discharge Q, non-
submerged vegetation height Hv, stem concentra-
tion, δ, and bent vegetation height, kv. Runs 1-13 
were carried out with a vegetation which was al-
ways prone; while for runs 14 and 15 the vegeta-
tion was cut obtaining more rigid stems having a 
quasi-erect configuration.

The measurements of the longitudinal and trans-
verse flow velocity components were carried out 
by a 2D side-looking Acoustic Doppler Velocime-
ter (ADV). The details of the measurement tech-
niques can be found in Carollo et al. (2002).
All the measured profiles of longitudinal velocity, 
U, assumed an inflection point. In Figure 1, as an 
example, the profile measured along the channel 
axis during run 10 is plotted against the relative 
water depth z/kv.
In a previous work, Carollo et al. (2008) verified 
that all the experimental profiles are well ap-
proximated by Eq. 2.  
This condition and the presence of the inflection 
point in the mixing layer renders it subjected to 
Kelvin-Helmotz (KH) vortex instability (see also 
in Ikeda and Nakagawa, 1996; Ghisalberti and 
Nepf, 2006). 
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4. Consequences and conclusion

In order to analyze how the observed behavior could 
affect the flow conveyance characteristics, the flow 
velocity data have been used to evaluate the mean 
cross-section flow velocity, Vm. In particular, for each 
run, by using the measured flow velocity profiles, 
the vertical mean velocity has been evaluated by 
hypothesizing a linear variation of the vertical mean 
velocity from one vertical to the following one and a 
parabolic variation from the first measurement vertical 
to the wall flume. Then, the obtained values of the 
mean cross-section flow velocity have been normalized 
by the cross-section maximum flow velocity, Vmax. 
Figure 3 (a and b) shows the ratios Vm/Vmax for runs 
1-8 (corresponding to δ = 440 stems/dm2) and for runs 
9-15 (corresponding to δ = 280 and 337 stems / dm2), 
respectively.

Figure 3 shows that for δ = 440 stems/dm2, the 
points have not a clear trend. For δ = 280 and 
337 stems / dm2, for which it has been found that the 
momentum exchange in the vegetated layer is more 
important, the points arrange around a mean value 
of 0.88. This confirms the strong interdependence 
between vegetation concentration and the flow 
conveyance.
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point.

The similarity of values shown in Table 2 high-
lights that the peaks in stream-wise velocity spec-
tra are associated with the Kelvin-Helmholtz  in-
stability.
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stems/dm2, for which it has been found that the 
momentum exchange in the vegetated layer is 
more important, the points arrange around a mean 
value of 0.88. This confirms the strong interde-
pendence between vegetation concentration and 
the flow conveyance. 
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1. Introduction

The merits of riparian vegetation have long been 
recognized and efforts have been devoted to its study 
and preservation (Gregory et al., 1991; Naiman & 
Decamps, 1997; Rood et al., 2003). Besides its 
ecological value, riparian vegetation also has a close link 
with the agents shaping the riparian system, i.e. river 
flow and sediment transport. After decades of research, 
it is still challenging to make realistic descriptions and 
simulations of the riparian system due to its highly 
dynamic nature and interrelated processes involved. 
Traditionally, statistical analysis and statistical models 
are used to determine the relationship between riparian 
vegetation and environmental factors (e.g. Auble et al., 
1994; Franz & Bazzaz, 1977; Shafroth et al., 2002). 
The weakness of this kind of method mainly lies in its 
static feature. Its validity may be compromised when 
the target system is constantly in a non-equilibrium 
state. In this research, we departed from another point 
and developed a process-based method to investigate 
the dynamics of the riparian vegetation. The model 
utilized a cellular automation framework in order 
to deal with the processes involved and facilitate its 
coupling with hydrodynamic models.

2. Model structure

2.1. Processes considered

In the plant model, explicit descriptions are made 
for the most recognized stresses affecting the riparian 
plants. A general description of some important 
processes is given below:
(i).  Moisture stress caused by water level fluctuation. This 
stress includes both water deficits and inundation. 
Three stress levels (mild, severe and fatal) are 
implemented with parameters describing the growth 
lag, biomass loss and rate of death under each stress 
level;
(ii).  Destruction by high speed flow. This process 
describes the physical damage of plant shoots and 
subsequent death of the whole plant caused by the drag 
force of the flow. The implementation is similar to (i);

(iii).  Consumption of available resources by plants. The 
resource available to plant growth in a computational 
element is expressed as:
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sides its ecological value, riparian vegetation also 
has a close link with the agents shaping the ripar-
ian system, i.e. river flow and sediment transport. 
After decades of research, it is still challenging to 
make realistic descriptions and simulations of the 
riparian system due to its highly dynamic nature 
and interrelated processes involved. Traditionally, 
statistical analysis and statistical models are used 
to determine the relationship between riparian ve-
getation and environmental factors (e.g. Auble, 
Friedman, and Scott 1994; Franz and Bazzaz 
1977; Shafroth, Stromberg, and Patten 2002). The 
weakness of this kind of method mainly lies in its 
static feature. Its validity may be compromised 
when the target system is constantly in a non-
equilibrium state. In this research, we departed 
from another point and developed a process-based 
method to investigate the dynamics of the riparian 
vegetation. The model utilized a cellular automa-
tion framework in order to deal with the processes 
involved and facilitate its coupling with hydrody-
namic models. 

2 MODEL STRUCTURE 

2.1 Processes Considered 
In the plant model, explicit descriptions are made 
for the most recognized stresses affecting the ri-
parian plants. A general description of some im-
portant processes is given below: 

(i) Moisture stress caused by water level fluc-
tuation. This stress includes both water deficits 
and inundation. Three stress levels (mild, severe 
and fatal) are implemented with parameters de-
scribing the growth lag, biomass loss and rate of 
death under each stress level; 

(ii) Destruction by high speed flow. This proc-
ess describes the physical damage of plant shoots 
and subsequent death of the whole plant caused by 
the drag force of the flow. The implementation is 
similar to (i); 

(iii) Consumption of available resources by 
plants. The resource available to plant growth in a 
computational element is expressed as : 

k SR
D
⋅

=                              (1) 

where R = resource in an element; S = element 
area; D = characteristic diameter of the substrate; 
k = coefficient dependent on the units of S and D. 
Several habitat qualities are implicitly represented 
by this formula, including open space for receiv-
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where R = resource in an element; S = element 
area; D = characteristic diameter of the substrate; 
k = coefficient dependent on the units of S and D. 
Several habitat qualities are implicitly represented 
by this formula, including open space for receiving 
sunlight, nutrition in the soil and the ability to 
retain moisture. Generally, finer substrates support 
denser crops when other conditions are similar. 
The resource consumption rate of a plant species 
is calculated as:

ing sunlight, nutrition in the soil and the ability to 
retain moisture. Generally, finer substrates support 
denser crops when other conditions are similar. 
The resource consumption rate of a plant species 
is calculated as: 

0 ma/iC R B x
i=                           (2) 

where Ci = consumption rate, i.e. the resources 
consumed by unit biomass of plant species i; R0 = 
resources in unit area of fine substrates;  Bi

max = 
maximum biomass of species i under optimal 
conditions in monoculture and in unit area. 

(iv) Colonization and competition. These proc-
esses are closely linked to (iii). When the re-
sources in a local element are depleted, a plant 
will either search for neighboring open space 
within its neighborhood range or compete with 
coexisting plants. The neighborhood range is set 
according to particular attributes indicating how 
well a species is capable of fast spread, e.g. the 
extent of stretched shoots or creeping stems; A 
competitive index is assigned to each species ac-
cording to their morphology and growing habit 
(Grime 1973) to identify stronger and weaker 
competitors. The formulation of competition is as: 

strong
weak strong

weak

C
B B

C
Δ = −Δ ⋅                 (3) 

where △B = biomass change; C = consumption 
rate. This setting indicates that when competition 
happens stronger competitors keep normal growth 
at the cost of weaker competitors. Although this 
setting is somewhat drastic; we will retain this 
simple treatment until further experimental data 
can be referred to. 

Figure 1. Simplified flow chart of the integrated model.

2.2 Spatial Representation 
The plant model consists of a cellular automation 
which has an independent mesh from the hydro-

dynamic model. The plants of the same species 
within a single computational element (or cell) are 
deemed homogenous in age, biomass and other at-
tributes. So care should be taken when deciding 
the appropriate element size for all the species in 
the simulation. To improve its flexibility, the 
mesh of the cellular automata can be either regular 
or irregular and the neighborhood ranges can be 
set on a per-species basis, unlike those in a tradi-
tional cellular automation. 

2.3 Module Coupling 

Figure 1 illustrates a simplified flow chart of the 
coupled model. At every step, the plant model 
reads the interpolated values of flow variables as 
regulators of plant development; after updating 
the plant state, the plants’ effect on flow, mainly 
additional drag force, feeds back to the hydrody-
namic simulation. 
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3 CASE STUDY 

3.1 Study Site 

The developed model was applied to several 
reaches of the Lijiang River in Southwest China. 
One of them is presented here (Figure 2). The 
reach starts as a straight compound channel head-
ing southwest, then gradually bends toward south-
east, with multiple bars and shallow areas within 
the bend. The topographical heterogeneity pro-
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3 CASE STUDY 

3.1 Study Site 

The developed model was applied to several 
reaches of the Lijiang River in Southwest China. 
One of them is presented here (Figure 2). The 
reach starts as a straight compound channel head-
ing southwest, then gradually bends toward south-
east, with multiple bars and shallow areas within 
the bend. The topographical heterogeneity pro-

B = biomass change; C = consumption rate. 
This setting indicates that when competition happens 
stronger competitors keep normal growth at the cost of 
weaker competitors. Although this setting is somewhat 
drastic; we will retain this simple treatment until 
further experimental data can be referred to.
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2.2. Spatial Representation

The plant model consists of a cellular automation which 
has an independent mesh from the hydrodynamic 
model. The plants of the same species within a 
single computational element (or cell) are deemed 
homogenous in age, biomass and other attributes. So 
care should be taken when deciding the appropriate 
element size for all the species in the simulation. 
To improve its flexibility, the mesh of the cellular 
automata can be either regular or irregular and the 
neighborhood ranges can be set on a per-species basis, 
unlike those in a traditional cellular automation.

2.3. Module Coupling

Figure 1 illustrates a simplified flow chart of the 
coupled model. At every step, the plant model reads 
the interpolated values of flow variables as regulators 
of plant development; after updating the plant state, 
the plants’ effect on flow, mainly additional drag force, 
feeds back to the hydrodynamic simulation.

3. Case study

3.1. Study Site

The developed model was applied to several reaches of 
the Lijiang River in Southwest China. One of them 
is presented here (Figure 2). The reach starts as a 

straight compound channel heading southwest, then 
gradually bends toward southeast, with multiple bars 
and shallow areas within the bend. The topographical 
heterogeneity provides potential habitats for riparian 
plants. During the wet season, the entire area is flooded 
several times, when the main flow shifts from the inner 
part of the bend area to the outer part.

3.2. Simulation Results

A two year (2009.01~2010.10) simulation 
was conducted by the integrated model. The 
hydrodynamics and 10 most occurring species (see 
Appendix) of the study area were incorporated in the 
simulation. Hydrological records and field data of the 
river flow were collected to adjust the hydrodynamic 
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is calculated as: 
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where Ci = consumption rate, i.e. the resources 
consumed by unit biomass of plant species i; R0 = 
resources in unit area of fine substrates;  Bi

max = 
maximum biomass of species i under optimal 
conditions in monoculture and in unit area. 

(iv) Colonization and competition. These proc-
esses are closely linked to (iii). When the re-
sources in a local element are depleted, a plant 
will either search for neighboring open space 
within its neighborhood range or compete with 
coexisting plants. The neighborhood range is set 
according to particular attributes indicating how 
well a species is capable of fast spread, e.g. the 
extent of stretched shoots or creeping stems; A 
competitive index is assigned to each species ac-
cording to their morphology and growing habit 
(Grime 1973) to identify stronger and weaker 
competitors. The formulation of competition is as: 
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model; and controlled experiments were conducted 
with plant samples collected in the local area to decide 
the parameters in the plant model. The population 
dynamics and the final distributions of the riparian 
plants agreed fairly well with the field data. Due to 
the limit of the article length, we select one typical 
hygrophyte plant (Polygonum hydropiper L.) for 
detailed description. 
Polygonum hydropiper L. is a common species found 
along riversides and in wetlands. It germinates in 
spring and survives the subsequent summer floods 
by resilient shoots and high tolerance of inundation. 
It is also capable of fast spread by creeping stems and 
vegetative reproduction. However, it has no significant 
tolerance of water deficiency.
During the growing season of 2009, a spring flood 
coincided with the germination period of P. hydropiper 
which spawned large numbers of seedlings. The 
subsequent summer floods were not very intense 
but regular. A Field survey at the beginning of the wet 
season identified several 10~30 meters wide plant belts 
of P. hydropiper, both along the shelf of the compound 
channel and in the shallow areas within the bend; 
while the survey after the wet season revealed that the 
plants in the bend area were wiped out except for the 
ones in the outermost part of the bend. On the other 
hand, the plant belt on the shelf of the compound 
channel endured (Figure 3). These dynamics were 
successfully captured by the simulation, although the 
simulated belts were generally wider than the measured 
ones. Figure 3 compares the simulated distribution 
of P. hydropiper against field values sampled from 
transects on the channel shelf. Figure 4 further details 
one randomly selected transect (#8) by the value 
of percent cover. The simulated percent cover was 
calculated as the ratio of the current plant number 
to the maximum possible number of that particular 
species in favorable conditions.
The flow regime of 2010 was significantly different 
from 2009. After a very early spring flood which 
occurred before the main germination period of P. 
hydropiper, a serious drought took place, which was 
again followed by multiple summer floods with longer 
spans and higher levels than the ones in 2009. After 
the wet season, only scarce individuals of P. hydropiper 

Figure 4. Simulated percent cover (solid) versus measured 
percent cover (dotted) of P. hydropiper along transect #8 
in Figure 3.

vides potential habitats for riparian plants. During 
the wet season, the entire area is flooded several 
times, when the main flow shifts from the inner 
part of the bend area to the outer part. 

3.2 Simulation Results 
A two year (2009.01~2010.10.) simulation was 
conducted by the integrated model. The hydrody-
namics and 10 most occurring species (see Ap-
pendix) of the study area were incorporated in the 
simulation. Hydrological records and field data of 
the river flow were collected to adjust the hydro-
dynamic model; and controlled experiments were 
conducted with plant samples collected in the lo-
cal area to decide the parameters in the plant mod-
el. The population dynamics and the final distribu-
tions of the riparian plants agreed fairly well with 
the field data. Due to the limit of the article 
length, we select one typical hygrophyte plant 
(Polygonum hydropiper L.) for detailed descrip-
tion.

Polygonum hydropiper L. is a common species 
found along riversides and in wetlands. It germi-
nates in spring and survives the subsequent sum-
mer floods by resilient shoots and high tolerance 
of inundation. It is also capable of fast spread by 
creeping stems and vegetative reproduction. How-
ever, it has no significant tolerance of water defi-
ciency.

During the growing season of 2009, a spring 
flood coincided with the germination period of P. 
hydropiper which spawned large numbers of seed-
lings. The subsequent summer floods were not 
very intense but regular. A Field survey at the be-
ginning of the wet season identified several 10~30 
meters wide plant belts of P. hydropiper, both 
along the shelf of the compound channel and in 
the shallow areas within the bend; while the sur-
vey after the wet season revealed that the plants in 
the bend area were wiped out except for the ones 
in the outermost part of the bend. On the other 
hand, the plant belt on the shelf of the compound 
channel endured (Figure 3). These dynamics were 
successfully captured by the simulation, although 
the simulated belts were generally wider than the 
measured ones. Figure 3 compares the simulated 
distribution of P. hydropiper against field values 
sampled from transects on the channel shelf. Fig-
ure 4 further details one randomly selected tran-
sect (#8) by the value of percent cover. The simu-
lated percent cover was calculated as the ratio of 
the current plant number to the maximum possible 
number of that particular species in favorable 
conditions.

The flow regime of 2010 was significantly dif-
ferent from 2009. After a very early spring flood 

which occurred before the main germination pe-
riod of P. hydropiper, a serious drought took 
place, which was again followed by multiple 
summer floods with longer spans and higher lev-
els than the ones in 2009. After the wet season, 
only scarce individuals of P. hydropiper were 
scattered along the compound channel. Because 
there was hardly any plant cover exceeding 5 per-
cent both in the survey records and the simulation 
results, the plot is not shown here. 

#1

#2

#3
#4

#5

#6
#7

#8

#9

#10

#11

Locations of 
the sampling 
transects and 
the width of  
the belt at 
that location

Places devoid 
of plant

50 m

Figure 3. Simulated distribution (shaded area) versus meas-
ured transects (solid bars) of mature P. hydropiper on 
2009.09.14. The belt is on the left bank (dashed square). 

0 5 10 15 20 25
0

10

20

30

40

50

60

70

80

Distance [m]

Pe
rc

en
t c

ov
er

simulated
measured

Figure 4. Simulated percent cover (solid) versus measured 
percent cover (dotted) of P. hydropiper along transect #8 in 
Figure 3.   

Figure 3. Simulated distribution (shaded area) versus 
measured transects (solid bars) of mature P. hydropiper 
on 2009.09.14. The belt is on the left bank (dashed square).

vides potential habitats for riparian plants. During 
the wet season, the entire area is flooded several 
times, when the main flow shifts from the inner 
part of the bend area to the outer part. 

3.2 Simulation Results 
A two year (2009.01~2010.10.) simulation was 
conducted by the integrated model. The hydrody-
namics and 10 most occurring species (see Ap-
pendix) of the study area were incorporated in the 
simulation. Hydrological records and field data of 
the river flow were collected to adjust the hydro-
dynamic model; and controlled experiments were 
conducted with plant samples collected in the lo-
cal area to decide the parameters in the plant mod-
el. The population dynamics and the final distribu-
tions of the riparian plants agreed fairly well with 
the field data. Due to the limit of the article 
length, we select one typical hygrophyte plant 
(Polygonum hydropiper L.) for detailed descrip-
tion.

Polygonum hydropiper L. is a common species 
found along riversides and in wetlands. It germi-
nates in spring and survives the subsequent sum-
mer floods by resilient shoots and high tolerance 
of inundation. It is also capable of fast spread by 
creeping stems and vegetative reproduction. How-
ever, it has no significant tolerance of water defi-
ciency.

During the growing season of 2009, a spring 
flood coincided with the germination period of P. 
hydropiper which spawned large numbers of seed-
lings. The subsequent summer floods were not 
very intense but regular. A Field survey at the be-
ginning of the wet season identified several 10~30 
meters wide plant belts of P. hydropiper, both 
along the shelf of the compound channel and in 
the shallow areas within the bend; while the sur-
vey after the wet season revealed that the plants in 
the bend area were wiped out except for the ones 
in the outermost part of the bend. On the other 
hand, the plant belt on the shelf of the compound 
channel endured (Figure 3). These dynamics were 
successfully captured by the simulation, although 
the simulated belts were generally wider than the 
measured ones. Figure 3 compares the simulated 
distribution of P. hydropiper against field values 
sampled from transects on the channel shelf. Fig-
ure 4 further details one randomly selected tran-
sect (#8) by the value of percent cover. The simu-
lated percent cover was calculated as the ratio of 
the current plant number to the maximum possible 
number of that particular species in favorable 
conditions.

The flow regime of 2010 was significantly dif-
ferent from 2009. After a very early spring flood 

which occurred before the main germination pe-
riod of P. hydropiper, a serious drought took 
place, which was again followed by multiple 
summer floods with longer spans and higher lev-
els than the ones in 2009. After the wet season, 
only scarce individuals of P. hydropiper were 
scattered along the compound channel. Because 
there was hardly any plant cover exceeding 5 per-
cent both in the survey records and the simulation 
results, the plot is not shown here. 

#1

#2

#3
#4

#5

#6
#7

#8

#9

#10

#11

Locations of 
the sampling 
transects and 
the width of  
the belt at 
that location

Places devoid 
of plant

50 m

Figure 3. Simulated distribution (shaded area) versus meas-
ured transects (solid bars) of mature P. hydropiper on 
2009.09.14. The belt is on the left bank (dashed square). 

0 5 10 15 20 25
0

10

20

30

40

50

60

70

80

Distance [m]

Pe
rc

en
t c

ov
er

simulated
measured

Figure 4. Simulated percent cover (solid) versus measured 
percent cover (dotted) of P. hydropiper along transect #8 in 
Figure 3.   



  
  
 

●  4
  
  

Session 4  ○○○ ● ○○ 193

4.2.	The	appropriate	element	size

An important step before conducting a plant 
simulation with this model is determining the 
appropriate element size. Although the model is 
flexible with respect to the scale of plant growth and 
differences in element sizes don’t significantly affect 
the model results when other configurations are the 
same, it would still be better to make things simple by 
avoiding unnecessarily fine meshes. Generally, three 
main aspects should be considered: (1) the resolution 
of the available topographical data; (2) the scale of 
heterogeneity of the environmental factors which may 
have impact on the simulated plants; (3) the scale on 
which the simulated plants interact with each other.

4.3. Computational performance

Test runs were conducted with a 2.56 GHz single 
core CPU. When simulating less than 15 species on 
a 20 000 elements mesh, it generally took less than 
30 real life seconds for one computational step. 
Considering the time step of the plant simulation 
is of a scale of hours or days (a time-step less 
than a few hours may be impractical because no 
compatible experimental data could possibly be 
achieved) compared to a scale of seconds in the 
hydrodynamic simulation, the additional burden 
is negligible in most cases. A maximum of 400000 
elements mesh was tested. It took 180 seconds 
to accomplish one computational step, which 
is still acceptable when running together with 
hydrodynamic simulations.
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were scattered along the compound channel. Because 
there was hardly any plant cover exceeding 5 percent 
both in the survey records and the simulation results, 
the plot is not shown here.

4. Discussion

4.1. Model Suitability

The model presented here was originally developed and 
adjusted with data concerning riparian emergent plants, 
mostly annual herbs. Besides the one species illustrated 
in the previous section, the model gave reasonable 
predictions for all of the simulated species in the two 
year simulation period. This was achieved by capturing 
the critical processes in riparian plant development, 
including germination and response to various stresses 
during different life periods. Although other key genres 
of riparian species, i.e. pioneer shrub and tree species, 
have not been tested by this model, the model structure 
won’t need major revision to accommodate such 
simulations, because the configuration of the plant 
model has been made flexible enough to incorporate 
species of different size and spreading abilities. The 
main task is to clarify the processes governing the 
development of the species of interest.
It should be noted that this plant model is exclusively 
oriented to the riparian system. The reason is not just 
that the model sets up a strong link with hydrodynamic 
simulations, but it has made assumptions which may 
only be valid in riparian areas. For example, the stresses 
exerted by the river flow are identified as the major 
regulator of the plant development; other factors such 
as light availability and soil fertility are treated in a 
rather simplified fashion. In terrestrial systems, the 
situation is quite different. Besides the factors mentioned 
above, a lot of other factors, such as temperature, salt and 
other growth-restricting substances, micro-organisms, 
etc., may all play important roles, which are beyond 
the scope of this model.

Process-based riparian plant model and the integration with hydrodynamic models
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ABSTRACT. The ecological effectiveness and success of river restoration strongly depends on the 
resources invested in planning. Unfortunately, this phase of restoration engineering is frequently 
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management processes. The quantification of suitable habitat for aquatic flora and fauna offers 
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1. Introduction

River restoration planning frequently lacks the 
identification of restoration end points consisting 
of quantitative descriptions of expected ecological 
benefits, habitat gains and numeric alternatives 
analysis. Therefore, many of such efforts happen 
without establishing benchmarks for success 
evaluation. Frequently, ecological planning and 
validation are conducted in a qualitative fashion 
while resources are dedicated towards construction, 
engineering and adaptive management without 
clearly defined ecological outcomes. Compared 
to other areas of construction engineering (e.g. 
road and bridge construction) this limited focus 
on quantitative planning stands out. Without 
comprehensive and quantitative planning, 
restoration activities can easily deteriorate into 
endless cycles of adaptive management with arbitrary 
endpoints and attendant scientific disagreement. 
This dramatically increases implementation costs 
and risk of failure. Consequently, many restoration 
activities draw a wave of criticism, causing a 
backlash to the river restoration efforts (Bernhardt 
et al., 2005).

2. Habitat reference metrics

One of the key elements of river restoration planning is 
the identification of reference conditions and target end 
states (Palmer et al., 2005). There are three elements 
that comprise these goals: biological (composition of 
the flora and fauna), hydro-morphological (riverbed 
morphology and hydraulics), and hydrological (flow 
patterns and water quality). They are best synthesized 
using the suitable habitat area concept, which can be 
quantified and serve as an evaluation metric.
The process of reference habitat determination is based 
on a theory of biophysical templates that assumes 
correspondence between the physical settings and 
biological community structure by utilization of all 
available niches. Such templates can be established 
using modern habitat models, such as MesoHABSIM 
(Parasiewicz, 2007a-b).

The starting point in establishing reference habitat is 
the identification of reference biological structure (i.e. 
quantitative composition of natural fish or invertebrate 
community), followed by determination of habitat 
needs of all species. This allows in turn an adjustment 
of physical attributes of a stream or river to create 
habitat structure that matches the biological structure. 
Due to the fact that habitat quantity changes with 
flow, the reference habitat structure is expressed in a 
form of community rating curves.

The reference template also needs to take into account 
the temporal patterns that are captured by the reference 
habitat time series. The required inputs to such a 
model are naturalized flow time series synthesized by 
hydrologic models. The Uniform Continuous Under 
Threshold (UCUT) analysis describes temporal habitat 
patterns to recognize natural habitat stressor thresholds 
(HST) in terms of habitat magnitude, frequency and 
duration of habitat events as described in Parasiewicz 
(2007b). The HST are also frequently used to develop 
criteria for ecological flow management that can 
accompany physical channel modifications. These 
criteria include the magnitude of rare, critical and 
common flows as well as durations of persistent and 

Figure 1. An example of habitat rating curves for generic 
fish representing close-to-natural (reference) and present 
conditions. The flows (X-axis) are standardized to the 
watershed area. The suitable habitat at reference conditions, 
expressed as proportion of river channel area (Y-Axis), is 
available across most of the wetted area. Presently less than 
half of the wetted area is suitable.

matches the biological structure. Due to the fact 
that habitat quantity changes with flow, the refer-
ence habitat structure is expressed in a form of 
community rating curves. 

Figure 1: An example of habitat rating curves for generic 
fish representing close-to-natural (reference) and present 
conditions. The flows (X-axis) are standardized to the wa-
tershed area. The suitable habitat at reference conditions, 
expressed as proportion of river channel area (Y-Axis), is 
available across most of the wetted area. Presently less than 
half of the wetted area is suitable. 

The reference template also needs to take into ac-
count the temporal patterns that are captured by 
the reference habitat time series. The required in-
puts to such a model are naturalized flow time se-
ries synthesized by hydrologic models. The Uni-
form Continuous Under Threshold (UCUT) 
analysis describes temporal habitat patterns to 
recognize natural habitat stressor thresholds 
(HST) in terms of habitat magnitude, frequency 
and duration of habitat events as described in Pa-
rasiewicz (2007b). The HST are also frequently 
used to develop criteria for ecological flow man-
agement that can accompany physical channel 
modifications. These criteria include the magni-
tude of rare, critical and common flows as well as 
durations of persistent and catastrophic events, 
and are used for the development of flow pulsing 
strategies as described in Parasiewicz (2007b). 

Eventually, these flow criteria are summarized 
in the form of ACTograms. The ACTogram ap-
proach attempts to capture all essential parameters 
(flow, habitat, duration and function) in a single 
set of graphs. The boundaries demarcating the red, 
yellow and green areas (e.g., Figure 2) are defined 
by the flow-habitat relationship. Where boundary 
lines slope upward to the right, greater flows are 
indicative of greater habitat quantity. In such cas-
es, persistent low flows may endanger ecological 
resources. This relationship may dramatically 
change with river restoration by offering refugia 
and increasing the ecosystem resilience 

Another important metric for further planning 
is the Number of Stress Days (NSD). It is meas-
ured as the number of days where the persistent 
and catastrophic durations for selected thresholds 
have been exceeded. 

resent and reference conditions). The increase in 
number of stress days represents the impact at any given 
flow level. 
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Figure 2: Example of an ACTogram for Summer Rear-
ing and Growth bioperiod for Eightmile River. The dura-
tions on the Y-axis represent time in days for which flows 
have been below the level indicated on the X-axis. The col-
ored areas indicate if the event duration should be consid-
ered typical (green), persistent (yellow) or catastrophic 
(red). The stars indicate the period that flows under specific 
value (e.g. 4 m3s-1) on August 31, 2005 for two different 
scenarios (p

 RESTORATION END POINTS 

The next step in the planning process is to es-
tablish the target habitat state as a feasible quanti-
tative restoration end point. This can be best ac-
complished with the help of iterative simulation of 
potential alternatives. In the process of defining 
reference habitat, not only the evaluation bench-
marks are established, but also a catalog of resto-
ration measures that can be introduced in order to 
improve ecological integrity of the system; for ex-
ample, the placement of boulders, woody debris or 
riffle habitat. Habitat simulation models facilitate 
the selection of appropriate quantities and propor-
tion of these measures through iterative modifica-
tion of physical patterns in the model. The habitat 
improvements created in each scenario are m

d through comparison of rating curves with 
those representing the current state of habitat. 

Another aspect that needs to be taken into ac-
count in river restoration planning is how the in-
troduced measures will affect the temporal habitat 
patterns. This serves as a basis for establishing 
ecological flow management for incorporation in-
to a restoration plan. Here I recommend the use of 
NSD as a comparative metric. The cumulative du-
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catastrophic events, and are used for the development 
of flow pulsing strategies as described in Parasiewicz 
(2007b).
Eventually, these flow criteria are summarized in 
the form of ACTograms. The ACTogram approach 
attempts to capture all essential parameters (flow, 
habitat, duration and function) in a single set of 
graphs. The boundaries demarcating the red, yellow 
and green areas (e.g., Figure 2) are defined by the 
flow-habitat relationship. Where boundary lines slope 
upward to the right, greater flows are indicative of 
greater habitat quantity. In such cases, persistent 
low flows may endanger ecological resources. This 
relationship may dramatically change with river 
restoration by offering refugia and increasing the 
ecosystem resilience
Another important metric for further planning is the 
Number of Stress Days (NSD). It is measured as the 
number of days where the persistent and catastrophic 
durations for selected thresholds have been exceeded.

3. Restoration End Points

The next step in the planning process is to establish the 
target habitat state as a feasible quantitative restoration 
end point. This can be best accomplished with the 
help of iterative simulation of potential alternatives. 
In the process of defining reference habitat, not 
only the evaluation benchmarks are established, but 
also a catalog of restoration measures that can be 
introduced in order to improve ecological integrity of 
the system; for example, the placement of boulders, 
woody debris or riffle habitat. Habitat simulation 
models facilitate the selection of appropriate quantities 
and proportion of these measures through iterative 
modification of physical patterns in the model. The 
habitat improvements created in each scenario are 
measured through comparison of rating curves with 
those representing the current state of habitat.
Another aspect that needs to be taken into account 
in river restoration planning is how the introduced 
measures will affect the temporal habitat patterns. 
This serves as a basis for establishing ecological flow 
management for incorporation into a restoration 
plan. Here I recommend the use of NSD as a 
comparative metric. The cumulative duration for 
the lowest persistent and the shortest catastrophic 
events are related to those of the reference conditions 
and presented as proportions of reference durations.

4. Discussion

The purpose of intensive ecological planning is to 
reduce uncertainty about the outcomes of proposed 
actions and to reduce the costs of river restoration. 
Predictive habitat models are ideally suited for this 
purpose. The modern methods overcome the earlier 
limitations of these tools and are applicable to the 
variety of scales that concern the cumulative effects of 
human actions on entire river lengths and watersheds. 
Although they do not capture the full complexity of 
aquatic interactions (biological, chemical), they are 
the first and critical building block of river restoration 
planning. To investigate the broader picture, habitat 

Figure 2. Example of an ACTogram for Summer Rearing 
and Growth bioperiod for Eightmile River. The durations 
on the Y-axis represent time in days for which flows have 
been below the level indicated on the X-axis. The colored 
areas indicate if the event duration should be considered 
typical (green), persistent (yellow) or catastrophic (red). The 
stars indicate the period that flows under specific value (e.g. 
4 m3s-1) on August 31, 2005 for two different scenarios 
(present and reference conditions). The increase in number 
of stress days represents the impact at any given flow level.
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Parasiewicz (2007b). The HST are also frequently 
used to develop criteria for ecological flow man-
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and are used for the development of flow pulsing 
strategies as described in Parasiewicz (2007b). 

Eventually, these flow criteria are summarized 
in the form of ACTograms. The ACTogram ap-
proach attempts to capture all essential parameters 
(flow, habitat, duration and function) in a single 
set of graphs. The boundaries demarcating the red, 
yellow and green areas (e.g., Figure 2) are defined 
by the flow-habitat relationship. Where boundary 
lines slope upward to the right, greater flows are 
indicative of greater habitat quantity. In such 
cases, persistent low flows may endanger ecologi-
cal resources. This relationship may dramatically 
change with river restoration by offering refugia 
and increasing the ecosystem resilience 
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3  RESTORATION END POINTS 

The next step in the planning process is to es-
tablish the target habitat state as a feasible quanti-
tative restoration end point. This can be best ac-
complished with the help of iterative simulation of 
potential alternatives. In the process of defining 
reference habitat, not only the evaluation bench-
marks are established, but also a catalog of resto-
ration measures that can be introduced in order to 
improve ecological integrity of the system; for ex-
ample, the placement of boulders, woody debris or 
riffle habitat. Habitat simulation models facilitate 
the selection of appropriate quantities and propor-
tion of these measures through iterative modifica-
tion of physical patterns in the model. The habitat 
improvements created in each scenario are meas-
ured through comparison of rating curves with 
those representing the current state of habitat. 

Another aspect that needs to be taken into ac-
count in river restoration planning is how the in-
troduced measures will affect the temporal habitat 
patterns. This serves as a basis for establishing 
ecological flow management for incorporation 
into a restoration plan. Here I recommend the use 
of NSD as a comparative metric. The cumulative 
duration for the lowest persistent and the shortest 
catastrophic events are related to those of the ref-
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is not being evaluated. Hence, the results of river 
restoration are frequently unknown. The tools 
described above (rating curves, UCUTs, NSD) can be 
also used for the validation of planned improvements 
in terms of physical habitat. The results can then 
be compared with benchmarks of reference habitat 
metrics. This approach is less costly than evaluation 
through biological observations, which are strongly 
affected by variability and species mobility. It also 
allows for conducting the evaluation process within 
shorter time frames, because there is no need to wait 
for the biological communities to adjust to the new 
circumstances.

models can be used as an element of multimodels as 
proposed by Wiley et al. (2010).
One advantage of habitat model application is that 
the level of planning uncertainty can be determined 
through the focused collection of biological data as 
well as through sensitivity analysis. It allows for the 
development of an uncertainty envelope associated 
with the planning process and for adjusting the 
allocation of the resources into the most certain and 
effective measures. This can better focus adaptive 
management efforts and dramatically reduce its costs.
As reported by Bernhard et al. (2005) it is a common 
practice that the ecological success of river restoration 
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Coupling numerical flow simulation and field survey  

in mesoscale approaches for eco-hydraulics

N.J. CLIFFORD1 & G. HARVEY2

ABSTRACT. Information regarding the spatial and temporal organization of river flow is required 
for many applications in river management, and is a fundamental requirement in eco hydraulics. 
Recent research has emphasised the importance of the ‘mesoscale’ of river systems and the utility 
of the concepts of physical biotopes and functional habitats to simplify the complexity of river 
systems in a way that is practical for river management and rehabilitation. However, the integrity 
and robustness of the physical biotope scale in space (between river systems) and over time (seasonal, 
and with changing flow stage) has not been subject to field test and may overlook scales of variation 
which may be of equal or greater significance for aquatic habitat. This paper presents a combination 
of numerical flow simulation and field study to investigate such issues. Both approaches illustrate 
the complexity and dynamism of hydraulic habitat at the mesoscale of rivers. The results suggest 
that a research agenda should now be developed to assess revised modelling and field approaches 
directed towards the capture of ‘higher order’ flow and other environmental complexities which 
might be more systematically associated with simpler reconnaissance and model outputs.

KEYWORDS: eco-hydraulics; physical biotope; numerical flow simulation; river managemen.
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1. Introduction

Rivers are complex ecological, hydrological and 
geomorphological systems, linked over a nested 
hierarchy of spatio-temporal scales, with both 
longitudinal continua and local patch-scale variability. 
As a result, stream environment is characterised by a 
patchy mosaic of habitat units which perform different 
biological functions. 
In order to respond to the increasing pressure to 
improve the ecological status of water bodies, river 
scientists and environmental managers must seek ways 
of simplifying this inherent complexity in ways which 
capture necessary detail of form and process but also 
provide practical foci for water resources management.
Geomorphological research has responded to issues 
of complexity by focusing attention on the mesoscale 
of river systems, particularly ‘physical biotopes’. 
Biotopes relate to the morphological structure and 
flow behaviour of river cross sections and reaches (e.g. 
riffles, pools, runs, glides) as a means of describing 
the spatio-temporal organisation of physical habitat 
parameters such as mean flow velocity, water depth 
and channel substrate. A complementary ecologically-
based approach identifies ‘functional’ or ‘meso-‘ 
habitats 
(comprising sediment size classes, vegetation 
morphotypes and organic debris) associated with 
distinct assemblages of invertebrates. However, 
while the physical biotope concept may be useful for 
application in river habitat design and management, 
the hydraulic integrity of these river features has not 
been subject to detailed field test. 
This paper focuses on identifying: (i) key scales of 
variation in morphological and hydraulic parameters 
at, and below that potentially identified from 
conventional visual survey and cross sections; (ii) 
the degree of correspondence between measured 
variables and those derived from visual survey; (iii) 
morphological and hydraulic coherence of physical 
biotopes in space and time as discharge varies, and 
between sites with different morphology at the 
same discharge; and (iv) preliminary approaches to 
reproducing mesoscale flow phenomena via numerical 
flow simulation.

2. Field site and methods

2.1. Field sites

Field surveys for biotope analysis were undertaken on 
two study reaches of the River Tern, Shropshire, UK. 
The Tern catchment is underlain by Permo-Triassic 
Sandstones and drains the North Shropshire Plain. 
Two sites were selected for study: Oakley Hall (NGR 
SJ 704 377) is a relatively straight reach, ponded 
by debris dams and characterised by a glide-pool 
morphology. Riparian tree cover is sparse and shading 
of the channel by riparian vegetation is limited. The 
bank full width is approximately 5.6 m and sediment 
size (D50) ranges from 0.18 mm to 45 mm. River 
Habitat Surveys (RHS) conducted according to the 
standardised Environment Agency methodology 
classify the site as ‘predominantly unmodified’ with 
a moderate Habitat Quality Assessment (HQA) score 
of 60. In contrast, Napely Lodge Farm, located 0.5 
km upstream (NGR SJ 707 384), exhibits a higher 
gradient and more sinuous channel and is exhibits 
a riffle-pool morphology. The riparian zone is 
characterised by wet woodland, resulting in significant 
shading of the river channel. The bank full width is 
approximately 4.5 m and D50 ranges from 0.06 mm 
to 49 mm. RHS surveys identify the reach as ‘semi-
natural’, highlighting the lower levels of modification 
compared to the Oakley Hall reach, and the site is also 
associated with a higher HQA score (65), reflecting a 
higher proportion of desirable instream and riparian 
habitat features. 
For numerical simulation, data relate to field survey 
and model output of the velocity characteristics of 
a 120 m reach of the River Cole, Birmingham, UK. 
The River Cole flows within a substantially urbanized 
catchment of approximately 130 km2, and exhibits 
a highly responsive flow regime with a mean annual 
discharge of 0.94 m3s-1. Through much of its length, 
the river is heavily modified: the reach used here was 
re-engineered for flood conveyance around 15 years 
ago, and has since re-established a naturalized channel 
of low sinuosity within a larger, multi-stage corridor. 
The channel has a gravel bed, with a D50 of 31 mm, 
and D84 of 64 mm. River width averages 6 m, and 
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average low flow depth is 0.3m. The reach gradient 
is 0.004, and a well marked sequence of topographic 
highs (riffles) and topographic lows (pools) exists, 
with contrasting degrees of local channel curvature 
and asymmetry.

2.2. Field Surveys

Topographic surveys were conducted at each Tern 
site using a total station, with a spatial resolution of 
approximately 1 m in the cross sectional dimension 
and 2 m in the longitudinal dimension, with variations 
as appropriate to capture significant breaks in 
slope. Spatial resolution was reduced to 5 m on the 
surrounding flood plain.
Mapping of physical biotopes was undertaken under 
low flow conditions (Q = 0.15-0.17 m3 s-1; 80-90% 
exceedance). Biotope identification was based on visual 
assessments of surface flow conditions and substrate 
composition following RHS classification. 
Hydraulic surveys were carried out during March 
and July 2005 under intermediate flow (Q = 0.21-
0.25 m3 s-1; 40-55% exceedance) and low flow 
(Q = 0.15-0.17 m3 s-1; 80-90% exceedance) 
respectively. Hydraulic parameters were sampled 
along cross sectional transects spaced 2 m apart, 
with each transect subdivided into 1 m2 cells within 
which point measurements of water depth and three-
dimensional flow velocity, and visual assessments 
of substrate characteristics and surface flow types 
were made. Flow velocities were recorded using a 
SonTek/YSI Flowtracker handheld Acoustic Doppler 
Velocimeter (ADV®) with a 3D side-looking probe 
sampling at 1 s intervals to provide a 30 s average and 
standard deviations for streamwise (U), cross stream 
(V) and vertical (W) velocity components. 
For the River Cole, bed topography was obtained by 
total station survey (spatial resolution approximately 
0.5 m), and converted to a digital terrain model 
(DTM). Water surface slope was also obtained with 
the total station. Velocity data were obtained using 
Valeport Series 800 electromagnetic flow meters 
with 3.5 cm spherical heads, reading velocities 
perpendicular and parallel to channel cross sections 
(subsequently resolved to a single, resultant value), 

averaging over 30 second intervals at 2 Hz. More 
than 300 data points were recorded approximating 
to 0.5 m intervals in the cross section, and 1-2 m 
intervals downstream. Measurements from a low 
flow (discharge = 0.34 m3 s1; 70% exceedence), an 
intermediate flow (0.90 m3 s-1, 30% exceedence) and 
a high flow (discharge = 1.49 m3 s-1; 13% exceedence) 
were used. In all cases, measurements were made at 
0.6 of the depth from the water surface. Velocities 
were then triangulated for 2-D mapping, and later 
resolved to a structured grid for representational 
and modeling purposes. Both field measurements 
and model output were compared cell-by cell on a 
common 2D grid surface.

2.3. Numerical Simulation

Simulation modeling was undertaken using 
version 1.4 of the SSIIM (Sediment Simulation 
In Intakes with Multiblock option; Olsen, 2002) 
code. SSIIM 1.4 is a finite volume model, solving 
the three-dimensional Navier-Stokes equations for 
non-compressible and constant density turbulent 
channel flow on a structured grid. For this paper, 
results from a mesh size of 0.45 m in the streamwise 
and cross-stream dimensions are used, with 10 cells 
in the vertical. Clifford et al. (2010) discuss SSIIM 
model assessment more generally.

2.4. Data Analysis

Statistical analyses were used to define, explore and 
visualise spatial patterning and its temporal variation 
within the measured data series. Emphasis was on the 
association (or otherwise) between visually assessed 
biotope features, data derived from topographic and 
hydraulic measurement, and data from hydrodynamic 
simulation. A combination of exploratory data 
analysis (including GIS visualisations in ArcGIS 9.2); 
multivariate (Principal Components Analysis (PCA) 
and Hierarchical Cluster Analysis (HCA)) statistics; 
and geostatistical analysis (spatial semivariance) were 
applied to data. PCA was performed on a correlation 
matrix with varimax rotation using SPSS; HCA also 
used SPSS.
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represent: increasing turbulence intensity (PC1); 
increasing energy (PC2); and increasing flow depth 
(PC3). Importantly, the variables which explain most 
of the variation in the data set are not mean flow 
velocity and depth (i.e. the variables conventionally 
chosen to characterise biotope units), but instead relate 
to the standard deviations of velocity which may be 
used to indicate turbulence intensity. 
Principal component scores for different biotope 
categories were compared in order to explore the 
spatio-temporal coherence of biotopes along these axes 
(Figure 2). Biotope clusters do not occupy distinct 
locations in 3D multivariate space, even within the 
same river reach, suggesting that it is difficult to 

3. Results

3.1. Field measurements and biotopes

Semi-variograms of morphology suggest considerable 
variation in bed elevations throughout the two study 
reaches at scales smaller than the biotope scale. 
This reflects both cross sectional variations and 
longitudinal transitions within individual biotope 
units. Semivariograms for water depth (Figure 1) 
are most consistent with the characteristic sill-range 
semivariogram form, whereas trends in semivariance 
for flow velocities, however, are complex.The complex 
trends in semivariance for 3-dimensional flow velocity 
at each site and across the two flow stages suggest 
that a combination of the drowning out of bedform 
controls and flow intensification around obstacles 
may influence the hydraulic coherence of physical 
biotopes with changing discharge. 

PCA was performed on the variables water depth, 
mean and standard deviation of U, V and W velocity 
components, and ordinal substrate categories (silt, 
sand, gravel, cobble). Three principal components with 
eigenvalues greater than one were derived, cumulatively 
explaining 68.8% of the variance in the data set. 
The three principal components are interpreted to 

Figure 1. Spatial semivariance in water depth (a) and 
flow velocity (U, V and W components – (b), (c) and (d) 
respectively). Darker lines refer to Oakley Hall; lighter lines 
to Napely Lodge farm. Solid lines – low flow; broken lines 
– intermediate flow.
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Statistical analyses were used to define, ex-
plore and visualise spatial patterning and its tem-
poral variation within the measured data series. 
Emphasis was on the association (or otherwise) 
between visually assessed biotope features, data 
derived from topographic and hydraulic measure-
ment, and data from hydrodynamic simulation.  A 
combination of exploratory data analysis (includ-
ing GIS visualisations in ArcGIS 9.2); multivari-
ate (Principal Components Analysis (PCA) and 
Hierarchical Cluster Analysis (HCA)) statistics; 
and geostatistical analysis (spatial semivariance) 
were applied to data.  PCA was performed on a 
correlation matrix with varimax rotation using 
SPSS; HCA also used SPSS.   
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velocity (U, V and W components – (b), (c) and (d) respec-
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Napely Lodge farm.  Solid lines – low flow; broken lines – 
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flow intensification around obstacles may influ-
ence the hydraulic coherence of physical biotopes 
with changing discharge.  

PCA was performed on the variables water 
depth, mean and standard deviation of U, V and 
W velocity components, and ordinal substrate 
categories (silt, sand, gravel, cobble).  Three prin-
cipal components with eigenvalues greater than 
one were derived, cumulatively explaining 68.8% 
of the variance in the data set. The three principal 
components are interpreted to represent: increas-
ing turbulence intensity (PC1); increasing energy 
(PC2); and increasing flow depth (PC3).    Impor-
tantly, the variables which explain most of the 
variation in the data set are not mean flow velocity 
and depth (i.e. the variables conventionally chosen 
to characterise biotope units), but instead relate to 
the standard deviations of velocity which may be 
used to indicate turbulence intensity.  

Principal component scores for different 
biotope categories were compared in order to ex-
plore the spatio-temporal coherence of biotopes 
along these axes (Figure 2).  Biotope clusters do 
not occupy distinct locations in 3D multivariate 
space, even within the same river reach, suggest-
ing that it is difficult to delimit biotope hydraulics, 
even when simultaneously considering a range of 
hydraulic parameters.  Some variation in the over-
all shape of biotope clusters in multivariate space 
is noted, consistent with the notion that biotopes 
form a continuum from hydraulically smoother to 
rougher flow environments.   

 

 
 
Figure 2. Principal component scores for each biotope unit 
for each site.  Black symbols represent low flow surveys; 
grey symbols represent intermediate flow surveys. 

The hydraulic coherence, in terms of the distinct-
iveness of biotope clusters along the three axes, 
appears reduced at the higher flow stage in several 
instances, most notably for pool and glide 
biotopes along the PC1 (increasing turbulence) 
axis, and to a lesser extent for pool, glide and rif-
fle classes along the PC2 (increasing energy) axis. 

 

3.2 Numerical flow simulation 

To assess simulation model results, HCA was 
used to represent statistically similar depth-
velocity combinations, which may spatially repre-
sent patches within the channel, but which are not 
necessarily limited to one patch occurrence: all ar-
eas of the channel were classified into one of six 
clusters (note there may be more than one area of 
the channel assigned to a single cluster value) for 
both field and model data. 

At low flow, the range of velocity and depth, 
and the cluster arrangement between field and 
model data are very similar. At high flow, the 
overall pattern of points is very similar, but there 
are some, modest discrepancies between field and 
simulated results.  In particular, the model per-
forms better above a velocity of 0.8 ms

-1
, with 

slightly more scatter in the cluster relating to the 

highest flow velocities and depths. The model per-
forms less well at lower velocities. 

By amalgamating behavior across all the flows 
monitored and modeled, clusters represent simi-
larities in the degree of change in both depth and 
velocity between the three flows – an indication of 
channel flow dynamics between stages.  The 
model considerably over-represents one cluster 
(and hence, creates a kind of simplification of dy-
namics in areas where flows become both faster 
and deeper). Thus, while an overall assessment of 
the model results would seem very positive, this 
differential performance between flow stages and 
between differing channel bedform units implies 
that the smaller-scale and discharge-dependent 
dynamics of some zones within the channel may 
be less-well represented (see Clifford et al., 2010 
for further discussion). 

4 CONCLUSIONS 

This research illustrates the complexity and 
dynamism of hydraulic habitat at the mesoscale of 
rivers. With increasing emphasis directed to rapid 
habitat appraisal techniques and to sustainable and 
functional design in the  rehabilitation of degraded 
ecosystems, it is imperative that the nature and ex-
tent of physical diversity is fully captured to 
maximise the success of management efforts. 
However, to understand the nature of biotope co-
herence, physical habitat studies must consider a 
more comprehensive range of morphohydraulic 
parameters and their variability across a wider 
range of spatio-temporal scales.  Further field-
based research is required to develop a more com-
prehensive range of parameters that can effec-
tively characterise biotope hydrodynamics.  The 
extension of hydrodynamic modeling to ecologi-
cal habitat design and appraisal in rivers faces 
similar issues, associated with the computational 
complexity of detailed numerical simulation; the 
requirements for high quality field data for model 
calibration and verification; and, too, in linking 
physical habitat parameters with observed eco-
logical responses. 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three flows – an indication of channel flow dynamics 
between stages. The model considerably over-represents 
one cluster (and hence, creates a kind of simplification 
of dynamics in areas where flows become both faster 
and deeper). Thus, while an overall assessment of the 
model results would seem very positive, this differential 
performance between flow stages and between differing 
channel bedform units implies that the smaller-scale and 
discharge-dependent dynamics of some zones within 
the channel may be less-well represented (see Clifford 
et al., 2010 for further discussion).

4. Conclusions

This research illustrates the complexity and dynamism 
of hydraulic habitat at the mesoscale of rivers. With 
increasing emphasis directed to rapid habitat appraisal 
techniques and to sustainable and functional design in 
the rehabilitation of degraded ecosystems, it is imperative 
that the nature and extent of physical diversity is fully 
captured to maximise the success of management 
efforts. However, to understand the nature of biotope 
coherence, physical habitat studies must consider a more 
comprehensive range of morphohydraulic parameters 
and their variability across a wider range of spatio-
temporal scales. Further field-based research is required 
to develop a more comprehensive range of parameters 
that can effectively characterise biotope hydrodynamics. 
The extension of hydrodynamic modeling to ecological 
habitat design and appraisal in rivers faces similar 
issues, associated with the computational complexity 
of detailed numerical simulation; the requirements 
for high quality field data for model calibration and 
verification; and, too, in linking physical habitat 
parameters with observed ecological responses.
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multivariate space is noted, consistent with the notion 
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smoother to rougher flow environments. 
The hydraulic coherence, in terms of the distinctiveness 
of biotope clusters along the three axes, appears 
reduced at the higher flow stage in several instances, 
most notably for pool and glide biotopes along the 
PC1 (increasing turbulence) axis, and to a lesser 
extent for pool, glide and riffle classes along the PC2 
(increasing energy) axis.

3.2.	Numerical	flow	simulation

To assess simulation model results, HCA was used 
to represent statistically similar depth-velocity 
combinations, which may spatially represent patches 
within the channel, but which are not necessarily 
limited to one patch occurrence: all areas of the channel 
were classified into one of six clusters (note there may 
be more than one area of the channel assigned to a 
single cluster value) for both field and model data.
At low flow, the range of velocity and depth, and the 
cluster arrangement between field and model data 
are very similar. At high flow, the overall pattern of 
points is very similar, but there are some, modest 
discrepancies between field and simulated results. In 
particular, the model performs better above a velocity 
of 0.8 ms-1, with slightly more scatter in the cluster 
relating to the highest flow velocities and depths. The 
model performs less well at lower velocities.
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Field-scale experiment of migrating bar behavior:  

preliminary analysis

J.P.C. EEKHOUT1 & A.J.F. HOITINK2

ABSTRACT. Within the Dutch research project ‘Valley wide meander restoration’ six recreated 
streams will be monitored over a 2-year period. The monitoring program aims at understanding 
initial morphological processes and the associated ecological developments. The present study 
focuses on the morphodynamic developments that took place after the completion of one of the 
restoration projects. The morphology and hydraulics of the field sites are evaluated using sequential 
GPS-surveys, discharge records and information from sediment samples. The present contribution 
concerns the Hooge Raam, where a new channel is constructed parallel to the stream that was to 
be restored. The channel was designed to investigate the autogenous formation of a meandering 
channel from an initially straight reach designed based on hydraulic geometry relations. Eight 
months after construction of the stream, alternating bars emerged in the downstream part of the 
stream. Analysis of five successive bed level surveys about two months apart shows channel bar 
migration, an increase of bar height and wavelength, and an evolution process rendering the bars 
more asymmetrical in shape. In lateral direction, the channel is gradually widening, confirming 
existing theory.

KEYWORDS: migrating bars, field measurements, stream restoration.
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1. Introduction

Several types of rhythmic patterns can develop on 
sandy beds. Alternating bars are amongst the largest 
free bed forms observed in fixed-bank rivers and 
channels. Laboratory research has shown that starting 
from a plane bed, the bed morphology evolves to 
an asymmetrical pattern of bars growing alternately 
from the banks, which are readily in equilibrium with 
the steady flow and sediment transport conditions 
(e.g. Federici & Paola, 2003). During this evolution 
process, the alternating bars increase in length and 
in height. Bar lengths are proportional to their width 
and bar height scale with flow depth. Alternating bars 
are generally asymmetrical in along-stream cross-
section, they may or may not have an avalanche face 
on the downstream side, and generally migrate in the 
downstream direction (Bridge, 2003).
Investigation of the development of meandering rivers 
has mainly been restricted to modeling and laboratory 
studies. Within meander models a distinction can 
be made between linear (e.g. Ikeda et al., 1981; 
Johannesson & Parker, 1989; Zolezzi & Seminara, 
2001) and nonlinear models (e.g. Howard & Knutson, 
1984; Stølum, 1996; Blanckaert & de Vriend, 2003). 
Two basic assumptions are made within these models: 
(1) the river discharge is always assumed to be constant, 
and (2) the shallow water approximation allows the 
flow field to be solved using a 2-D depth-averaged 
scheme. Camporeale et al. (2007) conclude that 
nonlinear models have a similar quantitative behavior 
as their linear counterparts, which supports the use 
of linear theories to model the long-term evolution 
of meandering rivers. Despite these general remarks 
confirming that the linear theories provide a valid 
means of modeling meander dynamics, applications 
to real world systems are rare.
Mathematical meander models give insight in the 
primary governing processes of meander dynamics, 
but lack the predictable power to give them practical 
use. This has lead to the revival of laboratory studies of 
river landscapes over the past decade. Laboratory-scale 
river meanders can develop within hours. The type 
of sediment plays a major role in creating meanders 
at the lab-scale. Federici & Paola (2003) showed 

that a meandering planform will form after some 
time, but that it eventually evolves into a braided 
river pattern. Basically, this is caused by excessive 
erosion of the cohesionless banks. Several sediment 
mixtures were used to produce meanders, e.g. solely 
cohesive material (Friedkin, 1945; Schumm & Khan, 
1971), the inclusion of silica flour (Peakall et al., 2007) 
and seeding with alfalfa (Gran & Paola, 2001; Tal 
& Paola, 2010). Still some major difficulties have to 
be overcome within experimental meander research, 
which relate to scaling effects, upstream sediment 
feeding and consolidation of bed material.
Considering the long time-scales involved in river 
evolution and the scale effects of laboratory meanders, 
we intend to focus on small natural fluvial channels, 
which can be analyzed in their full geographical 
complexity. Both the temporal and spatial scales 
of streams are in between the scales of laboratory 
experiments and river dynamics, which renders them 
suitable for field experiments on the initiation of 
meandering. This is not to say that the mechanics of 
stream morphodynamics can be readily translated to 
rivers, since vegetation and in particular trees have 
a relatively great influence on the morphology of 
streams.
In this paper we present preliminary results of the 
initial morphological response of a straight stream. 
Eight months after the construction of the stream 
the first alternating bars appeared. To study bar 
behavior bar heights and wavelengths are recognized 
from the longitudinal data and migration speed is 
determined. 

2. Material & methods

2.1. Study area

The stream under study is named the Hooge Raam, 
which is part of a tributary of the river Meuse (Fig. 1). 
The upstream straight reach in Figure 1 serves as the 
experimental part of the project, where autonomous 
initiation of meandering is studied. The length of the 
experimental reach is 700 m, and the initial channel 
slope is 1.7‰. The width of the channel was 7.2 m 
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and the depth 0.4 m after construction, which was 
based on general hydraulic geometry relations. The 
bed sediments consist of cohesionless fine sands with 
a median grain size of 210 µm. 
In this contribution we focus on the downstream 
part of the experimental reach. Figure 1 shows an 
aerial photo of the study area, where the water 
is flowing from top to bottom. The photo shows 
densely vegetation in the upstream part, whereas 
the downstream part shows hardly any vegetation.
2.2. Field surveys

Data from 5 GPS-surveys are analyzed. Bed elevation 
data is collected using RTK-GPS equipment (Leica 
GPS 1200+). The collected data are interpolated on 
a grid using nearest neighbor interpolation, with a 
grid spacing of 0.2 m. Since the data were collected 
in cross-sections, an anisotropic factor of 4 is used 
within the interpolation routine, to account for the 
dispersion of the collected data in the longitudinal 
direction. Discharge data is collected upstream of 
the reach using a measurement weir (see Fig. 1), 
with a sampling frequency of one hour.

2.3. Bar geometry
Several geometry parameters are used to study the 
development of the alternating bars. The bar height 
(HB) is defined as the difference between the height 
of the bar crest and the lowest point in cross-sectional 
direction, and the wavelength (l) as the distance 
between two successive bar troughs (see Fig. 2).

Before the above mentioned geometry parameters are 
extracted from the data, the average longitudinal slope 
is subtracted from the data. Next, a loess regression is 
used to filter the data (Tate et al., 2005), adopting a 
bandwidth of 2.2 m. Figure 3 shows the results of the 
filtered data, the channel gradient and the low-passed 
filtered data resulting from the loess regression. The 
location of local extremes (bar crests and troughs), 
which are used in the subsequent analysis, are well-
retained after application of the regression model.

3. Results 

Figure 4 shows the DEM of Difference (DoD) between 
the constructed channel and the five interpolated bed 
morphologies. Water is flowing from the bottom to 
the top. The figure clearly shows the appearance of 
alternating bars for all five surveys. Furthermore, 

Figure 1. (a) the location of the study area in the Netherland 
and a sketch of the study area, (b) aerial photo of the 
vegetated area and (c) aerial photo of the migrating bars.

Federici & Paola (2003) showed that a meander-
ing planform will form after some time, but that it 
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the cohesionless banks. Several sediment mixtures 
were used to produce meanders, e.g. solely cohe-
sive material (Friedkin, 1945; Schumm & Khan, 
1971), the inclusion of silica flour (Peakall et al., 
2007) and seeding with alfalfa (Gran & Paola, 
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Raam, which is part of a tributary of the river 
Meuse (Fig. 1). The upstream straight reach in 
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project, where autonomous initiation of meander-
ing is studied. The length of the experimental 
reach is 700 m, and the initial channel slope is 1.7 
‰. The width of the channel was 7.2 m and the 
depth 0.4 m after construction, which was based 
on general hydraulic geometry relations. The bed 
sediments consist of cohesionless fine sands with 
a median grain size of 210 μm.  

In this contribution we focus on the down-
stream part of the experimental reach. Figure 1 
shows an aerial photo of the study area, where the 
water is flowing from top to bottom. The photo 
shows densely vegetation in the upstream part, 

whereas the downstream part shows hardly any 
vegetation. 
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tated area and (c) aerial photo of the migrating bars. 

2.2 Field surveys 
Data from 5 GPS-surveys are analyzed. Bed ele-
vation data is collected using RTK-GPS equip-
ment (Leica GPS 1200+). The collected data are 
interpolated on a grid using nearest neighbor in-
terpolation, with a grid spacing of 0.2 m. Since the 
data were collected in cross-sections, an anisot-
ropic factor of 4 is used within the interpolation 
routine, to account for the dispersion of the col-
lected data in the longitudinal direction. Discharge 
data is collected upstream of the reach using a 
measurement weir (see Fig. 1), with a sampling 
frequency of one hour. 

2.3 Bar geometry 
Several geometry parameters are used to study the 
development of the alternating bars. The bar 
height (HB) is defined as the difference between 
the height of the bar crest and the lowest point in 
cross-sectional direction, and the wavelength (λ) 
as the distance between two successive bar 
troughs (see Fig. 2). 

B

 

 
Figure 2. Definition of bar height (HB) and wavelength (λ). 
Figure 2. Definition of bar height (HB) and wavelength (l).

Figure 3. Longitudinal profile with interpolated data, 
channel gradient and loess regression applied to the data.

Before the above mentioned geometry parameters 
are extracted from the data, the average longitudi-
nal slope is subtracted from the data. Next, a loess 
regression is used to filter the data (Tate et al., 
2005), adopting a bandwidth of 2.2 m. Figure 3 
shows the results of the filtered data, the channel 
gradient and the low-passed filtered data resulting 
from the loess regression. The location of local 
extremes (bar crests and troughs), which are used 
in the subsequent analysis, are well-retained after 
application of the regression model. 
 

 
Figure 3. Longitudinal profile with interpolated data, chan-
nel gradient and loess regression applied to the data. 

3 RESULTS  

Figure 4 shows the DEM of Difference (DoD) be-
tween the constructed channel and the five inter-
polated bed morphologies. Water is flowing from 
the bottom to the top. The figure clearly shows the 
appearance of alternating bars for all five surveys. 
Furthermore, the figure shows net sedimentation 
of the channel, indicated by the light gray colors. 
Sedimentation increases with time. The banks of 
the channel are subject to substantial erosion (dark 
gray colors), which is linked to bar migration. 
Figure 5 shows a cross-section illustrating the ag-
gradation of the channel bed and erosion of the 
cohesionless banks. 

 

 
Figure 4. DEM of Difference (DoD) of all five GPS-
surveys. 

 
Figure 5. Channel cross-section showing bed elevation from 
three GPS-surveys. 

The geometry of all individual bars are studied 
based on longitudinal transects on the left and 
right sides of the channel. In total six bars are rec-
ognized which appear in all five DEMs, on both 
sides of the channel. From these six bars the bar 
height and wavelength are determined, see Table 
1. It appears that bar height and wavelength in-
crease in time (Table 1).  

 
Table 1.  Average bar wavelength (λ) and bar height (HB) ______________________________________________ B

Survey   1   2   3   4   5 
Days after 
construction 246  346  444  520  568 ______________________________________________ 
λ (m)    55.2  58.9  67.2  70.6  70.9 
HB (m)   0.177 0.175 0.253 0.265 0.266 ______________________________________________ 
 
Bar migration speed is determined from the dis-
tance traveled by the bar crests between two suc-
cessive measurements. Figure 6 shows the longi-
tudinal bed level profiles (corrected for channel 
gradient and applied with loess regression) for 
both the left and the right side of the channel. The 
figure shows downstream migration of the bars. It 
also shows that initially, the bed forms have a 
more or less symmetrical shape, which evolves in-
to an asymmetrical shape with an avalanche face 
on the downstream side. 
 

 
Figure 6. Longitudinal bed level profiles showing migrating 
bars. (a) left side of the channel and (b) right side of the 
channel. 

Table 2 shows the average bar speed for the peri-
ods between the successive measurements. The 
low discharge between the first two measurements 
resulted in hardly any bar movement during this 
period. The increased discharge during the other 



 
  
  
    

5  ●
  

210 Session 5  ○○○○ ● ○ECO-ENGINEERING AND STREAM RESTORATION

Bar migration speed is determined from the distance 
traveled by the bar crests between two successive 
measurements. Figure 6 shows the longitudinal bed 
level profiles (corrected for channel gradient and 
applied with loess regression) for both the left and the 
right side of the channel. The figure shows downstream 
migration of the bars. It also shows that initially, the 
bed forms have a more or less symmetrical shape, 
which evolves into an asymmetrical shape with an 
avalanche face on the downstream side.

Table 2 shows the average bar speed for the periods 
between the successive measurements. The low 
discharge between the first two measurements resulted 
in hardly any bar movement during this period. The 
increased discharge during the other three periods 
resulted in higher bar migration rates during these 
periods.

4. Conclusions

We argue that analysis of small streams can bridge the 
gap between laboratory experiments and field-scale 

the figure shows net sedimentation of the channel, 
indicated by the light gray colors. Sedimentation 
increases with time. The banks of the channel are 
subject to substantial erosion (dark gray colors), which 
is linked to bar migration. Figure 5 shows a cross-
section illustrating the aggradation of the channel 
bed and erosion of the cohesionless banks.
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and wavelength increase in time (Table 1).
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Table 2. Average bar migration speed and discharge.

three periods resulted in higher bar migration rates 
during these periods. 
 
Table 2.  Average bar migration speed and discharge ______________________________________________ 
Period      1   2   3   4 ______________________________________________ 
Bar speed (m/day)  0.00  0.21  0.16  0.14 
Qavg (m3/s)     0.02  0.28  0.33  0.28 ______________________________________________ 
 

4 CONCLUSIONS 

We argue that analysis of small streams can 
bridge the gap between laboratory experiments 
and field-scale river studies. The time scales for 
the appearance of typical morphological features, 
like alternating bars, are in the order of months. 
Regarding spatial scales, many streams are small 
enough to perform a GPS-survey within one day 
with a resolution high enough to make a detailed 
DEM. Accordingly, small streams are suitable to 
study the initial response of fluvial systems under 
varying discharges. 

Data is presented of a stream showing the ap-
pearance of alternating bars 8 months after con-
struction of the stream. Successive bed level ele-
vation data are analyzed in both longitudinal and 
cross-sectional direction. A preliminary analysis 
demonstrates that the alternating bars migrate in 
downstream direction at a time-varying rate. Sev-
eral well-known features of migrating bars are 
distinguished from the data, i.e. channel widening 
and increase of bar height and wavelength with 
time. The longitudinal shape of the bars evolves 
from symmetrical into asymmetrical. Migration 
speed show an apparent response to discharge. 
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the effects of geomorphological river restoration  

on fish habitat and riparian vegetation 

J. MAROTO*1, M. MARCHAMALO1 & 2, D. GARCÍA DE JALÓN1,  
M. GONZÁLEZ DEL TÁNAGO1 & R. MARTÍNEZ MARÍN2

ABSTRACT. Changes in fluvial geomorphology may have serious impacts, causing losses in 
the dynamics and naturalness of their forms. In many cases these changes go from a natural 
meandering river, with balanced erosion and sedimentation processes, to a channelized narrow 
channel with rigid and stable margins, with dynamics restricted to only vertical dimension, with 
a consequent alteration of the river bed. On the other hand, these changes affect the naturalness 
of the banks, limiting the development of riparian vegetation and reducing the cross connectivity 
of the riparian corridor. 
 Common channelizations and disconnections of meanders increase the channel slope, and therefore 
water velocity, resulting in processes of bed degradation and regressive erosion, effect increased as 
a result of the narrowing of the channel and the concentration of flows. This process of incision 
may turn the floodplain to be “hung”, being completely disconnected from the water table, with 
important consequences for vegetation. 
 The Arga river has been channelized and rectified, as it passes along the meander RamalHondo 
and Soto Gil (Funes, Navarra). Geomorphical restoration through remeandering is to be projected. 
This paper analyses the effects of these designs on fish habitat and riparian vegetation. Two very 
contrasting restoration scenarios, in terms of geomorphology, have been established to assess the 
effects of these changes have on the habitat of one of the major fish species in the area (Luciobabus 
graellsii) and on the riparian vegetation. To accomplish this goal, we run 2D hydraulic simulations 
(Infoworks RS), evaluating hydraulic and habitat conditions using digital elevation models from 
LIDAR flight and bathymetric data. The results obtained helped to evaluate the effects of past 
geomorphologic alterations on habitat. They also allowed to evaluate the effects of contrasting 
scenarios on fish and vegetation habitat.

1. aHydrobiology Research Group. Universidad Politécnica de Madrid, Madrid, Spain.
2. Land Morphology and Engineering Department. Universidad Politécnica de Madrid, Madrid.
* Corresponding author: Judit Maroto. judit.maroto@gmail.com.
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1. Introduction

The geomorphological processes are the key for the 
appropriate functioning of rivers as ecosystems. The 
geomorphological deterioration of European rivers 
is increasing progressively, as more direct actions on 
channels and floodplains related to urbanization, 
agriculture or industrial processes are carried out every 
time; these actions are especially aggressive against 
geomorphological processes and river morphologies. 
(Ollero, 2008)
This invasion of the floodplain by uses other than 
those strictly related to the floodplain has generated 
an increment of the vulnerability to flooding, what 
has generated channelized narrow channels with rigid 
and stable margins and disconnections of their natural 
meanders. As an important consequence, habitat 
loss has been observed and documented, what has 
generated a new movement towards the recovery of 
the natural structure and processes of these ecosystems. 
In this paper an example of a high geomorphological 
alterated reach has been selected: the river Arga 
between the towns of Peralta and Funes, in Navarra 
region (Spain), where works against flooding damages 
started in year 1966, and whose consequences can be 
seen in the present and thought to keep incrementing 
in time. As main consequences of these processes, 
changes in fish habitat conditions (depth, velocity) 
and vegetation characteristics (vertical connection 
with water table) have been observed. 

According to this, the objectives of this research was:
 • Analyze the responses of fish and vegetation 

communities to different alternatives of 
geomorphological restoration. 

2. Methodology

2.1. Area of study

River Arga, is one of the main tributaries of the Ebro 
River, in NE of Spain. It is a left bank tributary of the 
Ebro river, and its basin extends from “el Collado de 
Urquiaga” to the river Ebro in Milagro. It has a surface 
of 2 689.2 km2, and a length of 145 km. 
The river reach selected for this research is situated 
between the villages of Peralta and Funes, in Navarra 
Region (Spain), where the river was channelized 
and completely disconnected from the meanders 
“Ramalhondo and Soto Gil”.
The total study area presents a surface of 108 ha, of 
which 13 ha belong to the channelized river and 95 ha 
to the disconnected meander. The channelized part 
has a length of 1,2 km.

2.1. Restoration image and design of alternatives

For the design of the restoration image, we analyzed 
pressures and impacts on the fluvial reach and we 
compared the actual situation with the reference 

 

 

 

 

 

 

 

 

Figure 1‐. Meanders of Ramalhondo and Soto Gil (River Arga): location in Navarre province 

(Spain) 

 

Restoration image and design of alternatives 

For  the  design  of  the  restoration  image,  we  analyzed  pressures  and  impacts  on  the  fluvial 

reach  and  we  compared  the  actual  situation  with  the  reference  conditions  for  this  reach 

(meandering  river).  The  main  feature  of  the  restoration  image  was  to  reconnect  the  old 

meanders  to  the  main  channel,  with  the  following  aims:  a)  restoration  of  fluvial 

geomorphologic dynamics b)  increase river space controlling river bed degradation processes 

c) promoting native fish species and d) reduce the impact of floods on Funes town. 

Two  alternatives  where  designed  corresponding  with  two  very  contrasting  restoration 

scenarios,  in  terms  of  geomorphology.  The  first  alternative  consisted  of  reconnecting  old 

meanders during annual maximum floods (discontinuous connection for flows higher than 407 

m3/s).  The  second  alternative  aimed  at  reconnecting  old meanders  almost  continuously,  for 

average flows (40 m3/s) 

 

2D Hydraulic simulation and fish habitat evaluation  

A  Digital  Elevation  Model  of  the  area  of  study  was  built  integrating  LiDAR  data  for  the 

floodplains and bathymetric profiles for the wet channel (Source: TRACASA, 2009). The digital 

elevation model was modified in ArcGIS to fulfil the requirements of each designed alternative, 

allowing a certain degree of connection between the channel and the old meanders. 

For the hydraulic simulation it was used the Infoworks RS software. It is a model that simulates 

water depth,  level and speed in two dimensions (x, y) for each pixel of a given terrain under 

certain  flow  conditions  (input  hydrograph,  output  level,  roughness).  Infoworks  RS  works 

iteratively solving the equations of continuity averaging the speed of flow in the water column 

above each terrain pixel (2D model) 

Figure 1. Meanders of Ramalhondo and Soto Gil (River Arga): location in Navarre province (Spain).
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conditions for this reach (meandering river). The main 
feature of the restoration image was to reconnect the 
old meanders to the main channel, with the following 
aims: a) restoration of fluvial geomorphologic 
dynamics b) increase river space controlling river bed 
degradation processes c) promoting native fish species 
and d) reduce the impact of floods on Funes town.
Two alternatives where designed corresponding with 
two very contrasting restoration scenarios, in terms 
of geomorphology. The first alternative consisted of 
reconnecting old meanders during annual maximum 
floods (discontinuous connection for flows higher 
than 407 m3/s). The second alternative aimed at 
reconnecting old meanders almost continuously, for 
average flows (40 m3/s).

2.3. 2D Hydraulic simulation  
and	fish	habitat	evaluation

A Digital Elevation Model of the area of study was 
built integrating LiDAR data for the floodplains and 
bathymetric profiles for the wet channel (Source: 
TRACASA, 2009). The digital elevation model was 
modified in ArcGIS to fulfil the requirements of each 
designed alternative, allowing a certain degree of 
connection between the channel and the old meanders.
For the hydraulic simulation it was used the Infoworks 
RS software. It is a model that simulates water depth, 
level and speed in two dimensions (x, y) for each pixel 
of a given terrain under certain flow conditions (input 
hydrograph, output level, roughness). Infoworks RS 
works iteratively solving the equations of continuity 
averaging the speed of flow in the water column above 
each terrain pixel (2D model)
For the evaluation of fish habitat we followed the GIS-
integrated methodology proposed by Marchamalo et 
al. (2007), based on the evaluation of the Weighted 
usable area (WUA) for different stages (adults, 
juveniles, fry and spawning ) of the most representative 
fish species in the area, the Ebro barbel (Luciobabus 
graellsii) using preference curves elaborated for Spain 
by ECOHIDRAULICA (2010)
The studied reach is mainly a gravel bed river for 
substrate suitability. Once evaluated the suitability 
(0-1) for depth (Sd), velocity (Sv) and substrate (Ss) 

conditions for each fish stage and simulated flow, it 
was calculated the Composite Suitability Index (CSI) 
for each wetted pixel as the geometric mean of the 
three indicators:

For  the  evaluation of  fish  habitat we  followed  the  GIS‐integrated methodology  proposed by 

Marchamalo  et  al.  (2007),  based  on  the  evaluation  of  the Weighted  usable  area  (WUA)  for 

different stages (adults, juveniles, fry and spawning ) of the most representative fish species in 

the area, the Ebro barbel (Luciobabus graellsii) using preference curves elaborated for Spain by 

ECOHIDRAULICA (2010) 

The  studied  reach  is  mainly  a  gravel  bed  river  for  substrate  suitability.  Once  evaluated  the 

suitability  (0‐1)  for  depth  (Sd),  velocity  (Sv)  and  substrate  (Ss)  conditions  for  each  fish  stage 

and  simulated  flow,  it  was  calculated  the  Composite  Suitability  Index  (CSI)  for  each wetted 

pixel as the geometric mean of the three indicators: 

3
SsSvSdCSI ••=  

Finally,  the  Weighted  Usable  Area  (WUA)  (Bovee,  1982)  for  each  brown  trout  stage  under 

different  flow  conditions  was  calculated  as  an  aggregate  of  the  product  of  the  Composite 

Suitability Index (CSI, range 0‐1) evaluated at every pixel and the area of the pixel.  

 

3‐. RESULTS AND DISCUSSION 

Figure 2 shows  the  results of  the hydraulic  simulations under  the  two alternatives and  three 

design flows (5.5 m3/s, 40 m3/s and 407 m3/s). Displayed images present the stabilized water 

depth for each alternative and simulated flow. It can be noted that full connection is attained 

for alternative 1 with a shallow water table at 407 m3/s whereas this connection is effective an 

alternative 2 for flows higher than 40 m3/s. 

Figure 3 presents the evaluation of available habitat for the Ebro barbel (Luciobabus graellsii) 

under  different  hydraulic  conditions.  Alternative  2  provides  more  effective  habitat  for  the 

target species than alternative 1. 

Finally, the Weighted Usable Area (WUA) (Bovee, 
1982) for each brown trout stage under different 
flow conditions was calculated as an aggregate of the 
product of the Composite Suitability Index (CSI, 
range 0-1) evaluated at every pixel and the area of 
the pixel. 

3. Results and discussion

Figure 2 shows the results of the hydraulic simulations 
under the two alternatives and three design flows 
(5.5 m3/s, 40 m3/s and 407 m3/s). Displayed images 
present the stabilized water depth for each alternative 
and simulated flow. It can be noted that full connection 
is attained for alternative 1 with a shallow water table 
at 407 m3/s whereas this connection is effective an 
alternative 2 for flows higher than 40 m3/s.
Figure 3 presents the evaluation of available habitat 
for the Ebro barbel (Luciobabus graellsii) under 
different hydraulic conditions. Alternative 2 provides 
more effective habitat for the target species than 
alternative 1.
As it can be seen in Table 1, total weighted usable 
area is almost tripe in Alternative 2 for average flow 
than in alternative 1 
In table 2 it has been summarized the degree of 
accomplishment of the objectives previously 
established with the reconnection of the old 
meanders. As it can be seen, under alternative 2 the 
objective of fish habitat enhancement is achieved, 
because it increments the weighted usable area 
(WUA) in comparison with the present situation 
(see table 1). Also under this alternative a lower 
impact of floods on Funes town has been observed 
due to the amount of water accumulated in the 
reconnected old meanders. However, for the rest 
of objectives, no significant differences have been 
detected. In both alternatives the geomorphologic 
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Figure 2. Depth of water after hydraulic simulation in two different restoration alternatives for the meanders of Ramalhondo 
and Soto Gil (River Arga).

 

Figure 2‐. Depth of water after hydraulic simulation in two different restoration alternatives 

for  the meanders of Ramalhondo and Soto Gil (River Arga) 

 

 

Figure 4‐. Combined suitability index for the Ebro barbel (Luciobabus graellsii) in two different 

restoration alternatives for the meanders of Ramalhondo and Soto Gil (River Arga) 

 

Alternative 1 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5.5 m3/s 

Alternative 1 

Alternative 2 

Q= 40 m3/s  Q= 5.5 m3/s 

Q= 407 m3/s 

Q=407m3/s 

Q= 5.5 m3/s Q= 40 m3/s 

Figure 3. Combined suitability index for the Ebro barbel (Luciobabus graellsii) in two different restoration alternatives for 
the meanders of Ramalhondo and Soto Gil (River Arga).
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can help to recover the dynamics and natural structure 
of the ecosystem. However, it must be studied the 
effect of these actions on the different components 
of the fluvial ecosystem. 
In this example positive responses of fish habitat to 
geomorphological restoration have been showed, but 
for further conclusion in terms of vegetation habitat, 
the simulation in the long term with the sediment 
component integrated could help to estimate better 
how it will respond to these actions.

dynamics, riparian characteristics and riparian habitat 
would be enhanced in comparison with the actual 
situation but with no significant differences under 
the two studied alternatives. 

4. CONCLUSIONS

The geomorphologic restoration of rivers, in this case 
the reconnection of the river with their old meanders 

As  it  can  be  seen  in  Table  1,  total  weighted  usable  area  is  almost  tripe  in  Alternative  2  for 

average flow than in alternative 1  

 

Table 1‐. Evaluation of total wet surface and weighted usable area (WUA) for different 

simulated flow and alternatives 

Alternative 1  Alternative 2 
 

Q= 5.5 m3/s  Q= 40 m3/s  Q= 5.5 m3/s  Q= 40 m3/s 

Total surface (m2)  64,288  75,844  99,382  189,388 

WUA (m2)  35,113  32,985  63,356  112,631 

% (WUA/Total)  54.6  43.4  63.7  59.4 

 

In table 2 it has been summarized the degree of accomplishment of the objectives previously 

established with the reconnection of the old meanders. As it can be seen, under alternative 2 

the  objective  of  fish  habitat  enhancement  is  achieved,  because  it  increments  the  weighted 

usable  area  (WUA)  in  comparison  with  the  present  situation  (see  table  1).  Also  under  this 

alternative a  lower  impact of floods on Funes town has been observed due to the amount of 

water accumulated in the reconnected old meanders. However, for the rest of objectives, no 

significant differences have been detected. In both alternatives the geomorphologic dynamics, 

riparian characteristics and riparian habitat would be enhanced in comparison with the actual 

situation but with no significant differences under the two studied alternatives.    

Table 2‐. Evaluation of the alternatives in terms of different objective meetings (“+++”objective 

completely accomplished; “+” objective barely accomplished; “¿+”objective accomplish in a 

unknown degree; “0” not accomplished objective)  

Objective 
Geomorphologic 

dynamics 

Riparian 

enhancement 

Riparian 

habitat 

enhancement 

Fish habitat 

enhancement 

Flood 

protection 

Alternative 

1 
¿+  ++  ++  0  ++ 

Alternative2  ¿+  ++  ++  +++  +++ 

 

 

 

 

Table 1. Evaluation of total wet surface and weighted usable area (WUA) for different simulated flow and alternatives.

As  it  can  be  seen  in  Table  1,  total  weighted  usable  area  is  almost  tripe  in  Alternative  2  for 

average flow than in alternative 1  

 

Table 1‐. Evaluation of total wet surface and weighted usable area (WUA) for different 

simulated flow and alternatives 

Alternative 1  Alternative 2 
 

Q= 5.5 m3/s  Q= 40 m3/s  Q= 5.5 m3/s  Q= 40 m3/s 

Total surface (m2)  64,288  75,844  99,382  189,388 

WUA (m2)  35,113  32,985  63,356  112,631 

% (WUA/Total)  54.6  43.4  63.7  59.4 

 

In table 2 it has been summarized the degree of accomplishment of the objectives previously 

established with the reconnection of the old meanders. As it can be seen, under alternative 2 

the  objective  of  fish  habitat  enhancement  is  achieved,  because  it  increments  the  weighted 

usable  area  (WUA)  in  comparison  with  the  present  situation  (see  table  1).  Also  under  this 

alternative a  lower  impact of floods on Funes town has been observed due to the amount of 

water accumulated in the reconnected old meanders. However, for the rest of objectives, no 

significant differences have been detected. In both alternatives the geomorphologic dynamics, 

riparian characteristics and riparian habitat would be enhanced in comparison with the actual 

situation but with no significant differences under the two studied alternatives.    

Table 2‐. Evaluation of the alternatives in terms of different objective meetings (“+++”objective 

completely accomplished; “+” objective barely accomplished; “¿+”objective accomplish in a 

unknown degree; “0” not accomplished objective)  

Objective 
Geomorphologic 

dynamics 

Riparian 

enhancement 

Riparian 

habitat 

enhancement 

Fish habitat 

enhancement 

Flood 

protection 

Alternative 

1 
¿+  ++  ++  0  ++ 

Alternative2  ¿+  ++  ++  +++  +++ 

 

 

 

 

Table 2. Evaluation of the alternatives in terms of different objective meetings (“+++”objective completely 
accomplished; “+” objective barely accomplished; “¿+” objective accomplish in a unknown degree; “0” not 
accomplished objective).

Integrated methodology for assessing the effects of geomorphological river restoration



 
  
  
    

5  ●
  

218 Session 5  ○○○○ ● ○ECO-ENGINEERING AND STREAM RESTORATION

Bovee, K.D., 1982. A Guide to 
stream habitat analysis using 
the instream flow incremental 
methodology. Instream Flow 
Information Paper nº12. U.S. 
Fish and Wildlife Service. 
FWS/OBS-82/26.

E C O H I D R ÁU L I C A  S . L . , 
2010. Curvas de preferencia 
para el barbo de Graells 

adulto en España. Documento 
técnico.

Marchamalo, M., Bejarano, M.D., 
García de Jalón, D. & 
Martínez, R., 2007. Fish 
habitat characterization 
and quantification using 
LIDAR and conventional 
topographic information in 
river survey. Remote Sensing 

for Agriculture, Ecosystems, 
and Hydrology.

Ollero, A., 2008. Alteraciones 
geomorfológicas de los ríos 
en Europa y principios para 
la restauración de la dinámica 
fluvial. Oral Presentation. 
EXPOZARAGOZA2008.

 References



  
  
 
  

●  5
  

EUROMECH Colloquium 523
Clermont-Ferrand, France, 15-17 June 2011

ISBN - 978-2-84516-529-8

 
The hydraulic-morphological Index of Diversity: an indicator  

to assess the physical potential for river health 

W. GOSTNER1 & A.J. SCHLEISS1

ABSTRACT. Water policies, flood protection management and intensified river restoration programs 
require an always increasing knowledge about interaction between abiotic and biotic factors of river 
systems. Within an interdisciplinary project gathering river engineers and biologists a research project in 
Switzerland has been carried out with the aim (i) to group significant abiotic factors in a newly proposed 
Hydro-Morphological Index of Diversity (HMID) stating the physical potential for river health and (ii) 
to establish a correlation between this index and biotic indicators for the diversity of the aquatic fauna.  
Whereas the comparison of the HMID showed good correlation with a visual habitat assessment 
method, analysis of biological data showed little correlation between abiotic characteristics 
and river biota, confirming that solely restoring physical habitats towards a near-natural and 
heterogeneous state may be insufficient for improving the overall biological health of a stream. 
However, such an index can a valuable support to compare the physical potential for biological 
health of different variants when designing river engineering works for flood protection or other 
purposes.

Keywords: Stream assessment, physical environment, habitat alteration, hydraulic variables, morphological 
variables, benthic diversity, biological health.

1. Laboratory of Hydraulic Constructions, Ecole Polytechnique Fédérale de Lausanne, Station 18, 1015 - Lausanne, Switzerland.
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1. Introduction

The view that alteration and homogenization of 
physical habitat is the most significant threat to 
biodiversity and ecosystem functioning is widely 
accepted (Allan & Castillo, 2007). Consequently, 
the assumption that restoring physical habitat 
heterogeneity will increase biodiversity underlies many 
river restoration projects (Miller et al., 2009). To this 
end, authorities and practitioners in river management 
need effective tools for planning river engineering 
works in a way that they provide the best potential 
physical conditions for improving ecological integrity. 
Aquatic ecologists have long known that spatial 
patterns in the distribution of lotic organisms often 
reflect underlying physical heterogeneity (Palmer et 
al., 1997). Statzner et al. (1988) f.i. linked organism 
responses to the physical environment by estimating 
key complex hydraulic properties from simple and 
measurable hydraulic characteristics. For habitat 
modelling purposes, preference curves have been 
developed showing the suitability of different flow 
velocity, water depth and substratum ranges for 
target species such as EPT taxa or fish in different 
life stages (Bovee et al., 1998; Lamouroux et al., 1998; 
Lamouroux & Jowett, 2005).
Linkages between lotic species and physical variables 
have been established not only at the microscale level 
but also at local and regional scales (sensu Frisell, 
1986). Various studies have shown that the presence, 
assemblage structure and biomass of freshwater fauna, 
besides depending on microscale morphological 
patterns, are a consequence of local geomorphic 
conditions and landscape characteristics such as 
watershed size, percent forest, average stream width, 
stream gradient, relief ratio, drainage density and 
altitude (Lanka et al., 1987; Jähnig et al., 2009).
Water policies and directives require the ecological 
assessment of the abiotic and biotic quality of streams. 
Moreover, there is an urgent need for reliable methods 
to measure the success of river restoration projects. 
As a consequence, indices have been developed that 
either classify abiotic and biotic quality separately 
or give an overall classification of a stream based on 
abiotic and biotic patterns.

Here an approach is presented that describes a newly 
developed Hydro-Morphological Index of Diversity 
(HMID) aiming at characterizing the physical 
environment in a stream in a single number.

2. The idea and scope behind HMID

The development of the HMID relies on the 
assumption that homogenization of aquatic habitats 
is one of the major threats to biodiversity decline and 
that, consequently, the availability of diverse hydraulic 
habitats is one of the basic conditions for river health.
There are different approaches to describe aquatic 
habitats. One of the most widely used methodologies 
is to use simple hydraulic properties such as water 
depth or flow velocity for defining different types of 
habitats. However, also complex hydraulic variables, 
near-bed flow conditions or substrate composition are 
used to describe habitats and to establish a linkage 
to biota.
Hydraulic habitat composition is driven mainly 
by both the hydrological and morphological 
characteristics of water bodies. This more holistic 
view of abiotic factors which most probably affect 
freshwater biota has been recognized for example also 
by the Authors of the European Water Framework 
Directive (WFD) (European Commission, 2000) 
using the term “hydromorphological” to encompass 
hydrological and morphological properties of streams 
(Dunbar et al., 2010).
Whereas the hydrological regime is responsible for 
the temporal evolution of hydraulic conditions in a 
stream, morphology determines how aquatic habitats 
are spatially distributed.
The idea of the HMID is to describe habitat quality of 
a river site with the help of a single index which gathers 
statistical properties of significant hydromorphological 
variables characterizing habitat characteristics. The 
strength of the HMID is its predictive power, a 
criterion that distinguishes it from assessment indices 
which generally are used to evaluate the status of a 
present situation not being able to predict the outcome 
on the future status of a stream being object of river 
engineering works. With the help of numerical 
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2d-modelling, subsequent statistical analysis of the 
hydraulic und morphological variables and calculation 
of the HMID different variants of river work designs 
could be compared. Variants with a higher HMID 
should consequently deliver a greater potential for 
ecological river health.

3. Methods to develop the hmid

3.1. Field work

At three study rivers reaches with different 
morphological patterns were selected. Both natural 
sites and sites that were trained to a certain degree 
were used. Data collection included a detailed 
topographical survey (including gravel bars, islandds, 
terraces, thalweg and bankfull depth) and recording 
of water depth and flow velocities along predefined 
cross-sections. The wetted width of each transect was 
obtained by recording the transition point between 
wetted and dry areas.

3.2. Statistical analysis

Statistical analyses to detect patterns and 
interdependencies in measured abiotic data were 
carried out. Subsequently statistical parameters of 
independent hydro-morphological variables were 
combined for the formulation of the HMID.
Correlation analysis with a visually-based multimetric 
habitat quality index served as validation for the 
selected approach. Values of calculated HMID were 
then compared with biotic diversity indices to verify 
if a direct link between abiotic and biotic properties 
of the investigated stream reaches existed.

3.3. Numerical modelling

For the five study sites at Sense river, that was the 
most attractive of the chosen rivers, with the help of 
the software BASEMENT a numerical 2d-modelling 
for different discharges occurring throughout the year 
was done. For each modelled discharge statistical 
analysis of the hydromorphological variables allowed 

to define a time series of the HMID at the different 
sites.

4. Results

4.1. Hydraulic variables

Figure 1 shows boxplots of the measured hydraulic 
variables flow velocity, flow depth and wetted 
width. At the microhabitat scale, water depth and 
flow velocity are thought to be crucial factors for 
determining habitat suitability. Wetted width is an 
important variable to describe potential dynamics 
as it can be considered to represent the freedom of a 
stream to expand laterally and to occupy the width 
it might use under natural conditions. Furthermore, 
velocity, depth and width are directly related to the 
discharge of a river.
At channelized sites the standard deviation and 
therefore diversity of the variables was lowest. This 
result is particularly evident when considering 
wetted width, although also variability of flow 
depth and velocity was usually lower in channelized 
than in natural reaches. Another important feature 
of channelized sites was the relatively high mean 

Figure 1. Boxplots of the hydraulic variables flow velocity, 
flow depth and wetted width for the investigated sites at 
the rivers Buenz, Venoge and Sense.

thermore, velocity, depth and width are directly 
related to the discharge of a river. 

At channelized sites the standard deviation and 
therefore diversity of the variables was lowest. 
This result is particularly evident when consider-
ing wetted width, although also variability of flow 
depth and velocity was usually lower in channel-
ized than in natural reaches. Another important 
feature of channelized sites was the relatively high 
mean velocity and a lack of habitats with low flow 
velocity or stagnant water. At natural sites, vari-
ability of hydraulic variables was substantially 
higher than in channelized reaches. In summary, 
the basic assumption that physical heterogeneity 
in natural river reaches is higher than in trained 
sites was supported by statistical analysis of the 
measured hydraulic variables. 
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4.2 Statistical analysis 

Figure 2. Explaining power of water depth hm and flow ve-
locity v1 for Reynolds number 

Several correlation tests and variance analysis be-
tween morphological and hydraulic variables were 
conducted with the conclusion that: 
(i) simple hydraulic properties such as velocity 
and water depth are able to explain complex hy-
draulic properties such as bottom shear stress, 
Froude or Reynolds number (see example in 
Figure 2);
(ii) variance in river morphology is reflected in 
variance of hydraulic variables. 

Therefore it was assumed that hydromor-
phological diversity might by described only by 
means of the aforementioned explanatory simple 
hydraulic variables. 

4.3 Development of the HMID 
High variance or standard deviation has been used 
as a descriptor of variability (Palmer et al., 1997). 
In order to make it a better comparative measure, 
it should be adjusted by the mean using the coef-
ficient of variation CV (CV = standard deviation 
σ / mean µ) (Schneider, 1994). 

The variability V(i) of a single variable can be 
expressed by the equation 
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The HMID subsequently is obtained by multi-
plying the variability of the measured or calcu-
lated hydraulic variables. By using the three 
measured variables flow velocity (v), water depth 
(d) and wetted width (w), the HMID for a site be-
comes 
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4.4 HMID comparison with habitat assessment 
To test the correlation with habitat assessment 

methods, the rapid assessment method HAB-
SCORE (Barbour et al., 1999), was applied to the 
study reaches at each river. HABSCORE is visu-
ally-based and evaluates the structure of the sur-
rounding physical habitat that influences the qual-
ity of the water resource and the condition of the 
resident aquatic community. It includes in total 10 
variables that characterise stream habitat at the 
microscale as well as at the macroscale level. Fur-
ther, factors such as riparian and bank structure 
that influence these micro- and macroscale fea-
tures are also assessed. At each site, individual 
variables are assessed and rated according to a 
continuum of scores that represent optimal, sub-
optimal, marginal or poor condition. A total score 
out of a maximum score of 200 is obtained. 
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Froude or Reynolds number (see example in 
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(ii) variance in river morphology is reflected in 
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means of the aforementioned explanatory simple 
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The HMID subsequently is obtained by multi-
plying the variability of the measured or calcu-
lated hydraulic variables. By using the three 
measured variables flow velocity (v), water depth 
(d) and wetted width (w), the HMID for a site be-
comes 
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4.4 HMID comparison with habitat assessment 
To test the correlation with habitat assessment 

methods, the rapid assessment method HAB-
SCORE (Barbour et al., 1999), was applied to the 
study reaches at each river. HABSCORE is visu-
ally-based and evaluates the structure of the sur-
rounding physical habitat that influences the qual-
ity of the water resource and the condition of the 
resident aquatic community. It includes in total 10 
variables that characterise stream habitat at the 
microscale as well as at the macroscale level. Fur-
ther, factors such as riparian and bank structure 
that influence these micro- and macroscale fea-
tures are also assessed. At each site, individual 
variables are assessed and rated according to a 
continuum of scores that represent optimal, sub-
optimal, marginal or poor condition. A total score 
out of a maximum score of 200 is obtained. Figure 2. Explaining power of water depth hm and flow 

velocity v1 for Reynolds number.

Figure 3. Comparison of HMID and HABSCORE.
Figure 3. Comparison of HMID and HABSCORE 

The results of the comparative analysis 
between normalized values of HABSCORE and 
HMID are shown in Figure 3, indicating a very 
good correlation for the study rivers. Thus, 
confidence is high that physical heterogeneity can 
be described by the HMID. 

4.5 Comparison of physical heterogeneity and 
biotic quality 

In contrast to the good correlation between HAB-
SCORE and HMID, a poor relationship between 
biotic diversity and HMID was observed. In fact, 
aquatic and terrestrial invertebrates did not show 
the same response to the differences in hydromor-
phology between sites. 

4.6 Time series of HMID 
With the help of a numerical 2d-model a time se-
ries for the HMID at the different sites at river 
Sense was elaborated. For natural sites the HMID 
remains approximately constant with slight varia-
tions for most of the discharges, whereas at less 
natural sites the HMID decreases with increasing 
discharge. Only for flood discharges the HMID 
decreases strongly also at natural sites. 

5 CONCLUSIONS

The proposed HMID has been shown to properly 
characterize the abiotic environment of a stream. 
Statistical parameters such as mean values and, 
more importantly, variance of hy-
dro-morphological variables can reflect the physi-
cal heterogeneity of a stream.  

A high correlation between the mathematically 
determined HMID and the visually-based habitat 
assessment method HABSCORE was shown. 
However, there was no correlation between physi-
cal heterogeneity and biotic indices for two of the 
study rivers. Other stressors such as a modified 
flow regime and poor water quality might con-
strain the development of aquatic communities in 

regulated rivers, limiting the expected relationship 
of biotic properties with the measured hy-
dro-morphological structure (habitat diversity). 
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most of the discharges, whereas at less natural sites 
the HMID decreases with increasing discharge. Only 
for flood discharges the HMID decreases strongly 
also at natural sites.

5. Conclusions

The proposed HMID has been shown to properly 
characterize the abiotic environment of a stream. 
Statistical parameters such as mean values and, more 
importantly, variance of hydro-morphological variables 
can reflect the physical heterogeneity of a stream. 
A high correlation between the mathematically 
determined HMID and the visually-based habitat 
assessment method HABSCORE was shown. 
However, there was no correlation between physical 
heterogeneity and biotic indices for two of the 
study rivers. Other stressors such as a modified flow 
regime and poor water quality might constrain the 
development of aquatic communities in regulated 
rivers, limiting the expected relationship of biotic 
properties with the measured hydro-morphological 
structure (habitat diversity).
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ABSTRACT. River training is a drastic solution regarding its environmental consequences, but in 
some cases it remains necessary to ensure flood protection. Dependly on the land-use management, 
there are different technics of river training. However, these techniques often were effected without 
any respect on the basic principle on keeping the ecological continuity of river corridor. In the 
paper we perform the typical diversity of existing reaches in the same Polish mountainous area. 
This riverscapes make it easy to classify these trained reaches and present the consequences of river 
training on river ecosystems in a synthetic way.
 In the current paper we present four types of trained river cross-sections, depend on their shapes, 
the material which forms them, and the condition for fauna and flora. The full diagnosis of the 
studied rivers’ reaches was carried out. The diagnosis concerned the hydro-morphological conditions, 
the cross-sections and rivers’ course ecological continuity, the dynamic equilibrium conditions 
in the channels, and the others. This diagnosis form the basis for informed decisions as to which 
sections of the river course should be left intact and which should be restored.
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1. Introduction

River training plays still the important role in flood 
mitigation. However, during the years training 
activities were effected without the respect on 
the ecological context of the river. The increasing 
knowledge available on the relations between 
geomorphological context, habitats, biodiversity and 
river systems functions can improve the design to 
minimize the impact on the environment and ensure 
aquatic habitat rehabilitation (Schmitt et al., 2010; 
Lenar-Matyas et al., 2003). In the paper, the existing 
trained rivers reaches are studied, and classified as 
the riverscapes. This riverscapes are suggested also 
to adopt and use. Presently, the problem of river 
training need multidiscyplinary work. Biologists could 
describe the including trained reaches, and classify 
them. Comparing the shift of types caused by different 
technical solutions will then help to guide the choices 
and good solutions in future projects.

2. The riverscapes characteristics  
according to the land-use management

Dependly on the land-use management, there are 
different technics of river training. However, these 
techniques often were effected without any respect on 
the basic principle on keeping the ecological continuity 
of river corridor. Here below we perform the typical 
diversity of existing reaches in the Polish mountainous 
area. This riverscapes make it easy to classify these 
trained reaches and present the consequences of river 
training on river ecosystems in a synthetic way.
In urban area with restricted space for river training, 
the most popular, in the case of streams, is simple 
geometry of the river channel made of artificial 
material as concrete (Fig. 1). In such kind of channel 
bentic and suspended biofilm and associated organism 
exists only. Sometimes, the artificial channel can be 
improved by added rough or porus blocks, providing 
more surface for biofilm activity and the other 
organisms. In urban areas, in the case of the rivers, 
river training concerns mainly protecting the banks 
by the concrete walls (Fig. 1). The bottom of the 

river is natural (gravel or sands). In such channel 
there is connection with sub-surface. Water which 
can exchange between surface and subsurface allows 
increasing diveristy and efficiency of processes. The 
best solution for river training technics is to keep 
the channel the most natural as possible, with only 
bank protection made of natural materials. In this 
case, potential biodiversity is maximal, related to the 
natural habitat richness and water exchanges between 
surface and subsurface. In such kind of changes, 
habitat richness depends on the local geomorphic 
conditions (Lenar-Matyas et al., 2009).

3. The study cases  
on restoration possibilities

In the current paper we present four types of trained 
river cross-sections, depend on their shapes, the 
material which forms them, and the condition for 
fauna and flora. The full diagnosis of the studied rivers’ 

Figure 1. The riverscapes in Polish mountain streams and 
mountain rivers.
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3 THE STUDY CASES ON RESTORATION 
POSSIBILITIES [HEADING] 

In the current paper we present four types of 
trained river cross-sections, depend on their 
shapes, the material which forms them, and the 
condition for fauna and flora. The full diagnosis of 
the studied rivers’ reaches was carried out. The 
diagnosis concerned the hydro-morphological 
conditions, the cross-sections and rivers’ course 
ecological continuity, the dynamic equilibrium 
conditions in the channels, and the others. The 
quantity of EPS was also calculated in order to 
recognize the dynamics of geomorphologic proc-
esses in the river channel. EPS value was calcu-
lated by the formula (Brooks, 1996): 

 
1−= SBgQEPS kρ    (W/m2)                                    (1) 

where: ρ = density of water (kg/m3), g =  accelera-
tion due to gravity (m/s2), Qk = bankfull discharge 
(m3/s), S =  friction slope (-), B = width of the 
channel (m). Depending on EPS quantity Brooks 
specified the possibility of returning the trained 
channel to its back with help of human activity. 
Then, the studies on restoration possibilities were 
discussed. 

3.1 Wątok Stream in the Town of Tarnów 
[heading 2] 

Wątok Stream is a right side tributary of Biała 
Tarnowska, located in Vistula Basin, in southern 
part of Poland. The total length of the stream is 
23.3 km, and the catchment area is 89.4 km2. The 
first river training of Wątok in Tarnów was done 
in 1918 year. The aim of this project was protec-
tion against the flood the infrastructure of the 
town. 1.0 km long section of the channel was pro-
tected by the concrete material. During the years, 
the concrete was partly corroded and destroyed. 
Moreover, the existing for many years construc-
tion had no respect on the basis principle on keep-
ing the ecological continuity of the stream corri-
dor. In 2005 year the whole construction was 
renovated with taking into account the biological 
aspects of it. The most important part of the pro-
ject was selection in the river bad the small sub-
channel in order to concentrate the low flows. 
Moreover, the riverbed is made of concrete 
Kostecki Elements, which cause increasing the re-
sistance to flow. Kostecki elements are modular 
concrete elements articulated with another one. 
Each block is impervious, and resistant. It allows 
vertical water fluxes locally and also can allow ir-
regular form the river bottom. Vegetation can eas-
ily develop, and finally can even completely hide 
the blocks. On the executed project of Wątok 
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reaches was carried out. The diagnosis concerned the 
hydro-morphological conditions, the cross-sections 
and rivers’ course ecological continuity, the dynamic 
equilibrium conditions in the channels, and the others. 
The quantity of EPS was also calculated in order to 
recognize the dynamics of geomorphologic processes 
in the river channel. EPS value was calculated by the 
formula (Brooks, 1996):
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case of the rivers, river training concerns mainly 
protecting the banks by the concrete walls (Fig.1). 
The bottom of the river is natural (gravel or 
sands). In such channel there is connection with 
sub-surface. Water which can exchange between 
surface and subsurface allows increasing diveristy 
and efficiency of processes. The best solution for 
river training technics is to keep the channel the 
most natural as possible, with only bank protec-
tion made of natural materials. In this case, poten-
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habitat richness and water exchanges between sur-
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where: r = density of water (kg/m3), g = acceleration 
due to gravity (m/s2), Qk = bankfull discharge (m3/s), 
S = friction slope (-), B = width of the channel (m). 
Depending on EPS quantity Brooks specified the 
possibility of returning the trained channel to its 
back with help of human activity. Then, the studies 
on restoration possibilities were discussed.

2.1.	Wątok	Stream	in	the	town	of	Tarnów

Wątok Stream is a right side tributary of Biała 
Tarnowska, located in Vistula Basin, in southern part 
of Poland. The total length of the stream is 23.3 km, 
and the catchment area is 89.4 km2. The first river 
training of Wątok in Tarnów was done in 1918 year. 
The aim of this project was protection against the 
flood the infrastructure of the town. 1.0 km long 
section of the channel was protected by the concrete 
material. During the years, the concrete was partly 
corroded and destroyed. Moreover, the existing for 
many years construction had no respect on the basis 
principle on keeping the ecological continuity of the 
stream corridor. In 2005 year the whole construction 
was renovated with taking into account the biological 
aspects of it. The most important part of the project 
was selection in the river bad the small sub-channel 
in order to concentrate the low flows. Moreover, 
the riverbed is made of concrete Kostecki Elements, 
which cause increasing the resistance to flow. Kostecki 
elements are modular concrete elements articulated 
with another one. Each block is impervious, and 
resistant. It allows vertical water fluxes locally and also 
can allow irregular form the river bottom. Vegetation 
can easily develop, and finally can even completely 

hide the blocks. On the executed project of Wątok 
Stream, Kostecki elements works very well (Fig. 2).
In the case of Wątok Stream, in the concrete walls 
protecting the banks, the shelters for fish were located. 
Finally, the biological conditions are better now 
(Ratomski, 2006).

3.2. Dunajec River in km 150.500 – 147.500

Dunajec River is a mountainous, right side tributary 
of Vistula River, located in southern Poland. The 
studied reach is located in the upper, mountainous 
course. The right bank of the river is protected by 
the concrete wall in order to protect the national 
road located close to the river (Fig. 3). The river 
bottom is formed by rock, because after many floods 
events, sediments were removed almost completely 
downstream. Now, geomorphologic processes appear 
slight. It also confirm the computation of EPS for this 
reach. Its value is 16 (W/m2). It means that restoration 
of the river reach is difficult to improve.

Figure 2. Wątok Stream channel in Tarnów after restoration.
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Figure 2. Wątok Stream channel in Tarnów after restoration. 
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Figure 3. Dunajec River on the studied course. [Figure cap-
tion] 

 

3.3 Skawa River  in km 10.500 – 5.500    
[heading 2] 

Skawa River is a mountainous, right side tribu-
tary of Vistula River, located in southern Poland. 
The studied reach is located in the lower part of 
the river course. On the studied reach processes of 
erosion and deposition appear with high intensity. 
EPS calculated for this reach is 40 (W/m2). It 
means, that the river channel could be formed by 

developing meanders which were cut a little during 
previous river training. The valley of the river is not 
built-up, so there is enough place for developing me-
andering channel. The riverbanks should be protected 
by natural material (Fig.4).  
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Figure 4. Skawa River on the studied course. [Figure cap-
tion] 

In this case, it is possible to enlarge also the 
channel, and to set natural vegetation. The cross-
section shape should be irregular. In the probable 
restoration project it is not necessary to restore the 
channel pattern in details. The natural long-term 
geomorphologic processes (erosion, deposition) 
will form the natural shape of the channel. Bank 
protection, there necessary, should be made of the 
natural materials (rock or rock with the living 
plants). 
 

3.4 Kamienna River  in km 69.860 – 68.800 
[heading 2] 

Kamienna River is the left side tributary of 
Vistula River. Its upper course is mountainous 
with the mean slope of 6 ‰. The low course of 
the river is typical lowland. In 18th century, the 
aim of Kamienna river training was adapting it for 
transport and water energy use. The meandering, 
natural channel was straightened and narrowed 
(Fig.5). It caused slope and flow velocity increas-
ing in the river channel. Finally, it completely 
changed the dynamics of water flow and sediment 
movement. During the years the process of river-
bed erosion was very intensive and caused rapid 
riverbed lowering. The biological conditions also 
have been worsened during the years. The current 
studies on this part of Kamienna River shows, that 
its restoration is almost impossible. EPS value for 
Kamienna is 32.0 (W/m2). It means that geomor-
phologic processes appear slight. Moreover, the 
reservoir Kamienna and Świślina which are lo-
cated upstream studied reach, cut off the sedi-
ments (Lenar-Matyas et al. 2006).  
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energy use. The meandering, natural channel was 
straightened and narrowed (Fig. 5). It caused slope 
and flow velocity increasing in the river channel. 
Finally, it completely changed the dynamics of water 
flow and sediment movement. During the years 
the process of riverbed erosion was very intensive 
and caused rapid riverbed lowering. The biological 
conditions also have been worsened during the years. 

3.3. Skawa River in km 10.500 – 5.500

Skawa River is a mountainous, right side tributary 
of Vistula River, located in southern Poland. The 
studied reach is located in the lower part of the river 
course. On the studied reach processes of erosion and 
deposition appear with high intensity. EPS calculated 
for this reach is 40 (W/m2). It means, that the river 
channel could be formed by developing meanders 
which were cut a little during previous river training. 
The valley of the river is not built-up, so there is 
enough place for developing meandering channel. The 
riverbanks should be protected by natural material 
(Fig. 4). 

In this case, it is possible to enlarge also the channel, 
and to set natural vegetation. The cross-section shape 
should be irregular. In the probable restoration project 
it is not necessary to restore the channel pattern 
in details. The natural long-term geomorphologic 
processes (erosion, deposition) will form the natural 
shape of the channel. Bank protection, there necessary, 
should be made of the natural materials (rock or rock 
with the living plants).

3.4. Kamienna River in km 69.860 – 68.800

Kamienna River is the left side tributary of Vistula 
River. Its upper course is mountainous with the mean 
slope of 6‰. The low course of the river is typical 
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4. Conclusions

Depending on the land-use management, there are 
different technique of river training. The main aim 
of river training is floods mitigation. However, these 
activities often were done without any respect on the 
basic principle on keeping the ecological continuity 
of river corridor. In the paper the riverscapes were 
classified and studied depending on the cross-sections 
shapes, the material which form them, and the 
conditions for fauna and flora. The diagnosis of the 
studied riches concerned the hydro-morphological 
conditions, the cross-sections and rivers course 
ecological continuity, the dynamic equilibrium 
conditions in the channel, and the others. This 
diagnosis form the basis for informed decisions as to 
which sections of the river course should be left intact 
and which should be restored. Decision concerning 
the river channel restoration should be made after the 
whole diagnosis. The studies should be developed in 
the multidisciplinary group of specialists.

The current studies on this part of Kamienna River 
shows, that its restoration is almost impossible. EPS 
value for Kamienna is 32.0 (W/m2). It means that 
geomorphologic processes appear slight. Moreover, 
the reservoir Kamienna and Świślina which are 
located upstream studied reach, cut off the sediments 
(Lenar-Matyas et al., 2006).

The rivers and streams restoration techniques in the varied trained Rivers’ Reaches

Figure 5. Kamienna River on the studied course.

 
 

 Kamienna River on the studied course. [Figure 

Ta . Diagnosis of studied rivers courses [Table caption] 

(

elop-
ment density). 

-
ight of 

barrier). 

W
ą

-

 Q1% flow, no 

ng the 
river course. 

D
un

aj

t 

he road against 
flood). 

e-

 

nt 
(erosion, deposition). 

 

si-

 of 
sediments.  

b 

reas covered 
by grass, 

riverbed 
wering. 

  

 

4 CONCLUSIONS [HEADING 1] 

loped 
in the multidisciplinary group of specialists. 

REFERENCES 

Bro
for sustainable projects., Wi-

Len

czna w Bielsku-Białej – Szczyrk 24-

Len

l Engineering, Ecological Engineering 15571-

Len

isja Technicznej 

Len
tion of restoration. 

Ra
ized areas, part II. 

Sch

systems., Physics and Chemis-
try of the Earth. In press. 

 

 
 

[Figure] 
Figure 5.
caption] 

ble 1

K
m

 o
f  

riv
er

 c
ou

rs
e Outflow/storage of high 

flow conditions 
main channel and ter-
races, the cover of ter-
races, urban dev

River corridor con-
tinuity 
(riparian succes-
sion, sediment con
tinuity, he

to
k 

St
re

am
 in

 
Ta

rn
ów

 

The adjacent areas built
up by Tarnów town in-
frastructure, the whole 
channel protected by 
concrete material till wa-
ter level of
sediment. 

The flood plain area un-
built, river bed formed 
by rock, left bank cov-
ered with the trees, righ
bank protected by con-
crete wall (in order to 
protect t

Artificial channel, 
no continuity across 
the banks, slight 
continuity alo

ec
 R

iv
er

 in
 k

m
 

15
0.

50
0 

– 
14

7.
50

0 
   

 

Local channel nar-
rowing (10-30 m), 
slight sediment 
quantity and mov
ment, non-
continuity across 
the right bank, 
slight continuity
along the river 
course. 
Weir in Grodzisko 
(1,0 m high) with 
the passway for fish
migration, banks 
covered by diver
fied vegetation, 
good quality

Sk
aw

a 
R

iv
er

 in
 k

m
 

10
.5

00
 –

 5
.5

00
   

  

Built-up area behind the 
flood plain zone, the ag-
ricultural and recreation 
areas in flooding zone,  
the scrub forest in both 
sides of  river channel, , 
high sediment moveme

K
am

ie
nn

a 
R

iv
er

  
69

+8
60

 –
 6

8+
80

0 

The channel straight, 
without any sinusoid 
course, high erosion 
process and riverbed fre-
quent lowering, the scru
forest on both sides of  
river channel, 
flooding a

Banks covered by 
diversified vegeta-
tion, good continu-
ity along the river 
course, continuity  
cross-section diffi-
cult because of high 
process of 
lo

 

Depending on the land-use management, there 
are different technique of river training. The main 
aim of river training is floods mitigation. How-
ever, these activities often were done without any 
respect on the basic principle on keeping the eco-
logical continuity of river corridor. In the paper 
the riverscapes were classified and studied de-
pending on the cross-sections shapes, the material 
which form them, and the conditions for fauna and 
flora. The diagnosis of the studied riches con-
cerned the hydro-morphological conditions, the 
cross-sections and rivers course ecological conti-
nuity, the dynamic equilibrium conditions in the 
channel, and the others. This diagnosis form the 
basis for informed decisions as to which sections 
of the river course should be left intact and which 
should be restored. Decision concerning the river 
channel restoration should be made after the 
whole diagnosis. The studies should be deve

okes,A., Shields F.D.Jr. : River channel Restoration. 
Guiding Principles 
ley, Chicgester 1996 
ar-Matyas A., Łapuszek M. Bliskie naturze kształtowa-
nie koryta rzeki górskiej, Zeszyty Naukowe nr 9/2003, 
seria 4 ,,Hydrologia zlewni górskich’’, Akademia Tech-
niczno-Humanisty
26 listopad 2003, 
ar-Matyas A., Łapuszek M., Lafon M., Poulard C.: 
Flood mitigation design with respect to river ekosystem 
functions – A problem orientem conceptual approach, 
Ecologica
9, 2009, 
ar-Matyas A., Łapuszek M., Lafon M., Poulard C.: 
Możliwość łagodzenia skutków regulacji technicznej 
rzek i potoków górskich w terenach zurbanizowanych, 
Infrastruktura i Ekologia Terenów Wiejskich PAN, 
Oddział w Krakowie,Kom
Infrastruktury Wsi, Kraków 2009, 
ar-Matyas A., Witkowska H., Żak A., 2006. Kamienna 
River-changes in time and a proposi
Polish Academy of Science, Kraków 

tomski J., Technical problems of repair and renovation of 
flood-protection development in urban
Polish Academy of Science, Kraków. 
mitt, L., Lafont, M., et al. 2010. Using hydro-
geomorphological typologies in functional ecology: Pre-
liminary results in contrasted hydrosystems., Preliminary 
results in contrasted hydro

Brooks, A. & Shields, F.D. Jr., 1996.  
River channel Restoration. 
Guiding Principles  for 
s u s t a i n a b l e  p r o j e c t s , 
Wiley, Chicgester.

Lenar-Matyas, A. & Łapuszek, 
M., 2003. Bliskie naturze 
kształtowanie koryta rzeki 
górskiej, Zeszyty Naukowe nr 
9/2003, seria 4 “Hydrologia 
zlewni górskich’’, Akademia 
Techniczno-Humanistyczna w 
Bielsku-Białej – Szczyrk 24-26 
listopad.

Lenar-Matyas, A., Łapuszek, M., 
Lafon, M., Poulard, C., 
2009. Flood mitigation design 
with respect to river ekosystem 
functions – A problem 

orientem conceptual approach, 
Ecological Engineering, 
Ecological  Engineer ing 
15571-9.

Lenar-Matyas, A., Łapuszek, M., 
Lafon, M., Poulard, C., 
2009. Możliwość łagodzenia 
skutków regulacji technicznej 
rzek i potoków górskich w 
terenach zurbanizowanych, 
Infrastruktura i Ekologia 
Terenów Wiejskich PAN, 
Oddział w Krakowie,Komisja 
Technicznej Infrastruktury 
Wsi, Kraków.

Lenar-Matyas, A., Witkowska, H., 
Żak, A., 2006. Kamienna 
River-changes in time and 
a proposition of restoration. 

Polish Academy of Science, 
Kraków.

Ratomski, J., 2006. Technical problems 
of repair and renovation of 
flood-protection development 
in urbanized areas, part II. 
Polish Academy of Science, 
Kraków.

Schmitt, L., Lafont, M., et al., 
2 0 1 0 .  U s i n g  h y d r o -
geomorphological typologies 
in  funct iona l  eco logy : 
Pre l iminar y  re su l t s  in 
contrasted hydrosystems., 
Pre l iminar y  re su l t s  in 
contrasted hydrosystems, 
Physics and Chemistry of the 
Earth. In press.

 References



Posters



EUROMECH Colloquium 523
Clermont-Ferrand, France, 15-17 June 2011

ISBN - 978-2-84516-529-8

Session 6Posters





  
  
 
  
  

●  6

EUROMECH Colloquium 523
Clermont-Ferrand, France, 15-17 June 2011

ISBN - 978-2-84516-529-8
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1. Introduction

Scouring is a serious problem of great concern in 
designing such hydraulic structures as bridge piers, 
abutments, stilling basins, shouts, and drops. Among 
these structures, bridges are the most important ones 
due to their strategic role in highway connections. 
Reportedly, many bridges collapse during flood events 
around the world each year. For instance, more than 
60 percent of the bridges collapsed in the USA failed 
only due to local scouring (Ghorbani & Kells, 2008). 
Scouring takes place when the river bed or bank erodes 
from the vicinity of the hydraulic structure during 
a flood event (Raudkivi & Ettma, 1983). Therefore, 
the prediction of scour depth should be considered 
in hydraulic structure designs. Scour depth extension 
with time depends upon the type of scouring, i.e. 
clear water or live bed scour. The main mechanism 
of scouring around the piers consists in a horse shoe 
vortex proceeding by the down flow and followed 
by wake vortices (Raudkivi, 1998). So, if the flow 
pattern around the pier is changed or diverted by an 
obstruction or a device, the scouring will be controlled 
or reduced.
Many countermeasure protection devices have been 
employed to protect piers, but none has satisfactorily 
succeeded to protect piers against scouring. One of 
these methods is the submerged vane that is a small 
hydraulic structure mostly used to protect river bed 
against scouring or to control sediment entry into the 
intake channels. Submerged vanes commonly used in 
front of piers diminish scouring depth by diverting 
the flow and reducing the horse shoe power and the 
magnitude of shear stress (Ghorbani & Kells, 2008). 
Odgaard and Kenedy (1983) employed submerged 
vanes to reduce and eliminate erosion from river 
bends. Odgaard and Wang (1987) used them to 
control scour at cylindrical piers. Lauchlan (1987) 
used a series of vanes with different lengths and heights 
to protect piers against scouring. He reported 10 
to 28 percent reduction in scour depth. Johnson 
et al. (2001) indicated that submerged vanes were 
effective in changing the position of scouring from 
the center of the channel outward. Ghorbani and 
Kells (2008) examined the effect of single and double 

vanes with different heights and angles of attack for a 
variety of flow rates. They reported 17 and 83 percent 
reductions in scour depth for single and double vanes, 
respectively. 
In spite of the above mentioned studies on the effect 
of submerged vanes on controlling and reducing scour 
depth, studies are still needed in which these small 
structures are used to investigate their effects on pier 
protection. The purpose of this study is to find the 
optimum location of vanes on the cylindrical piers 
to reduce scouring. 

2. Materials and methods

In this study, experiments were carried out using the 
flume of the Hydraulic Lab of Shahrekord University; 
the flume used is 20 m long, 60 cm wide, and 60 cm 
high. Water flow was recycled in the flume at a rate 
of 70 lit/sec through a centrifugal floating pump. 
The flow depth and regulation were controlled 
using a hooked weir at the end of the flume. Water 
measurement was accomplished using a hook gauge 
with an error of ± 0.01. An ADV ultrasonic device 
(Nortek Company, 2004) was used to find the velocity 
at different sections. Figure 1 shows the velocity 
profiles over and out of the test regions in this study. 

To prevent ripples, bed non-cohesive mean material 
sizes of more than 0.7 mm were selected (Raudkivi 
& Ettma, 1983). For elimination of bed material size 

Figure 1. Velocity profiles over and out of the test regions.
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      To prevent ripples, bed non-cohesive mean material sizes of more than 0.7 mm were 
selected (Raudkivi and Ettma, 1983). For elimination of bed material size effect on the water 
depth, the relative mean diameter of particles (D50) with respect to pier diameter (b) was verified 
according to the relationship (b/D50>20-25). On the other hand, to eliminate the non-uniformity 
effect of bed materials on the scour reduction, the standard deviation was chosen to be less 
than 1.3 ( 3.1
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gσ ) where D84.1 and D15.9 are the diameter of bed materials in which 84.1 

and 15.9 of particles are smaller. The characteristics of the bed materials used are presented in 
Table 1.  

Table 1. Characteristics of bed materials 

gσ
 

uC )(dϕ (%)η 
sG  )gr/cm3 )(50 mmD (

1.10.  1.2 30.5  51.85 2.7  78
D50 = mean bed materials, Gg= particle density, η = porosity, 

φ(d)= angle of repose, Cu = Uniformity coefficient, σg = standard deviation 

as chosen to be 160 mm so that it 
furnish

relationship 

 
The experiment site was chosen in the fully developed flow region in order to have a 
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effect on the water depth, the relative mean diameter 
of particles (D50) with respect to pier diameter (b) was 
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effect of bed materials on the scour reduction, the 
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area, y = flow depth, Fr = Froud number, g = gravity 
acceleration, R = hydraulic radius, d50 = the size of bed 
materials 50 percent of which is smaller, n= Manning’s 
roughness coefficient, and r = particle density of bed 
materials. Strickler formula (Equation 3) was used to 
find Manning’s roughness coefficient.
The results of hydraulic parameters and sediment 
motion tests are presented in Table 2 which also shows 
comparisons with critical shear stress values. 
Different application times have been reported for lab 
scour tests by researchers. For instance, Laursen et al. 
(Reported in: Johnson, 2001) and Lauchlan (1999) 
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Kells (2008) carried out the same tests for 7 hours. In 
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75 percent of the scour occurs at this time interval 
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out in two cases, with and without vanes in front of the 
pier. Local scour depths were measured and time and 
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2. MATERIALS AND METHODS 
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where, S = energy slope, Q = discharge, A = flow area, y = flow depth, Fr = Froud number, g = 

gravity acceleration, R = hydraulic radius, d50 = the size of bed materials 50 percent of which is 

smaller, n= Manning's roughness coefficient, and ρ = particle density of bed materials. Strickler 
formula (Equation 3) was used to find Manning's roughness coefficient. 

The results of hydraulic parameters and sediment motion tests are presented in Table 2 

which also shows comparisons with critical shear stress values.  
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Different application times have been reported for lab scour tests by researchers. For 
instance, Laursen et al. (Reported in: Johnson, 2001) and Lauchlan (1999) performed scour 

tests for four hours but Ghorbani and Kells (2008) carried out the same tests for 7 hours. In this 

study, tests were carried out for 7 hours because 75 percent of the scour occurs at this time 
interval (Ghorbani and Kells, 2008). All scour tests were carried out in two cases, with and 

without vanes in front of the pier. Local scour depths were measured and time and depth-time 

curves were drawn. In each test, six vanes were arranged symmetrically at different locations in 

front of the pier, say 0D, 1D, 2D, 3D, and 4D (Figure 2) and different positions on the pier, say 
30, 45, 60 and 90 degrees (Figure 2) at 10, 20, 30 and 90° angles of attack with respect to flow 

direction.  

 

3. RESULTS AND DISCUSSION 
Table 3 shows the hydraulic parameters and also scour depth reductions with and without vane 

installation on the upstream face of the pier and isolated from it. As indicated in this Table, the 
maximum scour depth expected to occur in the case without using vanes in front of the pier is 

nearly 5.8 cm that is used as a standard record. Sixteen tests were carried out for four locations 

and four angles of attack. As shown in the Table, the vane series at different locations reduced 
scour depth. However, more scour reduction took place as the vanes moved closer to the pier 

and the maximum reduction was achieved at locations 1D, 0D, 0D(30), amounting to 72.17%. 

The reason might be the diversion of the down flow and horse shoe vortices from the base and 

the vicinity of the pier outwards, which consequently reduce the destructive power of the flow. 
      Table 3 also shows the hydraulic parameters and scour depth reduction when the vanes are 

attached to the pier. Sixteen tests were carried out for four locations and four arc angles on the 

pier. As shown in this Table, the vane series at different locations reduce scour depth, but not 
exactly in the same way. However, the maximum reduction occurred at locations 0, 30, and 45 

on the pier with an angle of attack of 20°, which amounts to 80.9%. The reason seems to be the 

greater covering protection effect of the vanes on the pier. The results also show that the 
protection effect of vanes on the pier is greater than it is in the case in which the vanes are 

isolated from the pier.  
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standard record. Sixteen tests were carried out for four 
locations and four angles of attack. As shown in the 
Table, the vane series at different locations reduced 
scour depth. However, more scour reduction took 
place as the vanes moved closer to the pier and the 
maximum reduction was achieved at locations 1D, 
0D, 0D(30), amounting to 72.17%. The reason might 
be the diversion of the down flow and horse shoe 
vortices from the base and the vicinity of the pier 
outwards, which consequently reduce the destructive 
power of the flow.
 Table 3 also shows the hydraulic parameters and 
scour depth reduction when the vanes are attached 
to the pier. Sixteen tests were carried out for four 

in front of the pier, say 0D, 1D, 2D, 3D, and 4D 
(Figure 2) and different positions on the pier, say 30, 
45, 60 and 90 degrees (Figure 2) at 10, 20, 30 and 
90° angles of attack with respect to flow direction. 

3. Results and discussion

Table 3 shows the hydraulic parameters and also scour 
depth reductions with and without vane installation 
on the upstream face of the pier and isolated from it. 
As indicated in this Table, the maximum scour depth 
expected to occur in the case without using vanes 
in front of the pier is nearly 5.8 cm that is used as a 

Table 3. Hydraulic characteristics of submerged vane tests isolated and attached to the pier 
             (V = 27.35 cm/s, Fr = 0.16, scour depth without vane = 5.75 cm).
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Figure 2. The location of vane series (A) isolated from the pier (B) attached to the pier (D= diameter 

of pier) 
 

Table 3 Hydraulic characteristics of submerged vane tests isolated and attached to the pier (V = 
27.35 cm/s, Fr = 0.16, scour depth without vane = 5.75 cm) 

Vanes isolated from pier  Vanes attached to the pier 

Tests  
 

location α(
o
) SR** (%) Tests 

 
Location, � (

o
) α(

o
) SR (%) 

1* - - 0 1* - - 0 
1 4D,3D,2D 10 14.78 1 45,30,0 10 39.13 

2 3D,2D,1D 10 16.52 2 60,45,30 10 56.52 

3 2D,1D,0D 10 32.17 3 90,60,45 10 68.70 

4 1D,0D,0D(30)
*
 10 65.22 4 90,45,30 10 46.57 

5 4D,3D,2D 20 26.96 5 45,30,0 10 80.87 

6 3D,2D,1D 20 14.78 6 60,45,30 10 40.87 

7 2D,1D,0D 20 49.57 7 90,60,45 10 61.74 

8 1D,0D,0D(30)* 20 65.22 8 90,45,30 10 61.75 

9 4D,3D,2D 30 23.48 9 45,30,0 10 39.13 

10 3D,2D,1D 30 16.52 10 60,45,30 10 28.70 

11 2D,1D,0D 30 20.00 11 90,60,45 10 39.13 

12 1D,0D,0D(30)* 30 38.70 12 90,45,30 10 54.78 

13 4D,3D,2D 90 2.61 13 45,30,0 10 73.91 

14 3D,2D,1D 90 13.04 14 60,45,30 10 47.83 

15 2D,1D,0D 90 65.22 15 90,60,45 10 51.30 

16 1D,0D,0D(30)* 90 72.17 16 90,45,30 10 70.43 

1* Test without vanes used as control,   SR** = Scour reduction 
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which amounts to 80.9%. The reason seems to be the 
greater covering protection effect of the vanes on the 
pier. The results also show that the protection effect 
of vanes on the pier is greater than it is in the case in 
which the vanes are isolated from the pier.

locations and four arc angles on the pier. As shown in 
this Table, the vane series at different locations reduce 
scour depth, but not exactly in the same way. However, 
the maximum reduction occurred at locations 0, 30, 
and 45 on the pier with an angle of attack of 20°, 
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ABSTRACT. It has been well demonstrated that dams and reservoirs represent source major of 
hydrological disturbance by regulating fluvial processes downstream of the impoundment. In assessing 
the hydrological and ecological impacts of such river regulation, recent research has evaluated 
the role of reservoirs in altering spatial and temporal patterns of river water thermal behaviour. 
Water temperature is the most important physical property of streams and rivers. It exerts a strong 
influence on the complex hydrological, chemical and biological processes of the river system, with 
significant implications for water quality and stream ecology. This study aims to identify the effects 
of Paso de las Piedras Dam on river temperature variability during summer for the Sauce Grande 
River. A 30-day set of continuous hourly data was analysed for a total of 9 stations (2 climate 
stations and 7 stream temperature sites) deployed above and below the reservoir. Time-series span 
the hottest period recorded during summer 2009, from late February to late March. Methods 
were divided into two linked sections: (i) analysis of absolute differences in daily air and stream 
temperature and (ii) classification of diurnal regimes of air and stream temperature with respect 
to shape (timing). The longitudinal patterns of stream temperature suggested a significant dam-
induced thermal regulation between upstream and downstream reaches. Differences between mean 
seasonal values were of up to 2.5°C, becoming significantly higher when considering maximum 
records (up to 4°C). Immediately below the dam, temperatures showed an outstanding warming 
trend. Farther downstream, regimes exhibit even cycles as the flow becomes more dominated by 
groundwater contribution and weather conditions.

KEYWORDS: Paso de las Piedras Dam, Sauce Grande River, river temperature, hydrological 
regulation.
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1. Introduction

Despite the value of dams for water resources 
management, dam construction and reservoir 
operation represent the greatest source of hydrological 
interference by human activities, creating artificial 
river flow regimes downstream and interrupting the 
transfer of sediments from headwater source areas 
(Brandt, 2000; Graf, 2005; Magilligan & Nislow, 
2005; Petts & Gurnell, 2005). Regulation influences 
the full range of flows over timescales ranging from 
hours to years; and, at present, few rivers are in 
natural or semi-natural conditions (Surian & Rinaldi, 
2003). 
Since dams and reservoirs profoundly affect river 
hydrology, considerable recent research evaluates the 
hydrological and ecological cost of river impoundment 
(Nilsson & Berggren, 2000; Mccartney et al., 2001; 
Kondolf & Batalla, 2005; Magilligan & Nislow, 2005). 
Concern about the ecological integrity of impounded 
rivers motivated several studies focusing on the role 
of reservoirs in inducing a regulated pattern of river 
thermal behaviour downstream (Webb & Walling, 
1997a; Preece & Jones, 2002; Steel & Lange, 2007; 
Wright et al., 2009). 
River water temperature is arguably the most important 
physical property of streams and rivers as it influences 
the hydrological, chemical and biological processes 
of the river system, with significant implications on 
the stream ecology and water quality (Webb, 1996; 
Caissie, 2006; Bonacci et al., 2008; Haag & Luce, 
2008). Dams are effective thermal regulators, as they 
release water from the deepest layers of the reservoir 
with thermal characteristics that typically differ from 
ambient conditions in an unregulated river (Webb, 
1996; Webb et al., 2008).
This study aims to identify summer patterns of stream 
temperature within Sauce Grande River, upstream 
and downstream from Paso de las Piedras Dam. The 
goal here is not to provide a definitive analysis but 
to test a classification method to evaluate stream 
temperature behaviour during the summer season, 
its spatial variability and its sensitivity to prevailing 
weather conditions and dam-induced hydrological 
regulation.

2. Methods

2.1. Study area

Paso de las Piedras Dam and its reservoir are located on 
the middle section of the Sauce Grande River Basin in 
the SW of Buenos Aires province, Argentina (Fig. 1). 
The area is located in a temperate sub-mountain plain. 
Rainfall concentrates in spring season, exhibiting 
inter-annual variability that strongly depends on El 
Niño (heavy rains) and La Niña (extended drought) 
events. Hence, the Sauce Grande River flow regime 
is very variable. Annual mean flow is 4.54 m3/s but 
peak flows can reach 670 m3/s in 12 hours for a 
25 mm rainfall event. 
Completed in 1978, Paso de las Piedras reservoir has 
a surface area of 36 km2 and a capacity of 328 hm3 at 
maximum water level (165 m). Its primary purpose is 
water supply to a population of about 500 000 people; 
therefore, dam management attempts to maintain 
a top full reservoir. Consequently, the magnitude, 
length and frequency of water release depend on 
reservoir volume, and so the downstream flow regime 
is highly irregular.

2.2. Data sources

Hourly observations of air temperature were 
obtained from two meteorological stations (MS): 
MS Saldungaray (A1) and MS Paso de las Piedras 
(A2), located upstream and next to the reservoir, 
respectively (Fig. 1). 
Eight temperature data loggers (ONSET Computer 
Corporation) recorded water temperature every 
15 min from January to March 2009. They were 
deployed within the main channel along upstream 
(W1 and W2) and downstream (W3 to W7) reaches 
(Fig. 1). Additionally, one logger was installed on a 
small channel draining water from reservoir leakages, 
as a proxy for dam water release temperatures. 
A 30-day-dataset of continuous hourly data was 
assembled for all sites. It spans the hottest period 
recorded during summer 2009, ranging from late 
February (day 58) to late March (day 87). Hereafter, 
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dates will be referred to using the Julian day of the 
year and time will be quoted in local time.

2.3. Time series assessment

Summer patterns for air and stream temperature 
time-series were examined by absolute differences in 
daily data. Several metrics were calculated: (i) daily 
mean, maximum and minimum records (magnitude), 
(ii) day of occurrence of extreme values (timing), 
and (iii) period of time associated to extreme values 
(duration). Extreme values were defined as those lying 
above (Dmax) and below (Dmin) the mean plus or minus 
two standard deviations, respectively. Furthermore, 
station-to-station differences in water temperature 
records were inspected using longitudinal profiles 
of average values for the season, and the hottest and 
the coldest days.

2.4.	Classification	of	diurnal	regime	shape

A hierarchical cluster analysis (HCA) was applied 
to classify air and stream temperature time-series 
by relative differences in the shape (timing) of the 
diurnal regimes. This procedure was firstly developed 

by Hannah et al. (2000), and then applied in several 
studies (Harris et al., 2000; Bower et al., 2004; 
Kansakar et al., 2004; Hannah et al., 2005).
The ‘shape’ classification identifies station-days with 
a similar regime form, regardless of the absolute 
magnitude. The 24 hourly observations within 
each day for the 30-day period and over the 9 
sites (270 station-days) were standardized using 
z-scores (mean = 0, standard deviation = 1). Air and 
stream temperature records were classified together 
into groups of similar diurnal thermograph form. 
Classification was achieved by Ward’s linkage method 
as it gave relatively dense clusters with small within-
group variance.

3.Time series assessment

Table 1 summarises the magnitude, timing and 
duration of air and stream temperature summer 
patterns. Air temperature series exhibit high daily 
variability, attaining maximum diurnal ranges of up to 
18°C (A1) and 15°C (A2). Intra-seasonal variability is 
also considerable. High-temperature extremes (Nmax) 
have occurred frequently (4 to 5 days) but with short 
duration (1 to 2 days), attaining maximum records on 
Julian day 58. Air temperature at both sites cooled on 
Julian day 73 and low-temperature extremes (Nmin) 
were occurred over two consecutive days. 

Figure 1. Layout map of the study area.

biological processes of the river system, with 
significant implications on the stream ecology and 
water quality (Webb, 1996; Caissie, 2006; 
Bonacci et al., 2008; Haag and Luce, 2008). Dams 
are effective thermal regulators, as they release 
water from the deepest layers of the reservoir with 
thermal characteristics that typically differ from 
ambient conditions in an unregulated river (Webb, 
1996; Webb et al., 2008). 

This study aims to identify summer patterns of 
stream temperature within Sauce Grande River, 
upstream and downstream from Paso de las 
Piedras Dam. The goal here is not to provide a 
definitive analysis but to test a classification 
method to evaluate stream temperature behaviour 
during the summer season, its spatial variability 
and its sensitivity to prevailing weather conditions 
and dam-induced hydrological regulation.  

2 METHODS 

2.1 Study area 
Paso de las Piedras Dam and its reservoir are 
located on the middle section of the Sauce Grande 
River Basin in the SW of Buenos Aires province, 
Argentina (Fig. 1). The area is located in a 
temperate sub-mountain plain. Rainfall 
concentrates in spring season, exhibiting inter-
annual variability that strongly depends on El
Niño (heavy rains) and La Niña (extended 
drought) events. Hence, the Sauce Grande River 
flow regime is very variable. Annual mean flow is 
4.54 m3/s but peak flows can reach 670 m3/s in 12 
hours for a 25 mm rainfall event.  

Completed in 1978, Paso de las Piedras 
reservoir has a surface area of 36 km2 and a 
capacity of 328 hm3 at maximum water level (165 
m). Its primary purpose is water supply to a 
population of about 500 000 people; therefore, 
dam management attempts to maintain a top full 
reservoir. Consequently, the magnitude, length 
and frequency of water release depend on 
reservoir volume, and so the downstream flow 
regime is highly irregular. 

2.2 Data sources 
Hourly observations of air temperature were 
obtained from two meteorological stations (MS): 
MS Saldungaray (A1) and MS Paso de las Piedras 
(A2), located upstream and next to the reservoir, 
respectively (Fig. 1).  

Eight temperature data loggers (ONSET 
Computer Corporation) recorded water 
temperature every 15 min from January to March 
2009. They were deployed within the main 
channel along upstream (W1 and W2) and 

downstream (W3 to W7) reaches (Fig. 1). 
Additionally, one logger was installed on a small 
channel draining water from reservoir leakages, as 
a proxy for dam water release temperatures.  

A 30-day-dataset of continuous hourly data 
was assembled for all sites. It spans the hottest 
period recorded during summer 2009, ranging 
from late February (day 58) to late March (day 
87). Hereafter, dates will be referred to using the 
Julian day of the year and time will be quoted in 
local time. 

 

 
Figure 1.  Layout map of the study area. 

2.3 Time series assessment 

Summer patterns for air and stream temperature 
time-series were examined by absolute differences 
in daily data. Several metrics were calculated: (i) 
daily mean, maximum and minimum records 
(magnitude), (ii) day of occurrence of extreme 
values (timing), and (iii) period of time associated 
to extreme values (duration). Extreme values were 
defined as those lying above (Dmax) and below 
(Dmin) the mean plus or minus two standard 
deviations, respectively. Furthermore, station-to-
station differences in water temperature records 
were inspected using longitudinal profiles of 
average values for the season, and the hottest and 
the coldest days. 

2.4 Classification of diurnal regime shape 
A hierarchical cluster analysis (HCA) was applied 
to classify air and stream temperature time-series 
by relative differences in the shape (timing) of the 
diurnal regimes. This procedure was firstly 

Table 1. Temperature metrics used to characterize the 
thermal patterns of the air and stream temperature time-
series (°C).

developed by Hannah et al. (2000), and then 
applied in several studies (Harris et al., 2000; 
Bower et al., 2004; Kansakar et al., 2004, Hannah 
et al., 2005). 

The ‘shape’ classification identifies station-
days with a similar regime form, regardless of the 
absolute magnitude. The 24 hourly observations 
within each day for the 30-day period and over the 
9 sites (270 station-days) were standardized using 
z-scores (mean = 0, standard deviation = 1). Air 
and stream temperature records were classified 
together into groups of similar diurnal 
thermograph form. Classification was achieved by 
Ward’s linkage method as it gave relatively dense 
clusters with small within-group variance. 

3 TIME SERIES ASSESSMENT 

Table 1 summarises the magnitude, timing and 
duration of air and stream temperature summer 
patterns. Air temperature series exhibit high daily 
variability, attaining maximum diurnal ranges of 
up to 18°C (A1) and 15°C (A2). Intra-seasonal 
variability is also considerable. High-temperature 
extremes (Nmax) have occurred frequently (4 to 5 
days) but with short duration (1 to 2 days), 
attaining maximum records on Julian day 58. Air 
temperature at both sites cooled on Julian day 73 
and low-temperature extremes (Nmin) were 
occurred over two consecutive days.  
 
Table 1. Temperature metrics used to characterize the 
thermal patterns of the air and stream temperature time-
eries (°C). s 

              Air temp.                   Stream temperature                 _________   ________________________________                
Metric A1  A2  W1  W2  W3  W4  W5  W6  W7 
Mean  21.0  21.6  21.3 21.4 18.8 19.5 19.9 20.0 20.3 
Var 5.1  4.3  1.3 1.6 1.0 1.4 1.5 1.6  1.7 
Max  33.0 34.1 25.3 24.6 20.5 22.0 22.9 23.6 24.2 
Min  6.1 9.3 18.2 17.2 16.0 15.6 15.7 15.7 15.8 
Dmax  58 58 58 58 59 59 59 59 59 
Nmax  4 5 3 1 1 1 1 3 3 
MLmax  1 2 3 1 1 1 1 2 2 
Dmin  73 73 75 75 75 75 75 75 75 
Nmin 3 2 4 4 5 4 4 4 4 
MLmin  2 2 4 4 5 4 4 4 4 
Rmean  12.2  10.2  2.6 2.1 1.6 2.0 2.4  3.0 3.4 
Rmax  18.4 15.3 4.5 3.1 2.6 3.3 3.5 4.4 4.7 
Rmin  5.3 4.9 0.5 0.9 0.9 0.7 0.6 1.1 1.2  
D = Day; N = Number; ML = Maximum length; R = Range 
 

Variability on stream temperature series is 
highly correlated to air temperature (average 
Spearman’s rho = 0.64). The sites warmed on 
Julian day 59, i.e. 1-day delay relative to air 
temperature, and cooled on Julian day 75 (2-day 
delay). Most sites also experienced considerable 
daily temperature fluctuations, reaching in some 

cases maximum ranges of up to 4°C (W1, W6 and 
W7).  

Variability in stream temperature patterns is 
also related to the spatial distribution of the sites. 
Differences in thermal patterns between sites 
located above the impoundment (W1 and W2) are 
not much significant, although station W1 exhibits 
higher daily ranges and greater occurrence of 
high-temperature extremes. Below the dam, water 
temperatures increase in a downstream direction 
(W3→W7). Differences in average values were 
+1.5°C, and were notably higher (+3.7°C) in 
maximum records. Diurnal ranges increase as 
well, from 1.6°C (W3) to 3.4°C (W7), and 
consequently, the frequency and duration of high 
and low-temperature extremes appear to be more 
significant as the stations lie farther downstream.  

To highlight this spatial variability in water 
temperatures, longitudinal profiles across stations 
were inspected (Fig. 2). The spatial distribution of 
mean values for the season (S), the hottest (HD) 
and the coldest (CD) day suggests a significant 
dam-induced thermal regulation between 
upstream and downstream reaches. Differences in 
seasonal means between station W2 (immediately 
upstream) and station W3 (immediately 
downstream) were of up to 2.5°C, and notably 
higher on the hottest day (3.5°C).  
 

 
Figure 2. Longitudinal profile of average temperatures for 
the season (S), the hottest (HD) and the coldest (CD) day 
across stations. 

Whilst upstream sites show thermal stability, 
stream temperatures below the dam exhibit an 
outstanding warming trend in the downstream 
direction. Station-to-station thermal gradients 
(TG) illustrate the rates of increase of water 
temperature with distance (Fig. 2). Warming rates 
are considerably high between the dam closure 
and the station W3 (±1°C/km), and decrease 
farther downstream. It suggests that the reservoir 
may induce an immediate thermal effect on the 
sites situated below the dam that does not persist 
beyond the close vicinity of the impoundment. It 
is beyond the scope of this study to understand the 
differences in rates of increase between sites as a 
result of external control factors such as 
topography, shading effect or groundwater 
contribution.  
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Whilst upstream sites show thermal stability, stream 
temperatures below the dam exhibit an outstanding 
warming trend in the downstream direction. Station-
to-station thermal gradients (TG) illustrate the rates of 
increase of water temperature with distance (Fig. 2). 
Warming rates are considerably high between the dam 
closure and the station W3 (±1°C/km), and decrease 
farther downstream. It suggests that the reservoir 
may induce an immediate thermal effect on the sites 
situated below the dam that does not persist beyond 
the close vicinity of the impoundment. It is beyond 
the scope of this study to understand the differences 
in rates of increase between sites as a result of external 
control factors such as topography, shading effect or 
groundwater contribution.

4. Classification  
of the diurnal thermal regime ‘shape’

Air and stream temperature records were standardised 
and then classified together into groups of similar 
diurnal temperature regime form (shape). Inspection 
of the cluster dendrogram and agglomeration 
schedule plot suggested that four clusters would 
provide an informative classification of the summer 
data set (Fig. 3). The clusters give a classification 
as follows:

 • Class AS → Even diurnal cycle that shows 
a gentle onset with peak at 5 pm, relatively 
long peak duration and gentle cessation 
(57 station-days).

 • Class BS → Steep rise towards an early peak 
at 3 pm, short duration and rapid cessation 
(65 station-days).

 • Class CS → Early peak at 4 pm and long 
cessation towards low temperatures 
(68 station-days).

 • Class DS → Late rise into an extended peak at 
6 pm with gradual cessation (80 station days).

The main difference between the four classes is in 
the timing and length of the peaks. Whilst classes BS 
and CS exhibit early and steep peaks, classes AS and 
DS reveal gentle onset and cessation with a longer 
duration. Additionally, diel cycles for classes CS and 

Variability on stream temperature series is highly 
correlated to air temperature (average Spearman’s 
rho = 0.64). The sites warmed on Julian day 59, i.e. 
1-day delay relative to air temperature, and cooled on 
Julian day 75 (2-day delay). Most sites also experienced 
considerable daily temperature fluctuations, reaching 
in some cases maximum ranges of up to 4°C (W1, 
W6 and W7).
Variability in stream temperature patterns is also 
related to the spatial distribution of the sites. 
Differences in thermal patterns between sites located 
above the impoundment (W1 and W2) are not much 
significant, although station W1 exhibits higher daily 
ranges and greater occurrence of high-temperature 
extremes. Below the dam, water temperatures increase 
in a downstream direction (W3→W7). Differences 
in average values were +1.5°C, and were notably 
higher (+3.7°C) in maximum records. Diurnal ranges 
increase as well, from 1.6°C (W3) to 3.4°C (W7), 
and consequently, the frequency and duration of high 
and low-temperature extremes appear to be more 
significant as the stations lie farther downstream.
To highlight this spatial variability in water 
temperatures, longitudinal profiles across stations 
were inspected (Fig. 2). The spatial distribution of 
mean values for the season (S), the hottest (HD) 
and the coldest (CD) day suggests a significant 
dam-induced thermal regulation between upstream 
and downstream reaches. Differences in seasonal 
means between station W2 (immediately upstream) 
and station W3 (immediately downstream) were 
of up to 2.5°C, and notably higher on the hottest 
day (3.5°C). 

Figure 2. Longitudinal profile of average temperatures for 
the season (S), the hottest (HD) and the coldest (CD) day 
across stations.

developed by Hannah et al. (2000), and then 
applied in several studies (Harris et al., 2000; 
Bower et al., 2004; Kansakar et al., 2004, Hannah 
et al., 2005). 

The ‘shape’ classification identifies station-
days with a similar regime form, regardless of the 
absolute magnitude. The 24 hourly observations 
within each day for the 30-day period and over the 
9 sites (270 station-days) were standardized using 
z-scores (mean = 0, standard deviation = 1). Air 
and stream temperature records were classified 
together into groups of similar diurnal 
thermograph form. Classification was achieved by 
Ward’s linkage method as it gave relatively dense 
clusters with small within-group variance. 

3 TIME SERIES ASSESSMENT 

Table 1 summarises the magnitude, timing and 
duration of air and stream temperature summer 
patterns. Air temperature series exhibit high daily 
variability, attaining maximum diurnal ranges of 
up to 18°C (A1) and 15°C (A2). Intra-seasonal 
variability is also considerable. High-temperature 
extremes (Nmax) have occurred frequently (4 to 5 
days) but with short duration (1 to 2 days), 
attaining maximum records on Julian day 58. Air 
temperature at both sites cooled on Julian day 73 
and low-temperature extremes (Nmin) were 
occurred over two consecutive days.  
 
Table 1. Temperature metrics used to characterize the 
thermal patterns of the air and stream temperature time-
eries (°C). s 

              Air temp.                   Stream temperature                 _________   ________________________________                
Metric A1  A2  W1  W2  W3  W4  W5  W6  W7 
Mean  21.0  21.6  21.3 21.4 18.8 19.5 19.9 20.0 20.3 
Var 5.1  4.3  1.3 1.6 1.0 1.4 1.5 1.6  1.7 
Max  33.0 34.1 25.3 24.6 20.5 22.0 22.9 23.6 24.2 
Min  6.1 9.3 18.2 17.2 16.0 15.6 15.7 15.7 15.8 
Dmax  58 58 58 58 59 59 59 59 59 
Nmax  4 5 3 1 1 1 1 3 3 
MLmax  1 2 3 1 1 1 1 2 2 
Dmin  73 73 75 75 75 75 75 75 75 
Nmin 3 2 4 4 5 4 4 4 4 
MLmin  2 2 4 4 5 4 4 4 4 
Rmean  12.2  10.2  2.6 2.1 1.6 2.0 2.4  3.0 3.4 
Rmax  18.4 15.3 4.5 3.1 2.6 3.3 3.5 4.4 4.7 
Rmin  5.3 4.9 0.5 0.9 0.9 0.7 0.6 1.1 1.2  
D = Day; N = Number; ML = Maximum length; R = Range 
 

Variability on stream temperature series is 
highly correlated to air temperature (average 
Spearman’s rho = 0.64). The sites warmed on 
Julian day 59, i.e. 1-day delay relative to air 
temperature, and cooled on Julian day 75 (2-day 
delay). Most sites also experienced considerable 
daily temperature fluctuations, reaching in some 

cases maximum ranges of up to 4°C (W1, W6 and 
W7).  

Variability in stream temperature patterns is 
also related to the spatial distribution of the sites. 
Differences in thermal patterns between sites 
located above the impoundment (W1 and W2) are 
not much significant, although station W1 exhibits 
higher daily ranges and greater occurrence of 
high-temperature extremes. Below the dam, water 
temperatures increase in a downstream direction 
(W3→W7). Differences in average values were 
+1.5°C, and were notably higher (+3.7°C) in 
maximum records. Diurnal ranges increase as 
well, from 1.6°C (W3) to 3.4°C (W7), and 
consequently, the frequency and duration of high 
and low-temperature extremes appear to be more 
significant as the stations lie farther downstream.  

To highlight this spatial variability in water 
temperatures, longitudinal profiles across stations 
were inspected (Fig. 2). The spatial distribution of 
mean values for the season (S), the hottest (HD) 
and the coldest (CD) day suggests a significant 
dam-induced thermal regulation between 
upstream and downstream reaches. Differences in 
seasonal means between station W2 (immediately 
upstream) and station W3 (immediately 
downstream) were of up to 2.5°C, and notably 
higher on the hottest day (3.5°C).  
 

 
Figure 2. Longitudinal profile of average temperatures for 
the season (S), the hottest (HD) and the coldest (CD) day 
across stations. 

Whilst upstream sites show thermal stability, 
stream temperatures below the dam exhibit an 
outstanding warming trend in the downstream 
direction. Station-to-station thermal gradients 
(TG) illustrate the rates of increase of water 
temperature with distance (Fig. 2). Warming rates 
are considerably high between the dam closure 
and the station W3 (±1°C/km), and decrease 
farther downstream. It suggests that the reservoir 
may induce an immediate thermal effect on the 
sites situated below the dam that does not persist 
beyond the close vicinity of the impoundment. It 
is beyond the scope of this study to understand the 
differences in rates of increase between sites as a 
result of external control factors such as 
topography, shading effect or groundwater 
contribution.  
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(W6 and W7), since they experience similar dominant 
patterns as ambient conditions (Class BS). 

5. Conclusions

The analysis of absolute differences in daily records 
illustrated that water temperature time-series are 
correlated to air temperature. However, spatial 
differentiation in water temperature patterns suggested 
a significant dam-induced thermal regulation between 
upstream and downstream reaches. Classification of 
stream temperature diurnal regime shape underlined 
the thermal effects of the impoundment. Immediately 
below the dam, the sites describe a warming trend 
that leads to more even cycles, as the flow becomes 
more dominated by groundwater contribution and 
weather conditions.
This study has evaluated stream temperature behaviour 
in a regulated river using limited data sets. Further 
research requires exploring more extended data sets 
to better understand the thermal patterns of flow 
and their sensitivity to prevailing weather conditions 
and dam-induced hydrological regulation. Moreover, 
hydrological records and land cover layers are also 
required in assessing the thermal dynamics of the 
river system.

DS appear to be uneven across the day, illustrating a 
cooling and a warming trend, respectively. 

Summary statistics of diurnal temperature regime 
shape classes by station are given in Table 2. Air 
temperature regimes exhibit mostly steep and early 
peaks (Class BS and Class CS). Regime class BS also 
dominates for water temperature sites W6 and W7, 
whereas it never occurs for the rest of the water 
stations. Later and extended peaks (Class DS) illustrate 
the most frequent diurnal regime shape for station 
W1, and clearly dominate in station W3. Farther 
downstream, seasonal patterns for stations W4 and 
W5 exhibit gentle and even diel cycles (Class AS).
The distribution of the dominant classes across 
the water temperature stations reveals spatial 
differentiation in diurnal regime forms, especially 
below the impoundment. Extended peaks illustrating a 
warming trend are found immediately below the dam 
(station W3). Farther downstream, water temperatures 
increase and regimes experience more even diel cycles, 
as it is observed for stations W4 and W5 (Class AS). 
Dam effects seem disappear within the distal stations 

Effects of Paso de las Piedras Dam on the thermal regime of Sauce Grande River …

Figure 3. Standardised (z-scores) hourly temperature values 
for all station-days within air and stream temperature regime 
shape clusters. The thick black line shows the average value 
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4 CLASSIFICATION OF THE DIURNAL 
THERMAL REGIME ‘SHAPE’ 

Air and stream temperature records were 
standardised and then classified together into 
groups of similar diurnal temperature regime form 
(shape). Inspection of the cluster dendrogram and 
agglomeration schedule plot suggested that four 
clusters would provide an informative 
classification of the summer data set (Fig. 3). The 
clusters give a classification as follows: 
 

Class AS → Even diurnal cycle that shows a 
gentle onset with peak at 5 pm, relatively long 
peak duration and gentle cessation (57 station-
days). 

Class BS → Steep rise towards an early peak at 
3 pm, short duration and rapid cessation (65 
station-days). 

Class CS → Early peak at 4 pm and long 
cessation towards low temperatures (68 station-
days). 

Class DS → Late rise into an extended peak at 
6 pm with gradual cessation (80 station days). 

 
The main difference between the four classes is 

in the timing and length of the peaks. Whilst 
classes BS and CS exhibit early and steep peaks, 
classes AS and DS reveal gentle onset and 
cessation with a longer duration. Additionally, 
diel cycles for classes CS and DS appear to be 
uneven across the day, illustrating a cooling and a 
warming trend, respectively.  
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Summary statistics of diurnal temperature 
regime shape classes by station are given in Table 
2. Air temperature regimes exhibit mostly steep 
and early peaks (Class BS and Class CS). Regime 
class BS also dominates for water temperature 
sites W6 and W7, whereas it never occurs for the 
rest of the water stations. Later and extended 

peaks (Class DS) illustrate the most frequent 
diurnal regime shape for station W1, and clearly 
dominate in station W3. Farther downstream, 
seasonal patterns for stations W4 and W5 exhibit 
gentle and even diel cycles (Class AS). 

The distribution of the dominant classes across 
the water temperature stations reveals spatial 
differentiation in diurnal regime forms, especially 
below the impoundment. Extended peaks 
illustrating a warming trend are found 
immediately below the dam (station W3). Farther 
downstream, water temperatures increase and 
regimes experience more even diel cycles, as it is 
observed for stations W4 and W5 (Class  AS). 
Dam effects seem disappear within the distal 
stations (W6 and W7), since they experience 
similar dominant patterns as ambient conditions 
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Class __________________________________________ 
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W7 2 (7%) 19 (63%) 9 (30%) 0 *** 

5 CONCLUSIONS 

The analysis of absolute differences in daily 
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series are correlated to air temperature. However, 
spatial differentiation in water temperature 
patterns suggested a significant dam-induced 
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temperature diurnal regime shape underlined the 
thermal effects of the impoundment. Immediately 
below the dam, the sites describe a warming trend 
that leads to more even cycles, as the flow 
becomes more dominated by groundwater 
contribution and weather conditions. 

This study has evaluated stream temperature 
behaviour in a regulated river using limited data 
sets. Further research requires exploring more 
extended data sets to better understand the thermal 
patterns of flow and their sensitivity to prevailing 
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ABSTRACT. The preference of juvenile Chinese Sucker (Myxocyprinus asiaticus) (7.90-8.55 cm, 
body length) on substrate color under static and flowing water (0.15-0.19 cm/s) was studied in the 
research through laboratory physical model. Each experiment was conducted on a group containing 
4 fish, and every test was in triplicates. Fish station holding behavior significantly decreased in 
flowing water, while cruising speed significantly increased in flowing water, comparing to that in 
static water. In static water, juveniles choose black substrate in daytime and choose white substrate 
at night. In flowing water, juveniles choose dark substrate in both day and night. These results 
means that flow condition can change fish preference to substrate color, and the circadian rhythms. 
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1. Introduction

Chinese sucker, Myxocyprinus asiaticus (M. asiaticus) 
is an endemic freshwater fish in Yangtze and is listed 
as Class II of protected animals in China (Zhang et 
al., 2009). However, wild populations of this species 
have been declining dramatically over the past decades 
(Zhang et al., 2000). Dam construction might have 
adverse effects on the species. As a countermeasure, 
artificial reproduction and release have been performed 
for years, with millions of juveniles released into 
Yangtze.
Habitat restoration was thought to be an effective 
measure leading to species conservation. Substrate, 
as a basic environmental factor, plays important role 
in habitat preference for fish. For example, substrate 
can be used as cover for fish, should be considered 
to identify suitable sites for reintroduction (Chun et 
al., 2011). However, most of studies were focused 
on substrate type, with variation in the substrate size 
parameters, such as gravel, sand and others (Kynard 
& Parker, 2005). These substrate preference tests were 
generally done in static water or the preference on 
substrate can be related to fine topography (Chun 
et al., 2011). Few tests investigating fish preference 
on substrate color under flowing condition were 
performed. In addition, most of the experiments 
used rectangular tanks as test chambers (Falahatkar & 
Shakoorian, 2011) that do not allow fish swimming 
continuously in one direction. Thus, fish preference 
on substrate color needs further development.
In order to illustrate if flow can change swimming 
behavior and substrate color preference of Chinese 
sucker, a recirculating flume model was designed to 
study preference of juvenile Chinese Sucker on white 
and black substrate color under static and flowing water.

2. Materials and Methods

2.1.	Test	fish	and	general	rearing	condition

100 juvenile Chinese sucker were obtained from 
Chinese sturgeon institute, Yichang city, Hubei 
Province. The fish were held in an indoor aquaculture 

facility located in China Three Gorges University, 
Yichang City, and were stocked for a period of seven 
days to acclimate to laboratory conditions. The 
Chinese sucker were reared in a blue round tank with 
a 500 L water volume, under ambient photoperiod 
which was approximately 12h light/12h dark. Fish 
were fed 1 time in the morning per day with excess 
Limnodrilus hoffmeisteri. Water flows through the 
rearing system at 0.5L/s. All the tanks were aerated 
during experiment to ensure nearly saturated dissolved 
oxygen. Water quality parameters including pH, 
temperature, dissolved oxygen, hardness and ammonia 
concentration were measured every day throughout 
the experiment. The averaged values of water quality 
parameters across the experiment were temperature 
21 ± 1 °C, pH between 6.4 and 6.8, dissolved oxygen 
> 7.0 mg/L, hardness 60 ± 6 mg CaCO3/L, and total 
ammonia nitrogen < 0.01 mg/L.

2.2. Experimental procedure

After acclimation, healthy juveniles (7.90-8.55 cm, 
body length) were randomly selected and assigned 
to a swimming flume, which composed of a 
round tank (Diameter = 2m, Depth = 0.3m, the 
same as in acclimation) and a round plastic wall 
(Diameter = 1.5m, Water depth = 0.1m) inside the 
tank. The gap between tank wall and inside wall 
creates an endless flume. A circulating plastic pipe was 
attached to the side wall of the tank. The circulating 
pipe has 8 branches that create flow from the holes 
on the branches. Water flows through a standpipe in 
the center of tank to the outside standpipe, which 
supplies water to a pump. The pump can suck water 
from the standpipe and send water to the circulating 
pipe, composing a recirculating system. In the flume, 
black and white color of substrate was offered by 
plastic papers. Each quarter of substrate was covered by 
evenly spaced color. Holes on the inside water allows 
water flowing through and thus keeping water surface 
stable. A camera above the tank recorded videos of 
the tank, which allows clear view on computer. The 
tank and camera were covered by an opaque curtain. 
Light cycle was supplied by a round lamp ring fixed 
on the edge of the tank.
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In consecutive three days, tests were run at different 
time during day and night that is 8:00, 12:00, 16:00 
for day and 20:00, 02:00, 04:00 at night. Different 
individuals were used for each test. Tests in different 
day constitute triplicate treatments. Fish were tested 
in groups of four as this fish showed an obvious 
schooling behavior. Fish were first allowed one hour 
of acclimation to the flume in static water. Fish 
swimming behavior were then recorded for two hours, 
of which the first hour was with static water, and the 
second hour was with flowing water at a velocity of 
0.15-0.19 cm/s. The position of individual Chinese 
sucker was observed once every 5 minutes, yielding 
a total of 13 observations per test, either in static or 
flowing water for the color preference examination. 
The number of fish showing up in either black or 
white was counted. Meanwhile, fish behavior at day 
was counted as percentage of time in pause state 
(station holding) during 3 random tests that last 2 
minutes for each. Fish cruising speed was calculated 
by the distance that fish traveled in 3 random tests 

that last 30 seconds for each. Food was not offered 
during the experimental hours. Light was 250±20Lux 
during day time, and was 20±5Lux at night, at 10 cm 
above water surface. Videos at night were recorded 
under infrared. 

2.3. Statistical analysis

SPSS 11.0 was used to analyze fish preference to a 
color. Significance was determined at P<0.05, and 
binomial 95% confidence intervals were calculated 
for each experiment to see if they included 50% 
(no preference). Substrate color preference was first 
compared between day and night tests. If no significant 
difference was found, data from day and night were 
combined. For swimming behavior analyses, paired 
t-tests were used after arcsine transformation of the 
presence percentages (Zar 1999).

3. Results

3.1. Fish swimming behavior
Pre-tests showed fish did not have bias on any part of 
the flume. In the experiments, the flume provided an 
endless route for fish so that allowed fish swimming 
in one direction. The percentage of pausing time 
was significantly lower in flowing water (Mean±SD, 
5.09±1.51%) than in static water (23.4±4.59%) 
(Figure 3a). The fish cruising speed is 2.68±0.56 cm/s 

Figure 2. Top view of the designed flume.

system at 0.5L/s. All the tanks were aerated 
during experiment to ensure nearly saturated 
dissolved oxygen. Water quality parameters 
including pH, temperature, dissolved oxygen, 
hardness and ammonia concentration were 
measured every day throughout the experiment. 
The averaged values of water quality parameters 
across the experiment were temperature 21 ± 1 °C, 
pH between 6.4 and 6.8, dissolved oxygen > 7.0 
mg/L, hardness 60 ± 6 mg CaCO3/L, and total 
ammonia nitrogen < 0.01 mg/L. 
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inside the tank. The gap between tank wall and 
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tank. The circulating pipe has 8 branches that 
create flow from the holes on the branches. Water 
flows through a standpipe in the center of tank to 
the outside standpipe, which supplies water to a 
pump. The pump can suck water from the 
standpipe and send water to the circulating pipe, 
composing a recirculating system. In the flume, 
black and white color of substrate was offered by 
plastic papers. Each quarter of substrate was 
covered by evenly spaced color. Holes on the 
inside water allows water flowing through and 
thus keeping water surface stable. A camera above 
the tank recorded videos of the tank, which allows 
clear view on computer. The tank and camera 
were covered by an opaque curtain. Light cycle 
was supplied by a round lamp ring fixed on the 
edge of the tank. 
  In consecutive three days, tests were run at 
different time during day and night that is 8:00, 
12:00, 16:00 for day and 20:00, 02:00, 04:00 at 
night. Different individuals were used for each 
test. Tests in different day constitute triplicate 
treatments. Fish were tested in groups of four as 
this fish showed an obvious schooling behavior. 
Fish were first allowed one hour of acclimation to 
the flume in static water. Fish swimming behavior 
were then recorded for two hours, of which the 
first hour was with static water, and the second 
hour was with flowing water at a velocity of 0.15-
0.19 cm/s. The position of individual Chinese 
sucker was observed once every 5 minutes, 
yielding a total of 13 observations per test, either 
in static or flowing water for the color preference 
examination. The number of fish showing up in 
either black or white was counted. Meanwhile, 
fish behavior at day was counted as percentage of 

time in pause state (station holding) during 3 
random tests that last 2 minutes for each. Fish 
cruising speed was calculated by the distance that 
fish traveled in 3 random tests that last 30 seconds 
for each. Food was not offered during the 
experimental hours. Light was 250±20Lux during 
day time, and was 20±5Lux at night, at 10 cm 
above water surface. Videos at night were 
recorded under infrared.  

Figure 1. Diagram of experimental facility (1 denotes 
camera, 2 computer, 3 curtain, 4 inlet for inside pipe (out 
let for pump), 5 branch pipe which creates flow, 6 inside 
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2.3 Statistical analysis 
SPSS 11.0 was used to analyze fish preference to 
a color. Significance was determined at P<0.05, 
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calculated for each experiment to see if they 
included 50% (no preference). Substrate color 
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clear view on computer. The tank and camera 
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Fish were first allowed one hour of acclimation to 
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yielding a total of 13 observations per test, either 
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2.3 Statistical analysis 
SPSS 11.0 was used to analyze fish preference to 
a color. Significance was determined at P<0.05, 
and binomial 95% confidence intervals were 
calculated for each experiment to see if they 
included 50% (no preference). Substrate color 
preference was first compared between day and 
night tests. If no significant difference was found, 
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in static water, while it significantly increased to 
7.30±0.58 cm/s in flowing water (Figure 3b).

3.2. Preference to substrate color

Preference to substrate color did not show significant 
difference between day and night, so data from day and 
night experiments were pooled for analyses. In static 
water, juvenile Chinese sucker showed preference to 
black substrate color at day, with a mean percentage of 
residence time for 62.3%. At night, the fish preferred 
to white substrate, with a mean percentage of residence 
time for 64.2%. In flowing water, juveniles choose 

black substrate both in day and at night, and the 
percentages of residence time were 71.7% and 60.3%, 
respectively. Comparisons showed that in flowing 
water the preference to black substrate did not change 
in daytime, but the preference changed from white 
to dark at night (p=0.002). 

4. Discussion

Preference tests have been widely used to study the 
environmental factors that may improve fish’s living 
traits. Most preference experiment offered rectangular 
tank as test facility, while it was reported that an 
‘end effect’ was exist in trough (Kozak et al., 2009). 
In the present study, the flume provided an endless 
channel for fish, avoiding ‘end effect’ and allows fish 
swimming all the time in one direction without forced 
turn-around. No preference of fish to a flume area 
from pre-tests indicated that the flume is an excellent 
experimental facility for preference experiment.
Most fish have biological rhythm, with different 
behavior preference between day and night (Noble et 
al., 2007). During day, juvenile Chinese sucker choose 

Figure 3. Swimming behavior of juvenile Chinese sucker 
(Note: 3a shows time holding station; 3b shows cruising 
speed. * denotes significant difference compared to 
swimming behavior in static water after the data were arcsine 
transformed. Bars represent mean 25th and 75th percentile, 
error bar means maximum and minimum value).

swimming behavior analyses, paired t-tests were 
used after arcsine transformation of the presence 
percentages (Zar 1999).  

3 RESULTS 

7.30±0.58 cm/s in 

percentile, error bar means maximum and minimum value) 

3.1 Fish swimming behavior 
Pre-tests showed fish did not have bias on any part 
of the flume. In the experiments, the flume 
provided an endless route for fish so that allowed 
fish swimming in one direction. The percentage of 
pausing time was significantly lower in flowing 
water (Mean±SD, 5.09±1.51%) than in static 
water (23.4±4.59%) (Figure 3a). The fish cruising 
speed is 2.68±0.56 cm/s in static water, while it 
significantly increased to 
flowing water (Figure. 3b).
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Figure 3. Preference to substrate color of juvenile Chinese 
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4 DISCUSSION 

Preference tests have been widely used to study 
the environmental factors that may improve fish's 
living traits. Most preference experiment offered 
rectangular tank as test facility, while it was 
reported that an 'end effect' was exist in trough 
(Kozak, et al, 2009). In the present study, the 
flume provided an endless channel for fish, 
avoiding 'end effect' and allows fish swimming all 
the time in one direction without forced turn-
around. No preference of fish to a flume area from 
pre-tests indicated that the flume is an excellent 
experimental facility for preference experiment. 

Most fish have biological rhythm, with 
different behavior preference between day and 
night (Noble et al., 2007). During day, juvenile 
Chinese sucker choose black substrate, which 
might relate to its feeding trait. Juvenile Chinese 

Figure 4. Preference to substrate color of juvenile Chinese 
sucker (SL means treatment with static water with light, 
SN means treatment with static water at night, FL means 
treatment with flowing water with light, FN means 
treatment with flowing water at night. Bars represent mean 
percent of number, error bar means 95% CI, Preference 
(*) = 95% CI does not include 50%).
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black substrate, which might relate to its feeding trait. 
Juvenile Chinese sucker have carnivorous appetite 
in nature, mainly feed on tubifex worms and insects 
(Deng et al., 1991), and they perceive outside light 
disturbance immediately (personal observation). The 
black substrate is more possible holding worms and 
other food for the juvenile Chinese sucker. At night, 
fish change preference from black to white, which may 
relate to food seeking, as dim light at night offered 
unclear feeding area, but white substrate brought slight 
brighter area for fish. Further tests with food offered 
both on white and black substrate should be carried 
out to prove if fish choose substrate color because of 
substantial feeding opportunity. 
 The increasing time which fish behaves in a 
particular environment indicates a positive preference 
for better welfare. In the present study, juvenile 
Chinese sucker preferred black substrate when 
flowing water was offered at day. Research about 
hydraulic effects on color preference is very lacking. 
However, it is hypothesized that flow caused higher 
predation risk which can be alleviated by dark 
environment. Miner and Stein (1996) reported 
that bluegills Lepomis macrochirus choose unclear 
area under predation pressure. Prey and anti-prey are 
the most important life traits for fishes. Fish behave 
respectively according to the living necessity. For 
instance, ambient light conditions are important 

in behavioral interactions such as predator-prey 
encounters (Hobson 1979). The predation on 
juvenile Chinese sucker has not been reported, 
but it can be assumed that juvenile Chinese sucker 
face high predation pressure in Yangtze, as several 
predatory fish lives there. Prey fish evaluate feeding 
opportunity and predation risk depending on their 
environmental cues, such as visual, smelly and sound 
signals (Macia et al., 2003). One principle for fish 
is to reduce predation risk and increase feeding 
success in addition to reproduction request (Snickars 
et al., 2004). In the present study, only visual cues 
were provided in static water, and environmental 
cues became complicated when flow was offered. 
The test fish used in our experiments were raised 
under predator-free conditions. Nevertheless, the 
fish should have an unlearned response to keep 
themselves far from unsafe area. Further tests need 
to be carried out to prove if fish choose black area 
to avoid higher predation risk caused by flow.
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ABSTRACT. The most widely used statistical methods to predict species richness and identify 
complex environmental relationships have been based on linear principles, due to its easy use and 
interpretation. However, these techniques are not efficient to link environmental variables because 
ecological interactions are generally nonlinear. Artificial neural networks (ANN) are considered a 
powerful tool for ecological modelling, especially to overcome that drawback of linear models. In 
this study, we used multilayer feed-forward ANN to predict native fish species richness in the main 
streams of Júcar, Cabriel and Turia river basins. Model training and validation were performed by 
k-fold cross validation and the Levenberg-Marquardt algorithm was used for optimization. The 
importance of the ANN’s input variables was determined using the Garson’s algorithm and the 
sensitivity analysis was carried out through Lek’s method. Results indicated that an ANN with 10 
input environmental variables (riparian habitat quality -QBR index-, dissolved oxygen, mean annual 
water temperature, drainage area at the site, mean annual flow rate, river length without barriers, 
suspended sediment, altitude and percentages of pools and riffles) predicted satisfactorily the native 
fish species richness. Correlation coefficients between observed and predicted values both in training 
and validation were significant (r = 0.91, P <0.05 and r = 0.87, P <0.05, respectively). The model 
succeeded in explaining 79 percent of the total variation of fish species richness. The most significant 
variables that described the richness of native fish in these rivers of Mediterranean climate were: 
mean annual water temperature, dissolved oxygen, % of pools, % of riffles, riparian habitat quality, 
drainage area, and river length without barriers. Results have shown the potential of artificial neural 
networks to represent nonlinear interactions between variables, open the way to simulate the effect of 
mitigation measures in degraded river systems, and it may be helpful to estimate the ecological status 
and the ecological potential in water bodies, according to the European Water Framework Directive. 

KEYWORDS: Artificial neural networks, fish richness, Mediterranean rivers, Water Framework Directive.
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1. Introduction

Fishes are good indicators of water quality in river 
systems (Karr, 1981), as they provide information on 
the quality and health of water bodies through the 
changes in their communities’ structure (e.g. relative 
abundance and specific richness) and as a result of 
habitat alterations (Oberdoff et al., 1995; Vila-Gispert 
et al., 2002). Therefore, fish richness can be used as 
an indicator of the health of ecosystems exposed to 
human disturbances.
The most widely used statistical methods to 
predict species richness and identify complex 
environmental relationships have been based on 
linear principles, due to its simple application and 
interpretation (Mastrorillo et al., 1998; Gevrey et al., 
2003). However, these techniques are not efficient 
enough to establish linkages between environmental 
variables because ecological interactions are generally 
nonlinear (Olden et al., 2008). Artificial neural 
networks are known as powerful tools for dealing 
with such problems and to extract information 
from complex and nonlinear data (Edia et al., 
2010). Multi-layer perceptron (MLP) is a type of 
ANN of very frequent use in ecology. A detailed 
description and applications of MLP can be found 
in Brosse et al. (2003), Goethals et al. (2007) and 
Olden et al. (2008). In this work we present an 
application of MLP for riverine fish modelling in 
the east region of Spain. The main aims of the study 
are: a) development of a model to predict native 
fish species richness in the main streams of Júcar, 
Cabriel and Turia rivers; b) Identification of the 
most important predictive variables in the model.

2. Materials and methods

2.1. Study area and data collection

The study area includes the main channels of the 
Júcar, Cabriel and Turia rivers (Figure 1), located 
in the central-eastern part of the Iberian Peninsula. 
In order to build and test the model, we used data 
from 90 fish sampling sites in the three rivers. Fish 

samples were collected by electro-fishing in spring and 
summer from 2005 to 2009. According to Seegert 
(2000), this method allows an efficient assessment 
of species richness.

We considered 22 environmental variables to predict 
model output; they were selected in agreement with 
previous investigations and according to the degree 
of importance for fish life (Lek et al., 1996; Ibarra et 
al., 2003). We chose the following set of predictive 
variables: (1) dissolved oxygen, (2) biological oxygen 
demand, (3) total phosphorus, (4) nitrite, (5) pH, 
(6) suspended sediment, (7) electrical conductivity, 
(8) water temperature, (9) river length without 
barriers, (10) channel average width, (11) mean 
annual flow rate, (12)  Coefficient of variation of mean 
monthly flows (fish sampling year), (13)  Coefficient 
of variation of mean annual flows (calculated for a 
series of five years), (14) altitude, (15) drainage area, 
(16) distance from headwater source, (17) riparian 
habitat quality -QBR index- (18) % of pools, (19) 
% of glides, (20) % of riffles, (21) % of rapids, (22) 
% of runs.

2.2.	Artificial	neural	networks	modelling	

Because variables have different units, it was necessary 
to carry out data preprocessing before building any 
ANN model; each one was normalized proportionally 
between 0 and 1. Input variables were selected based 

Figure 1. Study area showing the distribution of the 90 
sampling sites.

present an application of MLP for riverine fish 
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spring and summer from 2005 to 2009. According 
to Seegert (2000), this method allows an efficient 
assessment of species richness. 

Figure 1. Study area showing the distribution of the 90 sam-
pling sites. 

We considered 22 environmental variables to pre-
dict model output; they were selected in agree-
ment with previous investigations and according 
to the degree of importance for fish life (Lek et 
al., 1996; Ibarra et al., 2003). We chose the fol-
lowing set of predictive variables: (1) dissolved 
oxygen, (2) biological oxygen demand, (3) total 
phosphorus, (4) nitrite, (5) pH, (6) suspended 
sediment, (7) electrical conductivity, (8) water 
temperature, (9) river length without barriers, (10) 
channel average width, (11) mean annual flow 
rate, (12) Coefficient of variation of mean 
monthly flows (fish sampling year), (13) Coeffi-

cient of variation of mean annual flows (calcu-
lated for a series of five years), (14) altitude, (15) 
drainage area, (16) distance from headwater 
source, (17) riparian habitat quality -QBR index- 
(18) % of pools, (19) % of glides, (20) % of rif-
fles, (21) % of rapids, (22) % of runs. 

2.2 Artificial neural networks modelling

Because variables have different units, it was nec-
essary to carry out data preprocessing before 
building any ANN model; each one was normal-
ized proportionally between 0 and 1. Input vari-
ables were selected based on two different criteria. 
First, we calculated a cross-correlation matrix of 
candidate predictive variables to eliminate those 
linearly correlated to each other (van Wijk et al.,
1999). Second, we used a stepwise procedure to 
identify the most influential variables on predic-
tions (Gevrey et al., 2003).

Different ANN architectures were built and 
tested to determine the optimal number of nodes 
in the hidden layer and the most appropriate trans-
fer function in the hidden and output layers. We 
tested two combinations of hidden/output transfer 
functions: (1) hyperbolic tangent/linear, (2) logis-
tic/logistic. It was used a single hidden layer, 
since it is satisfactory for statistical applications 
(Bishop, 1995) and reduces the computation time 
significantly. Very often, the use of a single hid-
den layer yields the same result as ANNs with 
multiple hidden layers (Kurková, 1992). The op-
timal architecture of ANN models was chosen 
based on the minimum value of the mean squared 
error (MSE) for training and validation sets 
(Singh et al., 2009).

We used k-fold cross-validation to train and va-
lidate the ANNs (Olden et al., 2002). Goethals et
al. (2007) suggest that to determine the optimal 
value of k, it is necessary to prove a number of 
combinations of k between 3 and 10, and find a 
balance between the robustness and reliability of 
the developed models. In this sense, the value of 
k-fold cross-validation was determined empiri-
cally by comparing results from different net-
works. The learning algorithm used in the calibra-
tion procedure of the networks was the 
Levenberg-Marquardt. This is a second-order non-
linear optimization algorithm that guarantees a lo-
cal convergence (Gutiérrez-Estrada et al., 2010).
The numerical calculation of the ANNs was per-
formed using MATLAB® version R2010a. 
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on two different criteria. First, we calculated a cross-
correlation matrix of candidate predictive variables 
to eliminate those linearly correlated to each other 
(van Wijk et al., 1999). Second, we used a stepwise 
procedure to identify the most influential variables 
on predictions (Gevrey et al., 2003).
Different ANN architectures were built and tested 
to determine the optimal number of nodes in the 
hidden layer and the most appropriate transfer 
function in the hidden and output layers. We tested 
two combinations of hidden/output transfer functions: 
(1) hyperbolic tangent/linear, (2) logistic/logistic. It 
was used a single hidden layer, since it is satisfactory 
for statistical applications (Bishop, 1995) and reduces 
the computation time significantly. Very often, the 
use of a single hidden layer yields the same result as 
ANNs with multiple hidden layers (Kurková, 1992). 
The optimal architecture of ANN models was chosen 
based on the minimum value of the mean squared 
error (MSE) for training and validation sets (Singh 
et al., 2009). 
We used k-fold cross-validation to train and validate 
the ANNs (Olden et al., 2002). Goethals et al. 
(2007) suggest that to determine the optimal 
value of k, it is necessary to prove a number of 
combinations of k between 3 and 10, and find a 
balance between the robustness and reliability of 
the developed models. In this sense, the value of 
k-fold cross-validation was determined empirically 
by comparing results from different networks. The 
learning algorithm used in the calibration procedure 
of the networks was the Levenberg-Marquardt. This 
is a second-order non-linear optimization algorithm 
that guarantees a local convergence (Gutiérrez-
Estrada et al., 2010). The numerical calculation of 
the ANNs was performed using MATLAB® version 
R2010a.

Model performance was determined using the 
correlation coefficient (r) between observed and 
estimated values of the output variable.

Model performance was determined using the cor-
relation coefficient (r) between observed and es-
timated values of the output variable. 
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Where: O =observed, P= predicted and N= is the 
total number of instances (Goethals et al., 2007)

The importance of the input variables in the best 
ANN model was calculated by Garson´s algorithm 
(1991) and Lek´s (1995) sensitivity analysis. On 
one hand, the Garson’s method, later modified by 
Goh (1995) is an analysis based on the magnitude 
of the ANN weights. On the other hand, the sensi-
tivity analysis is a procedure to determine the in-
fluence of each predictor on the dependent vari-
able. The method let us analyze the successive 
variation of each input variable keeping the others 
with fixed values (Gevrey et al., 2003).

3 RESULTS

Correlation matrix showed a strong correlation be-
tween the distance from headwater source and 
drainage area (r= 0.91, P < 0.01) therefore, the 
first variable was removed from the data matrix. 
The ten most important variables to predict fish 
richness based on the stepwise procedure were: 
riparian habitat quality, dissolved oxygen, water 
temperature, drainage area, annual mean flow rate, 
river length without barriers, suspended sediment, 
altitude, and percentage of pools and riffles. The 
best architecture was a three layered feed-forward 
network (10-8-1), ten input nodes corresponding 
to ten independent environmental variables, eight 
hidden layer neurons and one output for estimat-
ing the value of the species richness (Figure 2).

In contrast to the use of logistic functions in the 
two layers, the ANN performance was improved 
when using a hyperbolic tangent transfer function 
in the hidden layer and a linear function in the 
output one. Among the different k values tested 
for k-fold cross-validation, the performances of 
the ANNs were not improved with k>6. Thus, we 
used 6-fold cross-validation to build our model. 

Figure 2. Structure of the optimal neural network for the 
prediction of native fish richness. QBR=riparian habitat 
quality; DIS=dissolved oxygen; WAT=water temperature; 
DRA=drainage area; RIF= riffles; ANF=annual mean flow 
rate; RIV=river length without barriers; SUS=suspended se-
diment; POO=pools; ALT=altitude; RNF=native fish rich-
ness.

The correlation coefficient of the selected ANN 
model in the training phase was 0.91 (P <0.05), 
and 0.87 (P <0.05) for validation. Figure 3 shows 
a good agreement between estimated and ob-
served values. 

Figure 3. Scatter plot of predicted values vs. observed val-
ues. The solid line indicates the perfect fit line of prediction 
(coordinates 1:1). 

Applying Garson’s algorithm and the sensitivity 
analysis proposed by Lek we found that the most 
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The correlation coefficient of the selected ANN 
model in the training phase was 0.91 (P <0.05), and 
0.87 (P <0.05) for validation. Figure 3 shows a good 
agreement between estimated and observed values.

Applying Garson’s algorithm and the sensitivity 
analysis proposed by Lek we found that the most 
significant variables that described the native fish 
richness in these Mediterranean river basins were 
(in this order): mean annual water temperature, 
dissolved oxygen, % of pools, % of riffles, riparian 
habitat quality, drainage area and river length without 
barriers.

4. CONCLUSION

The results of the modelling approach used in this 
study are congruent with the current knowledge of 
freshwater fish ecology, because the most important 
ANN input variables captures the relationship between 
fish richness and those variables at different scales, 
showing that the ANN is more than a predictive 
artifact. The finally selected ANN model combines 
features of chemical and hydro-morphological 
variables, but also contributes to the identification 
of factors affecting native species richness. The 
importance of habitat variables of different scales is 
coherent with previous findings, because in general 
habitat models of fish communities based on multiple 
spatial scales outperform single-scale analyses (Olden 
et al., 2006).
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ABSTRACT. The introduction of habitat structures in river channels has become one of the most 
common ways to minimize the habitat losses derived from dam and weir construction. As a result, 
fishways related literature has seen a recent upsurge of interest in this kind of structures for improving 
fish passage. Despite their increasing utilization in nature-like fishways, little information exists on 
their performance for assisting fish passage in conventional pool-type facilities. The main goal of 
this study is to assess the performance of two different flow regimes, based on the relative depth 
(d/h) of flow, where d is the water depth and h is the height of artificial boulders, for assisting fish 
passage in an experimental full-scale pool-type fishway. Two series of experiments consisting of 
twenty replicates each and representing distinct flow regimes created by the placement of artificial 
boulder in the flume bottom – d/h > 4 (regime 1) and 1.3 < d/h < 4 (regime 2) – were carried out 
by analyzing the number and timing of successful upstream movements of adult Iberian barbel 
(Luciobarbus bocagei) through the facility. Water velocity at different horizontal layers was measured 
by a 3D ADV Vectrino and used and used to calculate turbulence. Though no significant difference 
in passage success was observed between both regimes, fish transit time was lower in regime 2, 
characterized by the presence of surface waves and a recirculation region near the boulders. The 
results of these experiments showed that lower relative depths can be more beneficial to fish passage 
because they reduce the transit time for successful negotiation, thus providing a useful indication 
on how to improve fish passage through pool-type fishways.

KEYWORDS: Pool-type fishway, relative depth of flow, artificial boulders, ADV Vectrino, cyprinids.

1. Centro de Estudos Florestais, Instituto Superior de Agronomia, Universidade Técnica de Lisboa.
2. Katopodis Ecohydraulics Ltd., Winnipeg, Manitoba, Canada.
3. Departamento de Engenharia Civil, Instituto Superior Técnico, Universidade Técnica de Lisboa.
4. Departamento de Hidráulica e Ambiente, Laboratório Nacional de Engenharia Civil, Lisboa. 

 
Does the relative depth of flow influence fish passage  
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1. Introduction

The restoration of longitudinal connectivity of a 
watercourse altered by man-made obstacles is a key 
issue for the protection and safeguard of freshwater 
ecosystems and the construction of fish passes 
stand as a relevant ad hoc measure. The importance 
of these facilities was recently reinforced with the 
launch of water policy tools, such as the European 
Water Framework Directive (EWFD), which requires 
effective passage and undisturbed migration of fish as 
a key component to restore and manage watersheds 
(European Comission, 2000). Nonetheless, and in 
spite of increasing research on this subject, studies 
of fishway performance focused on species with low 
economic value and recreational value continue to 
be neglected (Roscoe & Hinch, 2010). This is rather 
unfortunate, since these species are an important 
biological component of fish assemblages and free 
instream movement is indispensable for their survival 
(Lucas et al., 2000). 
Pool-type fishways are presently the most common type 
of fishways built at small hydropower plants (Larinier, 
2008). Their main purpose is to ensure adequate 
dissipation of the energy of the water while offer 
resting areas for fish. However, in southern-European 
countries, particularly in Iberia, most of the existing 
pool-type fishways failed to restore connectivity for 
fish, because their design and construction was based 
on model facilities from northern-European countries 
dominated by fast-flowing salmonids and therefore 
did not take into consideration the predominant 
group of fishes, mainly potamodromous cyprinids of 
limited swimming ability. It is therefore imperative to 
improve fishways efficiency for these species in order 
to develop adequate technical and scientific guidelines 
to correctly design future facilities.
The placement of perturbation blocks has been 
frequently used in nature-like fishways as a mean 
to improve connectivity for fish (e.g. Heimerl et al., 
2008). Upon studying the flow around a cylindrical 
obstacle of height h in a rectangular channel, Shamloo 
et al. (2001) found that the relative depth of the flow, 
d/h, was a key parameter in determining the flow 
regime around such an obstacle and in providing 

suitable hydraulic conditions for fish passage. Although 
common in nature-like fishways, so far no study has 
considered the placement of perturbation blocks in 
pool-type fishways in a tentative to aid upstream fish 
movements. This study aims to compare the effect 
of two different flow regimes, based on the relative 
depth (d/h) of flow, on the upstream movements of a 
potamodromous cyprinid species, the Iberian barbel 
Luciobarbus bocagei, migrating through a pool-type 
fishway.

2. Materials and methods

2.1.	Experimental	fishway
The experimental pool-type fishway consisted of a 
full-scale model, built on a steel frame and featuring 
acrylic glass panels on both side-walls. It is composed 
of 6 pools (each 1.9m long x 1.0 m wide x 1.2 m high) 
divided by compact polypropylene cross-walls, each 
one incorporating a submerged orifice positioned in 
an offset arrangement. The fishways slope was set at 
8.5% creating a constant head drop between pools 
of 16.2 cm.

2.2. Experiments

Two different configurations (Table 1) with 
20 replicates each, were tested by changing the relative 
depth of flow, i.e. the ratio between the water depth 
in the fishway (d) and the height of boulders placed 
on the flume bottom (h), resulting in the creation of 
two flow regimes: regime 1 (d/h > 4) and regime 2 
(1.3 < d/h < 4). The boulders, square-shaped (15 cm 
x 15 cm) with variable height (10 and 15 cm), were 
positioned in five even spaced lines in symmetrical 
arrangements (Figure 1), and oriented according 
to the prevailing flow pattern, as previous studies 
demonstrated that it minimizes the creation of zones 
of strong vertical turbulence (Heimerl et al., 2008).
For each configuration, twenty upstream-migrating 
adult Iberian barbel were studied individually. The 
fish were previously captured in the river Sorraia, 
central Portugal by means of low-voltage electrofishing 
and brought to the laboratory facilities, where 
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they remained in 800 L acclimation tanks, under 
environmental controlled conditions, for at least 48 h 
before they were tested. Each replicate lasted 1.5 hours 
ending as soon as the fish successfully negotiated the 
fishway. Recorded parameters included the success 
(or failure) in negotiating the fishway and the time 
taken to successfully negotiate the pool.
To characterize the hydraulic conditions in both 
configurations, three-dimensional (x, y and z) velocity 
measurements in two horizontal planes parallel to 
the flume bottom – boulders mid-height and 21 
cm above the bottom – were conducted. A Vectrino 
3D ADV (Nortek AS) oriented vertically down was 
used at a sampling frequency of 25 Hz for a period 
of 90s, to determine water velocity (WV) vectors 
and turbulence, namely the vertical component of 
Reynolds shear stress (RSSxz) (Odeh et al., 2002).

3. Results

3.1. Hydraulics 

The mean velocity patterns recorded are shown on 
Figure 1 for the horizontal plane at boulders mid-
height (21 cm above the bottom). In regime 1 at 
boulders mid-height (A), two different types of regions 
could be distinguished: i) a jet region, coming out 
from the inlet orifice in a longitudinal direction with 
a maximum velocity of 1.2 m s-1, until it hits the 
boulder immediately downstream when decreases the 
magnitude and changes direction towards the outlet 
orifice; and ii) small recirculation regions occurring 
up and down from the main jet region. At the plane 
above the boulders (B), two regions could also be easily 
distinguished: i) a homogenous jet region coming out 

from the inlet orifice extending along the adjacent 
side-wall and ii) a large low-velocity recirculation 
region (range: 0.1-0.4 m s-1), extending from the 
previous jet region to the opposite side-wall.
Velocity patterns recorded for regime 2 at the 
horizontal plane located at boulders mid-height (C) 
showed a high-velocity (c. 1 m s-1) longitudinal jet 
region, extending from the inlet orifice to the block 
placed immediately downstream. Once the jet hit 
the downstream higher boulder (15 cm), no clear 
deviation of the velocity vectors was noted, despite 
they was strongly reduced across the pool, creating 
several small recirculation regions across the entire 
pool. At the plane of 6 cm above the boulders (or 
21 cm above the bottom) (D), a jet region extending 
longitudinally towards the opposite cross-wall and 
showing a maximum velocity of 0.8 m.s-1 was noted. 
However, contrarily to regime 1, instead of a large 
recirculation region, several smaller recirculation 
regions were observed (range: 0.1-0.3 m s-1) from 
the main jet to the opposite side-wall.
The contours of the RSSxz at the plane of boulders mid-
height are shown in Figure 2 for both flow regimes. 
In regime 1 (A), the absolute values of this parameter 
were found to be higher (10-40 N m-2) along the 
streamline between the inlet orifice and the boulder 
located 0.6 m immediately downstream, decreasing 
from this point to the opposite side-wall. Regime 2 
(B) showed a plane with more pronounced levels of 
turbulence around the boulders and distributed across 
a wider area (c. 40%) along the plane.

3.2. Fish 

The proportion of fish that successfully negotiated the 
fishway was higher in regime 2 (50%) than in regime 
1 (45%), though this difference was not significant 
(c2 = 0.101, p > 0.05). However significant differences 
were found in the time taken to successfully ascend 
it. Accordingly, individual barbel took less time to 
ascend the fishway when flow was on regime 2 (mean 
± SD (min.): 2.6 ± 1.6), relatively to regime 1 (mean 
± SD (min.): 7.1. ± 5.8) (Mann-Whitney U-test, 
Z=1.89, p < 0.05).

Table 1. Description of the two tested configurations.  
dm – water depth; hblds – height of boulders; Ao – orifice 
area; hm1 – water depth of plane 1 monitored by ADV;  
hm2 – water depth of plane 2 monitored by ADV.

mited swimming ability. It is therefore imperative 
to improve fishways efficiency for these species in 
order to develop adequate technical and scientific 
guidelines to correctly design future facilities. 

The placement of perturbation blocks has been 
frequently used in nature-like fishways as a mean 
to improve connectivity for fish (e.g. Heimerl et 
al., 2008). Upon studying the flow around a cylin-
drical obstacle of height h in a rectangular chan-
nel, Shamloo et al. (2001) found that the relative 
depth of the flow, d/h, was a key parameter in de-
termining the flow regime around such an obstacle 
and in providing suitable hydraulic conditions for 
fish passage. Although common in nature-like 
fishways, so far no study has considered the 
placement of perturbation blocks in pool-type 
fishways in a tentative to aid upstream fish 
movements. This study aims to compare the effect 
of two different flow regimes, based on the rela-
tive depth (d/h) of flow, on the upstream move-
ments of a potamodromous cyprinid species, the 
Iberian barbel Luciobarbus bocagei, migrating 
through a pool-type fishway. 

2 MATERIALS AND METHODS

2.1 Experimental fishway
The experimental pool-type fishway consisted of a 
full-scale model, built on a steel frame and featur-
ing acrylic glass panels on both side-walls. It is 
composed of 6 pools (each 1.9m long x 1.0 m 
wide x 1.2 m high) divided by compact polypro-
pylene  cross-walls, each one incorporating a 
submerged orifice positioned in an offset ar-
rangement. The fishways slope was set at 8.5% 
creating a constant head drop between pools of 
16.2cm.  

2.2. Experiments 

Two different configurations (Table 1) with 20 
replicates each, were tested by changing the rela-
tive depth of flow, i.e. the ratio between the water 
depth in the fishway (d) and the height of boulders 
placed on the flume bottom (h), resulting in the 
creation of two flow regimes: regime 1 (d/h>4) 
and regime 2 (1.3<d/h<4). The boulders, square-
shaped (15 cm x 15 cm) with variable height (10 
and 15 cm), were positioned in five even spaced 
lines in symmetrical arrangements (Figure 1), and 
oriented according to the prevailing flow pattern, 
as previous studies demonstrated that it minimizes 
the creation of zones of strong vertical turbulence 
(Heimerl et al., 2008). 

 For each configuration, twenty upstream-
migrating adult Iberian barbel were studied indi-
vidually. The fish were previously captured in the 
river Sorraia, central Portugal by means of low-
voltage electrofishing and brought to the labora-
tory facilities, where they remained in 800 L ac-
climation tanks, under environmental controlled 
conditions, for at least 48h before they were 
tested. Each replicate lasted 1.5 hours ending as 
soon as the fish successfully negotiated the fish-
way. Recorded parameters included the success 
(or failure) in negotiating the fishway and the time 
taken to successfully negotiate the pool.

To characterize the hydraulic conditions in 
both configurations, three-dimensional (x, y and 
z) velocity measurements in two horizontal planes 
parallel to the flume bottom – boulders mid-height 
and 21 cm above the bottom - were conducted.  A 
Vectrino 3D ADV (Nortek AS) oriented vertically 
down was used at a sampling frequency of 25 Hz 
for a period of 90s, to determine water velocity 
(WV) vectors and turbulence, namely the vertical 
component of Reynolds shear stress (RSSxz)
(Odeh et al., 2002). 

Table 1. Description of the two tested configurations. dm – 
water depth; hblds – height of boulders; Ao – orifice area; hm1
– water depth of plane 1 monitored by ADV; hm2 – water 
depth of plane 2 monitored by ADV  

3 RESULTS  

3.1 Hydraulics
The mean velocity patterns recorded are shown on 
Figure 1 for the horizontal plane at boulders mid-
height (21 cm above the bottom). In regime 1 at 
boulders mid-height (A), two different types of 
regions could be distinguished: i) a jet region, 
coming out from the inlet orifice in a longitudinal 
direction with a maximum velocity of 1.2 m.s-1,
until it hits the boulder immediately downstream 
when decreases the magnitude and changes direc-
tion towards the outlet orifice; and ii) small recir-
culation regions occurring up and down from the 
main jet region. At the plane above the boulders 
(B), two regions could also be easily distin-
guished: i) a homogenous jet region coming out 
from the inlet orifice extending along the adjacent 
side-wall and ii) a large low-velocity recirculation 
region (range: 0.1-0.4 m.s-1), extending from the 
previous jet region to the opposite side-wall. 

Velocity patterns recorded for regime 2 at the 
horizontal plane located at boulders mid-height 

Flow
regime

dm
(cm)

Hblds
(cm)

Ao
(m2)

hm1
(cm)

hm2
(cm)

Fish size(cm)  
(mean ± SD)

1 84 10 0.053 5.0 21 26.1 ± 6.9 
2 53 15 0.053 7.5 21 25.9 ± 6.7 
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fish, the Iberian barbel, within an experimental pool-
type fishway. Though the use of artficial blocks is a 
common feature in nature-like fishways (e.g. Katopodis 
et al., 2001), so far no study has addressed the effects 
of different flow regimes created by placing such 
structures in the bottom of pool-type fishways. 
The proportion of fish that successfully ascended the 
fishway was similar (45-50%) for both flow regimes, 
which could, a priori, be considered a low efficiency. 
However, contrarily to diadromous species where 
fishway efficiency should be > 90%, no minimum 
standards have been defined for potamodromous species 
(Larinier, 2008), for which the passage of a “reasonable” 
number of individuals in relation to the existing 
population, is sufficient to ensure the longitudinal 
connectivity of river systems and avoid fragmentation 
of the populations (Porcher & Travade, 2002).
We therefore believe that fishway efficiency obtained 
for both flow regimes represent a “reasonable” 
proportion of successful fish. Despite the similarity 
on the proportion of successful fish between both 
flow regimes, fish were able to negotiate the facility 

4. Discussion

This study analyzed the effects of different flow 
regimes, based on the relation between the water 
depth (d) and the height of artificial square blocks 
(h), on the upstream movements of a potamodromous 

Figure 1. Plane velocity field in the pool: (A) regime 1 at 
boulders mid-height; (B), regime 1 at 21 cm from the flume 
bottom; (C) regime 2 at boulders mid-height; (D) regime 
2 at 21 cm from the flume bottom. The squares represent 
the boulders with their position and alignment.

(C) showed a high-velocity (c. 1 m.s-1) longitudi-
nal jet region, extending from the inlet orifice to 
the block placed immediately downstream. Once 
the jet hit the downstream higher boulder (15cm), 
no clear deviation of the velocity vectors was 
noted, despite they was strongly reduced across 
the pool, creating several small recirculation re-
gions across the entire pool. At the plane of 6 cm 
above the boulders (or 21 cm above the bottom) 
(D), a jet region extending longitudinally towards 
the opposite cross-wall and showing a maximum 
velocity of 0.8 m.s-1 was noted. However, contrar-
ily to regime 1, instead of a large recirculation re-
gion, several smaller recirculation regions were 
observed (range: 0.1-0.3 m.s-1) from the main jet 
to the opposite side-wall. 

The contours of the RSSxz at the plane of boul-
ders mid-height are shown in Figure 2 for both 
flow regimes. In regime 1 (A), the absolute values 
of this parameter were found to be higher (10-40 
N.m-2) along the streamline between the inlet ori-
fice and the boulder located 0.6m immediately 
downstream, decreasing from this point to the op-
posite side-wall. Regime 2 (B) showed a plane 
with more pronounced levels of turbulence around 
the boulders and distributed across a wider area (c. 
40%) along the plane. 

3.2 Fish
The proportion of fish that successfully negotiated 
the fishway was higher in regime 2 (50%) than in 
regime 1 (45%), though this difference was not 
significant (χ2 = 0.101, p > 0.05). However sig-
nificant differences were found in the time taken 
to successfully ascend it. Accordingly, individual 
barbel took less time to ascend the fishway when 
flow was on regime 2 (mean ± SD (min.): 2.6 ± 
1.6), relatively to regime 1 (mean ± SD (min.): 
7.1. ± 5.8) (Mann-Whitney U-test, Z=1.89, p < 
0.05).

4 DISCUSSION  

This study analyzed the effects of different flow 
regimes, based on the relation between the water 
depth (d) and the height of artificial square blocks 
(h), on the upstream movements of a potamodro-
mous fish, the Iberian barbel, within an experi-
mental pool-type fishway. Though the use of art-
ficial blocks is a common feature in nature-like 
fishways (e.g. Katopodis et al., 2001), so far no 
study has addressed the effects of different flow 
regimes created by placing such structures in the 
bottom of pool-type fishways.  

The proportion of fish that successfully as-
cended the fishway was similar (45-50%) for both 

flow regimes, which could, a priori, be considered 
a low efficiency. However, contrarily to diadro-
mous species where fishway efficiency should be 
>90%, no minimum standards have been defined 
for potamodromous species (Larinier, 2008), for 
which the passage of a “reasonable” number of 
individuals in relation to the existing population, 
is sufficient to ensure the longitudinal connec-
tivity of river systems and avoid fragmentation of 
the populations (Porcher and Travade, 2002). 

Figure 1. Plane velocity field in the pool: (A) regime 1 at 
boulders mid-height; (B), regime 1 at 21 cm from the flume 
bottom; (C) regime 2 at boulders mid-height; (D) regime 2 
at 21 cm from the flume bottom. The squares represent the 
boulders with their position and alignment. [Figure caption] 

We therefore believe that fishway efficiency 
obtained for both flow regimes represent a “rea-
sonable” proportion of successful fish. Despite the 
similarity on the proportion of successful fish be-
tween both flow regimes, fish were able to negoti-
ate the facility in significantly less time during re-
gime 2 relatively to regime 1. In the former, the 
use of higher blocks in association with lower wa-
ter depth seemed to have created a higher dissipa-
tion of water velocity vectors resulting in the for-
mation of several small recirculation regions, 

Figure 2. Contours of the vertical component of 
Reynolds shear stress (RSSxz) on the plane at boulders 
mid-height for regime 1 (A) and regime 2 (B). Values 
are in N.m-2. The squares represent the boulders with 
their position and alignment.

instead of a large recirculation, as was observed in 
regime 1, that could trap the fish, by drastically 
increasing the transit time in the pool (Tarrade et 
al., 2008). 

Figure 2. Contours of the vertical component of Reynolds 
shear stress (RSSxz) on the plane at boulders mid-height for 
regime 1 (A) and regime 2 (B). Values are in N.m-2. The 
squares represent the boulders with their position and 
alignment.  

The higher transit times reported on regime 1, 
could also be explained by the effect of turbu-
lence. This parameter is considered to play an es-
sential role in successful fish passage through a 
fishway (Rajaratnam et al. 1998) and several re-
cent studies have highlighted their importance for 
the upstream movements of barbel (Santos et al., 
2011; Silva et al., 2011). In the present study, the 
more pronounced turbulence levels on regime 2, 
generated by the higher dissipation of water veloc-
ity when hitting the higher blocks, have resulted in 
the formation of several recirculation vortices of 
reduced dimensions (20-30m). Some of these vor-
tices are smaller than the length of the fishes and 
could have been used to aid the progression along 
the pool. Similar results have been reported by 
Lupandin et al. (2005) who showed that the sizes 
of these vortexes are of great importance for the 
balance of fish in turbulent flows, i.e. if a vortex is 
smaller than a fish, its balance should not be af-
fected due to an even distribution of the moments 
of force along its body. In contrast, if a vortex is 
much larger that a fish, the hydrodynamic rotating 
forces introduce a torque which tends to overturn 
the fish and decrease stability. Though not quanti-
fied, the expected higher proportion of larger vor-
tices on regime 1 could have affected balance and 

hence, the swimming performance of individual 
barbel.

The results of this study showed that, in spite of 
similar proportions of successful fish, flow re-
gimes with lower relative depths can be more 
beneficial to fish passage in pool-type fishways 
because they reduce the transit time for successful 
negotiation. Future studies should consider the use 
of more realistic block geometries and include 
clusters of rocks, both supplemented with relevant 
field observations with target species. 
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fishes and could have been used to aid the progression 
along the pool. Similar results have been reported by 
Lupandin et al. (2005) who showed that the sizes of 
these vortexes are of great importance for the balance 
of fish in turbulent flows, i.e. if a vortex is smaller 
than a fish, its balance should not be affected due to 
an even distribution of the moments of force along 
its body. In contrast, if a vortex is much larger that 
a fish, the hydrodynamic rotating forces introduce a 
torque which tends to overturn the fish and decrease 
stability. Though not quantified, the expected higher 
proportion of larger vortices on regime 1 could 
have affected balance and hence, the swimming 
performance of individual barbel.
The results of this study showed that, in spite of similar 
proportions of successful fish, flow regimes with lower 
relative depths can be more beneficial to fish passage 
in pool-type fishways because they reduce the transit 
time for successful negotiation. Future studies should 
consider the use of more realistic block geometries 
and include clusters of rocks, both supplemented 
with relevant field observations with target species.

in significantly less time during regime 2 relatively 
to regime 1. In the former, the use of higher blocks 
in association with lower water depth seemed to 
have created a higher dissipation of water velocity 
vectors resulting in the formation of several small 
recirculation regions, instead of a large recirculation, 
as was observed in regime 1, that could trap the fish, 
by drastically increasing the transit time in the pool 
(Tarrade et al., 2008).
The higher transit times reported on regime 1, could 
also be explained by the effect of turbulence. This 
parameter is considered to play an essential role in 
successful fish passage through a fishway (Rajaratnam 
et al., 1998) and several recent studies have highlighted 
their importance for the upstream movements of 
barbel (Santos et al., 2011; Silva et al., 2011). In the 
present study, the more pronounced turbulence levels 
on regime 2, generated by the higher dissipation of 
water velocity when hitting the higher blocks, have 
resulted in the formation of several recirculation 
vortices of reduced dimensions (20-30m). Some 
of these vortices are smaller than the length of the 
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ABSTRACT. We are developing a cellular automaton (CA) model in order to simulate the evolution 
of vegetated river corridors. Our aim is to integrate biogeomorphological interactions into the 
model, in particular the effects of vegetation features on fluvial geomorphology and their feedbacks 
on vegetation dynamics, thus linking fluvial landform and riparian vegetation community 
evolution within one model. This vegetation model is based on the recently developed conceptual 
biogeomorphological succession model (D. Corenblit and co-authors) and is being tested based on 
empirical data obtained from the dynamic and low impacted Allier River (France). It will be used 
as an operational tool to evaluate scenarios of the potential evolution of the highly channelized 
Garonne River (France) consecutive to rehabilitation actions such as the removal of rip rap. The 
aim of this contribution is to present the innovative conception and potential applications of the 
GALET model and the current state of its development.
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1. Introduction

1.1. Vegetation: a major control  
of	fluvial	landscape	dynamics	

Fluvial riparian structure and function are driven 
by complex interactions between vegetation and 
hydrogeomorphic dynamics. Reciprocal adjustments 
between hydrogeomorphic processes (water flow and 
sediment transport) and landforms and vegetation 
communities are usually intense along fluvial 
corridors (Steiger et al., 2005). Physical processes like 
submersion, sediment erosion/deposition, and plant 
destruction by water flow drives vegetation succession 
toward mature or pioneer stages according to the 
disturbance regime (i.e. the frequency, amplitude, 
duration and timing of floods). In turn, vegetation 
strongly interacts with water flow and sediment 
transport and thus it controls significantly fluvial 
landform and landscape dynamics. These disturbance 
regime-dependent and associated biogeomorphic 
feedbacks lead under dynamic settings to the 
development of particular patchy fluvial landforms 
associated with particular vegetation communities 
(Pickett & White, 1985)
Such complex biogeomorphic dynamics have 
been studied during the last thirty years through 
different types of approach combining ecological and 
geomorphic expertise. Conceptual models for linking 
vegetation and hydrogeomorphic dynamics have been 
proposed (e.g. Gurnell et al., 2001, 2005; Corenblit 
et al., 2007, 2009). These models were based mainly 
on in situ observations and spatial analyses based on 
aerial photographs. Flume experiments also showed 
how and to what extend vegetation represents a main 
control for defining fluvial landscape structure and 
dynamics (e.g. Bennett et al., 2002; Tal & Paola, 
2010). Also geologists demonstrated the fundamental 
role of vegetation over geological timescale in defining 
river geomorphologic styles. For example, Davies and 
Gibling (2009) showed fundamental changes from 
braided river styles to meandering forms across the 
Earth’s surface during the Paleozoic as vegetation 
evolved and colonized continents. All these findings 
stressed the fundamental role of riparian vegetation 

in controlling transitions from single thread channels 
to braided styles through intermediate states such as 
multi-thread island-braided and anabranching forms.

1.2.	Modeling	complex	fluvial	landscape	dynamics

Numerical modeling of vegetation/water flow/
sediment interactions in particular were developed 
in the last thirty years. Mechanistic approaches where 
widely used. However, the reductionist approaches 
failed to describe the complex biogeomorphic 
adjustments occurring at the scale of fluvial 
corridors. As an alternative, model with reduced 
complexity such as cellular automaton (CA) were 
used to reproduce and explain emergent landscape 
patterns resulting from local interactions between 
vegetation and hydrogeomorphic dynamics. CA 
are well adapted for simulating emergent patterns 
of landscapes on short (succession scale) and long 
(hydro and bioclimatic changes scale) timescales 
(Coulthard et al., 2007).
CA is a type of model which represents the space 
as a collection of connected cells. Local process 
rules are associated with each cell and govern 
the evolution of its state variables. Continued 
iteration of local rules in cells drives the behavior 
of the entire system. Although the physical and 
biological driving processes are represented here 
with relatively simple rules, their combined effect 
allows representing complex non-linear behavior of 
landscapes. If CA has been widely used in ecology 
and geomorphology, coupling these two fields in 
the same models appears as a real challenge over 
the last decade (Murray et al., 2009; Reinhart et al., 
2010). Indeed, such an approach allows analyzing 
the emergent biogeomorphic patterns that arise 
specifically from abiotic-biotic feedbacks within 
geomorphologic systems, which are not possible 
using mechanistic approaches. For instance, CA 
have been used to study dynamic biogeomorphic 
systems such as salt-marshes, coastal dunes and for 
more complex systems as riparian systems in which 
vegetation represents a main control (Coulthard et 
al., 1996).
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2. Model GALET

The objective of our communication is to present 
a CA simulating fluvial landscape dynamics and 
considering the interactions between physical processes 
and vegetation as a dynamic component. Dynamic 
aspects are related here to the responses of vegetation 
to hydrogeomorphologic parameters and its effects 
on physical processes governing the fluvial landscape 
changes. A main constraint was to take into account 
the diversity of fluvial styles from single meandering 
channels to braided styles.
Among the CA models previously developed, the 
Caesar approach (by T.J. Coulthard, University of 
Hull, UK) fits well with these objectives. The physical 
processes (flow and sediment transport) considered 
in our model are roughly similar to the approach 
proposed by T.J. Coulthard (Coulthard et al., 1996). 
However, the algorithms were entirely reprogrammed 
(C++, Qt library) in an oriented-object fashion to 
facilitate the integration of the vegetation component. 
Each cell of the CA is an object with its proper state 
variables and calculation rules. It makes the integration 
of complex vegetation processes easier than in a 
procedural approach. Moreover, the management 
of the calculation core and graphical user interface 
is flexible and the addition of new features is easy.
The original contribution of the GALET model 
(Figure 1) is the development of a third module 
in addition to the flow and sediment modules, 
integrating riparian vegetation growth and succession 
dynamics and their coupling with physical processes. 
This vegetation model is based on the recently 
developed conceptual biogeomorphologic succession 
model (D. Corenblit and co-authors; e.g. Corenblit 
et al., 2007).

2.1. Physical processes

Flow is represented as a steady-state propagation 
of discharge (“flow sweeping” algorithm). It allows 
approximating some flow variables such as velocity, 
direction and water depth. Sediment transport and 
deposition representation is based on three processes: 
(1) suspended sediment erosion, transport and 

deposition related to grain size and shear velocity; 
(2) bed load transport as a function of local bed 
slope; and (3) lateral erosion as a function of the 
gradient of local radius curvature. Vertical sedimentary 
compartment is represented as a multiple sediment 
layers system: each cell shows one active layer at the 
surface and several inactive layers at depth. Each 
sediment layer is composed of several grain size 
fractions. Both sediment layers and layers composition 
evolve in function of erosion and deposition.

2.2. Vegetation dynamics  
(currently in development)

In a cell, vegetation is represented as three 
physiognomies (herbaceous, shrubby, and arboreous 
types) roughly characterizing successional stages. Bare 
substrate is considered as the initial stage of succession 
following destruction by water flow. 
Vegetation is modeled through biomass growth 
controlled by: (1) intrinsic maximal growth rates 
and carrying-capacity for each vegetation types; 
(2) competition between the three types, allowing 
their co-existence; (3) water availability defined as 
a function of the difference between local ground 
elevation and channel surface water. Moreover, 
the value of this parameter is modulated by the 
time duration between two immersion events and 

Figure 1. Structure of the model.

1.2 Modeling complex fluvial 
landscape dynamics 

Numerical modeling of vegetation/water 
flow/sediment interactions in particular were de-
veloped in the last thirty years. Mechanistic ap-
proaches where widely used. However, the reduc-
tionist approaches failed to describe the complex 
biogeomorphic adjustments occurring at the scale 
of fluvial corridors. As an alternative, model with 
reduced complexity such as cellular automaton 
(CA) were used to reproduce and explain emer-
gent landscape patterns resulting from local inter-
actions between vegetation and hydrogeomorphic 
dynamics. CA are well adapted for simulating 
emergent patterns of landscapes on short (succes-
sion scale) and long (hydro and bioclimatic 
changes scale) timescales (Coulthard et al., 2007). 

CA is a type of model which represents the 
space as a collection of connected cells. Local 
process rules are associated with each cell and go-
vern the evolution of its state variables. Continued 
iteration of local rules in cells drives the behavior 
of the entire system. Although the physical and 
biological driving processes are represented here 
with relatively simple rules, their combined effect 
allows representing complex non-linear behavior 
of landscapes. If CA has been widely used in 
ecology and geomorphology, coupling these two 
fields in the same models appears as a real chal-
lenge over the last decade (Murray et al., 2009; 
Reinhart et al., 2010). Indeed, such an approach 
allows analyzing the emergent biogeomorphic 
patterns that arise specifically from abiotic-biotic 
feedbacks within geomorphologic systems, which 
are not possible using mechanistic approaches. 
For instance, CA have been used to study dynamic 
biogeomorphic systems such as salt-marshes, 
coastal dunes and for more complex systems as 
riparian systems in which vegetation represents a 
main control (Coulthard et al., 1996). 

2 MODEL GALET 

The objective of our communication is to present 
a CA simulating fluvial landscape dynamics and 
considering the interactions between physical 
processes and vegetation as a dynamic compo-
nent. Dynamic aspects are related here to the re-
sponses of vegetation to hydrogeomorphologic 
parameters and its effects on physical processes 
governing the fluvial landscape changes. A main 
constraint was to take into account the diversity of 
fluvial styles from single meandering channels to 
braided styles. 

Among the CA models previously developed, the 
Caesar approach (by T.J. Coulthard, University of 
Hull, UK) fits well with these objectives. The 
physical processes (flow and sediment transport) 
considered in our model are roughly similar to the 
approach proposed by T.J. Coulthard (Coulthard 
et al., 1996). However, the algorithms were en-
tirely reprogrammed (C++, Qt library) in an ori-
ented-object fashion to facilitate the integration of 
the vegetation component. Each cell of the CA is 
an object with its proper state variables and calcu-
lation rules. It makes the integration of complex 
vegetation processes easier than in a procedural 
approach. Moreover, the management of the cal-
culation core and graphical user interface is flexi-
ble and the addition of new features is easy. 
The original contribution of the GALET model 
(Figure 1) is the development of a third module in 
addition to the flow and sediment modules, inte-
grating riparian vegetation growth and succession 
dynamics and their coupling with physical proc-
esses. This vegetation model is based on the re-
cently developed conceptual biogeomorphologic 
succession model (D. Corenblit and co-authors; 
e.g. Corenblit et al. 2007). 

Figure 1. Structure of the model. 

2.1 Physical processes 
Flow is represented as a steady-state propaga-

tion of discharge (“flow sweeping” algorithm). It 
allows approximating some flow variables such as 
velocity, direction and water depth. Sediment 
transport and deposition representation is based on 
three processes: (1) suspended sediment erosion, 
transport and deposition related to grain size and 
shear velocity; (2) bed load transport as a function 
of local bed slope; and (3) lateral erosion as a 
function of the gradient of local radius curvature. 
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Flood events can destroy vegetation and reinitiate the 
succession to the initial bare substrate. The possibility 
to be destroyed during submersion is taken into 
account as a probability for each vegetation type. This 
probability depends on water velocity, biomass and 
sediment grain size. Vegetation is currently considered 
to act on sediment transport in modifying the shear 
velocity which controls the erosion rate for each 
sediment class.

3. Perspectives

The model will be tested based on empirical data 
currently collected from the dynamic and low 
impacted River Allier (France). Second, it will be 
used as an operational tool to evaluate scenarios of 
the potential evolutions of the highly channelized 
Garonne River (France) consecutive to rehabilitation 
actions such as the removal of rip rap. 

the sediments grain size. Such a parameter allows 
representing transverse gradients of vegetation from 
the channel to the flood plain; (4) the effects of 
submersion.

Figure 2. Example of competition pattern between the three 
vegetal physiognomies in the model.

Vertical sedimentary compartment is represented 
as a multiple sediment layers system: each cell 
shows one active layer at the surface and several 
inactive layers at depth. Each sediment layer is 
composed of several grain size fractions. Both 
sediment layers and layers composition evolve in 
function of erosion and deposition. 

2.2 Vegetation dynamics (currently in 
development) 

In a cell, vegetation is represented as three phy-
siognomies (herbaceous, shrubby, and arboreous 
types) roughly characterizing successional stages. 
Bare substrate is considered as the initial stage of 
succession following destruction by water flow.

Vegetation is modeled through biomass growth 
controlled by: (1) intrinsic maximal growth rates 
and carrying-capacity for each vegetation types; 
(2) competition between the three  types, allowing 
their co-existence; (3) water availability defined 
as a function of the difference between local 
ground elevation and channel surface water. 
Moreover, the value of this parameter is modu-
lated by the time duration between two immersion 
events and the sediments grain size. Such a pa-
rameter allows representing transverse gradients 
of vegetation from the channel to the flood plain; 
(4) the effects of submersion. 

Figure 2. Example of competition pattern between the 
three vegetal physiognomies in the model 

Flood events can destroy vegetation and reini-
tiate the succession to the initial bare substrate. 
The possibility to be destroyed during submersion 
is taken into account as a probability for each 
vegetation type. This probability depends on wa-
ter velocity, biomass and sediment grain size. 
Vegetation is currently considered to act on sedi-
ment transport in modifying the shear velocity 
which controls the erosion rate for each sediment 
class.

3 PERSPECTIVES

The model will be tested based on empirical 
data currently collected from the dynamic and low 
impacted River Allier (France). Second, it will be 
used as an operational tool to evaluate scenarios 
of the potential evolutions of the highly channel-
ized Garonne River (France) consecutive to reha-
bilitation actions such as the removal of rip rap.  
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ABSTRACT. During the XIX century, Swiss rivers have been canalized for different human needs 
(flood protection and water exploitation). Recently, river restoration projects have thus increased 
to recreate the pristine biodiversity and improve flood protection. In this study, we propose to 
assess the Emme River restoration project, the first restoration project in Switzerland (1991/92 and 
1998/99), using soil morphological parameters. We compare the soil characteristics of the restored 
reach with: 1) an embanked reach along the Emme River, 2) a similar near-natural reference along 
the Rhine River (Switzerland).
 The methodology is based on soil profile descriptions performed along several geomorphological 
transects in the three reaches. Clustering analysis allow then to identify soil profile groups, and 
comparisons of three evaluation criteria (soil diversity, soil typicality and soil dynamism) are made 
using quantitative indicators, such as transformed Shannon index, presence of hydromorphic 
features and number of horizons per meter.
 A total of seven soil profile groups have been identified in the three reaches. The soil diversity 
increases in the restored floodplain compared to the embanked one but is lower than the near-
natural floodplain diversity. The soil typicality also increases in the restored floodplain, where 
typical alluvial soils have been created (pioneer stages of alluvial soils), but some typical alluvial 
soils are missing (soils with hydromorphic features characteristic of lateral branches). The same 
trends are observed concerning the soil dynamism.
 Based on our analysis, we conclude that the Emme River restoration is a partial success. The 
three criteria show that restoration has incompletely improved floodplain health. Despite the time 
elapsed and the occurrence of major flood events since river widening, floodplain improvement 
is still spatially limited to the surroundings of the initial widening].

KEYWORDS: River restoration; soil morphology, widening; floodplain.
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1. Introduction

Floodplains are complex ecological systems that fulfill 
different ecological, economic and social functions 
such as biodiversity reservoir, water and food supply, 
flood regulation (Malmqvist & Rundle, 2002), as 
well as water purification, and are major centers of 
biological life in the river ecosystem. However, these 
natural ecosystems have been deeply modified by dam 
construction and embanking. Water is nowadays one 
of the most essential natural resources and current 
floodplain management needs thus to be revised in 
order to recreate functional and diverse floodplain 
ecosystems (Vörösmarty et al., 2010).
Over the past decade, there has been a considerable 
increase in river restoration projects that mainly 
focus on the increase of biological diversity, as well 
as flood protection (Palmer & Bernhardt 2006). 
Assessing the outcome of river restoration projects is 
vital for adaptive management, evaluation of project 
efficiency, optimization of future programs, and 
gaining public acceptance (Woolsey et al., 2007). 
The potential indicators or criterion for evaluating 
river restoration success has been highlighted by 
several papers (Ruiz-Jaen et al., 2005; Woolsey et al., 
2007). With the intention to improve ecosystems, 
the proposed indicators are water quality, viability 
of target species, and increased rates of ecosystems 
functions. As underlined by Langhans and Tockner 
(2006) most attention on altered river flow regimes 
has focused on their effects on water quality and biota 
rather than ecosystem functioning. Young and Collier 
(2009) reported that incorporating measurements of 
ecosystem function (i.e. biodiversity) has increasingly 
been recognized as a potential tool for assessing 
river health. However, only few considered soil as a 
potential indicator of restoration success (Cui et al., 
2009). As an indicator of biodiversity, soil should be 
considered as a habitat for biota. Soil also integrates 
information on ecosystem structure, record past and 
present events of fluvial dynamics (Gerrard, 1992; 
Daniels, 2003; Bullinger-Weber & Gobat, 2006).
In this study we propose to use soil morphology as a 
tool to evaluate the success of a floodplain restoration 
project (the Emme River widening). We hypothesize 

that soil morphology provides information on habitat 
suitability for different taxonomic and functional 
groups of organisms and that it provides useful 
information for assessing river restoration success. 
Using soil morphological parameters obtained by 
in situ auger borings (e.g. total depth, number of 
layers, texture of the different layers, hydromorphic 
features), we characterize each soil layer and its 
arrangement within the soil profile. Then, we 
compare these soil parameters for comparison of a 
restored reach with: 1) an embanked reach along the 
Emme River, 2) a similar near-natural reference along 
the Rhine River (Switzerland). The near-natural 
reference permits to evaluate the potential of river 
widening to re-establish fluvial ecosystems and to 
demonstrate the degree of naturalness that can be 
achieved with river widening. The embanked reach 
(pre-restoration conditions) and the near-natural one 
are assumed to represent the worst- and best-case 
conditions along a gradient of naturalness (Rhode 
et al., 2005).

2. Study sites and methods

2.1. Study sites

The Emme River is one of the first restoration 
projects in Switzerland (Fig. 1). This river, previously 
braided, had been embanked until 1991/92 when 
a stretch was widened (530 m length, and 30 m 
width). The evaluation is made on comparisons 
between restored and embanked floodplains. The 
two zones are located near Aefligen (restored) and 
Burgdorf (embanked; canton of Bern) at a mean 
altitude of 500 m and with an estimated discharge 
of 19 m3/s. Alluvial deposits are mainly composed 
of calcareous pebbles and sands.
The Rhine River (site of Swiss national importance 
“Rhäzüns”, canton of Graubünden) is used as a near-
natural reference and is situated at a mean altitude 
of 600 m, with a mean discharge of 40 m3/s. It is 
constituted of calcareous alluvial deposits, presents 
a pluvio-nival regime and is classified as a typical 
braided river.
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2.2. Methods

Soil descriptions based on morphological parameters 
(total profile depth; number of layers of different 
texture; total number of layers; volumetric percentage 
of coarse elements in %; presence, type and intensity 
of hydromorphic features; depth of the first layer 
with hydromorphic features in cm) were made along 
different geomorphological transects perpendicular 
to the river (Table 1).

These soil profile descriptions were then classified 
into different morphological groups (using Ward’s 
hierarchical clustering method). In addition, these 
soil groups have been named according to the 
“Référentiel Pédologique” classification (AFES, 2009). 
The calculations of the indicators were based on the 
resulting soil groups. For soil diversity, the richness 
(adapted from the species richness concerning the 
number of taxa) and the transformed Shannon index 
(H’) were chosen (Magurran, 1988).

3. Results

3.1. Soil groups

A total of seven soil groups were identified for the 
three reaches (soil groups 1 to 7; Fig. 2).
Main characteristics of soil groups are as followed: soil 
group 1: thin soils with one sandy layer and presence 
of lens containing sediments of various textures with 
coarse elements; soil group 2: thin soils with one or 
two sandy layer and coarse elements; soil group 3: 
deep soils with three layers (sandy or loamy-sand) 
presenting predominant hydromorphic features 
already on the surface; soil group 4: various depths 
with hydromorphic features from 30 cm depth and 
several number of layers and textures; soil group 5: 
various depths with one to four layers of sandy texture; 
soil group 6: various depths with two to five layers 
(sandy and sandy-loam with some coarse elements); 
soil group 7: various depths with one to six layers 
mainly sandy and few humiferous layers. Otherwise, 
each soil presents calcium carbonates in the different 
layers of the profile.
According the “Référentiel pédologique” classification, 
they belong to three main soil References, FLUVIOSOL 
(soil groups 1, 2, 4, 5, 6 and 7), REDUCTISOL (soil 
groups 3 and 4) and REDOXISOL (soil group 4). 
Their functioning differs in the water-table fluctuation, 
i.e. absence, permanence, or seasonal presence in soil 
profile. Concerning the FLUVIOSOL several types, 
corresponding to different degrees of soil evolution, 
were identified FLUVIOSOL BRUT (soil groups 
1, 2 and 7), JUVENILE (soil group 5 and 7) and 
TYPIQUE (soil groups 4 to 7).

3.2. Soil diversity

The comparison between the restored reach with 
the embanked one shows that the widening has 
increased the number of soil groups, the richness 
and the Modified Shannon index (tab. 2). However, 
these diversity indicators are still lower than those of 
the near-natural reach.

 

Figure 1. Emme restoration project: widening on both 
banks in two stages, 1991/92 and 98/99.

tion to improve ecosystems, the proposed indica-
tors are water quality, viability of target species, 
and increased rates of ecosystems functions. As 
underlined by Langhans and Tockner (2006) most 
attention on altered river flow regimes has fo-
cused on their effects on water quality and biota 
rather than ecosystem functioning. Young and 
Collier (2009) reported that incorporating meas-
urements of ecosystem function (i.e. biodiversity) 
has increasingly been recognized as a potential 
tool for assessing river health. However, only few 
considered soil as a potential indicator of restora-
tion success (Cui et al., 2009). As an indicator of 
biodiversity, soil should be considered as a habitat 
for biota. Soil also integrates information on eco-
system structure, record past and present events of 
fluvial dynamics (Gerrard, 1992; Daniels, 2003; 
Bullinger-Weber and Gobat, 2006). 

In this study we propose to use soil morphology 
as a tool to evaluate the success of a floodplain 
restoration project (the Emme River widening). 
We hypothesize that soil morphology provides in-
formation on habitat suitability for different taxo-
nomic and functional groups of organisms and 
that it provides useful information for assessing 
river restoration success. Using soil morphologi-
cal parameters obtained by in situ auger borings 
(e.g. total depth, number of layers, texture of the 
different layers, hydromorphic features), we char-
acterize each soil layer and its arrangement within 
the soil profile. Then, we compare these soil pa-
rameters for comparison of a restored reach with: 
1) an embanked reach along the Emme River, 2) a 
similar near-natural reference along the Rhine 
River (Switzerland). The near-natural reference 
permits to evaluate the potential of river widening 
to re-establish fluvial ecosystems and to demon-
strate the degree of naturalness that can be 
achieved with river widening. The embanked 
reach (pre-restoration conditions) and the near-
natural one are assumed to represent the worst- 
and best-case conditions along a gradient of natu-
ralness (Rhode et al., 2005). 

2 STUDY SITES AND METHODS 

2.1 Study sites 
The Emme River is one of the first restoration 
projects in Switzerland (fig. 1). This river, previ-
ously braided, had been embanked until 1991/92 
when a stretch was widened (530 m length, and 30 
m width). The evaluation is made on comparisons 

between restored and embanked floodplains. The 
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smooth transitions that reflects an high variability 
of high fluvial dynamics creating a mosaic of soils.

4. Discussion

Restoration aims to re-establish an ecosystem to its 
condition prior to degradation. Looking at the degree 
of naturalness, by the comparison with a near-natural 
state, permits to evaluate river widenings. According to 
the three used soil morphology criteria, the widening 
has led to: 1) an increase of soil habitat diversity, 
2) a partial increase of soil typicality, and 3) a partial 
increase of soil dynamism. The assessment of the 
Emme restoration project based exclusively on soil 
morphology parameters shows that this restoration 
is a limited success compared to the near-natural 
floodplain.
This limited success has already been observed in 
the same site by other authors who showed different 
degrees of naturalness (Rohde et al., 2005). Using 
vegetation data and calculation landscape metrics 
based on habitat maps, these authors demonstrated 
that Emme River restoration performs good 
indications on habitats and provides potential for the 
establishment of typical alluvial species. However, they 
demonstrated that the colonization of actual species 
is disturbed by a low ecological permeability of the 

3.3. Soil typicality

Some typical soils have been created by the widening 
especially the bare soils (soil group 2; Fig. 2). 
However, these bare soils are slightly different from 
those of the near-natural soils in their thickness 
and presence of lens containing sediments of 
different textures (group 1). Moreover, other soils 
characteristic of lateral branches of braided rivers 
(REDUCTISOL, soil group 3) are still missing in 
the restored reach. On the other hand, other soils 
are found in the three reaches (groups 4 to 7), but 
in different proportions.

3.3. Soil dynamism

The soil dynamism indexes show different patterns 
for the three reaches (fig. 3), with A) not contrasted 
pattern indicating low fluvial dynamics in the 
embanked reach; B) irregular pattern with abrupt 
transitions corresponding to a high variability of fluvial 
dynamics leading to juxtaposition of different soils in 
the restored reach; and C) an irregular pattern with 

Table 2. Soil diversity criterion using soil richness indicators 
(number of soil groups in a reach/total number of groups, 
richness and transformed Shannon index H’ for each reach).

3 RESULTS

3.1 Soil groups 
A total of seven soil groups were identified for the 
three reaches (soil groups 1 to 7; fig. 2).

Main characteristics of soil groups are as fol-
lowed: soil group 1: thin soils with one sandy lay-
er and presence of lens containing sediments of 
various textures with coarse elements; soil group 
2: thin soils with one or two sandy layer and 
coarse elements; soil group 3: deep soils with 
three layers (sandy or loamy-sand) presenting pre-
dominant hydromorphic features already on the 
surface; soil group 4: various depths with hydro-
morphic features from 30 cm depth and several 
number of layers and textures; soil group 5: vari-
ous depths with one to four layers of sandy tex-
ture; soil group 6: various depths with two to five 
layers (sandy and sandy-loam with some coarse 
elements); soil group 7: various depths with one to 
six layers mainly sandy and few humiferous lay-
ers. Otherwise, each soil presents calcium carbon-
ates in the different layers of the profile. 

According the “Référentiel pédologique” classi-
fication, they belong to three main soil Refer-
ences, FLUVIOSOL (soil groups 1, 2, 4, 5, 6 and 
7), REDUCTISOL (soil groups 3 and 4) and RE-
DOXISOL (soil group 4). Their functioning dif-
fers in the water-table fluctuation, i.e. absence, 
permanence, or seasonal presence in soil profile. 
Concerning the FLUVIOSOL several types, cor-
responding to different degrees of soil evolution, 
were identified FLUVIOSOL BRUT (soil groups 
1, 2 and 7), JUVENILE (soil group 5 and 7) and 
TYPIQUE (soil groups 4 to 7). 

3.2 Soil diversity 
The comparison between the restored reach with 
the embanked one shows that the widening has in-
creased the number of soil groups, the richness 
and the Modified Shannon index (tab. 2). How-
ever, these diversity indicators are still lower than 
those of the near-natural reach. 
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Transformed 
Shannon
Index (H’) 69%  60% 87% _____________________________________________
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and a right intervention include the creation of an 
asymmetrical riverbed with suitable dimensions taking 
into account the various flow conditions, and not 
only the predictable flood events.
To summarize, our methodology based on soil 
morphology is an efficient and reliable tool to assess 
the success of river restoration focusing on biodiversity 
improvement. It is pertinent for evaluating changes 
in soil characteristics, and consequently in the related 
biota that could colonize the restored floodplain. 
However, there are limitations due to other parameters, 
not taken into account in our methodology, that partly 
determine the terrestrial biodiversity (water and soil 
pollution, potential for species to colonize an area,…). 

regulated river system leading to a poor performance 
at the species level.
In conclusion, we hypothesize that the limited success 
of the Emme River restoration is neither related to 
the used methodology nor to time elapsed since 
the widening and few huge flood events (3 times 
50-year flood), but probably to the engineering 
technics. Both length and width of the widening are 
too limited to re-create an efficient fluvial dynamics 
that may influence the entire floodplain. The same 
conclusion had been drawn by Rohde et al. (2004) to 
explain the limited success of the Emme restoration. 
A effective compromise should be found between base 
flow and bankfull conditions (Arizpe et al., 2008), 
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ABSTRACT. Throughout Europe, many hydrological stream restoration projects have been carried 
out, but many of them (so far) failed to ecologically improve deteriorated channelized streams. 
Innovative restoration measures that combine restoration of current velocities, natural inundation 
regimes and a meandering watercourse are much more promising. However, combined effects of 
these measures on the return of aquatic- and riparian vegetation are as yet known. By creating a 
bare substrate, which occurs at many restoration projects, propagule deposition is the first step 
in vegetation colonization. Physical processes (e.g. current velocities, water turbulence, wind) are 
expected to lead to distinct propagule deposition patterns of propagules with different characteristics 
(i.e. floating ability, mass, surface area). These deposition patterns serve as the spatial template for 
vegetation development. Within these patterns, species-specific germination and establishment 
under certain environmental conditions (water availability, soil pH, nutrient status), will further 
determine patterns in vegetation development. Moisture gradients, flooding regimes, substrate 
characteristics and current velocities are hence expected to be of crucial importance for vegetation 
development. Their individual roles and quantitative contributions in each of the different processes 
of propagule deposition, germination, seedling establishment and early succession, will be investigated 
in this research. As such, we combine detailed stream morphological measures before and after 
restoration (in collaboration with the Hydrology and Quantitative Water Management group of 
Wageningen University) with biogeochemical analysis and ecological measurements on the above 
processes. Further, we collaborate with the Freshwater Ecology group of Wageningen University 
and Research Centre to investigate effects of restored stream hydrology and vegetation on stream 
macrofauna. More insight in the different processes which structure vegetation in streams and 
along the riparian zone can be used to optimize innovative restoration measures in the future.

KEYWORDS: Lowland streams, stream restoration, propagule deposition, hydrochory.
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1. Introduction

1.1.	Stream	channelization
Running waters provide a broad range of utilities for 
humankind including a source of water for domestic, 
industrial and agricultural purposes, a means of power 
generation and waste disposal, routes for navigation, 
and locations for the pursuit of leisure activities 
(Malmqvist & Rundle, 2002). It is therefore not 
surprising that running waters have been the focus for 
human settlement. With an exponentially increasing 
human population, these systems have become more 
and more under pressure, leading to degradation of 
these habitats with consequent losses of biodiversity. 
These losses can be attributed to several factors 
including water chemistry alteration (pollution), 
species removal or addition, habitat destruction 
and/or physical habitat alterations. For example, 
many streams worldwide have been impacted by 
modifications such as damming, channelization or 
abstraction of water for agricultural, domestic or 
industrial purposes (Malmqvist and Rundle, 2002). 
In the Netherlands, Denmark and Britain even more 
than 90 percent of all lowland streams have been 
channelized, between 1920 and 1970 (Verdonschot 
& Nijboer, 2002). 
These modifications directly affected the passage of 
water through these systems, in some cases leading to 
erosion and stream bed incision during peak flow, and 
very low current velocities and siltation during base 
flow. Because of the wider and deeper dimensions, 
overbank flow is reduced in many streams, and 
groundwater tables are low, leading to drought in 
the riparian zone (Fig. 1). Moreover, channelization 

reduced the spatial variation in current velocity, 
leading to homogene conditions. Altogether, this 
has led to the loss of rare aquatic and riparian plant 
species and a general decline in biodiversity of these 
potentially very rich systems.

1.2. Stream restoration

The last three decades, numerous stream restoration 
projects were the answer to this deterioration. 
However, European-wide comparative analysis 
of stream restoration measures showed that these 
measures often resulted in low success due to 
pollution, spatial limitations and fragmented system 
approaches (Verdonschot & Nijboer, 2002; Jähnig 
et al., 2010). In many cases, over-dimensioning led 
to low flow velocities and consequent accumulation 
of fine sediments (Verdonschot and Nijboer, 2002). 
Groundwater tables in the riparian zone stayed low 
and inundation was still lacking. 
To summarize, the environmental factors that promote 
a high biodiversity, and/or are typical for natural 
streams were not restored properly. In some cases, 
however, dispersal limitation already blocked the 
return of desired species in the first place, hampering 
these species to benefit from the potentially suitable 
conditions after restoration (Brederveld et al., in press). 
New innovative restoration measures are more 
promising in the return of rare species and increase 
of biodiversity. Main objectives of these measures 
are to increase current velocity during base flow, 
reduce current velocity during peak flow (by space 
for inundation), create spatial variation in current 
velocities, and restore a natural moisture gradient in the 
riparian zone (higher groundwater tables and a natural 
inundation regime). To achieve this, morphologic 
measures will be taken that are adjusted to the stream 
hydrology. Streams will be narrowed, their beds will 
be lifted, riparian zones will be excavated, and the 
water-course will be re-meandered (Fig. 2). 

1.3.	Vegetation	colonization

Because in many restoration projects only marginal 
improvement is achieved in terms of biodiversity or 

Figure 1. Transversal profile of (a) a natural stream and 
(b) a channelized stream with a lower stream bed, lower 
groundwater table (dotted line), wider stream and narrower 
floodplain at the channelized stream. (Modified from 
Hardison et al., 2009).

the loss of rare aquatic and riparian plant species 
and a general decline in biodiversity of these po-
tentially very rich systems. 

Figure 1. Transversal profile of (a) a natural stream and (b) 
a channelized stream with a lower stream bed, lower 
groundwater table (dotted line), wider stream and narrower 
floodplain at the channelized stream. (Modified from Hardi-
son et al. 2009) 

1.2 Stream restoration 
The last three decades, numerous stream restora-
tion projects were the answer to this deterioration. 
However, European-wide comparative analysis of 
stream restoration measures showed that these 
measures often resulted in low success due to pol-
lution, spatial limitations and fragmented system 
approaches (Verdonschot and Nijboer, 2002; Jäh-
nig et al., 2010). In many cases, over-
dimensioning led to low flow velocities and con-
sequent accumulation of fine sediments (Verdon-
schot and Nijboer, 2002). Groundwater tables in 
the riparian zone stayed low and inundation was 
still lacking.

To summarize, the environmental factors that 
promote a high biodiversity, and/or are typical for 
natural streams were not restored properly. In 
some cases, however, dispersal limitation already 
blocked the return of desired species in the first 
place, hampering these species to benefit from the 
potentially suitable conditions after restoration 
(Brederveld et al., in press).

New innovative restoration measures are more 
promising in the return of rare species and in-
crease of biodiversity. Main objectives of these 
measures are to increase current velocity during 
base flow, reduce current velocity during peak 
flow (by space for inundation), create spatial 
variation in current velocities, and restore a natu-
ral moisture gradient in the riparian zone (higher 
groundwater tables and a natural inundation re-
gime). To achieve this, morphologic measures 
will be taken that are adjusted to the stream hy-
drology. Streams will be narrowed, their beds will 
be lifted, riparian zones will be excavated, and the 
water-course will be re-meandered (Fig. 2).  

1.3 Vegetation colonization 
Because in many restoration projects only mar-
ginal improvement is achieved in terms of biodi-
versity or the return of target species, the question 
arises what determines this lack of improvement. 
In which part of the colonization process are these 
species hampered? Does dispersal limitation play 
a role, or does the lack of suitable environmental 
conditions block establishment? 

By altering the transverse profiles, a bare sub-
strate is created which gives rise to a primary suc-
cession. Propagule deposition, in the riparian zone 
highly influenced by water flow and inundation 
(Moggridge and Gurnell, 2010), determines the 
first step in vegetation colonization at these bare 
zones. The next ‘sieves’ in vegetation develop-
ment are germination, seedling survival, seedling 
establishment and early succession.  

Channelized  stream 

Hydrologically restored  stream 

Figure 2. The effect of innovative restoration measures, cre-
ating a new tranversal profile, resulting in a heightened 
stream bed, higher groundwater levels, a narrow stream dur-
ing base flow and space for inundation during peak flow. 

1.4 Study purpose 
In this research, each of the different processes in 
the colonization of in-stream and riparian vegeta-
tion can be studied in detail from scratch at inno-
vatively restored streams. This information on 
stream vegetation development, combined with 
data of our research partners on stream morphol-
ogy (Hydrology and Quantitative Water Manage-
ment group of Wageningen University) and 
stream macrofauna (Freshwater Ecology group of 
Wageningen University and Research Centre) will 
allow us to make a detailed assessment of the ef-
fectiveness of stream restoration measures. The 
outcome of this is crucial for the necessary im-
provement of future stream restoration measures. 

1.5 Research questions 
To investigate the individual roles of physical 
processes and their quantitative contributions in 
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the return of target species, the question arises what 
determines this lack of improvement. In which part of 
the colonization process are these species hampered? 
Does dispersal limitation play a role, or does the lack of 
suitable environmental conditions block establishment?
By altering the transverse profiles, a bare substrate 
is created which gives rise to a primary succession. 
Propagule deposition, in the riparian zone highly 
influenced by water flow and inundation (Moggridge 
and Gurnell, 2010), determines the first step in 
vegetation colonization at these bare zones. The next 
‘sieves’ in vegetation development are germination, 
seedling survival, seedling establishment and early 
succession. 

1.4. Study purpose

In this research, each of the different processes in the 
colonization of in-stream and riparian vegetation 
can be studied in detail from scratch at innovatively 
restored streams. This information on stream vegetation 
development, combined with data of our research 
partners on stream morphology (Hydrology and 
Quantitative Water Management group of Wageningen 
University) and stream macrofauna (Freshwater 
Ecology group of Wageningen University and Research 
Centre) will allow us to make a detailed assessment of 

the effectiveness of stream restoration measures. The 
outcome of this is crucial for the necessary improvement 
of future stream restoration measures.

1.5. Research questions

To investigate the individual roles of physical 
processes and their quantitative contributions in each 
of the different processes of propagule deposition, 
germination, seedling survival and establishment, and 
early succession, each step of vegetation colonization 
will be investigated for the following research 
questions:

1. What is the effect of a natural hydrology 
and geomorphology on the development of 
vegetation along an elevational gradient in 
the riparian zone?

2. What is the effect of innovative stream 
restoration on in-stream vegetation 
development compared to channelized 
reaches?

3. What is the effect of spatial variations in 
current velocities due to meandering on 
in-stream and riparian vegetation development 
at restored streams?

1.6. Hypotheses

Physical processes (e.g. current velocities, water 
turbulence, wind) are expected to lead to distinct 
propagule deposition patterns of propagules with 
different characteristics (i.e. floating ability, mass, 
surface area). These deposition patterns serve as the 
spatial template for vegetation development.
Within these patterns, species-specific germination 
and establishment under certain environmental 
conditions (water availability, soil pH, nutrient 
status), will further determine patterns in vegetation 
development. Moisture gradients, flooding regimes, 
substrate characteristics and current velocities are 
hence expected to be of crucial importance for 
vegetation development.
A higher biodiversity will be obtained in the stream and 
riparian zone of restored streams than at channelized 
streams. In the riparian zone, a restored moisture gradient 
will stimulate a broader range of species which differ in 
their tolerance to flooding or moisture need. In-stream, 

Figure 2. The effect of innovative restoration measures, 
creating a new tranversal profile, resulting in a heightened 
stream bed, higher groundwater levels, a narrow stream 
during base flow and space for inundation during peak flow.

the loss of rare aquatic and riparian plant species 
and a general decline in biodiversity of these po-
tentially very rich systems. 

Figure 1. Transversal profile of (a) a natural stream and (b) 
a channelized stream with a lower stream bed, lower 
groundwater table (dotted line), wider stream and narrower 
floodplain at the channelized stream. (Modified from Hardi-
son et al. 2009) 

1.2 Stream restoration 
The last three decades, numerous stream restora-
tion projects were the answer to this deterioration. 
However, European-wide comparative analysis of 
stream restoration measures showed that these 
measures often resulted in low success due to pol-
lution, spatial limitations and fragmented system 
approaches (Verdonschot and Nijboer, 2002; Jäh-
nig et al., 2010). In many cases, over-
dimensioning led to low flow velocities and con-
sequent accumulation of fine sediments (Verdon-
schot and Nijboer, 2002). Groundwater tables in 
the riparian zone stayed low and inundation was 
still lacking.

To summarize, the environmental factors that 
promote a high biodiversity, and/or are typical for 
natural streams were not restored properly. In 
some cases, however, dispersal limitation already 
blocked the return of desired species in the first 
place, hampering these species to benefit from the 
potentially suitable conditions after restoration 
(Brederveld et al., in press).

New innovative restoration measures are more 
promising in the return of rare species and in-
crease of biodiversity. Main objectives of these 
measures are to increase current velocity during 
base flow, reduce current velocity during peak 
flow (by space for inundation), create spatial 
variation in current velocities, and restore a natu-
ral moisture gradient in the riparian zone (higher 
groundwater tables and a natural inundation re-
gime). To achieve this, morphologic measures 
will be taken that are adjusted to the stream hy-
drology. Streams will be narrowed, their beds will 
be lifted, riparian zones will be excavated, and the 
water-course will be re-meandered (Fig. 2).  

1.3 Vegetation colonization 
Because in many restoration projects only mar-
ginal improvement is achieved in terms of biodi-
versity or the return of target species, the question 
arises what determines this lack of improvement. 
In which part of the colonization process are these 
species hampered? Does dispersal limitation play 
a role, or does the lack of suitable environmental 
conditions block establishment? 

By altering the transverse profiles, a bare sub-
strate is created which gives rise to a primary suc-
cession. Propagule deposition, in the riparian zone 
highly influenced by water flow and inundation 
(Moggridge and Gurnell, 2010), determines the 
first step in vegetation colonization at these bare 
zones. The next ‘sieves’ in vegetation develop-
ment are germination, seedling survival, seedling 
establishment and early succession.  

Channelized  stream 

Hydrologically restored  stream 

Figure 2. The effect of innovative restoration measures, cre-
ating a new tranversal profile, resulting in a heightened 
stream bed, higher groundwater levels, a narrow stream dur-
ing base flow and space for inundation during peak flow. 

1.4 Study purpose 
In this research, each of the different processes in 
the colonization of in-stream and riparian vegeta-
tion can be studied in detail from scratch at inno-
vatively restored streams. This information on 
stream vegetation development, combined with 
data of our research partners on stream morphol-
ogy (Hydrology and Quantitative Water Manage-
ment group of Wageningen University) and 
stream macrofauna (Freshwater Ecology group of 
Wageningen University and Research Centre) will 
allow us to make a detailed assessment of the ef-
fectiveness of stream restoration measures. The 
outcome of this is crucial for the necessary im-
provement of future stream restoration measures. 

1.5 Research questions 
To investigate the individual roles of physical 
processes and their quantitative contributions in 
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2.2. In-stream vegetation development

To investigate colonization of in-stream vegetation, a 
comparison will be made between a restored reach of 
a stream and an upstream channelized reach of this 
stream. Three grids (30 meters in length times the 
width of a stream) will be selected at both reaches. 
In each grid, artificial turf mats will be pinned to 
the stream bed, and a germination- and seedling 
survival experiment will be carried out. Surface 
water levels, current velocity, sedimentation/erosion 
rates, light availability, and water chemistry will be 
measured at stratified randomly chosen gridcells. For 
measuring vegetation development, each gridcell will 
be monitored (Fig. 4). 

2.3. Effect of meandering on vegetation

Within restored reaches, a comparison will be made 
between straight sections and bends to measure the 
effect of meandering on vegetation development. 
Surface water levels, sedimentation/erosion rates, 
current velocity, light availability, and water chemistry 
will be measured at stratified randomly chosen gridcells 
within these grids. Vegetation development will be 
monitored in each gridcell (Fig. 5).

a higher current velocity during the growing season and 
more shallow conditions at restored reaches causes a shift 
in species composition compared to channelized reaches. 
Species that are intolerant to current velocity during 
the growing season, may still flourish in channelized 
reaches but will become less dominant in restored 
reaches. A higher variation in current velocities than at 
channelized reaches, will lead to a higher variation in 
species composition and probably a higher biodiversity.

2. Research methods

2.1.	Elevational	gradient	in	the	riparian	zone

Vegetation development will be investigated in 
an elevational gradient along restored stream in 
permanent quadrants (PQ’s) distributed over this 
gradient (Fig. 3). Aside of each PQ an artificial 
(Astroturf ) turf mat (Goodson et al., 2003) will be 
pinned to the ground to measure propagule deposition 
in two periods per year: from October until April, 
and April until October. 
Surface water levels, current velocity, groundwater 
levels, soil moisture content, soil chemistryand light 
availability will be measured at each PQ once every 
three months. Along the same gradient, a germination 
experiment and a seedling survival experiment will 
be carried out with seeds of aquatic- and riparian 
plant species. Seeds will be sown in November. 
Germination will be scored monthly from March until 
June. Seedlings will be grown in the greenhouse and 
transplanted to the field in April, after which survival 
will be determined every month. Vegetation surveys 
of each PQ will be carried out twice per year in May 
and July according to the Braun-Blanquet method. 

Figure 3. Five permanent quadrants in a wet to dry gradient 
perpendicular to a restored stream.

each of the different processes of propagule depo-
sition, germination, seedling survival and estab-
lishment, and early succession, each step of vege-
tation colonization will be investigated for the 
following research questions: 

1. What is the effect of a natural hydrology 
and geomorphology on the development 
of vegetation along an elevational gradi-
ent in the riparian zone? 

2. What is the effect of innovative stream 
restoration on in-stream vegetation de-
velopment compared to channelized 
reaches?

3. What is the effect of spatial variations in 
current velocities due to meandering on 
in-stream and riparian vegetation devel-
opment at restored streams? 

1.6 Hypotheses
Physical processes (e.g. current velocities, water 
turbulence, wind) are expected to lead to distinct 
propagule deposition patterns of propagules with 
different characteristics (i.e. floating ability, mass, 
surface area). These deposition patterns serve as 
the spatial template for vegetation development. 

Within these patterns, species-specific germi-
nation and establishment under certain environ-
mental conditions (water availability, soil pH, nu-
trient status), will further determine patterns in 
vegetation development. Moisture gradients, 
flooding regimes, substrate characteristics and 
current velocities are hence expected to be of cru-
cial importance for vegetation development.  

A higher biodiversity will be obtained in the 
stream and riparian zone of restored streams than 
at channelized streams. In the riparian zone, a re-
stored moisture gradient will stimulate a broader 
range of species which differ in their tolerance to 
flooding or moisture need. In-stream, a higher 
current velocity during the growing season and 
more shallow conditions at restored reaches 
causes a shift in species composition compared to 
channelized reaches. Species that are intolerant to 
current velocity during the growing season, may 
still flourish in channelized reaches but will be-
come less dominant in restored reaches. A higher 
variation in current velocities than at channelized 
reaches, will lead to a higher variation in species 
composition and probably a higher biodiversity. 

2 RESEARCH METHODS 

2.1 Elevational gradient in the riparian zone 

Vegetation development will be investigated in an 
elevational gradient along restored stream in per-
manent quadrants (PQ’s) distributed over this gra-
dient (Fig. 3). Aside of each PQ an artificial (As-
troturf) turf mat (Goodson et al., 2003) will be 
pinned to the ground to measure propagule depo-
sition in two periods per year: from October until 
April, and April until October.

Surface water levels, current velocity, ground-
water levels, soil moisture content, soil chemistry-
and light availability will be measured at each PQ 
once every three months. Along the same gradi-
ent, a germination experiment and a seedling sur-
vival experiment will be carried out with seeds of 
aquatic- and riparian plant species. Seeds will be 
sown in November. Germination will be scored 
monthly from March until June. Seedlings will be 
grown in the greenhouse and transplanted to the 
field in April, after which survival will be deter-
mined every month. Vegetation surveys of each 
PQ will be carried out twice per year in May and 
July according to the Braun-Blanquet method.  

Figure 3. Five permanent quadrants in a wet to dry gradient 
perpendicular to a restored stream. 

2.2 In-stream vegetation development 
To investigate colonization of in-stream vegeta-

tion, a comparison will be made between a re-
stored reach of a stream and an upstream channel-
ized reach of this stream. Three grids (30 meters 
in length times the width of a stream) will be se-
lected at both reaches. In each grid, artificial turf 
mats will be pinned to the stream bed, and a ger-
mination- and seedling survival experiment will 
be carried out. Surface water levels, current veloc-
ity, sedimentation/erosion rates, light availability, 
and water chemistry will be measured at stratified 
randomly chosen gridcells. For measuring vegeta-
tion development, each gridcell will be monitored 
(Fig. 4).

each of the different processes of propagule depo-
sition, germination, seedling survival and estab-
lishment, and early succession, each step of vege-
tation colonization will be investigated for the 
following research questions: 

1. What is the effect of a natural hydrology 
and geomorphology on the development 
of vegetation along an elevational gradi-
ent in the riparian zone? 

2. What is the effect of innovative stream 
restoration on in-stream vegetation de-
velopment compared to channelized 
reaches?

3. What is the effect of spatial variations in 
current velocities due to meandering on 
in-stream and riparian vegetation devel-
opment at restored streams? 

1.6 Hypotheses
Physical processes (e.g. current velocities, water 
turbulence, wind) are expected to lead to distinct 
propagule deposition patterns of propagules with 
different characteristics (i.e. floating ability, mass, 
surface area). These deposition patterns serve as 
the spatial template for vegetation development. 

Within these patterns, species-specific germi-
nation and establishment under certain environ-
mental conditions (water availability, soil pH, nu-
trient status), will further determine patterns in 
vegetation development. Moisture gradients, 
flooding regimes, substrate characteristics and 
current velocities are hence expected to be of cru-
cial importance for vegetation development.  

A higher biodiversity will be obtained in the 
stream and riparian zone of restored streams than 
at channelized streams. In the riparian zone, a re-
stored moisture gradient will stimulate a broader 
range of species which differ in their tolerance to 
flooding or moisture need. In-stream, a higher 
current velocity during the growing season and 
more shallow conditions at restored reaches 
causes a shift in species composition compared to 
channelized reaches. Species that are intolerant to 
current velocity during the growing season, may 
still flourish in channelized reaches but will be-
come less dominant in restored reaches. A higher 
variation in current velocities than at channelized 
reaches, will lead to a higher variation in species 
composition and probably a higher biodiversity. 

2 RESEARCH METHODS 

2.1 Elevational gradient in the riparian zone 

Vegetation development will be investigated in an 
elevational gradient along restored stream in per-
manent quadrants (PQ’s) distributed over this gra-
dient (Fig. 3). Aside of each PQ an artificial (As-
troturf) turf mat (Goodson et al., 2003) will be 
pinned to the ground to measure propagule depo-
sition in two periods per year: from October until 
April, and April until October.

Surface water levels, current velocity, ground-
water levels, soil moisture content, soil chemistry-
and light availability will be measured at each PQ 
once every three months. Along the same gradi-
ent, a germination experiment and a seedling sur-
vival experiment will be carried out with seeds of 
aquatic- and riparian plant species. Seeds will be 
sown in November. Germination will be scored 
monthly from March until June. Seedlings will be 
grown in the greenhouse and transplanted to the 
field in April, after which survival will be deter-
mined every month. Vegetation surveys of each 
PQ will be carried out twice per year in May and 
July according to the Braun-Blanquet method.  

Figure 3. Five permanent quadrants in a wet to dry gradient 
perpendicular to a restored stream. 

2.2 In-stream vegetation development 
To investigate colonization of in-stream vegeta-

tion, a comparison will be made between a re-
stored reach of a stream and an upstream channel-
ized reach of this stream. Three grids (30 meters 
in length times the width of a stream) will be se-
lected at both reaches. In each grid, artificial turf 
mats will be pinned to the stream bed, and a ger-
mination- and seedling survival experiment will 
be carried out. Surface water levels, current veloc-
ity, sedimentation/erosion rates, light availability, 
and water chemistry will be measured at stratified 
randomly chosen gridcells. For measuring vegeta-
tion development, each gridcell will be monitored 
(Fig. 4).

Figure 4. Upper view of research set-up for comparing 
in-stream vegetation development between channelized 
and restored sections, with permanent grids of 30 meter 
length times stream width.

Figure 5. Upper view of research set-up for comparing 
vegetation development at straight sections with bends 
within restored sections.

Figure 4 Upper view of research set-up for comparing in-
stream vegetation development between channelized and re-
stored sections, with permanent grids of 30 meter length 
times stream width. 

2.3 Effect of meandering on vegetation 
Within restored reaches, a comparison will be 
made between straight sections and bends to 
measure the effect of meandering on vegetation 
development. Surface water levels, sedimenta-
tion/erosion rates, current velocity, light availabil-
ity, and water chemistry will be measured at 
stratified randomly chosen gridcells within these 
grids. Vegetation development will be monitored 
in each gridcell (Fig. 5).

Figure 5 Upper view of research set-up for comparing vege-
tation development at straight sections with bends within re-
stored sections
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ABSTRACT. ABSTRACT: Flow regulation for different purposes (e.g. flood control, water supply 
for irrigation, hydropower generation, etc.) has affected the structure and functioning of riparian 
and aquatic ecosystems of many rivers over the last decades. Changes have been particularly 
noticeable in permanent and ephemeral rivers situated in Eastern Spain. These rivers are home to 
highly diverse environments due to semi-arid conditions and natural inter and intra-annual flow 
variations. The decrease in sediment load and water availability has generated significant changes in 
these fluvial ecosystems. To carry out this study, two reaches with different sinuosity were selected 
from the middle course of the River Mijares (Eastern Spain). The trends in the riparian habitat 
types were compared using aerial images from different periods (1956, 1976 and 2007). These 
changes were associated with different flow alterations (diversion for hydropower production and 
irrigation). Sediment availability was considered in each case by mapping the point and side bars 
(mobile and fixed). The vegetation and sediment maps allowed the comparison of river changes. The 
observations suggested that sediment stabilization, considerable flow reduction and degradation of 
the hydromorphological processes altered the natural vegetation patterns. The riparian landscape 
became less diverse and more homogeneous in comparison with the natural/reference situation. A 
reduction in the gravel bars (necessary for the natural regeneration of riparian woody vegetation) 
was also detected. The understanding of the hydrogeomorphological processes underlying the 
past and present vegetation patterns will be useful in the proposal of future water management 
actions, in order to restore or to improve the ecological status of this river.

KEYWORDS: flow regulation, riparian habitats, river restoration, Mediterranean rivers, Spain.
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1. Introduction

Morphological and hydrological processes play a 
fundamental role in the natural regeneration of the 
riparian forests (Auble & Scott, 1998, Cooper et al., 
1999). In many rivers, the impacts of flow regulation 
have altered the aforementioned processes for the last 
decades, affecting the structure and functioning of 
the riparian forest and the entire aquatic ecosystem.
The objectives of this study were (1) to photo-interpret 
and map the riparian habitats in two segments of the 
river Mijares, from aerial images acquired in 1956, 
1976 and 2007; (2) to analyze and compare the 
evolution of these habitats and their proportions in 
the 3 periods; (3) to compare the availability of mobile 
sediment in the form of bars; and (4) to analyze these 
changes, from the habitat and morphological point 
of view, in relation to the flow regime of the river.

2. Mrthods

2.1. Study area

The river Mijares has its source in the Sierra de Gúdar 
(Teruel) at 1600 m above sea level. It runs 156 km 
from NO to SE until the mouth in the Mediterranean 
Sea. Its basin (4028 Km2) is within the Júcar River 
Basin District. The course of the river is frequently 
interrupted by weirs of hydropower plants and 
irrigation channels.
To implement this study, two sites with different 
sinuosity were selected in the middle river course 
(Fig. 1), one sinuous (sinuosity = 1.03, 850 m long), 
other meandering (sinuosity = 1.5, 430 m long), 

since their physical characteristics may respond in a 
different way to affections. The sites were located 18 
and 21.25 km, respectively, downstream of the large 
dam of Arenós (built in 1979). Between the dam and 
the two sites, there are two weirs of hydropower plants: 
Cirat (built in 1962) and Vallat (built in 1968). The 
last one is located just upstream of both sites.
The study area at each site was defined taking into 
account the elevation curves north and south and a 
cross section to the river east and west, covering in 
both cases the riparian zone and a band of terrestrial 
vegetation (Fig. 2).
Three aerial images were used, dated in July 1956 
(scale 1:30000-1:35000), 1976 (1:5000) and August-
September 2007 (1:30000). The two first images were 
geocorrected using as reference the most recent one, 
with the program ESRI® ArcMap™ 9.3.

2.2. Sediment mapping

Sediment dynamics determines the type and area of 
sedimentary habitats available for colonization of 
Salicaceae species. Given their importance for the 
survival of the riparian forests, the sediment bars 
(Kellerhalls et al., 1976) were mapped and compared 
among different periods, separating two types: point 
bars and side bars, as well as mobile bars (type A; bare 
sediment) versus fixed bars (type B; cover with at least 
25 % of vegetation). When the vegetation cover was 
over 70 %, they were considered completely fixed 
(and hence not considered as bars).

2.3. Vegetation mapping

To facilitate the photo-interpretation was necessary 
to define a scheme of habitat types; it helped us to 
synthesize the information and understand better the 
changes under analysis (Fernández García, 2000). With 
this purpose, several field campaigns were conducted 
during spring 2010 to both study sites to recognize 
the different habitat types upon the most recent aerial 
image. After the training gained with that image, 
the habitat mapping was undertaken over the other 
images by comparison. The number of habitat types 
was determined from the lowest quality image (1956).
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downstream of the large dam of Arenós (built in 
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1962) and Vallat (built in 1968). The last one is 
located just upstream of both sites. 

Figure 1. Location of the study sites in the river Mijares. 
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2.2 Sediment mapping 
Sediment dynamics determines the type and area 
of sedimentary habitats available for colonization 
of Salicaceae species. Given their importance for 
the survival of the riparian forests, the sediment 
bars (Kellerhalls et al., 1976) were mapped and 
compared among different periods, separating two 
types: point bars and side bars, as well as mobile 
bars (type A; bare sediment) versus fixed bars 
(type B; cover with at least 25 % of vegetation). 
When the vegetation cover was over 70 %, they 
were considered completely fixed (and hence not 
considered as bars). 

2.3 Vegetation mapping 
To facilitate the photo-interpretation was neces-
sary to define a scheme of habitat types; it helped 
us to synthesize the information and understand 
better the changes under analysis (Fernández Gar-
cía, 2000). With this purpose, several field cam-
paigns were conducted during spring 2010 to both 
study sites to recognize the different habitat types 
upon the most recent aerial image. After the train-
ing gained with that image, the habitat mapping 
was undertaken over the other images by compari-

son. The number of habitat types was determined 
from the lowest quality image (1956). 

Figure 2. Meandering study site (scale 1:25.000) in the three 
different periods in the river Mijares, Spain. The white poly-
gon represents the study area.

The habitats defined were: 
- Water. 
- Initial phase/bare soil (gravel and sand 

deposits).
- Pioneer phase: disperse vegetation (height: 10-

20 cm). Vegetation covers 1-30 % of the patch.
- Herb phase/reed: dense and stable patch of 

helophytes (mainly Phragmites australis and Cla-
dium mariscus).

- Pioneer shrub phase (early woodland): ripar-
ian woody plants about 2 m high (shrub-like size). 

Figure 1. Location of the study sites in the river Mijares.
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The habitats defined were:
 • - Water.
 • - Initial phase/bare soil (gravel and sand 

deposits).
 • - Pioneer phase: disperse vegetation (height: 

10-20 cm). Vegetation covers 1-30 % of the 
patch.

 • - Herb phase/reed: dense and stable patch of 
helophytes (mainly Phragmites australis and 
Cladium mariscus).

 • - Pioneer shrub phase (early woodland): 
riparian woody plants about 2 m high (shrub-
like size).

 • - Disperse shrub phase: terrestrial vegetation 
composed by shrubs. Depending on the shrub 
density, herbs might cover the soil.

 • - Forest phase: vegetation is over 7 m high. It 
can contained terrestrial and riparian woody 
species. There might be an associated shrub 
layer.

 • - Others: farming lands, constructions, roads, 
etc.

2.4. Flow regime analysis

The flow regime between periods was obtained to relate 
the effects of the flow regulation on the habitat types. 
Data from the gauging station of Toga (CEDEX), 
with code 8095, for the period 1948-1956 were used. 
This station is downstream of both sites (Fig. 1); it 
represents the natural flow regime of the river.
For the image of 1976, it was possible to obtain flow 
data of the period 1956-1968. These data (obtained 
where the large dam is located) were validated using 
other series and precipitation data. They stopped in 
1968, when the Vallat weir was built. Before this 
period, the hydropower plant of Cirat was operating; 
it has the jump upstream of both sites, therefore we 
guess that there were no regulation affections.
Data for the period 1987-2007 were used to represent 
the flow regime in the image of 2007. They were 
calculated from flow records of the Arenós gauging 
station (code 8145) and the simulated monthly flows 
with the model PATRICAL. This regime represents 
the affection by the dam and the hydropower plants.

2.5. Statistical analyses

The habitat types described were digitized in the three 
images and the total area occupied by each one was 
compared, in terms of m2 and percentage of habitat 
types to the total area of each study site.
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- Initial phase/bare soil (gravel and sand 
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20 cm). Vegetation covers 1-30 % of the patch.
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ian woody plants about 2 m high (shrub-like size). 

Figure 2. Meandering study site (scale 1:25.000) in the 
three different periods in the river Mijares, Spain. The 
white polygon represents the study area.
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(Fig. 3), except for the disperse shrub phase, with 
similar proportion in 1976 and 2007. In the statistical 
analyses, significant differences were found in the 
proportions of habitat types in both sites among 
periods (p < 0.01), but not comparing the sites in 
a period.

Table 1 shows that four flow parameters experienced 
a reduction from 1956 to 2007, except the coefficient 
of variation, higher in the last period. This reflects 
that very low flows characterized the last period 
(1987-2007) although some large floods took 
place. Specifically, the flow series showed a low flow 
maintained during all the year with no significant 
seasonal variations, as all the flow (under the maximum 
hydropower concession value) was diverted to the 
hydropower plants.
The first two periods were very similar (the flow series 
available covers until 1968, when the river was not 
regulated). The values in Toga gauging station were 
higher because it is located downstream of Arenós 
(where data from the second period comes from). 
The flow series for both periods showed a natural 
pattern with higher flows in early spring and late 
summer and autumn. Between 1968 and 1976 there 
were no data, but in 1968 Vallat weir was built and 
from that moment all the water was diverted to the 
next hydropower plant, leaving the river completely 
dry in some periods (Juan B. Marco Segura, personal 
communication). Only some disconnected pools 
remained in the river (Fig. 2).

4. Discussion

According to Auble and Scott (1998), different 
processes are associated to the regeneration of the 

To make comparable the areas in the three periods, 
a fixed water surface was used. The water surface of 
2007 was selected because it was the easiest to be 
measured and it had an intermediate surface between 
those in the other two images (max. in 1956 and min. 
in 1976). The gaps between the water surface of 2007 
and the other two images were filled expanding the 
adjacent patches or considering them as initial phases.
The comparison and tests (looking for significant 
differences) were done between sites and within each 
site (one for each period, i.e., test 1956 vs. 1976, and 
1976 vs. 2007).

3. Results

No mobile bars were detected in 2007 for any of the 
sites. In site 1 there was an increment in the total 
number of bars from 1956 to 1976 (from 5 to 7, 
respectively), while in site 2 the number remained 
constant (5 bars). However, in site 1 the increment 
took place in the number of mobile side bars, and 
one mobile side bar was fixed by vegetation in site 
2. Considering the bars’ size, there was identified an 
important increment from 1956 to 1976.

Among the most significant results, the absence of 
initial and pioneer phases in 2007 deserves special 
attention, while both suppose 13 % in 1956 and 26 % 
in 1976 in site 1. In addition, it is also important 
the increment of the forest phase and the reduction 
of the pioneer shrub and farm lands in the image 
of 2007. Similar trends were appreciated in site 2 

- Disperse shrub phase: terrestrial vegetation 
composed by shrubs. Depending on the shrub den-
sity, herbs might cover the soil. 

- Forest phase: vegetation is over 7 m high. It 
can contained terrestrial and riparian woody spe-
cies. There might be an associated shrub layer. 

- Others: farming lands, constructions, roads, 
etc.

2.4 Flow regime analysis 
The flow regime between periods was obtained to 
relate the effects of the flow regulation on the ha-
bitat types. Data from the gauging station of Toga 
(CEDEX), with code 8095, for the period 1948-
1956 were used. This station is downstream of 
both sites (Fig. 1); it represents the natural flow 
regime of the river. 

For the image of 1976, it was possible to obtain 
flow data of the period 1956-1968. These data 
(obtained where the large dam is located) were va-
lidated using other series and precipitation data. 
They stopped in 1968, when the Vallat weir was 
built. Before this period, the hydropower plant of 
Cirat was operating; it has the jump upstream of 
both sites, therefore we guess that there were no 
regulation affections. 

Data for the period 1987-2007 were used to 
represent the flow regime in the image of 2007. 
They were calculated from flow records of the 
Arenós gauging station (code 8145) and the simu-
lated monthly flows with the model PATRICAL. 
This regime represents the affection by the dam 
and the hydropower plants. 

2.5 Statistical analyses 
The habitat types described were digitized in the 
three images and the total area occupied by each 
one was compared, in terms of m2 and percentage 
of habitat types to the total area of each study site. 

To make comparable the areas in the three peri-
ods, a fixed water surface was used. The water 
surface of 2007 was selected because it was the 
easiest to be measured and it had an intermediate 
surface between those in the other two images 
(max. in 1956 and min. in 1976). The gaps be-
tween the water surface of 2007 and the other two 
images were filled expanding the adjacent patches 
or considering them as initial phases. 
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cant differences) were done between sites and 
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3 RESULTS

No mobile bars were detected in 2007 for any of 
the sites. In site 1 there was an increment in the 

total number of bars from 1956 to 1976 (from 5 to 
7, respectively), while in site 2 the number re-
mained constant (5 bars). However, in site 1 the 
increment took place in the number of mobile side 
bars, and one mobile side bar was fixed by vegeta-
tion in site 2. Considering the bars’ size, there was 
identified an important increment from 1956 to 
1976.

Figure 3. Proportion of habitat types per period in the me-
andering study site (site 2). 

Among the most significant results, the absence of 
initial and pioneer phases in 2007 deserves special 
attention, while both suppose 13 % in 1956 and 
26 % in 1976 in site 1. In addition, it is also 
important the increment of the forest phase and 
the reduction of the pioneer shrub and farm lands 
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1976 and 2007. In the statistical analyses, 
significant differences were found in the 
proportions of habitat types in both sites among 
periods (p < 0.01), but not comparing the sites in a 
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Table 1. Flow parameters for the three periods. ______________________________________________
Flow parameter  1956 1976 2007 ______________________________________________
Mean flow  6.7 5.2 0.9 
Median flow  5.6 4.3 0.3 
Minimum flow  2.0 0.9 0.1 
Percentile 90  10.5 9.5 0.7 
Coefficient of variation 0.9 0.6 4.3 _____________________________________________

Table 1 shows that four flow parameters experi-
enced a reduction from 1956 to 2007, except the 
coefficient of variation, higher in the last period. 
This reflects that very low flows characterized the 
last period (1987-2007) although some large 
floods took place. Specifically, the flow series 
showed a low flow maintained during all the year 
with no significant seasonal variations, as all the 
flow (under the maximum hydropower concession 
value) was diverted to the hydropower plants. 

Figure 3. Proportion of habitat types per period in the 
meandering study site (site 2).
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hydropower plants. More specifically, the reductions 
of the peak flows have caused a reduction in the bare 
habitats where colonization is possible. Besides, the 
high flows are necessary to transport the seeds for long 
distances before they are deposited in bare ground, and 
are especially important to redistribute the sediment 
deposited in the main course.
In the present situation, the river has a constant 
minimum flow and the channel has become deeper 
and narrower. This may cause the decline of the 
riparian vegetation in old terraces as they have difficult 
access to the water (Stromberg, Tiller and Richter, 
1996). In addition, as the river is less active, that has 
encouraged the presence of urban structures in the 
floodplain.
A restoration of the river Mijares should provide 
an ecological flow regime with higher flows in the 
right periods in order to favor the woody species 
regeneration and the river dynamism; this measure 
will affect positively to all the organisms that depend 
on the river corridor.
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riparian forest; among them, the narrowing of the 
channel (with recruitment on the former channel bed), 
the meandering (with recruitment on accreting point 
bars) and flood peaks (which favors recruitment on 
flood deposition surfaces). The first process happened 
when the hydropower plants started to work in the area 
(all the former channel was colonized by vegetation), 
and since that moment the second and third processes 
were dramatically impaired.
Considering the results of this study, some changes 
in the river could be highlighted:
- Hydrological changes: drastic reduction in the water 
quantity and change in the natural pattern.
- Hydraulic changes: no enough shear stress able to 
remove the vegetation or to mobilize the sedimentary 
deposits.
- Morphological changes: the sediments coming from 
tributaries (during storms) were deposited in the 
main channel.
- Social changes: the area of farm lands used to be 
larger in the first image (around 1960). However, the 
area has been depopulated. Activities as agriculture, 
grazing and forestry have almost disappeared.
The aforementioned changes have led to a 
terrestrialization of the riparian zone and the 
surrounding area. The aquifer is deeper as result of 
the accretion on the channel and therefore, terrestrial 
species can colonize and survive in the riparian zone. 
Furthermore, they are not removed by floods, because 
these have almost disappeared as consequence of 
the intense regulation by the large dam and the 
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ABSTRACT. Knowledge about river functions and river restoration is increasing, and yet few flood 
management project studies take properly ecology into account from early design stages. Indeed, 
design studies and environmental impact studies are traditionally carried out successively, as distinct 
stages. Our purpose is therefore to help people with different backgrounds and objectives, who 
are not used to working together, to define a common objective and to improve collectively the 
design. We propose a typology based on riverscapes, summarizing for all possible types -natural 
and artificial- the information relevant for a fruitful dialog for design proposals. The riverscapes 
hierarchy is used to define the best attainable riverscape for each stretch with respect to the civil 
engineering constraints. Riverscapes types are then a basis on which further improvements can 
be discussed. We present here the approach on existing dry dams of Polish Silesia, where the 
riverscape could be easily ranked according to the percentage of river artificialisation and with 
only one hydraulic structure is involved. Subsequent developments are being made to enlarge the 
approach to broader schemes with more possible riverscape types.
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1. Introduction

Human activities in the floodplain generate conflicts 
between the need for flood mitigation and the desire 
for the preservation of the natural dynamics of rivers. 
Integrated flood management is a universal motto 
(E.U. 2007), but it is not easy to carry out (e.g. Plate 
2004). The issue, then, is to find a compromise between 
flood mitigation and river conservation requirements. 
Our first idea was to compile a list of recommendations 
taken from literature and from feed-back analyses, to 
help in particular small-scale flood mitigation projects. 
Several general recommendations can be issued, from 
the point of view of preservation or restoration of the 
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worked on punctual works, i.e. dry dams (Poulard et 
al. 2010a) and then on larger-scale projects, including 
river-training (Poulard et al., 2010b).

2. Dry dams for flood mitigation and river 
training 

2.1. Dry dams principle

Dry dams bar a floodplain, with a bottom outlet to 
let the main channel flow though (Fig. 1). There is 
no permanent body of water behind the dam, hence 
the name “dry dam”. Water is stored in the bowl only 
when the inflow excesses bottom outlet capacity. 
The geometrical characteristics of the dam outlet are 
defined depending on the expected mitigation (e.g. 
Poulard et al. 2009). Fig. 2 represents the effect of the 
dam on the flood regime ; smaller hydrographs pass 
unmodified through the dam opening, the peak flow 
of flood hydrographs is mitigated and delayed, while 
larger floods which fill up the bowl are less and less 
mitigated, because excess water overflows through a 
lateral or central spillway.

The impact on the ecosystems is bound to vary 
depending on the design, in particular the bottom 
outlet size and slope, but also on the natural context. 
So, to reach the best compromise between flood 
mitigation, civil engineering constraints on the one 
hand (Table 1) and river functions preservation on 
the other hand, you need to involve biologists in 
the design. 
Achieving a compromise implies setting a common 
objective, which is easier said than done when 
each team has different competences and different 
objectives. Thus, before all, information must be 
exchanged about each other’s needs, and the relevant 
knowledge must be shared to devise common 
objectives. 

We therefore suggest that engineers state their 
constraints as in Table 1, and biologists describe 
the possible stretches configurations in the study 
area, whether natural or artificial (in the present 
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Figure 1. Schematic dry dam showing two stages of func-
tionnig (after Poulard et al. 2010b).  

 
Figure 2. Effect of a dry dam on hydrographs of different 
return periods (after Poulard et al. 2010a).  

Table 1.  Main civil engineering constraints for the dam 
zones displayed in Fig. 1 (summarized after Poulard et al. 
2010a)  ______________________________________________ 
 Zone Main constraints ______________________________________________ 
Zone A : upstream the 
dam 

No hydraulic constraints ; 
possibly land-use regulations 
in the bowl 

Zone B: funneling the 
river into the dam inlet 
(zone C) 

Prevent divagation and en-
sure the transition into the 
dam (bank reinforcement ) 

Zone C: passage into the 
dam
Bottom outlet or slot 

Ensure flood mitigation by 
throttle effect - Withstand 
flows even during floods 

Zone D : foot of the dam Withstand outflows from the 
dam outlet and overflows 
over the weir during floods 

Zone A’ : downstream the 
dam  course with no constraints _____________________________________________ 

Transition towards natural 

We therefore suggest that engineers state their 
constraints as in Table 1, and biologists describe 
the possible stretches configurations in the study 
area, whether natural or artificial (in the present 
state or after dam completion), using the concept 
of riverscapes (e.g. Malard et al. 2006). 

2.2 Defining case-dependent riverscapes 
Table 2.  Proposed riverscape typology for Silesian moun-
tain rivers (summarized after Poulard et al. 2010a)  ______________________________________________ 
 Type Potential biodiversity  
and physical characteristics and main processes ______________________________________________ 
Type I: 100 % artificial 
channel  
Artificial and impervious 
material, simple geometry. 
*Ia : covered channel 
*Ib  : open air channel 

Benthic and suspended 
biofilms, and associated or-
ganism. Moss mats in type 
Ia.  
Processes may be very active 
but of limited diversity  

Type II: improved artifi-
cial channel 
As type I, with added 
rough or porous blocks   

Better biofilm activity than 
in type I;  porous habitats al-
low other living organisms. 
Processes with higher diver-
sity and efficiency 

Type III: semi-natural 
conditions (30 to 70% arti-
ficial)  
surface-subsurface connec-
tions partially restored  

Compared to type II, restored 
water exchanges between 
surface and subsurface allow 
increased diversity and effi-
ciency of processes 

Type IV: (near-) natural 
conditions (less than 30% 
artificial) 
All types of habitats natu-
rally present in the local 
geomorphic context 

Potential biodiversity and 
processes are maximal ; they 
are limited by the natural 
conditions : habitat richness 
and water exchanges be-
tween surface and subsur-
face. _____________________________________________ 

* Sub-types  
Table 2 sums up the typology proposed in the Pol-
ish catchment of the Bóbr river – a tributary of the 
Odra (Poulard et al. 2010a). Each type is de-
scribed by a typical schematic cross-section, its 
expected biodiversity and diversity of processes, 
as well as suitable biotic indices. In this specific 
case, the percentage of artificial river-bed is a 
good indicator to rank the river stretches because 
it accounts for all the possible technical solutions 
in the area of dry dams. Moreover, impervious-
ness governs water exchanges between riverbed 
and groundwater, which are decisive for biologi-
cal functions. 
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We therefore suggest that engineers state their 
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tain rivers (summarized after Poulard et al. 2010a)  ______________________________________________ 
 Type Potential biodiversity  
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Type I: 100 % artificial 
channel  
Artificial and impervious 
material, simple geometry. 
*Ia : covered channel 
*Ib  : open air channel 

Benthic and suspended 
biofilms, and associated or-
ganism. Moss mats in type 
Ia.  
Processes may be very active 
but of limited diversity  

Type II: improved artifi-
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As type I, with added 
rough or porous blocks   

Better biofilm activity than 
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case, the percentage of artificial river-bed is a 
good indicator to rank the river stretches because 
it accounts for all the possible technical solutions 
in the area of dry dams. Moreover, impervious-
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and groundwater, which are decisive for biologi-
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state or after dam completion), using the concept of 
riverscapes (e.g. Malard et al. 2006).

2.2.	Defining	case-dependent	riverscapes

Table 2 sums up the typology proposed in the 
Polish catchment of the Bóbr river – a tributary 

of the Odra (Poulard et al. 2010a). Each type is 
described by a typical schematic cross-section, its 
expected biodiversity and diversity of processes, as 
well as suitable biotic indices. In this specific case, the 
percentage of artificial river-bed is a good indicator to 
rank the river stretches because it accounts for all the 
possible technical solutions in the area of dry dams. 
Moreover, imperviousness governs water exchanges 
between riverbed and groundwater, which are decisive 
for biological functions.

2.3.Assigning a riverscape type  
as	an	objective	for	each	zone

In parallel, the main civil engineering requirements 
of the flood mitigation project are defined and 
described. Comparing the construction requirements 
(armouring, channelization…), a riverscape 
corresponding to the best achievable status is assigned 
for each zone (Fig. 3). 

The schematic riverscapes are then a starting point 
for further improvement, during a common brain-
storming. For instance, it can be discussed whether 
there is a technical solution allowing to upgrade the 
reach at the foot of the dam to type II, while still 
ensuring the requested outflow rate and withstanding 
the high energy flows from the outlet and spillway 
during floods.

cause excess water overflows through a lateral or 
central spillway. 

The  impact on the ecosystems is bound to vary 
depending on the design, in particular the bottom 
outlet size and slope, but also on the natural con-
text. So, to reach the best compromise between 
flood mitigation, civil engineering constraints on 
the one hand (Table 1) and river functions preser-
vation on the other hand, you need to involve bi-
ologists in the design.  

Achieving a compromise implies setting a 
common objective, which is easier said than done 
when each team has different competences and 
different objectives. Thus, before all, information 
must be exchanged about each other’s needs, and 
the relevant knowledge must be shared to devise 
common objectives.  

 
Figure 1. Schematic dry dam showing two stages of func-
tionnig (after Poulard et al. 2010b).  

 
Figure 2. Effect of a dry dam on hydrographs of different 
return periods (after Poulard et al. 2010a).  

Table 1.  Main civil engineering constraints for the dam 
zones displayed in Fig. 1 (summarized after Poulard et al. 
2010a)  ______________________________________________ 
 Zone Main constraints ______________________________________________ 
Zone A : upstream the 
dam 

No hydraulic constraints ; 
possibly land-use regulations 
in the bowl 

Zone B: funneling the 
river into the dam inlet 
(zone C) 

Prevent divagation and en-
sure the transition into the 
dam (bank reinforcement ) 

Zone C: passage into the 
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Bottom outlet or slot 

Ensure flood mitigation by 
throttle effect - Withstand 
flows even during floods 

Zone D : foot of the dam Withstand outflows from the 
dam outlet and overflows 
over the weir during floods 

Zone A’ : downstream the 
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Transition towards natural 

We therefore suggest that engineers state their 
constraints as in Table 1, and biologists describe 
the possible stretches configurations in the study 
area, whether natural or artificial (in the present 
state or after dam completion), using the concept 
of riverscapes (e.g. Malard et al. 2006). 
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tain rivers (summarized after Poulard et al. 2010a)  ______________________________________________ 
 Type Potential biodiversity  
and physical characteristics and main processes ______________________________________________ 
Type I: 100 % artificial 
channel  
Artificial and impervious 
material, simple geometry. 
*Ia : covered channel 
*Ib  : open air channel 

Benthic and suspended 
biofilms, and associated or-
ganism. Moss mats in type 
Ia.  
Processes may be very active 
but of limited diversity  

Type II: improved artifi-
cial channel 
As type I, with added 
rough or porous blocks   

Better biofilm activity than 
in type I;  porous habitats al-
low other living organisms. 
Processes with higher diver-
sity and efficiency 

Type III: semi-natural 
conditions (30 to 70% arti-
ficial)  
surface-subsurface connec-
tions partially restored  

Compared to type II, restored 
water exchanges between 
surface and subsurface allow 
increased diversity and effi-
ciency of processes 

Type IV: (near-) natural 
conditions (less than 30% 
artificial) 
All types of habitats natu-
rally present in the local 
geomorphic context 

Potential biodiversity and 
processes are maximal ; they 
are limited by the natural 
conditions : habitat richness 
and water exchanges be-
tween surface and subsur-
face. _____________________________________________ 

* Sub-types  
Table 2 sums up the typology proposed in the Pol-
ish catchment of the Bóbr river – a tributary of the 
Odra (Poulard et al. 2010a). Each type is de-
scribed by a typical schematic cross-section, its 
expected biodiversity and diversity of processes, 
as well as suitable biotic indices. In this specific 
case, the percentage of artificial river-bed is a 
good indicator to rank the river stretches because 
it accounts for all the possible technical solutions 
in the area of dry dams. Moreover, impervious-
ness governs water exchanges between riverbed 
and groundwater, which are decisive for biologi-
cal functions. 
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 Zone Main constraints ______________________________________________ 
Zone A : upstream the 
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Prevent divagation and en-
sure the transition into the 
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Ensure flood mitigation by 
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dam outlet and overflows 
over the weir during floods 

Zone A’ : downstream the 
dam  course with no constraints _____________________________________________ 
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We therefore suggest that engineers state their 
constraints as in Table 1, and biologists describe 
the possible stretches configurations in the study 
area, whether natural or artificial (in the present 
state or after dam completion), using the concept 
of riverscapes (e.g. Malard et al. 2006). 
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Table 2.  Proposed riverscape typology for Silesian moun-
tain rivers (summarized after Poulard et al. 2010a)  ______________________________________________ 
 Type Potential biodiversity  
and physical characteristics and main processes ______________________________________________ 
Type I: 100 % artificial 
channel  
Artificial and impervious 
material, simple geometry. 
*Ia : covered channel 
*Ib  : open air channel 

Benthic and suspended 
biofilms, and associated or-
ganism. Moss mats in type 
Ia.  
Processes may be very active 
but of limited diversity  

Type II: improved artifi-
cial channel 
As type I, with added 
rough or porous blocks   

Better biofilm activity than 
in type I;  porous habitats al-
low other living organisms. 
Processes with higher diver-
sity and efficiency 

Type III: semi-natural 
conditions (30 to 70% arti-
ficial)  
surface-subsurface connec-
tions partially restored  

Compared to type II, restored 
water exchanges between 
surface and subsurface allow 
increased diversity and effi-
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Type IV: (near-) natural 
conditions (less than 30% 
artificial) 
All types of habitats natu-
rally present in the local 
geomorphic context 

Potential biodiversity and 
processes are maximal ; they 
are limited by the natural 
conditions : habitat richness 
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face. _____________________________________________ 
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Table 2 sums up the typology proposed in the Pol-
ish catchment of the Bóbr river – a tributary of the 
Odra (Poulard et al. 2010a). Each type is de-
scribed by a typical schematic cross-section, its 
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but of limited diversity  

Type II: improved artifi-
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As type I, with added 
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Better biofilm activity than 
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Processes with higher diver-
sity and efficiency 

Type III: semi-natural 
conditions (30 to 70% arti-
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Compared to type II, restored 
water exchanges between 
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increased diversity and effi-
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Type IV: (near-) natural 
conditions (less than 30% 
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rally present in the local 
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Potential biodiversity and 
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2.3 Assigning a riverscape type as an objective 
for each zone 

In parallel, the main civil engineering require-
ments of the flood mitigation project are defined 

Table 2. Proposed riverscape typology for Silesian mountain 
rivers (summarized after Poulard et al. 2010a) 

and described. Comparing the construction re-
quirements (armouring, channelization…), a riv-
erscape corresponding to the best achievable 
status is assigned for each zone (Fig. 3).  

 

 
Figure 3. Schematic riverscape types assigned to river 
reaches in the vicinity of a dry dam (after Poulard et al. 
2010b). 

The schematic riverscapes are then a starting point 
for further improvement, during a common brain-
storming. For instance, it can be discussed 
whether there is a technical solution allowing to 
upgrade the reach at the foot of the dam to type II, 
while still ensuring the requested outflow rate and  
withstanding the high energy flows from the out-
let and spillway during floods. 

3 DISCUSSION : USING THE RIVERSCAPES 
AS A SUPPORT FOR CO-CONCEPTION IN 
LARGER-SCALE PROJECTS 

The typology does not bring new solutions, but it 
provides a support for discussions during river 
training design. Riverscapes make it easier to clas-
sify these trained reaches and present the conse-
quences of river-training on river ecosystems in a 
synthetic way, with relevant explanations for non-
specialists about biodiversity and function poten-
tials (table 1). The best situation, type IV in our 
riverscape typology, is not always attainable be-
cause of strong demand for flood protection and 
lack of space.  

Starting from this encouraging first results, we 
studied how the riverscapes typology could be 
used as a support for wider scale projects, encom-
passing urban and sub-urban areas and more natu-
ral zones (Lenar et al. 2009, Poulard et al. 2010b). 
The hydraulic requirements must be stated: flood 
evacuation, resistance to erosion… (fig. 4). In ur-
ban areas, the flood-protection demand is often 
high, and there are more constraints ; reference to 
riverscapes could help clarifying where the river 
has to remain locally embedded and where more 

degrees of freedom allow for a better restoration 
plan. 

Figure 4 illustrates how the approach used on a 
single hydraulic work could be extended to a 
wider scale. The objective and constraints need to 
be stated along the river, and an appropriate ty-
pology of riverscapes has to be defined. Here, for 
instance, it could take into account the river 
banks. Moreover, our current representation fo-
cuses on cross-sections (Fig. 1), dimming impor-
tant longitudinal parameters such as slope and 
spatial heterogeneity. We expect more variables to 
be needed (for instance, riparian vegetation, flood-
plain land-use, river bed material…), with refer-
ences to geomorphology, thus leading to a less- 
linear typology, where several types deserve the 
same rank. The discussion has to focus not only 
on each reach separately, but also on the general 
pattern, where heterogeneity is an important fea-
ture. 

 

  
Figure 4. Example of a mosaic of riverscapes set according 
to land-use, objectives and constraints.  
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each reach separately, but also on the general pattern, 
where heterogeneity is an important feature.
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4.  Discussion: using the riverscapes 
as a support for co-conception  
in larger-scale projects

The typology does not bring new solutions, but 
it provides a support for discussions during river 
training design. Riverscapes make it easier to classify 
these trained reaches and present the consequences of 
river-training on river ecosystems in a synthetic way, 
with relevant explanations for non-specialists about 
biodiversity and function potentials (table 1). The 
best situation, type IV in our riverscape typology, is 
not always attainable because of strong demand for 
flood protection and lack of space. 
Starting from this encouraging first results, we 
studied how the riverscapes typology could be used 
as a support for wider scale projects, encompassing 
urban and sub-urban areas and more natural zones 
(Lenar et al. 2009, Poulard et al. 2010b). The hydraulic 
requirements must be stated: flood evacuation, 
resistance to erosion… (fig. 4). In urban areas, the 
flood-protection demand is often high, and there 
are more constraints; reference to riverscapes could 
help clarifying where the river has to remain locally 
embedded and where more degrees of freedom allow 
for a better restoration plan.
Figure 4 illustrates how the approach used on a 
single hydraulic work could be extended to a wider 
scale. The objective and constraints need to be 
stated along the river, and an appropriate typology 
of riverscapes has to be defined. Here, for instance, 
it could take into account the river banks. Moreover, 
our current representation focuses on cross-sections 
(Fig. 1), dimming important longitudinal parameters 
such as slope and spatial heterogeneity. We expect 
more variables to be needed (for instance, riparian 
vegetation, floodplain land-use, river bed material…), 
with references to geomorphology, thus leading to a 
less- linear typology, where several types deserve the 
same rank. The discussion has to focus not only on 

and described. Comparing the construction re-
quirements (armouring, channelization…), a riv-
erscape corresponding to the best achievable 
status is assigned for each zone (Fig. 3).  

 

 
Figure 3. Schematic riverscape types assigned to river 
reaches in the vicinity of a dry dam (after Poulard et al. 
2010b). 

The schematic riverscapes are then a starting point 
for further improvement, during a common brain-
storming. For instance, it can be discussed 
whether there is a technical solution allowing to 
upgrade the reach at the foot of the dam to type II, 
while still ensuring the requested outflow rate and  
withstanding the high energy flows from the out-
let and spillway during floods. 

3 DISCUSSION : USING THE RIVERSCAPES 
AS A SUPPORT FOR CO-CONCEPTION IN 
LARGER-SCALE PROJECTS 

The typology does not bring new solutions, but it 
provides a support for discussions during river 
training design. Riverscapes make it easier to clas-
sify these trained reaches and present the conse-
quences of river-training on river ecosystems in a 
synthetic way, with relevant explanations for non-
specialists about biodiversity and function poten-
tials (table 1). The best situation, type IV in our 
riverscape typology, is not always attainable be-
cause of strong demand for flood protection and 
lack of space.  

Starting from this encouraging first results, we 
studied how the riverscapes typology could be 
used as a support for wider scale projects, encom-
passing urban and sub-urban areas and more natu-
ral zones (Lenar et al. 2009, Poulard et al. 2010b). 
The hydraulic requirements must be stated: flood 
evacuation, resistance to erosion… (fig. 4). In ur-
ban areas, the flood-protection demand is often 
high, and there are more constraints ; reference to 
riverscapes could help clarifying where the river 
has to remain locally embedded and where more 

degrees of freedom allow for a better restoration 
plan. 

Figure 4 illustrates how the approach used on a 
single hydraulic work could be extended to a 
wider scale. The objective and constraints need to 
be stated along the river, and an appropriate ty-
pology of riverscapes has to be defined. Here, for 
instance, it could take into account the river 
banks. Moreover, our current representation fo-
cuses on cross-sections (Fig. 1), dimming impor-
tant longitudinal parameters such as slope and 
spatial heterogeneity. We expect more variables to 
be needed (for instance, riparian vegetation, flood-
plain land-use, river bed material…), with refer-
ences to geomorphology, thus leading to a less- 
linear typology, where several types deserve the 
same rank. The discussion has to focus not only 
on each reach separately, but also on the general 
pattern, where heterogeneity is an important fea-
ture. 

 

  
Figure 4. Example of a mosaic of riverscapes set according 
to land-use, objectives and constraints.  
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