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Abstract: Ecohydraulics includes the role of physical processes such as hydraulics,
sediment transport, and geomorphology in ecological systems. In recent decades, a
number of numerical models were developed for simulating hydraulic, hydromorpho-
logical, and ecological processes. There are very few model systems existing which
could simultaneously simulate hydromorphodynamic processes, habitat quality distribu-
tions, and population status. Therefore, this research work aims to develop an ecohy-
draulic model system which combines advanced numerical methods and ecological the-
ories to explore the dynamics and interplay between fluvial processes in rivers and the
quality of physical habitat for fish and their density distribution.

The main objective of this study is to develop fish habitat suitability and fish population
models as well as to incorporate these models into a hydromorphodynamic software.
The fish habitat suitability models assess habitat quality based on abiotic parameters,
namely flow velocity, depth, substrate, and temperature (if relevant), all of which are
derived from the 2D hydromorphodynamic numerical model system TELEMAC. The
relationships between these parameters and habitat features are represented as habitat
suitability curves. Four different methods are used to combine these curves into global
indices of habitat quality. The quality of habitat can therefore be predicted for a given
stretch of river under certain flow conditions. Two different simulation models of popu-
lation dynamics of fish are developed. The first model is converted from a logistic pop-
ulation concept, where model parameters are related to the time-dependent fish habitat
conditions (e.g. weighted usable areas and overall suitability index). The second model
is based on an age structured model concept with numbers as the only state vector. Age-
specific fecundities and survival rates depend on the habitat qualities defined. The hy-
dromorphodynamic, habitat, and population models are linked together in one model
system.

The practical applicability of the developed system to ecohydraulics modelling was ex-
plored through three case studies and compared with as well as validated using availa-
ble observed data. On the basis of the calculated results, the model system is proven to
be efficient in describing population dynamics of the European grayling (Thymallus
thymallus. L.) in the Aare River in Switzerland. Satisfactory predictions of the long-
term population evolution of the rainbow trout (Oncorhynchus mykiss), brown trout
(Salmo trutta) and flannelmouth sucker (Catostomus latipinnis) in the Colorado River
in the United States were obtained. Furthermore, the effects of the Da-Wei Power Plant
in the Jiao-Mu River in China on the schizothorax (Schizothorax) and schizothorax
(Racoma) fish species were investigated. The efficiency of fish stocking strategies was
evaluated and optimal fish stocking numbers were also proposed. The developed eco-
hydraulic model system provided very promising results, which highlighted the funda-
mental role of the temporal variability of hydromorphological parameters in structuring



populations of fish species. Simulating population trends in anticipation of any changes
in water management mode, using the software developed in this study can provide de-
cision-makers with useful information to optimise their management measures.
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Zusammenfassung: Okohydraulik als transdisziplinire Forschungsdisziplin beschiftigt
sich mit den Interaktionen zwischen Hydraulik und Okosystem, indem hydraulische
und Okologische Systembeschreibungen miteinander verkniipft werden. In den
vergangenen Jahrzehnten wurde eine Vielzahl von numerischen Modellen zur
Beschreibung von hydraulischen, hydromorphologischen und &kologischen Prozessen
entwickelt. Jedoch existieren kaum Systeme, die die hydromorphologischen Prozesse
mit Habitateignungsverteilung oder einem Populationsbestand koppeln. Daher ist es
notwendig die Okohydraulischen Modellierungsansétze zu verbessern, um aus der
Verkniipfung von hydraulischen Modellen und &kologischen Modellierungsansétzen
auf die Dynamik und das Zusammenspiel zwischen fluvialen Prozessen und der
Fischhabitatqualitét zu schlielen.

Der Schwerpunkt dieser Arbeit lag auf der Entwicklung zweier Modelle. Eines zur
Erfassung der Fischhabitateignung und ein weiteres zur Beschreibung der
Fischpopulation. Zudem wurden beide Modelle in ein bestehendes hydrodynamisches
Simulationsmodell integriert. Das Modell zur Erfassung der Fischhabitateignung gibt
Auskunft iiber die Habitatqualitét, dies erfolgt auf Basis abiotischer Parameter wie der
FlieBgeschwindigkeit, FlieBtiefe und Sohlsubstratbeschaffenheit. Die
hydromorphologischen Ergebnisse wurden mittels TELEMAC-2D gewonnen. Der
funktionale Zusammenhang der hydromorphologischen Parameter und der
Habitateigenschaften ldsst sich durch Habitateignungskurven beschreiben. Im Rahmen
der Untersuchungen wurden vier unterschiedliche Kombinationsmethodiken fiir die
Gewinnung eines globalen Habitatqualitdtsindex getestet. So ldsst sich fiir einen
gegebenen  Flussabschnitt mit klar definierten Stromungsbedingungen die
Habitatqualitdt bestimmen. Des Weiteren wurden zwei Simulationsmodelle zur
Beschreibung Populationsentwicklung entwickelt. Das erste Modell leitet sich von
einem logitischen Populationsmodell ab. Bei diesem Modell werden zeitabhidngige
Fischhabitatbedingungen (z. B. gewichtete nutzbare Fliache und Geamteignungsindex)
an die Modellparameter gekoppelt. Das zweite Modell basiert auf einem
Altersstrukturmodellkonzept mit Nummern als einzigem Zustandsvektor. Die
altersspezifischen Fruchtbarkeits- und Uberleberaten hingen von der jeweiligen
Habitatqualitit ab. Das hydromorphologische ~Model, Fischhabitats-, und
Fischpopulationsmodel sind in ein Gesamtmodellsystem eingebettet worden.

Die praktische Anwendung erfolgte anhand dreier Fallstudien. Dies ermdglichte die
entwickelten 6kohydraulischen Modellierungsansitze untereinander zu vergleichen und
anhand der erhobenen Messdaten zu validieren. Die erste Fallstudie beschéftigt sich mit
der Beschreibung der Aschenpopulation im Fluss Aare in der Schweiz. Die
Simulationsergebnisse zeigen, dass die entwickelten Modelle in der Lage sind eine
Beschreibung der Populationsdynamik der européischen Asche (Thymallus thymallus.



L) zu liefern. Im zweiten Anwendungsfall, der die Langzeitauswirkungen auf
Populationsentwicklung infolge flussbaulichen Maflnahmen am Colorado (US)
untersucht, konnten fiir die Regenbogenforelle (Oncorhynchus mykiss), die Bachforelle
(Salmo trutta) und den Lappenmaul-Saugkarpfen (Catostomus latipinnis)
zufriedenstellende Prognosen erstellt werden. Der dritte Anwendungsfall gelegen am
Jiao-Mu in Da-Wei (China) beschiftigt sich mit dem Einfluss des Kraftwerks auf die
Spezies der schizothorax (Schizothorax) und der schizothorax (Racoma). Die geplanten
FischbesatzmafBnahmen wurden auf ihre Wirksamkeit hin untersucht und optimiert, um
die optimale Anzahl an Besatzfischen zu bestimmen. Das entwickelte 6kohydraulische
Modellierungssystem liefert vielversprechende Ergebnisse, allen voran wird der
Einfluss der zeitlich variablen hydromorphologischen Parameter auf die
Fischpopulationsstruktur deutlich. Die simulierten Populationsentwicklungstendenzen
reagieren auf jegliche Verdnderungen in der  Wasserbewirtschaftung.
Entscheidungstrager konnen auf diese Weise mit hilfreichen Informationen versorgt
werden, um eine optimale Losung erarbeiten zu konnen.
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Part A: Background and Basics

1 Introduction
1.1  Background

Ecohydraulics often requires the use or development of advanced numerical models as
well as ecological theories that can provide accurate results for river and aquatic organ-
isms management (Lancaster & Downes, 2010; Rice et al., 2010). Many researchers
and experts are working in this area which is at the current stage, able to provide better
knowledge to fulfill both hydraulic engineering and ecological requirements, and of
course this generates additional meaningful research topics, such as developing river
and fish physical habitat models and population models (Wang et al., 2013). It is recog-
nized that hydraulic engineers, geomorphologists, river managers, ecologists, biologists,
and other experts and researchers, who are working at increasingly more complicated
levels, reach deeper understanding of those subjects, and achieve more truly interdisci-
plinary knowhow. They can develop more effective approaches to handle freshwater
hydraulic and river infrastructure such as dam effects on river deformation, to predict
aquatic species number and fish density fluctuation trends (Lancaster & Downes, 2010).
Balancing ecological systems and citizen requirements call for innovative and effective
solutions which will ensure that the needs of both aquatic species and humans are met.

Ecohydraulic topics include passage facilities for aquatic species, such as fish passages
and fish lifts, hydrodynamic modeling such as the ecological flow requirements down-
stream from the dam and in stream flow needs, hydromorphology modeling such as
reservoir sediment management and river restoration, habitat modeling (physical habitat
quality determination, habitat replacement, habitat restoration or creation, dam effects
on habitat, low temperature on reservoir effects on habitat), and population modeling
(fish species number and density prediction) (Kemp, 2012; Reid et al., 2010). At the
current stage, besides further research on hydrodynamic and morphology, habitat and
population models have become indispensable tools for river management, stream habi-
tat restoration and fish population prediction (Fausch et al., 2002; Jones et al., 2003;
Katopodis & Aadland, 2006).

In ecohydraulic model system, river and stream physical conditions such as flow veloci-
ty, river depth, and substratum information form unique habitats, which facilitate the
growth and survival of fish species (Panfil et al. 1999; Armstrong et al. 2003; Yi et al.
2010). Many river ecologists and ecohydraulic researchers confirmed that physical hab-
itat features are the key factors for determining the river aquatic community potential
(Lammert & Allan, 1999; Fu et al. 2007; Mouton et al. 2007; Nagaya et al. 2008; Wang
et al. 2009). Habitat models are an ecologically friendly way to predict river ecosystem



evolution for fish species. Habitat models are very useful tools for predicting suitability
of fish habitats in river systems, and this can help river managers to make an effective
management decision (Tomsic et al., 2007). Habitat models are also a powerful tool for
suggesting conservation strategies for endangered fish species (Knapp, 2005, Knapp et
al., 2007). Besides habitat models, population models are widely used for determining
species abundance and diversity (Bartholow et al., 1993; Bartholow., 1996). Population
models have a wide range of application, and have been recommended as an effective
tool in predicting and protecting fish populations (Harvey et al., 2009).

Ecohydraulic approaches have been accepted by many relevant organizations and insti-
tutions; frameworks have been developed and their applications distributed worldwide.
For example, China, the biggest developing country in the world, has proposed very
strict rules for water resources management and ecological flow definitions due to habi-
tat fragmentation during the past (Judd, 2010; Zhang et al., 2010). Currently, there are
many rivers and lakes ecological restoration projects in progress, such as the Mian Riv-
er ecological restoration project, the Qianling Lake habitat restoration strategy for Chi-
na Spinibarbus (Spinibarbus sinensis Bleeker), and many others (Miller, 2012). In Eu-
rope, The EU Water Framework Directive (WFD) also provides an integrated method
of managing freshwater ecosystems (Commission, 2000; Acreman & Ferguson, 2010;
Hering et al., 2010). Many academic conferences have been organized for open discus-
sion of the concepts of ecohydraulics such as 1% IAHR, 2™ IAHR, 3" IAHR Europe,
and TAHR international congress. Additionally, a Fish Habitat Symposium was orga-
nized in Barcelona, Spain, which was the largest symposium at the International Con-
gress on the Biology of Fish, 5th — 9th July 2010 (Katopodis, 2012; Rutschmann et al.,
2014; Yao et al., 2014). In USA and Canada, ecohydraulics issues about fish habitat
connectivity and suitability are attracting great attention and are particularly popular
with the U.S. Geological Survey (USGS), the Institute of Ecology, the Institute of Eco-
system, and Fish Management authorities (Conway et al., 2010; Palmer et al., 2010;
Silva et al., 2011).

In this present study, following the ecohydraulic modeling concepts, an ecohydraulic
model system is proposed and applied to hydraulic and water resources engineering.
The model system contains four models: (1) The hydrodynamic model, (2) the hydro-
morphology model, (3) the selected target fish species habitat evaluation model based
on suitability index curves (SI curves) and variables calculated from hydrodynamic and
hydro deformation models, (4) the population model which is used to simulate and pre-
dict the fish species number fluctuation as well as fish species population density. This
approach enables hydraulic process study, habitat quality assessment, and population
status evaluation.



1.2 Motivation of the research
The development of the ecohydraulic modeling concept is a result of the need for quan-

titative methods to assess and analyze environmental impacts of water resources infra-
structure, develop mitigation measures, and restore aquatic ecosystems. Following from
this motivation, the overall goal of this dissertation intends to develop an ecohydraulic
model system for the assessment of hydraulic processes, fish habitat qualities, and fish
population status. The proposed ecohydraulic modeling framework aims to dynamically
assess habitat quality, population numbers, and density fluctuations. In this framework,
all relevant hydrodynamic and hydromorphological dynamics are considered and quan-
tified.

1.3 Contribution of this research
The main achievements of the dissertation are as follows:

e Development of an ecohydraulic model system, which includes four models: the
hydrodynamic model, the hydromorphology model, the habitat model, and the
population model.

e Apply the model to the Aare River (Switzerland) and the Colorado River (USA)
with one and three target fish species respectively.

e Use this model to predict the dam construction effects and fish stocking effects
on the Jiao-Mu River (China).

1.4  Outline of dissertation content

This dissertation is structured into four parts with seven chapters dealing with different
topics. Part A includes Chapters 1 and 2, which introduce the background and basics;
Part B includes Chapter 3 which introduces the ecohydraulic model; Part C includes
Chapters 4, 5 and 6 which introduce three ecohydraulic model applications; Part D in-
cludes Chapter 7 which introduces the conclusions and suggestions for further research.
More specifically:

Chapter 1: Including the introduction, motivation of the research, contribution of the
dissertation and the content of the dissertation.

Chapter 2: Follows the literature review connected with topics of the present research.
Chapter 3: Follows and introduces the ecohydraulic model systems concepts.

Chapter 4: Treats the application of the model to the European grayling (Thymallus
thymallus) in the Swiss Aare River by means of a case study. It also compares the habi-
tat and population model predictive performance with surveyed data.



Chapter 5: Presents the application of the model to three fish species in the American
Colorado River. In this case study, five subareas in the Colorado River have been cho-
sen to simulate the hydrodynamic, hydromorphology, and habitat and population status
for the rainbow trout (Oncorhynchus mykiss), brown trout (Salmo trutta) and flannel-
mouth sucker (Catostomus latipinnis) from 2000 to 2009.

Chapter 6: Treats another important factor in ecohydraulics and predicts the effects of
dam construction and fish stocking on the river ecosystem. Two fish species, schizotho-
rax (Schizothorax) and schizothorax (Racoma), were selected as target fish species for
the stretch of the Jiao-Mu River which was investigated.

Chapter 7: Summarizes the work and gives suggestions for further research.



2 Literature review
2.1  General

The aim of this chapter is to give an overview of the literature relevant to the ecohy-
draulics research topics discussed in this dissertation. The present research belongs to
the interdisciplinary field of hydraulics and ecology according to the scientific nomen-
clature (Katopodis, 2012). A multitudinous amount of literature is produced in ecohy-
draulic disciplines, especially in the sub-disciplines hydrodynamics, hydromorphology,
and habitat modeling. It is self-evident that the ecohydraulic discipline is booming with
many special issues since the 1990s (Mitsch, 2012). There are applications in many
areas such as river restoration projects, dam building evaluations, aquatic ecosystem
issues, fish habitat evaluations, and fish population simulations and regulations.

Traditional ecological knowledge represents experience acquired directly from human
contact with the environment (Berkers, 1993). It is difficult to apply the traditional eco-
logical knowledge to ecological resource assessments, evaluations, restorations, and
sustainability efforts. This is due to a lack of guidance on implementing the traditional
ecological assessment and evaluation in public areas. Therefore, the practice of tradi-
tional ecological knowledge predictions should be based on some standardized rules or
policy requirements.

Combining traditional ecological knowledge with numerical modeling technology is a
more comprehensible and testable way to assess and manage ecological issues (Usher,
2000). Ecohydraulic models have been developed and widely applied since the 1980s
via ecological knowledge accumulation and advanced methodologies for assessing the
environmental quality of river systems (Milhous et al., 1984, 1989; Parasiewicz, P.
2001, 2003, 2007; Almeida et al., 2009; Wang et al., 2009, 2013; Yi et al., 2010).

2.2 River hydrodynamic and hydromorphology

Physical modeling and computational simulations are widely used in river engineering
analysis for describing the river hydrodynamics and hydromorphology. A physical
model can provide directly visible results, but it is time- and resource-consuming. For
physical models, similarity between model and prototype has to be checked due to pos-
sible scale effects in models with reduced length scale. Computational simulations pro-
duce full-scale predictions that are cost- as well as time-efficient. The results of numeri-
cal models mainly depend on how well the physical processes are mathematically de-
scribed through governing equations, boundary conditions, and empirical relations
(Vaughan et al., 2009; Bratrich et al., 2004). Therefore, the computational simulations
are essential for solving real engineering problems.



The calculation of flow and sediment transport is one of the most important tasks in
river engineering and river ecosystem assessment (Wu, 2007). However, river flow and
sediment transport are some of the most complex and least understood processes in na-
ture. It is extremely difficult to find analytical solutions for most problems in river en-
gineering, and it is utterly tedious to achieve numerical solutions without the help of
high-speed computers. To overcome these problems, numerical simulation models have
been significantly improved and progressively applied in river engineering with the ad-
vances in numerical simulation technology.

For the hydrodynamic and hydromorphology modeling, there are many existing models
and they can be classified as one-dimensional (1D), vertical two-dimensional (2D-V),
horizontal two-dimensional (2D-H), and three-dimensional (3D) according to the model
dimensionality. For example, the 1D models are mainly used in both short-term and
long-term simulations of flow and sediment transport processes in long and complicated
river systems including reservoirs, estuaries, and/or over long time periods. The 2D and
3D models are mainly used to predict the morpho-dynamic processes under complex
flows and complex geometrical conditions in more detail. Such computations demand
much higher CPU times than 1D models and are therefore restricted in river length or
time length prediction.

The flow states are categorized as steady, quasi-steady or unsteady status. The steady
flow is not included the time derivative term. Quasi-steady models divide an unsteady
hydrograph into many time intervals and every time interval is represented as a steady
flow. Quasi-steady models are mostly applied in the simulation of long-term fluvial
processes in rivers and streams. An unsteady model is more general and is often used to
simulate unsteady hydrodynamic and hydromorphology processes.

Many parameters including numbers of sediment size classes, sediment transport mod-
els, and sediment transport status are considered in the hydromorphology model. Brief-
ly, the sediment size classes can be classified as one single size class or by multiple
classes according to different sizes. The sediment transport modes are divided into bed-
load and suspended load transport. The sediment transport states are often classified as
equilibrium and non-equilibrium (Wu et al., 2000; Wilcock et al., 2003). Regarding the
numerical methods, finite difference, finite volume, finite element, the spectral method,
finite analytic, efficient element models can be used to solve the hydrodynamic and hy-
dromorphology model. The choice of a specific model depends on the nature of the
problem, the experience of the modeler, and the capacity of the computer being used
(Wu, 2008).



2.3 Ecological habitat model

Over the past decade, a major trend in river habitat assessment has been shifted from
narrow studies that concentrate on a single approach to diversity methods. Models that
link fish species SI curves to physical conditions in rivers are becoming a very effective
tool to assess the river habitat qualities (Raleigh & Zuckerman, 1986; Brooks, 1997;
Wang et al., 2013). The habitat approach is particularly useful for analyzing the ecolog-
ical impacts caused by dam constructions, determining the suitable environmental dis-
charge, and evaluating the influence on surrounding environments, such as analyzing
the effects of dam contruction on fish abundance (Huang et al., 2010; Ligon et al.,
1995). The first habitat model was developed in the 1970s by the United States Fish and
Wildlife Service (Bryant, 1973; USFWS, 1980; Tomsic et al., 2007). In the 1980s, Bo-
vee (1982) developed a habitat model and applied it in river management based on
physical variables including depth, velocity and substrates. Later on, the physical habi-
tat simulation model (PHABSIM), instream flow requirements (CASiMiR), Meso-
HABSIM, River2D, EVHA, and HABSCORE were developed and applied to assess
stream habitat features (Bovee, 1982, 1986; Ginot, 1995; Jorde & Bratrich, 2000; Al-
fredsen & Killingtveit, 1996; Parasiewicz, 2001). More recently, habitat model has be-
come a very useful tool for river management. For example, Software for Assisted Hab-
itat Modeling (SAHM), a software developed by U.S. Geological Survey, has been used
in analyzing the endangered species and invasive species in many case studies (Steffler,
& Blackburn, 2002; Armstrong et al, 2003; Mouton et al., 2007; Bovee et al., 2008;
Nagaya et al., 2008; Stohlgren et al., 2010; Talbert, 2012; Zhou et al., 2014). Moreover,
habitat suitability curves (SI curves) have been developed and combined with habitat
models based on fish species for fish sepcies habitat suitability analyzing (Edwards et
al., 1983; McMahon et al., 1984; Raleigh., 1984; Valdez, et al., 1990). Therefore, habi-
tat modeling is a meaningful tool in river management and is an important component
of ecohydraulic model system. An exhaustive overview of current habitat simulation
models is given in the following:

PHABSIM

PHABSIM was originally developed by the US Fish and Wildlife Service, and has been
used since the 1970s. PHABSIM has experienced a series of modification and updates
in later times (Dunbar et al., 1996; Jowett, 1997). Currently, PHABSIM is one of the
most popular modeling tools and the model concept has been accepted by ongoing re-
search (Waddle, 2001).

PHABSIM is a numerical model tool which offers the prediction of flow changes such
as microhabitat, physical habitat and life stage changes based on field measurements,
hydraulic calibration, and species physical habitat preference (depth, velocity, and sub-



strate preferences). PHABSIM is used to obtain a representation of the physical stream
and thus make the stream links to habitat through biological considerations.

PHABSIM fits within the instream flow incremental methodology (IFIM) framework
and PHABSIM is a computer model including a suite of software that allows analyses
of changes in physical habitat via changes in flow or channel morphology. This model
uses streamflow and species SI curves to obtain an assessment of the habitat quantity.
PHABSIM is useful in providing a qualitative comparison for different management
options.

It should be noted that almost all applications of PHABSIM only address physical habi-
tats. Factors such as water quality, temperature, and sediment transport that are im-
portant for habitat and population evaluation do not include in the PHABSIM model.
Moreover, the PHABSIM model is inappropriate when both ecological habitat and
population status needs to be consider (Spence & Hickley 2000). On balance,
PHABSIM is a useful tool, but should not be considered to be the panacea. It has been
shown that this numerical tool is particularly useful for comparing the impacts of natu-
ral, existing, and potential flow management scenarios to assist in making defensible
water resource decision. Obviously, the accuracy of the hydrodynamic model inside
PHABSIM should be improved. The other module such as sediment transport can be
included in the model to promote a more comprehensive modeling system.

River2D

River2D is a 2D depth averaged finite element hydrodynamic model and has been cus-
tomized for fish habitat evaluation studies. The hydrodynamic River2D tool for fish
habitat modeling was developed by the University of Alberta, Canada (Blackburn &
Steffler, 2002). River2D model consists of four programs: R2D Bed, R2D Ice,
R2D_Mesh, and River2D. R2D_Bed was designed for editing bed topography data on
an individual point and channel index files used in habitat analysis. The relevant physi-
cal characteristics of the channel bed necessary for flow modeling, the bed elevation
and the bed roughness, can be edited in R2D Bed. R2D _Ice provides the user with an
effective graphical environment for the development of ice topography files. Various
commands allow the user to modify ice properties globally, regionally, or individually.
Break lines can be inserted into ice topography to define the edge of the ice in partially
ice-covered domains. R2D_Mesh provides a relatively easy way to effectively compute
the mesh generating environment for 2D depth average finite element hydrodynamic
modeling. The hydrodynamic River2D tool is also used to analyze and visualize the fish
habitat results (Milhous et al., 1989).



River2D has a wide range of applications (Wheaton et al., 2004; Wu & Mao, 2007).
River2D is specifically useful in terms of accuracy and time efficiency. Compared to
PHABSIM, River2D is able to evaluate complex flow conditions, which cannot be sim-
ulated by PHABSIM. Similar to the same limitation as PHABSIM, River2D does not
include the hydromorphology model, and the turbulence model needs further enhanced
(Loranger & Kenner, 2005; Gard, 2009; 2010).

CASIMIR

CASiMiR model is a habitat model relyed on a fuzzy logic based rule system, and is
used for physical and biological parameterization. The CASiMiR software is a joint
development by Univerisity of Stuggart and SJE Consultants for ecohydraulics research
(Schneider et al., 2010). The structure of CASiMiR is based on a fuzzy logic system
(see Chapter 3).

MesoHabsim

MesoHabsim is a habitat simulation model that changes the scale of physical parame-
ters and biological response assessments from micro to mesoscale (Gostner, 2012). Mi-
crohabitat surveys are replaced by macrohabitat mapping of whole river sections to
match the scale of restoration measures. In MesoHabsim model, logistic regression is
applied to describe the fish habitat in response to the environmental attributes, whereby
aquatic biota is represented by community rather than by single species.

2.4 Ecological population model

The population models were used in ecohydraulic systems and fish species manage-
ment. The population modeling studies population dynamics in order to obtain a better
understanding of complex interactions and processes work of population ecology. The
first population model was developed by Pierre Francois Verhulst in 1838, which was a
logistic population growth model (Verhulst, 1938). In the 20th century, population
model became a particular interesting model to biologists since the increased pressure
on the limited sustenance caused by increased human population and human activities.
Recently, ecological population modeling, especially aquatic population modeling rais-
es great attention. Researchers found that the population models are highly connected
with the habitat model and the population models can also be evolved from habitat
modeling.

Many studies recommended population models as an effective tool for evaluating the
fish populations protection, particularly for endangered fish species protection which
influenced by dam construction and river restoration (Hess., 1996; Morris & Doak.,
2002; Coggins & Walters., 2009; Korman et al., 2009; Ibrahim et al., 2014). One exam-
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ple is the individual-based model (IBM), which can be used to describe the population
traits with distribution, and it can explicit representation of individual performance and
local interactions (Deangelis & Gross, 1992; Grimm., 1999; Hall et al., 2006). Other
population models have been developed as well, such as INSTREAM model (Harvey et
al., 2009) and Salmon model (Bartholow et al., 1993; Bartholow., 1996). In addition,
another population model was developed by Burnhill to simulate the cumulative barrier
and passage effects of mainstream hydropower dams on migratory fish population in
the Lower Mekong Basin (Burnhill, 2009). Some other fish population models were
developed by Naghibi & Lence (2012), Korman et al., (2012), and Ibrahim et al.,
(2014). Among these models, the most popular model is the IBM. The IBM model is
particularly useful for modeling small species populations with complicated life histo-
ries when extensive data is available (Dunning et al., 1995; Murdoch et al., 1992; Peck
& Hufnagl, 2012). The MARK program provides population parameter estimated from
marked animals when they are re-encountered at a later time phase (White & Burnham,
1999). An exhaustive overview of current population simulation models is given in the
following:

SALMOD: It is a computer model that simulates the dynamics of freshwater salmonid
populations and was developed by U. S. Geological Survey Midcontinent Ecological
Science Center. The conceptual model was developed to evaluate the Trinity River chi-
nook restoration. In this model, fish eggs and fish mortality are directly related to varia-
ble micro and macrohabitat limitations, and also related to the timing and amount of
streamflow and other meteorological variables. Habitat quality and capacity are charac-
terized by the hydraulic and thermal properties of individual meso-habitats. SALMOD
model processes include spawning (with redd superimposition and incubation losses),
growth (including egg maturation), mortality, and movement (freshet-induced, habitat-
induced, and seasonal) (Bartholow, et al., 2001). The structure of this model is shown in
Figure 2.1.
Holding/Spawning
i Adults
L By River segment

Eggs and alevins
In gravel

Fry
By size group

1
Pre-smolts
By size group

Imm. smolt
By size group

Figure 2.1: Model structure of the SALMOD.
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CVI: The CVI watershed tool is a population model response to stream fish habitat and
hydrologic alteration. The CVI watershed tool is composed of Hydro Tool, Clustering
Tool, Habitat Suitability Tool, and Bioaccumulation and Aquatic System Simulator
(BASS). Hydro Tool is mainly used for predicting mean depth, width, and streamflow
for small streams and these parameters are important for the growth and survival of fish
species at different life stages. Clustering Tool is used to predict fish community re-
sponse to various proposed environmental restorations in the region using an empirical
approach. The Habitat Suitability Tool is the same as previously described (Chapter
2.3). The BASS is a simulation model for fish management. BASS is a general and ex-
tremely flexible FORTRAN 95 model that simulates fish chemical bioaccumulation,
fish individual, and population growth dynamics of age structured fish communities
(Rashleigh et al, 2004).

InSTREAM: This is the individual-based stream trout research and environmental as-
sessment model. The INSTREAM model can evaluate the effects of habitat changes on
different animal population alterations. The INSTREAM model can predict how trout
populations respond to changes in any of the inputs that drive the model. These input
factors include the flow, temperature, turbidity, and channel morphology. INSTREAM
can also predict how fish populations respond to changes in ecological conditions such
as food availability or mortality risk. The INISTREAM model is a useful tool for ad-
dressing many basic ecological research questions (Harvey et al., 2009). The typical
application structure of INSTREAM is shown in Figure 2.2.

Daily action schedule

- Habitatactions

I Reach updates:

— Cell updates:

Fish actions

—: Spawning:

| Habitatselection:

—| Growth:

{ Survival:

Redd actions

{ Survival:

— Development;

Emergence:

: Observer actions: write model outputs

Figure 2.2: The daily action of the INSTREAM.
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MARK: The program computes the estimation of model parameters and provides esti-
mations of population size via numerical maximum likelihood techniques. The parame-
ters can be constrained by age or group, using the parameter index matrix. A set of
common models for screening data are initially provided with group effects and time
effects. The logistic and matrix functions to the parameters of the model are included
(White & Burnham, 1999). This program is a free windows program and needs a large
amount of data from marked animals when they are re-encountered at the later time.

Logistic population modeling: This considers a differential equation which is well es-
tablished for modeling the evolution of total population numbers. The logistic popula-
tion model is based on a logistic function or the logistic curve which is composed of the
initial value, maximum value, and a growth rate function (Brauer et al., 2001). This
technique has been proved to yield useful results in many case studies (Schaefer, 1954;
Piegorsch et al., 1994). Although such an apparently gross simplification may be criti-
cized, such models are still applied in studies of disparate phenomena, such as the dy-
namic fluctuations of fish population numbers (Shepherd & Stojkov, 2007).

Matrix population modeling: This is a specific type of population model that uses ma-
trix algebra. It is a form of algebraic shorthand for summarizing a larger number of fre-
quent repetitious and tedious algebraic computations. The basic matrix population mod-
el is composed of the population vector on all individual’s life stages and an age-classes
matrix. The matrix contains the parameters of birth and survival rates (Caswell, 2001).
Matrix population modeling is mainly used in age structure population dynamics pre-
dictions in time-varying environments. It is very useful for population viability analyzes
in field studies and in aquatic ecosystems (Retout et al, 2002; Baxter et al, 2006).

Overall, ecohydraulic studies have paved the way for paradigm shifts in engineering
designs, habitat quality assessments, habitat restorations, dam construction effects, fish
population management, maintenance of water resource, and aquatic resources infra-
structure projects. Ecohydraulic studies also provide the opportunities to recast, inno-
vate, and minimize negative aspects at the project and increase the possibility to achieve
a high level of ecological integrity.



Part B: Ecohydraulic modeling

3 Ecohydraulic modeling system concept

This chapter presents a 2D ecohydraulic model system which includes hydrodynamic
modeling, hydromorphology modeling, habitat modeling, and population modeling.
The objective is to focus on the dynamic behavior of river and stream ecosystems as
they play a significant role in this dissertation. From the physical understanding, river
ecosystem can be composed by a hydrodynamic part, hydromorphology part, habitat
part, and population part. The hydrodynamic and hydromorphology parts respond to
external forces such as hydrological variations, riverbed deformation over time and oth-
er hydrodynamic effects. The habitat models can mainly be divided into two types,
namely SI curves habitat models and fuzzy habitat models. For habitat models based on
SI curves, the parameters affecting the fish habitat quality need to be define and the SI
curves of those parameters need to be determined. The fuzzy rules, also called expert
knowledge, are the core of fuzzy habitat models. Besides habitat models, population
models are also described in this chapter. The flowchart of the ecohydraulic model sys-
tem is shown in Figure 3.1.

(HYDRODYNAMIC SIMULATIDNS} ( SEDIMENT TRANSPORT ]

[ Water depth I [ Velacity ][ Red change I[ Substrates distribution I

Suitability Index Curves ] [

[ Matrix population model ] [ | ngistic population model ]

‘
(‘51 velacity | [ 51 substrates | [ s1Depth ]
| L |
[ Habitat Index Suitability l
¥
[ Weighted Useable Area ]—)
¥

[ Densily ](—[ Population ]-(-[ Overall Suitability Index ]—)I Populalion }—)-I Densily I
Error Analysis Error Analysis

Figure 3.1: The flowchart of the ecohydraulic modeling.
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3.1  Model concept of hydrodynamic processes

The Navier-Stokes conservation equations for momentum and energy expressed in par-

tial differential form. They are used to model complex water flows in many applica-
tions. However, when considering a problem in which the horizontal scale is much
larger than the vertical then the shallow water equations will suffice and can replace the
more complex Navier-Stokes equations. From the Reynolds-averaged Navier-Stokes
equation to the shallow water equation, several assumptions have to be applied.

Assumption 1 (Boussinesq approximation): The Boussinesq approximation states that if
density variations are small, the density may be assumed constant in all terms except
the gravitational term. This is due to turbulence eddies small variations occur in the
flow velocities and pressure. Usually, these variations are too small to be represented in
a numerical scheme unless the grid is chosen very fine.

Assumption 2 (Eddy viscosity concept or Boussinesq hypothesis): Reynolds stresses
like viscous stresses depend on the deformation of the mean flow.

Assumption 3 (for shallow water): (1) The characteristics of the horizontal length scale
is much larger than the characteristic of the vertical length scale. (2) The variation of
the vertical velocity is small in comparison with the variation of the horizontal velocity.

2D shallow water equations are based on the solution of the 2D incompressible Reyn-
olds averaged Navier-Stokes equations, subject to the assumptions of neglecting accel-
eration on vertical direction and constant density.

The continuity equation is written as:

¢éh oh oh
—+U—+v—=0 (3-1)
ot ox oy

And the two horizontal momentum equations for the x- and y- component, respectively

ah
M M _gon Lfohe, | ey R Y (3-2)
a X oy ax hl ax ey ) ph
ohz,  oh
Yoy Y g0 L[ Ty ) Ty g (3-3)
ot ox oy oy h{ ox oy ) ph

Where u and v are depth integrated velocity components in x and y directions respec-
tively (m/s); t is time (s); g is gravitational acceleration (m/s?); # is the water surface
elevation (m); p is the density of water (kg/m?); h is the water depth (m); fcor is the Cor-
iolis parameter (this number is related to the earth’s rotation, for most cases, = 0); 7,
Tw, Tx, and 7, are depth integrated Reynolds stresses (kg/ms?); and 7 and 7, are shear
stresses on the bed and flow interface (kg/ms?).



The bed shear stresses 7. and m, can be calculated based on the following equations:

Ty =P,C UL +v7)? (3-9)

Ty, = P CeV(U* +VH) (3-5)
Where py is the water density (kg/m®); Cr is the bottom friction which is calculated
based on an empirical formula (-). The bottom friction is used to calculate the total bed
shears stress, can be calculated based on different friction law, such as Chezy (3-6),
Strickler (3-7), Manning (3-8) and Nikuradse friction laws (3-9).

For the Chezy friction law which is calculated based on:

29 . 1
C . with C,=—(r)"* (3-6)

Where Ch is Chezy coefficient (m'?/s); ry is hydraulic radios (m);
For the Strickler friction law which is calculated based on:

2g 1
Where Ks is Strickler coefficient (m'3/s); n is Manning coefficient (s/m'?);

1
C; = with K = (3-7

For the Manning friction law which is calculated based on:

2
C = h—%n (3-8)

Where n is Manning coefficient (s/m!?);

For the Nikuradse friction law which is calculated based on:

2

254

C =2 - (3-9)

—% | withs 250, or S, =(
lzh 't 50
LOQ(?)

t
Where S is the Nikuradse bed roughness (m??/s?); K is the Von Karman constant, in

most cases it is equal to 0.4.

From these friction equations, we can notice that they all can be converted in a very
similar form which only differs through the friction coefficient. The Table 3.1 lists the
Manning coefficient ranges used for the majority of canal and material types.
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Table 3.1: Manning coefficient usable ranges for channel types and materials (Chow,

1959).

. Minimum Normal Maximum
Type of Channel and materials Manning's n Manning's n Manning's n
Concrete 0.007 0.012 0.018
Earth, smooth 0.013 0.018 0.023
Earth channel - clean 0.017 0.022 0.027
Earth channel - gravelly 0.02 0.025 0.03
Earth channel - weedy 0.025 0.03 0.035
Earth channel - stony, cobbles 0.03 0.035 0.04
Glass 0.005 0.01 0.015
Natural streams - clean and straight 0.025 0.03 0.035
Natural streams - major rivers 0.03 0.035 0.04
I:::llsral streams - sluggish with deep 0035 0.04 0.045
Natural channels, very poor condition 0.055 0.06 0.065
Plastic 0.004 0.009 0.0014

For the 2D hydrodynamic model, xx, 7xy, 7yx, and zyy are depth integrated Reynolds
stresses. They are also called depth averaged turbulence shear stresses which are calcu-
lated with the following equations:

u + @) s Ty =2V

y o oy

Where V, is the eddy viscosity (m%/s); V, is composed of two parts: turbulence viscosi-

ou
T =2V, —; 7, =7, =V( (3-10)
6)(’ y ¥

ty V; and water viscosity V,. In some cases when the turbulence viscosity can be ig-
nored, it can be simply set to V, is 1x10%. In most cases, V; is calculated by a turbulence
model, such as Elder’s model, k-¢ model or k-® model. Among those models, the most
common used and stable model is the k-¢ turbulence model. For 2D hydrodynamic
models, depth averaged k -¢ turbulence models have been developed (Rodi, 1993):

k2
vt:cy? (3-11)
KoK KoMKk 0K pip . (-12)
ot ox oy OX o, 0X 0oy o, 0y
0¢ O 0O O  V, 0g, O V, O¢ £ &
iUV = () () +C, 2R 4P, -C, S .
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Where Ph represents the production of turbulent kinetic energy due to shear stresses
with horizontal mean velocity gradients; Pk and P are productions of k and e respec-
tively due to vertical velocity gradients particularly near the bottom; u~ is bed shear ve-
locity; o is Prandtl/Schmidt number relating eddy viscosity and diffusivity for scalar
transport (equal to 0.7 was chosen). The dimensionless diffusivity e” is an adjustable
empirical parameter which may be measured from dye-spreading experiments. Meas-
urements in wide laboratory flumes have yielded an €” with value of approximately 0.15
while measurements in natural rivers have given much higher values. e”is 0.6 has been
observed as a typical value for many river situations where the stream is slowly mean-
dering and the side-wall irregularities are moderate. However, in sharply curved chan-
nels even much higher values of e" have been observed. From measurements in the
Missouri River, a meandering river with bends up to 180°, values of €" up to 10 have
been found. In previous studies, it was stated that the value of e" is project dependent
and must in general be adjusted to the flow calculated (Rodi, 1993; Bui, 2004). c=1.44,
c2=1.92, ox = 1.0, 6: =1.3, 6x=0.7, ¢,=0.09.

3.2 Model concept on hydromorphology processes

River hydromorphology processes are based on sediment transport which is the
transport of sediment particles by flowing water be it in form of bed-load, and be it in
form of suspended load. This transport depends on the size of the bed material particles
and the flow conditions (Van Rijn, 1984). The sediment transport model is mainly fo-
cused on calculating bed-load, suspended load, riverbed deformation, and riverbed
grain size distribution such as main grain size diameters and grain size fractions.

3.2.1 Bed-load calculation formula

Bed-load is defined as the sediment in almost continuous contact with the bed, carried
forward by rolling, sliding or hopping (Van Rijn, 1993). Before the bed-load is calcu-
lated, the shear stress calculated by the hydrodynamic model should be corrected by a
factor x. The correction factor is required due to the shear stresses obtained from the
hydrodynamic model are calculated from the depth average velocity, while the shear
stresses used to calculate bed-load transport rate are based on the velocity near river
bed:

1
T=HT, With 7, :Epcf ‘U (Xv yaz)‘z (3-16)
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Where y is the bed form correction factor which can be calculated by several methods
(-). For example, if the grain size in the riverbed is very coarse, it can simply be set
=1.In other cases, it can be calculated from the following equations:

2

c, . o -
ﬂ:a with C; =2 N (@) (3-17)
g K.
or
C '0,75C 0.25 .
u=f07' with C, =f(K)) (3-18)

f
Where K, is grain roughness (-); Kr is the wave-induced ripple bed roughness (-); Cr is
the bottom friction used in the hydromorphology model (-); C; is the quadratic friction
¢)

After the skin friction has been defined. The bed-load can be calculated based on nu-
merous, semi-empirical formulae such as Meyer-Peter Miiller, Einstein-Brown, Eng-
land Hansen, Van Rijn, Hunziker equations, and many other researchers (Meyer-Peter
Miiller, 1948; Einstein, 1942; Brown, 1950; Engelund and Hansen, 1967; Van Rijn
1984; 1993; Hunziker, 1995; Acker and White, 1973; Brunner, 2005; Nielsen et al.,
1992). Each of these has different ranges of application. The following paragraphs will
describe these bed-load formulae and also their validity ranges for sediment gradation
in rivers. The non-dimensional sediment transport rate Qp is expressed as:

Q.
(21D’ 19

w

Q=

Where Qp is non-dimensional bed-load (-); Qs is dimensional sediment bed-load
transport rate per unit width (m*/(ms)); D is particle size parameter (m); g is gravety
(m/s?); ps is the sediment density (kg/m®); pw is the water density (kg/m?).

Meyer-Peter-Miiller formula (MPM): The MPM equation was one of the earliest equa-
tions developed and still one of the most widely used. It is a simple excess shear rela-
tionship. It is strictly a bed-load equation developed from flume experiments of sand
and gravel under plane bed conditions. Most of the data were developed for relatively
uniform gravel substrates. MPM is most successfully applied over the gravel range. It
tends to under-predict the transport of finer materials.
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The MPM bed-load transport function is based primarily on experimental data and has
been extensively tested and used for rivers with relatively coarse sediment. The
transport rate is proportional to the difference between the mean shear stress acting on
the grain and the critical shear stress. This formula can be used for well-graded sedi-
ments and flow conditions that produce other-than-plane bed forms. The general
transport equation for the MPM function is represented by:

0 {0 0 <0.47 (3-202)
= | . | - a
" la@-0)" 9047

with

' HTy
0 =——"""—; 6.=0.047 3-20b
(o5 — P)9Dy, ( )

Where ¢'is the shields number (-); & is MPM parameter (-); 0, is sediment density
(kg/m?).

Einstein-Brown formula: This bed-load formula is recommended for gravels and large
bed shear stresses. The solid transport rate is expressed as:

2 36 36 !
Q= ((TE)M —(E)“} f(0) (3-21)
(2]
D, =D, |2/ (3-22)
A\
oy
f(e) _ 215:';‘ ¢ if6 <0.2 (3-23)
400"

Where D- is particle size parameter (-); V is viscosity of water (m?/s).

Engelund-Hansen formula (for bed-load and suspended load): The Engelund-Hansen
formula is a total load predictor which gives adequate results for sandy rivers with sub-
stantial suspended load. It is based on flume data with sediment sizes between 0.19 mm
and 0.93 mm. It has been extensively tested and was found to be fairly consistent with
field data. This formula predicts the total load. It is recommended for fine sediments, in
the range 0.2 mm to 1 mm under equilibrium conditions. It can be represented as:
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— 0%
* C (3-24)
0 it 0 <0.06
. 2.5(6'-0.06) if 0.06<06 <0.384
0= i : (3-25)
1.0650*17 if 0.384<6 <1.08
0 if 1.08<6

Van Rijn formula: The Van Rijn bed-load transport formula was proposed in 1984
based on experiments performed under uniform flow conditions and fine sediment. The
bed-load transport are linked to dimensionless particle parameter D+ and shields number
o' . The realibility of Van Rijn formula is based on a verification study using 580 flume
and field data. It can be represented as:

~0.053 0'-6,

Q=5 9”)2'I (3-26)
0.24D;" D. <4
0.14D.°" 4 p <10

6, =10.04D:""  10<D, <20 (3-27)
0.013D*  20<D, <150
0.045 150 < D.

Besides the bed-load formulae mentioned above, there are many other empirical bed-
load calculation formulae such as Bijker, Hunziker, Bailard, Dibajnia and Watanabe
(Bailard & Inman, 1981; Bijker, 1971; Dibajnia and Watanabe, 1996; Hunziker &
Jaeggi, 2002; Wu et al., 2008). All of the transport rate formulae were verified by inten-
sive experiments. The validity range of the sediment transport formulae was listed in
Table 3.2.

Table 3.2: Validity range of the sediment transport formulae.

Validity range of the sediment transport formulae Dso validity range (mm)
Meyer-Peter Miiller 0.4-29
Einstein-Brown 0.25-32
Engelund-Hansen 0.19-0.93
Van Rijn 0.2-2.0

For rivers with complex geometries, the following effects may also need to be taken
into consideration: effects of the river slope, effects of hiding and exposure, sediment
slide (large friction angle), secondary currents (curved channels), tidal flats (large areas
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with nearly zero water depth), bed roughness prediction, active layer thickness, and
mean grain size calculation.

3.2.2 Suspended load calculation formula

Suspended load is the total sediment transport which is maintained in suspension by
turbulence in the flowing water for considerable periods of time without contact with
the streambed. It moves with practically the same velocity as that of flowing water (Van
Rijn, 1993). However, before the suspended load is calculated, we need to determine
whether the suspended load should be included in the hydromorphology process. It is
quite common to use the Rouse number to determine the suspended load (Van Rijn,
1993). Its definition is as follows:

W 2.0<R No suspension
R= xus if 0.8<R<2.0 Incipient suspension (3-28)
' R<0.8 Full suspension
. 5 5 1/2
With u, =[Cf (u +V )} , and
(s—1)gDy, D,, <107

50 =

18v

5 (3-29)
W, = ﬂ( /“’QO]m—l) 107 <D, <107
D, 18v

1L1JGaD, Othervise

Where R is the Rouse number (-), Ws is settling velocity (m/s), Dso is mean diameter of

the sediment (m), U. is bed shear velocity (m/s), Cf is bottom friction (-), S is ps/po which

is the relative density (-), V is the fluid viscosity (m?/s), and g is gravity (m/s?).

The 2D sediment transport equation for the depth-average suspended load concentration
is obtained by integrating the 3D sediment transport equation over the suspended zone.
The suspended load transport is calculated by the following equation:

a(Ch)+a(Ch”)+5(ChV):ﬁ(ah@}i ahE|rE-D (3-30)
at x gy oxU " ox) oyl oy
. Vi
With EIZ; and E-D=w,C,~Cy) (3-31)
t

Where C is the suspended sediment concentration (kg/m?); h is water depth (m); D is
the deposition rate (kg/m’s), and E is the suspension rate (kg/m’s); E-D is the net ex-

change of sediment between suspended load and bed-load layer; 0, is Schmidt number
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also called Prantl number (0.6); & is turbulence diffusivity scalar (m?%s); V, is the tur-
bulence viscosity (m%/s); c. is suspended load concentration at reference lever under
equilibrium conditions (kg/m®); ¢, is suspended load concentration at reference lever
(kg/m>).

There are several empirical formulae for calculating volume concentration c,_ such as

Zyserman and Fredsoe (1994), Van Rijn (1984b). The mass concentration can also con-
verted from the volume concentration based on c_, = p,c

veq

Zyserman and Fredsoe formula: The Zyserman and Fredsoe formula sets the reference
level at two grain size diameters above the bed and determines the near-bed volumetric
concentration of suspended load as:

03310 -0,)""

T 140.72(0 - 6,)' (3-32)

HT,y

With 6 =——2—
(o5 = Pu)9D;,

(3-33)

Van Rijn formula: Van Rijn (1984b) set the reference level Z..r at the equivalent rough-
ness height ks or half the bed-form height and established:
3/2

7z D0.3

ref =

C,e =0.015D,,

veq

(3-34)

Where T is the non-dimensional excess bed shear stress or called transport stage num-
ber (-), defined as T=(U~/U=¢r)?-1; U~is the effective bed shear velocity related to grain
roughness (m/s), determined by Usxcr =Ug®3/Cy; with C=18log(4h/d9o) is the critical bed
shear velocity for sediment incipient motion, given by the Shields diagram (-); and dso
and doo are the characteristic diameters of bed material (m).

The parameter c_, is calculated based on:

C,. =FC (3-35)
With
1 R _
—Bf1-B™™), forR =1
Folan ( ) (3-36)

—BlogB, forR =1

Zref
And B==% 7 _« (3-37)
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Where F is the ratio between the reference and depth-average concentration (-); C is
suspended concentration (kg/m?); B is the ratio between the ripple roughness and water
depth (-); Ky is the ripple roughness (-); Ceq is suspended load concentration at reference
level under equilibrium conditions (kg/m®); Cref is suspended load concentration at ref-
erence level (kg/m®); R is Rouse number (-).

To calculate the bed evolution affected by bed-load and suspended load, the Exner
equation need to be solved (Coleman & Nikora, 2009).

%, Q0 e b
{1 p)6t+8x+6y+(E D)=0 (3-38)

Where p is the non-cohesive bed porosity (-); Zs is the bottom elevation (m); Qs is the
solid volume transport (bed-load) per unit width (m3/(ms)); £-Dis the net volumetric
exchange of sediment between suspended load and bed-load layer at reference level
(m*/(ms)).

3.2.3 Numerical scheme

For the numerical discretization, the most common discrete methods are the finite dif-
ference method, finite volume method, finite element method, and the spectral method.
For the numerical grids, there are various classification methods for numerical grids
such as structured grids, block-structured grids and unstructured grids. The numerical
approximation serves for computing variables appearing in the differential equations.
For all the schemes, the numerical error should satisfy the convergence criterion of the
numerical method.

Initial and boundary conditions

For rigid wall boundary conditions, a wall-function approach is often used and the wa-
ter level near a rigid wall is usually assumed to have zero gradients in the normal direc-
tion to the boundary. For subcritical flow, boundary conditions are needed at inlet and
outlet in order to derive a well-posed solution for hydrodynamic and hydromorphology
equations. The inlet boundary condition is usually a time series of flow discharge and
the velocity at each computational point of the inlet located in a nearly straight reach
can be assumed to be proportional to the local flow depth. The boundary condition at
the outlet usually is a time series of the measured water stage derived from a stage-
discharge rating curve.

For unsteady problems, an appropriate initial condition has to be given. The velocity is
set to zero at initial time, water depth is set as a constand value according the flow dis-
charge. The bed roughness is also set according the surveyed river bed substratum. In



24

order to achieve a stable flow and eliminate initially severe waves propagating in the
computational domain, a flow stabilization period has to be set. For obtaining a reason-
able initial riverbed, e.g. a thirty day’s simulation time can be performed in order to
develop an appropriate river bed. The final solution at the end of this bed development
phase can be then set as initial condition.

Numerical solution

After the partial differential equation is discretized and the boundary conditions have
been set, the next step is to solve the resulting algebraic equations. If an explicit scheme
is used for an unsteady problem, the unknown solution on the new time level only de-
pends on the solution of the old time level, and thus the calculation can be relative easi-
ly performed step by step without using an algebraic solver. If an implicit scheme is
used for an unsteady problem or a numerical scheme involving more than two grid
points for a steady problem, multiple unknowns appear in the algebraic equations that
must be solved together. Therefore, an equation solver is required. The implicit scheme
is usually more stable and allows for larger time steps than the explicit scheme, yet its
overall efficiency depends on the method used to solve the algebraic equations. The
algebraic equations can be solved directly or iteratively. Direct methods, such as the
Gaussian elimination, are often used to solve linear algebraic equations; iteration meth-
ods are usually used for nonlinear equations, because the coefficients have to be updat-
ed and the equations have to be solved repeatedly. There are several methods often used
for solving algebraic equations in computational river dynamics, for instance Thomas
algorithm, Jacobi and Gauss-Seidel iteration methods, Alternating Direction Implicit
(ADI) iteration method, TDMA method, SIP iteration method, over-relaxation, and un-
der-relaxation method.

3.3 Habitat model description

Habitat models are the models which include the parameters affecting the conditions
for development of biologic or zoologic species. The habitat model described in this
dissertation is mainly physically base and includes following parts: morphologic, hy-
draulic and hydrologic processes. The parameters such as substrate size, type and shape
of substrate, roughness, sediment porosity, bathymetry, armourig layer etc. are belong-
ing to the morphologic part. In the hydraulic part, flow velocity, flow depth, shear
stress, turbulence, near bed boundary layer, and water transient storage zone etc. are
contained. In the hydrologic part, parameters such as base flow, peak flow, and mini-
mum flow or in general flood hydrographs are considered. The Figure 3.2 is an illustra-
tion of factors affecting fish habitats (Wu, 2014).
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Figure 3.2: Factors affecting the habitat suitability (Wu, 2014).

3.3.1 Fish Sl curves habitat model

The SI curves are the true preference of fish with the actual habitat available. Since the
1980s, researchers and engineers started to use SI curves which are needed for theoreti-
cally remove environmental bias with regard to a fish species and life stage selection of
microhabitat conditions (Nelson, 1984). The most significant parameters used for SI
curves are velocity, water depth, and riverbed substrates. Besides that, flow tempera-
ture, oxygen concentration, and other parameters may also be included. In order to rep-
resent the fish suitability conditions in rivers and channels, a relative preference func-
tion needs to be derived for each habitat parameter. Suitable fish SI curves are the deci-
sive components of habitat models as descriebed in many case studies (Wampler, 1985;
Waddle, 2001; Yi et al, 2010; Bui et al., 2013).

The two basic components of the habitat model based on SI curves are the SI values
and the habitat suitability index (HSI) values. The SI values are derived from hydrody-
namic and corresponding habitat suitability criteria. Habitat suitability simulation is
based on criteria linked to physical parameters such as velocity and water depth reflect-
ing suitability considerations. SI curves are mainly based on literature, professional
judgment, lab studies, or field observations of the frequency distribution for the habitat
variables. The HSI values are mainly depended on the SI values and the combination
function of SI values. HSI values are derived by quantifying field and laboratory infor-
mation of each suitability index variable on the effect of the population. The functions
of HSI are described as follows:
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Option 1

Option 2

Option 3

Option 4

HSI, , =(SI, xS, xSl,...SI )"

HSI

_ (Sl +Sl, +Sl,+...+81)

it n
HSI, = (S, xSI, xSl,...81,)

HSI, , = Min(Sl,,S1,,Sl,....S1,)

(3-39)

(3-40)

(3-41)

(3-42)

Where SI;, SI, and SI,, are the related suitability indices obtained from the fish SI
curves. The graphs of the HSI range from 0 to 1 for the species (0 is indicating the most
unsuitable conditions, and 1 is representing the optimal condition).

The example of the habitat suitability criteria and the structure of habitat suitability

based on SI curves are shown in Figure 3.3.
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Figure 3.3: An example of SI curves for a selected fish.

3.3.2 Fuzzy logic habitat model

Besides the habitat model based on fish SI curves, there are many applications with

fuzzy logic based habitat models. Fuzzy logic habitat models use physical and biologi-

cal parameters through the application of expert knowledge using a fuzzy logic based

rule system.
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Figure 3.4: The flowchart of a fuzzy logic based habitat model.
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Figure 3.5: Membership functions for the input variables (velocity, water depth, and
substrate) and the output variable habitat suitability index.

The structure of fuzzy logic habitat models is based on the fuzzy logic system. A fuzzy
logic system (FLS) can be defined as the nonlinear mapping of an input data set to a
scalar output data set (Mendel, 1995; Steeb, 2011). The original fuzzy model concept
was developed by Zadeh (1965). In fuzzy logic habitat models, the linguistic values
such as ‘low’, ‘moderate’, and ‘high’ were assigned to the input varibles (velocity, wa-
ter depth and riverbed substrates) and the output variable (habitat suitability index).
These linguistic values were defined by fuzzy rules, a membership function of particular
fuzzy rules and indicate the degree to which an element belongs to this fuzzy set. The
membership values are ranging from zero to one (Mouton et al, 2009, 2011). For the
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fuzzy logic based habitat modeling, there are several steps that need to be done: input
selection, output selection, membership definition for input and output, fuzzy rule defi-
nition based on the input and output, and the defuzzification. The defuzzification is the
process of producing a quantifiable result in standard logic, giving fuzzy sets and corre-
sponding membership degrees. The Figures 3.4 to 3.7 are illustrated the fuzzy logic
based habitat model.
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Figure 3.6: Tllustration of the fuzzy rule settings.
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Figure 3.7: Output for habitat suitability index (HSI) after defuzzification.
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3.3.3 Habitat indices

Besides the HSI, there are two more parameters of importance that should also be cal-
culated during the habitat modeling process. These are the weighted usable areas
(WUA) and the overall suitability index (OSI). The WUA is based on a two-
dimensional distribution of the habitat features mapped to the riverbed and illustrated in
a projection on a horizontal plane. Based on the HSI values attributed to each mesh cell,
the WUA is then obtained by integrating the habitat quality over the computational
mesh cell of the entire river stretch using a geometric wheighting function:

M
WUA=>" AHSI, (3-43)

i=1
Where A is the horizontal surface of mesh cell i (m?), HSli is the habitat suitability in-
dex of mesh cell i and M the number of meshes in the studied river stretch. The OSI is
defined as the ratio of the weighted usable area and the total computational domain area

in the horizontal plane:

i AHSI,
oSl ==5—— (3-44)
>A
In order to further understand the habitat quality distribution in the river, the habitat
quality can be divided into three classes according to the HSI values: ideal habitat pro-
portion (ISP), middle habitat proportion (MSP), and unsuitable habitat proportion
(LSP). The ISP, MSP and LSP describe the percentage of ideal, middle and unsuitable

habitats in a study site.

M
ZAT(HSIA‘N)’/)
ISP=1 — — x100% (3-45)
ZA
M
ZA(OKHSI <0.7)
MSP= T x100% (3-46)
> A
i=1
M
z A(HSIA<0 3)
LSP = x100% (3-47)
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3.3.4 The recommend habitat model in this study

Both fish SI curves and fuzzy logic habitat models have been used in many case studies
such as fish habitat studies, combined morphdynamic, habitat modeling studies, mini-
mum flow or hydropeaking studies, and river restoration projects. The fuzzy logic habi-
tat model is particularly useful when the SI curves for target fish are uncertain. Howev-
er, expert knowledge for fish biology information and the fuzzy rules establishment are
uncertain and complicated. So that the habitat model recommended in this dissertation
is based on the model concepts mentioned on fish SI curves considering turbulent flows
and sediment transport. The structure of the habitat model is shown in Figure 3.8.
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Figure 3.8: Flowchart of the habitat model applied in this dissertation.

3.4 Population model description

A population model is a type of mathematical model that is used to study the dynamic
development of populations. These models allow a better understanding of how com-
plex processes responsible for growth or decay of populations interact. Modeling dy-
namic interactions in nature can provide a manageable way for understanding how pop-
ulation number changes over time. Ecological population modeling is concerned with
the in population size, age distribution, and density variations. The ecological popula-
tion modeling would be affected by the physical environment, the individuals of their
species, and the other species.

There are many different population models. Some of the models are only worked on
specific cases, and the general robustness is not satisfactory. The purpose of this re-
search work is the development of a robust population model to simulate or to predict
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fish population numbers and density changes with time. Among those existing popula-
tion models, the logistic population model and the matrix population model are de-
scribed and performed in this dissertation. The logistic population model is converted
from a logistic function, which is used for describing the species population number
changes. The matrix population model is a model derived from an age structure based
concept. The concepts of these two types of population models were applied in the dis-
sertation. The scope of these two models are different, the logistic population model can
be only used to predict the fluctuation of total population number. In the matrix popula-
tion model, the population number changes on each life stage can also be predicted. The
input data for the logistic population model and the matrix population model are also
different (Renshaw, 1993).

3.4.1 Logistic population model

The first model used in this work, the logistic population model, is originally based on a
logistic function. The logistic population model is composed by the growth rate and the
fish numbers that the river habitat can support. In this model, the WUA and OSI are
used to represent the maximum number and the growth rate respectively. The logistic
function is used to represent the changes of fish population number. A detailed descrip-
tion of this logistic population model used in this dissertation can be found in Appendix
1 (Fox, 1970; Russ, 2004; Shepherd, 2007).

In the logistic model, the population number can be calculated as follows:

ax(081{,~0SIf )

ﬂxWUAﬁA‘ X RF xe

3
P = (3-48)

Where pr and P}, are population numbers at time t and t+A4t for fish species F (-); o and

B are model parameters related to the study domain and the present fish species (-);
WUA (m?) and OSI (-) are weighted usable areas and overall suitability index respec-
tively;
In this dissertation, population density PFi; in mesh cell i at time t are defined as:
. _ A xHSIf <P
it T WU AF

Where Aj is the horizontal surface of mesh cell i (m?), HSI; is the habitat suitability in-
dex of mesh cell i (-). PFit is the population density (fish number/per mesh cell).

(3-49)
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3.4.2 Age structure population model

The second population model, the matrix population model also named age structure
population model, is developed from the classic matrix population model (Caswell,
2001; Aziy-Alaoui, 2002). The classic matrix is one of the most well known ways to
describe the changes of population and is very popular in population ecology. In classic
matrix population model, the population is devided into groups based on age classes. At
each time step, the population is represented by a vector with an element for each age
class. The classic matrix model is a square matrix with the same number of rows and
columms as the population vector. The birth rate and the survival rate are included in
the square matrix. The OSI is also insert into the birth rate and survival rate.

Niwa | [Fy Fop oo Fy oo Fip oo Fo Foo] [Nu

N ea S 0 .. 0 .. 0 .. 0 0 N,

Nia 0 0 .. 0 .. 0 .. 0 0]]|N,
e N (3-50)
N 0 0 0 0 0 0[N,

n-1t+At 0 0 Nn—l,t
[Now | L w S Sut N, |
With

e(OSI"‘ a)_ (0stj t-a) (osti +-b) _ (osti 1-b)
Fo=fxX\ I+ || Su=SuX| 1ty (3-51)
+e e +e

Where N, is fish number at time t for fish stage i (-); s, is model survival rate at time t
(-); F, is birth rate of for spawning fish at time t (-); 1, is the basic birth rate at time t
for the stage i (-); s, ,is the basic survival rate at time t for the stage of i (-); @ and b are

the empirical parameters for spawning fish and other life stages of fish. The a and b
were ranged from -1 to 1 (Equation 3-51). The Equation 3-51 shows that when the OSI
values are bigger than a and b, the fish population number will show an increasing
trend. When the OSI values are smaller than a and b, then the fish population number
will show a decreasing trend.

The initial fish numbers at each life stage could be defined based on the surveyed fish
number when the intensive fish population assessment are conducted. However, in most
case studies, the surveyed fish numbers are not enough to correctly represent the fish
age structure. Therefore, the initial fish numbers at each life stage in the matrix popula-
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tion model need to adjust as the fish population is at steady-state. The definition is as
follows: in a surveyed fish sample, a catch curve from fish population is determined
based on the method of Robson & Chapman (1961). Based on the catch curve, each life
stage’ proportions are obtained. The fish numbers of each life stage are equal to the
proportions of each life stage multiplied by the total fish number.

We can define four life stages of fish, namely fry fish, juvenile fish, adult fish, and
spawning fish. Thus the OSI in birth rate term is calculated by spawning fish SI curves,
while the OSI in growth up rate term is converted from fry fish SI curves, juvenile fish
SI curves, and adult fish SI curves. In this dissertation, we defined s; to s; belonging to
fry fish, s; to s; belonging to juvenile fish, and s; to s, belonging to adult fish. The fry,
juvenile, adult, and spawning OSI values are used to calculate the matrix model adjust
factor. More specifically, the OSI values in birth rate terms are calculated by fish SI
curves for the spawning period, whereas the OSI values in growth up rate term are de-
rived from fish SI curves averaged over all other life stages.

It is almost impossible to measure the age of surveyed fish. However, it is possible to
relate the length of a fish to its age. As surveyed fish data mainly focus on fish length
measurement a length-age relation is more meaningful. Therefore, in order to compare
modeling results with observations, the matrix population model also can be converted
into a fish length distribution model (Figure 3.9).

NLow | [R, Ry o Fy oo Fy oo Foy Rl [Nbe
NL, (o S. 0 .. 0 .. 0 .. 0 0]]|NL
NL 1, 0 0 .. 0 .. 0 .. 0 0]]|NL,
= X (3-52)
NLj . 0 0 .. 0 .. 0 .. 0 0]]|NL,
NL, | on o o0 .. 0 .. 0 .. O 0 NL,
NLw | LO 0w 0 o 0 Sy Sy ] [N,

Where i, and ni,,,, are fish number at time t and t+At for fish length i stage; the other

parameters are the same as mentioned before. Of course, the fish length can also be
converted to the life stage based on the fish length to age relationship.
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Figure 3.9: Length-at-age relation for a fish species.

In this dissertation, it should be noted that the purpose of this habitat model mainly fo-
cuses on prediction rather than to validate of the habitat quality. Further, due to limited
data to validate the population model by comparing its predictions against observations,
the quantitative accuracy of the model predictions cannot be determined except that the
model does appear to effectively simulate inter-annual changes in the size structure of
fish population monitored under field data surveys. The main function of habitat and
population models should be seen as qualitative tools to evaluate possible habitat quali-
ty and corresponding fish density changes as a response to hydrodynamic and hydro-
morphologic changes. Habitat and population models could also help identifying strate-
gies for habitat restoration and suitable river management.
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Part C: Ecohydraulic model applications

In Chapter 4 to Chapter 6, three ecohydraulic model system case studies are presented
which cover three rivers and six selected fish species. The use of the modeling system
for case study in Switzerland, in USA, and in China involving six different fish species
and a comparison of all computational options used ensures a significant test of the
ecohydraulic model system.

In Chapter 4, the Aare River in Switzerland was chosen as study river and European
grayling (Thymallus thymallus. L.) was selected as target fish species. Two scenarios
named E1 (without considering hydromorphology model) and E2 (with considering
hydromorphology model) were used and four habitat computational options were ap-
plied in each scenario for the habitat quality simulation. In each scenario, both the lo-
gistic and matrix population models were used to predict the fish number and fish den-
sity distribution. The four habitat computational options (O1, 02, O3, and O4) and two
population models (the logistic population model and the matrix population model)
were applied. The differences between scenario E1 and scenario E2 were also analyzed
in this case study.

In Chapter 5, the Colorado River in USA was chosen as a case study and three fish spe-
cies were chosen as targets fish species, namely the rainbow trout (Oncorhynchus
mykiss), brown trout (Salmo trutta), and flannelmouth sucker (Catostomus latipinnis).
Five subareas in the Colorado River were chosen to simulate the hydrodynamic, hy-
dromorphology, habitat, and population status for the three fish species from 2000 to
2009. In this case study, two population models: the logistic population model and the
matrix population model have been applied to simulate the fish population numbers and
density distributions. The fish monitoring data in those five subareas were also used to
verify the fish number fluctuation and fish density variation.

In Chapter 6, schizothorax (Schizothorax) and schizothorax (Racoma) in Jiao-Mu River
(China) were selected as target fish species. The ecohydraulic model system was ap-
plied to evaluate the effects of the Da-Wei dam construction and possible management
strategies. The ecohydraulic model system applied here was composed by a hydrody-
namic model, a hydromorphology model, a habitat model, and both the logistic and ma-
trix population models. The schizothorax (Schizothorax) and schizothorax (Racoma)
population number, fish age structure, and fish density distribution were predicted.
Based on the fish number prediction, the fish stocking strategies were also evaluated
and an optimal fish stocking proposition was worked out.
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The outline of the three applications is as follows: An introduction is followed by a
study area description and a presentation of the collected data. The used modeling sys-
tem and the model setup are described, and the results presented and discussion. A con-
clusion was also provided for each case study.
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4 Model application in the Aare River
4.1  Introduction

In this case study, the ecohydraulic model system has been proposed to examine the
effects of flow rate alterations on fish habitats, population numbers, and fish population
density. The Aare River in Switzerland and the European grayling (Thymallus thy-
mallus) were selected as the target case study and the target fish species respectively.
The European grayling is a typical species in the Aare River and very sensitive to phys-
ical parameter and environmental changes. A pronounced response of the population to
changes was expected, and the case study analyzed accordingly. The objective of this
chapter is to propose an ecohydraulic model system application for this target fish, and
apply the model system for a quantitative analysis of fish habitat and population status
from 1970 to 2000.

4.2  Study area and collected data

The study area is located where the Aare River flows out of Lake Thun, 30 km south of
Bern. The Aare River is a tributary of the High Rhine and the longest river which rises
and ends entirely within Switzerland. The River drains an area of 2,490 km?. The river
rises in the Aare Glacier of the Bernese Alps in canton Bern, below the Finsteraarhorn
and west of the Grimsel Pass, in the south-central part of Switzerland (Mouton et al.,
2007). The study area chosen in this case study is a 1.35 km long river stretch which is
located downstream of Lake Thun. The width of the river ranges from 70 to 200 m with
a 45 m width tributary downstream of the computational domain (Figure 4.1). The av-
erage annual flow rate is 111 m%/s with a maximum and minimum discharge of 570
m3/s and 23 m’/s respectively (Figure 4.2). In the computational domain, 50 cross-
sections were defined and water depths were measured along each cross-section at
equal distances of about 1 m. The substratum compositions were assessed by underwa-
ter photography and visual assessment (Mouton et al., 2008). The riverbed is mixed
with sand-sized substratum, gravel, and organic clay. Gravel and cobble were deposited
extensively on the river bank. In the Aare River, the vegetation density is very high and
enriched with eroded tree boles and root wads in the riverbed, which can provide plenty
of food for fish species. Geology and substratum information on the Aare River are also
available from field surveys (EAWAG, 2002). According to the survey of EAWAG
(Swiss Federal Institute for Environmental Science and Technology), there are 16 types
of riverbed substrates used to represent the substrate types.
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Figure 4.1: Computation domain and substrate types.

The Aare River provides very suitable habitats for the largest populations of fish spe-
cies with the European grayling (Thymallus thymallus) among these. Spawning Europe-
an grayling were visually identified, localized, and counted by GPS. The living condi-
tions of European grayling depend strongly on the habitat quality in the Aare River.
This fish species has a narrow range of suitability for velocity, depth, and substrate. The
micro-level changes in the fish habitats may disturb the behavior of spawning European
grayling. It may also result in a decrease of the fish population number and density, or
even pose an extinction risk to this fish species (Gonczi, 1989). The spawning European
grayling prefers velocities between 0.25 m/s and 0.65 m/s, and prefers shallow water to
deeper water. The most suitable depth for spawning European grayling ranges from
0.25 to 1.8 m. Regarding substrates preference, this fish species prefers the bottom sub-
stratum composed of 10 to 40 percent gravel (2.83 to 45.3 mm), 50 to 60 percent cob-
bles (90 to 128 mm), and 10 to 30 percent boulders (128 to 256 mm) which are mixed
with a few bigger stones (EAWAG, 2002).
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Figure 4.2: Flow hydrograph of the Aare River from 1970 to 2000.
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In this case study, the Aare River data included riverbed elevations, riverbed substrates,
and flow discharges. A stage-discharge relationship at the outlet was used to simulate
hydrodynamic and hydromorphology processes. The whole computational domain was
subdivided into 5,403 mesh cells and 9,619 nodes using Blue Kenue software (CHC,
2011). Water depth and flow velocity were calculated at each mesh cell by a two-
dimensional hydraulic model, which was generated using TELEMAC-2D software
(Dobler et al., 2014). The dynamic sediment transports, including dynamic changes in
riverbed and riverbed substratum composition, were simulated by SISYPHE software
(Robins & Davies, 2011). The physical parameters flow velocity, water depth, and
composition of riverbed substrates were used for establishing the habitat suitability in-
dex (HSI). A habitat model was used to define the weighted usable area (WUA), and
the overall suitability index (OSI). In addition, the fish population models, which were
based on the simulation results of the habitat model, were used to simulate the fish pop-
ulation number changes and the fish density distributions. A flowchart is shown in Fig-
ure 4.3. From the flowchart, it can be noticed that this case study includes two scenari-
os, namely a scenario without considering the hydromorphology model (E1), and a sce-
nario considering the hydromorphology model (E2). In addition, four habitat computa-
tional options (O1, O2, O3, and O4) were considered. Based on the four habitat compu-
tational options, the corresponding weighted usable area (WUA), overall suitability in-
dex (OSI), population number (P. N.), and population density (P. D.) were also simulat-
ed. The computational option O1 is presented in this chapter to illustrate the simulation
results. The simulation results of the other computational options 02, O3, and O4 are
presented in Appendix III.

[ |

HSI not consider riverbed change HSI with considering riverbed
and substrates change (E1)

change and substrates change (E2)

Figure 4.3: Flowchart of the ecohydraulic model system for European grayling in the
Aare River.
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4.3  Model setup

The Aare River computational domain was adapted as shown in Figure 4.4. The Aare
River ecohydraulic model system was developed by integrating a hydrodynamic model,
a hydromorphology model, a habitat model, a logistic population model, and a matrix
population model. The hydrodynamic model was based on the 2D shallow water equa-
tions, which consisted of conservation equations, namely conservation of mass and
momentum. The bottom friction and turbulent components were calculated by empirical
equation and k-¢ turbulence model respectively (Equations 3-1 to 3-15).

Aare River

Tributary

Figure 4.4: Extent of the computational river stretch and the generated mesh.

The sediment transport model was calculated based on semi-empirical formulae, which
included bed-load computation, bed evolution, and grain sorting effects. Non-cohesive
sediments and their size-fractions have been used for the sediment transport model. The
suspended load is not considered here due to the high Rouse number.

The shear stress obtained from hydrodynamic computations needed modification to cal-
culate bed-load transport rate. This was due to the shear stresses obtained from hydro-
dynamic model were calculated from the depth average velocity, while the shear stress-
es used to calculate bed-load transport rate were based on the velocity near river bed.
The Equation 3.16 was used to modify the shear stress. After the modification of shear
stresses, the bed-load transport rate was then calculated as a function of modified shear
stresses. The bed slope, hiding/exposure effects, and active layer thickness definitions
were used in the sediment transport model. The MPM bed-load formula was used in
this case study (Equations 3-20a, 3-20b).
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For representation of the riverbed substrate distribution, the sediment has been divided
into two layers and ten sediment fractions. In each layer, the sum of all sediment frac-
tions is equal to one. The riverbed substrate distribution was calculated by the following

equation:
D,= . AVAI(k)D(k) (4-1)
k=1,NSICLA

Where AVI(K) is the volume fraction k of sediment; D(k) is the mean diameter of sedi-

ment fraction k (m); D is the mean diameter of the active layer (m).

In this case study, only the three essential variables, which affect growth, survival,
abundance, and other measures of fish species’ well-being, were selected, namely the
flow velocity, the water depth, and the dynamic status of bed substrates. The parameters
used for the habitat model were generated by hydrodynamic and hydromorphology
models. The data for suitability index curves (SI curves) was mainly obtained from
EAWAG?’s results and other literature (Figure 4.5) (Sempeskei and Gaudin, 1995;
Nykénen et al., 2001; Nykdnen and Huusko, 2004). The SI is represented by a value
ranging from 0 to 1, with 0 for an unsuitable and 1 for the best suitability. The HSI was
defined based on four different computational options (Equations 3-39 to 3-42). The
physical habitat model used in this study also calculated the WUA and the OSI values
(Equations 3-43, 3-44). The WUA and OSI values are used to do the habitat sensitivity
analysis and also as inputs for population model. The WUA and OSI values based on
spawning SI curves were used in the logistic population model. The OSI values based
on fry, juvenile, adult, and spawning SI curves were used in the matrix population mod-
el.
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Figure 4.5: Fry, juvenile, adult, and spawning (from upper to down) European gray-

ling SI curves for velocity, water depth and substrate types.

In the logistic population model, the population dynamics results from the habitat mod-
el were based on Equation 3-48, and fish density calculations in mesh cell i were based
on the Equation 3-49. In order to simulate fish species numbers and densities for all life
stages, the second type of the population model, the matrix population model, was ap-
plied (Equations 3-51, 3-52). The performance of both the logistic and the matrix popu-
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lation models were examined with the correlation coefficient (Equation 4-2).
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Z(Psim _ Psim)(Pobs _ Pobs)

sim obs
Correl(P*™,P™) = > (4_2)

Z(Psim _ Pslm)z(Pobs _ Pubs)

Where PS™ is the simulated fish number, P° is the fish data observed, P* and p* is
the average value of PS™ and P°,

The OSI values in birth rate terms are calculated by fish SI curves for the spawning pe-
riod, whereas the OSI values in growth up rate term are derived from fish SI curves av-
eraged over all other life stages. In this case study, due to unavailability of survival rate
and birth rate data in the selected fish species, the fi and s are defined based on the
method of Robson & Chapman (1961) and corresponding results are shown in Table
4.1. For the European grayling, the 1% year was defined as fry life stage; the 2™ year
was defined as juvenile life stage, and the 3™ to 9" was defined as adult life stage; the
spawning life stage was defined as the 3™ to 9" year at spawning season (April & May)
(Ingram et al., 2000).

Table 4.1: The survival rate and birth rate of the European grayling for the matrix pop-
ulation model.

Life stage

(Year) 1 2 3 4 5 6 7 8 9
European fi 0 0 29 37 46 47 48 48 48
grayling Si 0.127 0.146 0.171 0.206 0.259 0.35 0.537 0.838 0.0001

In the ecohydraulic model system, the TELEMAC-2D software has been used to solve
for the hydrodynamic parameters. The SISYPHE software with a FORTRAN file (new
subroutine) was used to solve the sediment transport. In this case study, the habitat
computational options and the population models were developed by the author of the
dissertation. The Aare River bathimetry was used for the river bed elevations and the
boundaries of the computational domain, together with complete settings for initial and
boundary conditions. A detailed description of the boundary conditions can be found in
Chapter 3, and in the TELEMAC-2D and SISYPHE software user manual (Riadh et al.,
2014; Tassi & Villaret, 2014).

Initially four flow discharges were used to validate the ecohydraulic model system. The
ecohydraulic model system was used to simulate the European grayling habitat quality,
population number, and density distribution based on the four different habitat compu-
tational options and two different population models. The simulated fish numbers and
fish number surveyed from 1970 to 2000 were compared.
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4.4  Model validation

The model validation mainly focuses on the hydrodynamics and a comparison of the
habitat quality for spawning grayling. Computed velocities and water depths are com-
pared with those simulation results from the EAWAG report (2002). Water levels with
four different discharges (40 m3/s, 70 m/s, 100 m%/s, and 180 m?/s) were used to vali-
date the hydrodynamic model and habitat model in scenario E1. The differences in ve-
locities and water depths between the presented model system and the results from
EAWAG report (2002) are shown in Appendix II (Figure II. 1). The habitat composi-
tion, which was simulated based on the EAWAG report, and the ecohydraulic model
system are also shown in Appendix II (Figure II. 2 to II. 4). The computed habitat dif-
ferences between the developed model system and EAWAG report are shown in Figure
4.6. The computed WUA values of four different discharges are shown in Figure 4.7. It
can be seen that the presented model simulations agreed well with the EAWAG report
calculations, which are based on HYDRO-AS software model for flow calculation, ex-
cept in a few very small regions (Appendix II). Higher differences were noted near the
inlet areas for velocity and water depths at some points in the river. These differences
are mainly due to the interpolation error, the models with different implemented bound-
ary condition, and the different velocity distributions at the inlet. Thus, despite some
negligible differences, the presented model simulation results are in line with the EA-
WAG simulation results. When comparing the HSI classes, the simulation results of all
four different computational options displayed a reasonable agreement with the EA-
WAG simulation results. The habitat quality differences in the four computational op-
tions and the EAWAG report could be ignored. Therefore, the overall model results
have satisfactorily followed the simulated habitat data and the simulated hydrodanamic
results in the EAWAG report.

Table 4.2: The parameter descriptions for suitalitiy index class.

Sl-class 1 2 3 4 5
Values 0-0.1 0.1-0.2 0.2-03 0.3-04 04-0.5
Sl-class 6 7 8 9 10

Values 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1
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Figure 4.6: The WUA values comparison for four habitat computational options and
the EAWAG report.

The Sl-class described in Figure 4.6 is shown in following table (Table 4.2):

Areas (m?)
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80000
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40000
20000

m40

m70 =100

0
M1 M2 M3 M4 M5
WUA result based on different methods

m 180

M6

Figure 4.7: The WUA comparison based on six different methods.

The methods described in Figure 4.7 are shown in Table 4.3.

Table 4.3: The parameters for WUA comparison.

Method Meaning
M1 Simulation based on computational option O1
M2 Simulation based on computational option O2
M3 Simulation based on computational option O3
M4 Simulation based on computational option O4
M5 Simulation based on EAWAG SI curves
M6 Simulation based on EAWAG fuzzy logic method
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45  Model results

The historical natural flow discharges from 1970 to 2000 were used to predict the habi-
tat quality, population number fluctuations, and population density distributions. In this
case study, two hypothetical simulation scenarios (E1 and E2) were made to investigate
the physical parameters effects on the European grayling’s habitat and population situa-
tion. The scenario E1 is the model system composed of a hydrodynamic model, a habi-
tat model, and a population model. The scenario E2 is the model system composed of a
hydrodynamic model, a hydromorphology model, a habitat model, and a population
model.

4.5.1 Hydrodynamic and hydromorphology simulations

Figures 4.8a, b, and ¢ show the dynamic change of velocities, water depths, and riv-
erbed substrates from 1970 to 2000 in scenario E1 and E2. It can be seen that in the
whole computational domain of the Aare River, the two scenarios E1 and E2 have very
similar results in terms of velocities, water depths, and substrates distribution in 1970.
However, there are noticeable differences between the scenarios E1 and E2 since 1980.
More specifically, in 1980, the velocity near the outlet of the Aare River was 1.2 m/s in
scenario E2, while the velocity in scenario E1 remained at the level of 1.8 m/s. Like-
wise, from 1970 to 2000, the substrate diameter showed an increasing trend in scenario
E2, especially in areas near the outlet and the other two small regions in the computa-
tional domain. However, the water depth difference between scenario E1 and scenario
E2 can be ignored from 1970 to 2000.
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Figure 4.8a: The velocity distributions in 1970, 1980, 1990, and 2000 in scenarios E1
and E2.
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Figure 4.8c: The substrate distributions at 1970, 1980, 1990 and 2000 in scenarios E1
and E2.

4.5.2 Habitat quality simulation

In this case study, the spawning European grayling HSI distributions in scenarios E1
and scenario E2 were determined by combining the SI values for velocity, water depth,
and substrate using Equations 3-39, 3-40, 3-41, and 3-42. In scenario E1, the simulation
results indicate a high HSI values for the European grayling in the Aare River. Howev-
er, the HSI distribution calculated by the four different computational options (Equa-
tions 3-39 to 3-42) show noticeable differences (Figure 4.9, Figures IIl.1a, III1.b). The
simulation results showed that the best habitat computational option is O2 (Figures
III.1a, 1.b). For all four computational options, in 1970, the high HSI values were main-
ly concentrated in mid-length of the computational domain which is 200 to 500 m away
from the inlet and 200 to 600 m away from the outlet. The main difference of HSI dis-
tribution from O1 to O4 is the fact that the HSI values in a large areas of the computa-
tional domain is equal to or large than 0.3 for O2, but the HSI values for O1, O3 and O4
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are approximately 0 in the areas of near inlet, outlet, tributary, and mid-length along the
river stretch. In 1980, 1990, and 2000, the HSI distributions had the same trend as in
1970. The O2 has best habitat quality, while O3 and O4 have the worst habitat quality.
The O1 habitat quality is in the middle of O2 and O3/04.

1970 1980 1990 2000

Figure 4.9: The HSI distribution at 1970, 1980, 1990 and 2000 for O1 and in scenario
E1 based on spawning SI curves.

Appendix Figures I1I.2a, 2b and Figure 4.10 show the spawning European grayling HSI
distributions in scenario E2, which indicate different trends from that obtained by sce-
nario E1. Comparing the HSI distributions in scenario E2 with E1, the habitat quality in
scenario E2 is slightly better than that of E1. More s