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Abstract

A dynamic habitat and population model has been developed and applied to the tailwater below Glen 
Canyon Dam to estimate the dam operation’s effects on rainbow trout (Oncorhynchus mykiss) habitat and 
population dynamics. Water depth, fl ow temperature, fl ow velocity, and substrate types were used as the 
suitability parameters and to evaluate these indicators. Historic hydraulic data from 1991 to 2009 were 
analyzed to determine the minimum, mean, and maximum fl ow rates that were used to represent the habitat 
suitability index (HSI) and overall suitability index (OSI) of the rainbow trout fry, adult, and spawning 
life stages, respectively. Fish abundance and the simulation results were also compared with observed fi sh 
numbers. Results indicated that under the historic dam operation, the habitat suitability level in the Colorado 
River was not suitable for fry and spawning rainbow trout, but very suitable for adult rainbow trout. It is 
indicated that high HSI levels do not mean high fi sh abundance. It can also be seen that overall rainbow trout 
abundance decreased during the period 1991 to 2009.
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Introduction

Research has proven that alterations of fl ow regimes 
in regulated rivers infl uence the abundance of fi sh species 
[1-2]. Many studies have demonstrated that fl uctuations 
of fi sh populations might be associated with length-
specifi c responses to dam operations [3-4]. However, 
very few references have been made to the effects of river 
management action, and the role of dams in infl uencing 
fi sh habitat and population are poorly understood. With 
the development of numerical simulation for aquatic 
ecosystems, attention has become focused on the 
infl uence of dams on fi sh habitat and populations [5-7]. 
Understanding river habitat and fi sh populations could 
help river managers regulate river ecology and fi sh 
populations.

The population model, as its name indicates, is used 
to calculate both the temporal and spatial variations of 
fi sh populations. The population model used here helps in 
understanding how fl ow regimes affect the fi sh population. 
In order to analyze and to determine how characteristics of 
the fi sh population change with time, the revised logistic 
population model is proposed based on the concepts in 
‘InSTREAM’ and ‘Salmon’ [8]. This population model 
is a mathematical model that provides a manageable way 
of understanding how fi sh species’ numbers change over 
time with physical variables, and with individuals of their 
own species [9]. 

This paper aims to simulate the rainbow trout 
(Oncorhynchus mykiss) habitat and abundance in the 
Colorado River, which is the tailwater below Glen Canyon 
Dam, from 1991 to 2009 based on the habitat model and 
population models developed by the authors. This paper: 
1) proposed a model system used to simulate fry, adult, 
and spawning rainbow trout habitats from 1991 to 2009; 
2) predict the fry, adult, and spawning rainbow trout 
population number changes and validate it with observed 
data; and 3) draw a fi sh population density distribution 

map and use it to assesses the effects of the Glen Canyon 
Dam operation on habitat and population.

Materials and Methods

Study Areas

Glen Canyon Dam is located on the Colorado River in 
northern Arizona in the United States. The tailwater below 
the dam is located in Arizona and is 25 km long (Fig. 1). 
The historical fl ow rate records from 1991 to 2009 were 
used to determine the minimum, mean, and maximum fl ow 
rates. The dam fl ow rate is 426 m3/s with a mean depth of 
6.5 m and a width of 150 m. From 1991 to 1995 the annual 
discharge was around 330 m3/s and from 1996 to 2001 
the annual discharge was more than 400 m3/s. Thereafter, 
the discharge experienced a decrease [10-12]. Based on 
the historical discharge rates, the years 1991, 1997, and 
2005 were used to represent the minimum, maximum, and 
average fl ow rates, respectively.

This river branch has had long-term fi sh monitoring 
since the 1980s by the U.S. Geological Survey’s Grand 
Canyon Monitoring and Research Center, a federal 
advisory committee named the Glen Canyon Dam 
Adaptive Management Program and Arizona Game 
and Fish Department, in order to protect and mitigate 
adverse impacts on the fi sh species downstream from the 
dam. The study area has a diverse variety of freshwater 
fi sh, such as rainbow trout that coexist with fl annelmouth 
suckers (Catostamus latipinnis) and common carp 
(Cyprinus carpio). Rainbows are the most abundant non-
native fi sh in the river and the cold water released from the 
bottom of the reservoir provides a suitable temperature for 
them to survive. Electrofi shing has been used to sample 
the fi sh in the study area and rainbow trout were sampled 
two to four times per year [11]. Based on survey data, 
rainbows numbers were obtained to show the fi sh number 
changes in the monitoring area. The fi sh caught were used 

Fig. 1. Study area on Colorado River (left side) and the computational domain (right side). 
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to estimate the numbers of rainbow in each life stage [7, 
9].

Model System Components 
and Model Set Up

The model system contains four components (Fig. 2): 
 – Dynamic hydraulics and heat transfer model
 – Sediment transport model
 – Physical habitat model
 – Fish population model

The results of the hydraulic, heat transfer, and physical 
habitat models are combined to determine the population 
model for the target species in the study area as well as to 
assess the temporal variation of the fi sh population. 

The equations governing water fl ow within the river 
are the Reynolds-averaged Navier-Stokes equations 
[13]. The heat transfer equation and the k-ε turbulence 
model also were integrated inside the equations. The 
modifi ed semi-empirical transport equation Meyer-Peter 
Müller formula is used to calculate the sediment transport 
capacity. The bed level change is due to deposition and 
erosion, which are also based on empirical equations. 
The sediment continuity equation, also known as Exner 
equation, is used to calculate the bed load effects on 
river bed deformation [14]. The habitat models are used 
to predict the distribution of rainbow trout in a branch 
of Lees Ferry based on the information of the preference 
curves. The habitat model defi nes three important indices: 
the value of HSI range from 0 to 1, the defi nition of ideal 
HSI is between 0.7 to 1, and an unsuitable HSI value is 
lower than 0.3.
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...where HSIi is the habitat suitability index of a spatial 
mesh volume i; SId, SIv, SIs, and SIT are suitability indexes 
with respect to water depth, velocity, substrate, and fl ow 
temperature; and WUA is the weighted usable areas while 
OSI is the overall suitability index. 

In order to analyze and to determine how 
characteristics of the fi sh population change with time, the 
age stage structured population model based on habitat 
model is proposed. Our age stage population model is a 
mathematical model that divides the age into fry/larvae, 
adult, and spawning life stages based on fi sh length. The 
spawning life stage is used to adjust fi sh fertility rate. 

Aforementioned equations describe the population 
structure. The population dynamics can be described with 
the following equation:  

Fig. 2. Flowchart of the model system for rainbow trout (Oncorhynchus mykiss).
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                 (4)

       (5)

b
tititi OSIf ,,,F ×=
; 

a
tititi OSIM ,,,S ×=
       (6)

…where Nn, t+1 and Nn,t are the population vectors on the 
time steps t+1 and t, respectively; n is the age of the fi sh; 
M is mortality rate; Ma is the matrix representing age-
specifi c fertility; t is time; a and b are the parameters equal 
to 0.25 and 1.1; F is the adjusted birth rate; f is the birth 
rate; and S is the survival rate (the other parameters are the 
same as noted before). 

Age-specifi c-based mortality and birth rates of 
population were obtained from Pauly and adjusted by 
equation 5 [15]. For the case of the rainbow trout in this 
study, we defi ne the rainbow trout length as longer than 
405 mm as adult life stage, its lifespan equal to 6 years and 
the maturity range between 3 to 6 years. The corresponding 
fi sh life cycle graph is mathematically equivalent to 
the matrix, but provides a more intuitive and appealing 
version of the fi sh life cycle. In the life cycle graph, circles 
represent stages or states. Arrows connecting the circles 
represent the survival rates from one stage to the next 
(Fig. 2).

For the model setup, the inlet boundary, outlet 
boundaries, and the side boundary conditions are used. 
The third-order deferred correction QUICK scheme 
is implemented for the convection term and second-
order central difference scheme for dispersion terms. 
The discretized equations are solved by a line-by-line 
procedure combining the tri-diagonal matrix algorithm 
and the successive over relaxation. More details on the 
numerical solution can be obtained from Chung [16].  

Results and Discussion

The simulation domain is shown in Fig. 1, which covers 
the tailwater below Glen Canyon Dam and represents an 
area of 4×106 m2. Flow velocity, temperature distribution, 
and sediment transport distribution has been displayed for 
the years 1991, 1997, 2005, and 2009. The distributions 

of WUA and OSI are presented for all the years by line 
graphs. Population distribution in the tailwater of the dam 
is presented to illustrate the rainbow trout density in our 
simulation. The adult fi sh simulation results are compared 
with the surveyed fi sh data. 

Flow velocity, water depth, temperature distribution, 
and bed deformation in the years 1991, 1997, 2005, and 
2009 were simulated. From the simulation results we come 
to know that during the simulation period, the large-scale 
morphological change happened in the middle of the river 
(erosion pattern) and the left side riverbank (deposition 
pattern). Comparing the initial state (1991) and the bed 
level in 1997, 2005, and 2009, we can recognize that the 
right side of the river shows no signifi cant deposition or 
erosion patterns, and in active areas the maximum erosion 
depth is 3.2 m and maximum deposition depth is 2.8 m. 

According to the USGS substrates type survey and the 
preference curves criterion of rainbow trout, the initial 
suitability index associated with substrates is equal to 
0.2, 0.8, and 1 for fry, adult, and spawning rainbow trout, 
respectively. From the simulation, it is noted that after 
long-term sediment transport simulation, the suitability 
index for the substrates is kept unchangeable. In contract, 
the erosion and deposition in the river bed cause water 
depth change that affects target fi sh suitability in the study 
river.

Fig. 3 shows the habitat suitability index at the study 
river for fry, adult, and spawning stages in the years 1991, 
1997, 2005, and 2009. It is noted that downstream of the 

Fig. 3. Habitat suitability index distributions for fry, adult, and 
spawning fi sh in 1991, 1997, 2005, and 2009.
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river has a higher habitat suitability index than upstream, 
and the middle of the river has higher habitat suitability 
than the sides of the river for fry rainbow trout. The reason 
for this is because the upstream temperature is severely 
affected by the low temperature on the bottom of the 
reservoir. We also come to know that the majority domain 
of the river has a good habitat suitability index except for 
the narrowed portion of the river, which presented low 
suitability for adult rainbow trout in 1991.The other years 
also show a similar trend. In contrast, most of the river 
areas are unsuitable for the spawning stage of rainbow 
trout, and only several pieces of small areas scattered in 
the riverside are suitable. 

It is from Fig. 4 that the WUA and OSI have exactly 
the same trends for all life stages from 1991 to 2009. For 
the fry rainbow trout, the OSI decreased from 70% in 
1991 to 5% in 1998 – except for 1996, when there was a 
short increase. After that the OSI experienced a dramatic 
increase from 2000 to 2004, going from 6% to 58%, and 
then decreased dramatically again in 2004. After that the 
OSI rose again and reached 80%. The proportion of ideal 
HSI also showed the same trends with OSI while the 
proportion of unsuitable HSI show the opposite trend with 
OSI. For the adult rainbow trout, the OSI was maintained 
at the level of 70% and the percentage of Ideal HSI kept 
within 52%, while the percentage of unsuitable HSI 
fl uctuated between 1% and 10% from 1991 to 2009. For 
the spawning rainbow trout, the OSI and the proportion 
of Ideal HSI had exactly the same values that were below 
15% in all those years, and the percentage of unsuitable 
HSI was over 85% from 1991 to 2009.

Fig. 4. The WUA and OSI values for fry (top), adult (middle), and spawning (bottom) rainbow trout, 1990-2009.

Fig. 5. Simulated fry and adult rainbow trout population numbers, 
and a comparison between simulated and surveyed fi sh numbers. 
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The dynamics of fi sh abundance are analyzed based 
on the calculated results of the population model. The 
total rainbow trout fi sh number at the beginning of the 
simulation was P1991 = 3.5×105 (determined by USGS). 
The proportion of the different life stages is in accordance 
with the survey, which is PL = 225193 and PA = 124806. 
The simulation results and a comparison between 
survey and simulated fi sh population are shown in 
Fig. 5. It is noted that the fry rainbow trout shows 
a sharp increase in number, and then shows a decreasing 
trend with a period of steady increase in 1995, 1996, 
and 1999. From the simulation results, it is also noted 
that the number of adult rainbow trout decreases during 
the simulation period. Comparing simulation results with 
the survey data of the USGS for rainbow trout longer 
than 405 mm, we can see that there is considerably good 
agreement.

The simulated results of the distribution of adult 
rainbow trout in 1991, 1997, 2005, and 2009 are shown 
in Fig. 6. It is clear that rainbow trout density varies 
considerably along the river. Generally, the middle of 
the river has higher fi sh density than the riverbank. 
The simulation results also indicate a low density 
of rainbow trout in the narrow areas with high fl ow 
velocities. A comparison of the habitat distribution and 
the fi sh population distribution in 1991, 1997, 2005, and 
2009 indicate that high HSI does not mean high fi sh 
abundance.

Our simulations show reasonable results and support 
the accuracy and effectiveness of the model system. 
In order to determine the main reasons attributed to the 
fl uctuation of fi sh populations in the tailwater of Glen 
Canyon Dam, a more detailed study of the rainbow trout 
fi sh in this region was undertaken. For the rainbow trout 
species, as discussed in previous studies, fl ow discharge or 
velocity is the main factor infl uencing population. This is 
consistent with previous research [17-18].

It is recognized that fi sh population sustainability 
and regrowth can be assessed by considering the internal 
and external recovery processes, and in this study dam 
operation is a primary driving variable that infl uences 
the rainbow trout population. Previous research has 
investigated fi sh population recovery after habitat 
alteration [19], fl ood effects [20], and pesticide stress 

[21]. However, different species displayed different 
recovery times, and even the same species show different 
regrowth patterns in different streams. In the current 
study, suitable habitat is a key variable that affects fi sh 
population numbers in the tailwater of Glen Canyon Dam. 
We provide habitat and population model simulation 
results to explain that fl ow discharge provides conditions 
that support fl uctuation of rainbow trout and prove that 
regrowth and abundance of rainbow trout is possible. 
Our simulation results support the conclusion that dam 
operations based on fi sh habitat and the population 
model are a very appropriate approach for eco hydraulic 
management.

It is believed that linking suitability preference curves 
of various fi sh species to a hydrodynamic model permitted 
a better understanding of parameters affecting ecological 
diversity and habitat creation. It is also noted that the 
population model investigations are a powerful tool in 
determining dam operations and sustainable conservation 
strategies – especially to simulate and predict quantitative 
changes in fi sh populations and their exploitation. In 
addition, it is a useful tool for the development of a stable 
fi sh population and could be used to evaluate the river 
restoration effects on fi sh numbers. This method is useful 
both in the design process and as a tool for presenting 
possible solutions and their effects on fi sh in rivers. Further 
development should be considered, and a considerable 
amount of work of collecting data is required to establish 
growth and mortality models and to validate the population 
model system, including hydro morphological and fi sh 
habitat models. However, with an increased interest in 
habitat and population model improvement, the methods 
will probably be better in the future and will further 
improve the results through more experience and more 
data. Important areas for future research and development 
are in the application of the habitat model, and testing and 
verifying hydraulic and environmental methods.

Conclusions

In this paper, a fi sh population model has been 
integrated into a fi sh habitat model to investigate the 
Glen Canyon Dam’s effects on rainbow trout abundance. 

Fig. 6. Rainbow trout abundance maps in 1991, 1997, 2005, and 2009.
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Age structure matrice, habitat suitability index, and 
overall suitability index were considered in this model. 
Velocity, water depth, and substrate preference curves 
were integrated into the habitat model to determine the 
parameters of the population model. Model simulations 
were undertaken to determine the rainbow trout habitat 
conditions and populations from 1991 to 2009. Through 
model prediction, it is noted that the dynamics of fi sh 
habitat and fi sh abundance can be simultaneously 
simulated. This model can be used to manage the 
Glen Canyon Dam to maintain rainbow trout riverine 
populations. Our results also indicate that the approach 
is a powerful tool in determining dam operations and 
sustainable conservation strategies.
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