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Abstract: Model derived predictions of fish growth are frequently required for detailed investigations of population dy-
namics to inform management decisions. Simple growth models are typically fit to paired age and length data, but age 
data is often not available from endangered species because of restrictions on lethal or invasive sampling methods. 
Growth increment data from capture-recapture studies can be used to inform such models, but currently available methods 
to fit data to growth models may produce biased predictions when growth is variable among individual fish, or when 
growth rate varies non-linearly with fish size. This study used a recently proposed growth model derived from basic bio-
energetic principals to estimate growth of humpback chub in Grand Canyon, Arizona. The modeling framework allows 
incorporation of temperature-dependent shifts in growth rate associated with both seasonal variability in water tempera-
ture and ontogenetic migrations between the seasonally warm Little Colorado River and the constantly cold Colorado 
River. Results indicate that consideration of temperature-dependent shifts in growth rate are critical to accurately describe 
the growth of humpback chub, and that management actions aimed at increasing water temperature in the thermally modi-
fied Colorado River could aid the recovery of this species by increasing growth rate and survivorship. 
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INTRODUCTION 

A primary interest of fisheries biologists is to estimate 
rates of fish growth and understand the processes and factors 
that influence growth. Such information is critical for re-
search addressing questions about basic ecological relation-
ships and for managing fisheries. In the latter case, growth 
information is frequently used to populate assessment mod-
els with vital rates [1-3] and age-specific length, weight, 
fecundity, and vulnerability to exploitation [4]. Additionally, 
information on growth may be used to estimate the age of 
fish based on size [5]. Given the importance of understand-
ing growth, much effort has been expended to understand 
factors that influence growth, to develop models to describe 
observed growth patterns, and to estimate the parameters of 
those models [6, 7]. 

The federally endangered cyprinid humpback chub Gila 
cypha is endemic to the Colorado River drainage in the 
southwestern United States and is generally found in swift, 
canyon bound river reaches [8]. Periodic stock assessments 
of this population serve as the core monitoring tool to deter-
mine the status for this resource. These assessments require 
accurate age assignments of fish captured in a long-term 
sampling program [9] in order to employ open population 
mark-recapture assessment methods that include age-
dependent effects. Due to endangered species listing status  
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and associated restrictions on lethal or invasive sampling 
methods, little information is available on longevity and the 
relationship between size and age for this species. At pre-
sent, individual age assignments are based on size and rely 
on a growth curve estimated from a limited set (n ≈ 60) of 
age-length observations [10]. This lack of growth informa-
tion promotes uncertainty and possibly bias in length-based 
age assignment, and this potential bias has been identified as 
an area of concern by past external reviews of the humpback 
chub assessment program [11]. 

We used growth increment data to estimate the parame-
ters of a generalized growth model described by Walters and 
Essington [12] for the Little Colorado River (LCR) popula-
tion of humpback chub within Grand Canyon. This effort 
was undertaken to supplement the available information on 
humpback chub growth and to inform length-based age as-
signments for stock assessments. Because the older fish in 
this population exhibit a potadromous migration between the 
seasonally warm LCR and the constant cold mainstem Colo-
rado River [13], we evaluated ontogenetic temperature-
dependent effects in the growth model. The resulting tem-
perature-dependent growth model is also useful to river 
managers considering implications for humpback growth and 
survival under various management options designed to in-
crease water temperature in the thermally-modified Colorado 
River in Grand Canyon. 

METHODS 

An extensive monitoring program for the LCR popula-
tion of humpback chub has been ongoing since the late 
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1980s [9]. A key component of this monitoring program is 
an extensive mark-recapture data base where humpback chub 
are captured, measured, marked with passive integrated 
transponder tags, and later recaptured. From this program we 
compiled nearly 15,000 growth increments with which to 
estimate bioenergetic parameters and evaluate growth rate 
using methods described by Walters and Essington [12]. The 
basic technique for estimating growth model parameters 
from growth increment data is to predict the amount of 
growth in the elapsed time between capture and recapture. 
Assuming standard von Bertalanffy growth curve predictions 
of length at time t and at time t+Δt, Fabens [14] developed 
the most basic model where the predicted growth increment 
is given as: 

!L = L(t +!t)" L(t) = L# " L t( )( ) 1" e"k!t( ) ,       (1) 

where t is time at initial capture, t!  is the elapsed time be-
tween initial capture and recapture, and !L  and k are the 
asymptotic length and the rate at which length approaches 

!L , respectively [15]. Parameter estimates are found by 
minimizing the difference between predicted and observed 
growth increments. 

The Fabens method is widely applied, but numerous 
authors have pointed out how resulting parameter estimates 
will be biased if individual fish exhibit growth variability 
[16-18]. Using this technique, the von Bertalanffy k will 
typically be negatively biased and 

!L
 will be positively bi-

ased. Recognition of these problems motivated the develop-
ment of alternative models to minimize these biases [19-21]. 
We attempted to estimate standard von Bertalanffy growth 
parameters for humpback chub using two of these methods 
[20, 21] and generally obtained poor results, characterized by 
an inability of the models to predict growth increments ex-
hibited by small fish and large fish simultaneously (Fig. 1). 
Examination of growth rate as a function of size revealed 
that the basic problem with fitting a standard von Bertalan-
nfy model to these data was the lack of a simple linear rela-
tionship between growth rate and length as implied by this 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (1). Observed and predicted humpback chub growth rate (dL/dt) as a function of total length (mm).  Solid squares are observed growth 
rate of fish initially captured with TL < 250 mm and open circles are observed growth rate of fish initially captured with TL ≥ 250 mm.  
Predicted growth rates are simple linear regressions on observed growth rate of fish initially captured with TL < 250 mm (solid line) and of 
fish initially captured with TL ≥ 250 mm (dashed line). 
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model. It is apparent that the fish less than about 250 mm TL 
have a larger von Bertalanffy k parameter value (i.e., more 
negative slope of the growth rate vs. length plot) than fish 
larger than 250 mm TL. These results suggest a “kink” in the 
growth curve as would be found if fish grew along one curve 
when small and then switched to another when larger. 

Water temperature is a major determinant of basal meta-
bolic rate, and hence the von Bertalanffy k parameter, among 
poikilotherms [22, 23]. Our “kink” hypothesis in growth rate 
is consistent with observations of humpback chub demon-
strating an ontogenetic shift among habitats that have differ-
ent water temperatures. In our study area, this shift is a tran-
sition from the warm LCR spawning and rearing habitat to 
the cooler mainstem Colorado River adult habitat [13, 24]. 
To account for these changing growth rates, we fit both the 
general and seasonal bioenergetic models for length dynam-
ics described by Walters and Essington [12] to the humpback 
chub growth increment data. The basic derivation of the 
length dynamics models of Walters and Essington [12] be-
gins with a description of the rate of change in body weight 
as: 

nd
mWHW

dt

dW
!= .          (2) 

Here, the first term describes anabolism (i.e., mass acqui-
sition) and is governed by a term representing the mass nor-
malized rate at which the animal acquires mass (H), the mass 
of the animal (W), and a parameter (d) describing the scaling 
of anabolism with mass. The second term represents catabo-
lism (i.e., mass loss through basal metabolism or activity) 
where m is the mass normalized rate at which the animal 
looses mass and n is the scaling factor of catabolism with 
mass. Assuming a constant relationship between length and 
weight over time as: 

b
aLW = ,           (3) 

where L is length and a and b are constant, it is possible to 
derive an analogous relationship for the rate of change in 
length as 

dL

dt
=!L" #$L% .           (4) 

Constants in this relationship are related to those in (2) 
and (3) as: 

b

Ha
d 1!

=" ,           (5) 

b

ma
n 1!

=" ,           (6) 

1+!= bbd" , and                     (7) 

1+!= bbn" .           (8) 

where s is the number of growth increments, !  is the 
weighting value for the penalty terms, L i( )  is the predicted 

length in month i from the general model, and 
 
l i( )  is the 

predicted length over mos=32 months as reported by Robin-
son and Childs [25]. 

The minimum length for tagging humpback chub in our 
mark-recapture database is 150 mm TL. This creates a prob-
lem for extrapolating results to smaller fish because of sparse 
observations of growth increments for fish below this mini-
mum size. Fortunately, Robinson and Childs [25] conducted 
monthly sampling of juvenile humpback chub in the LCR 
during 1991-1994. They used these data to estimate (by mo-
dal progression analysis) average monthly length from age-0 
months to age-32 months. We used these mean monthly 
length estimates to constrain the predicted lengths from our 
Walters and Essington [12] models to be similar to those 
reported by Robinson and Childs [25]. Using these auxiliary 
data [25] allowed us to incorporate information on hump-
back chub growth rates for fish < 150 mm TL into our 
growth models. Additionally, we included penalty terms in 
the log-likelihood to constrain the scaling parameters d and n 
to be similar to the theoretical values assuming standard von 
Bertalanffy growth of 2/3 and 1, respectively. We evaluated 
alternative weight values on these penalty terms to find an 
appropriate tradeoff between minimum weights and de-
creased log-likelihood. With these constraints in place, the 
full log-likelihood is: 

where s is the number of growth increments, !  is the 
weighting value for the penalty terms, L i( )  is the predicted 

length in month i from the general model, and 
 
l i( )  is the 

predicted length over mos=32 months as reported by Robin-
son and Childs [25]. We specified the variance of the ob-
served lengths 

 
!

l

2 as unity. The weighting term can be inter-
preted as the prior variance on the standard von Bertalanffy 
parameters (d = 2/3, and n=1). Definitions of the remaining 
parameters can be found in Walters and Essington [12]. 

An important logical extension of the general model is to 
allow seasonal temperature dependence in growth rate as 
described by Walters and Essington [12]. Accounting for 
changes in growth rate as a function of temperature is likely 
to be important for the analysis of humpback chub growth 
for two reasons. The first is to account for the differences in 
growth rate with occupancy in either the LCR or the main-
stem Colorado River. The second is to account for seasonal 
changes in water temperature within the LCR. The impor-
tance of the second consideration is further magnified by the 
temporal distribution of sampling within the LCR. Sampling 
in the LCR typically occurs in the spring and fall. Therefore, 
much of the observed growth increment data corresponds to 
either summer growth (i.e., observations of fish captured in 
spring and again in fall) or winter growth (i.e., observations 
of fish captured in fall and the following spring). Because 
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growth rate varies with temperature [26], we expect growth 
increments to be smaller during winter than during summer. 
This general prediction is also consistent with both field [25] 
and laboratory [27] observations of humpback chub. 

Following Walters and Essington [12], we defined tem-
perature-dependent multipliers of the anabolic and catabolic 
scaling parameters α and κ of the length dynamic model as 

1010

)10()10( !!

!=

TT

mc QLQL
dt

dL "# $% .       (10) 

The consumption and metabolism coefficients (Q
c
 and 

Q
m

) of a Q10 relationship allow anabolism and catabolism to 
increase or decrease with temperature (T).  

To account for both differences in temperature between 
the LCR and the mainstem Colorado River and to predict 
occupancy in either location, we first used a logistic function 
to model occupancy in either the LCR or the mainstem Colo-
rado River. We assumed that the probability of LCR occu-
pancy is given as 

( )
201

8.0
1

t
LL

e

PLCR
!

!

+

!= ,        (11) 

where L is fish total length and Lt is the fish total length 
where the probability of residing in the LCR year round is 
0.6. The behavior of this model is such that the probability of 
year-round LCR residency approaches unity at lengths much 
less than Lt and decreases to 0.2 at lengths much larger than 
Lt. The number 20 in the denominator of the exponent gov-
erns the rate at which the probability changes from near 
unity to near 0.2. The asymptote at 0.2 requires at least some 
LCR residency for even the largest fish and is consistent 
with the observation that adult humpback chub use the LCR 
for spawning [13].  

We then defined a weighted temperature function experi-
enced by fish of a particular length as 

T t( ) = PLCR( )TLCR t( ) + 1! PLCR( )TMS t( ) ,     (12) 

where T
LCR

t( )  is the time-dependent water temperature in 

the LCR and T
MS

t( ) is the time-dependent water temperature 
in the mainstem Colorado River. This overall temperature 
experienced by a fish of a given length is then used in equa-
tion (10) to predict growth rate considering time-dependent 
changes in water temperature and size-dependent changes in 
LCR versus mainstem Colorado River occupancy. 

To model the time-dependent water temperature in the 
LCR, we used data reported by Voichick and Wright [28] to 
predict average monthly water temperature considering data 
1988-2005. We fit these data with a sine curve as: 

TLCR t( ) = Tave + T
max

!Tave( )sin 2" t + t peak( )( ) ,     (13) 

where t is time in fraction of a year starting April 1, t peak  is a 
phase shift allowing predicted peak temperature to align 
temporally with the observed peak temperature, T

ave
 is the ½ 

amplitude temperature and roughly corresponds to the aver-
age annual temperature, and T

max
 is the maximum annual 

temperature. We estimated t peak , T
ave

, and T
max

 by minimiz-
ing the squared difference between observed and predicted 
monthly temperature. 

Annual water temperature variation in the mainstem 
Colorado River near the confluence of the LCR is much less 
variable (range 8-12ºC; Fig. 2) than within the LCR [28]. 
Thus, we assumed constant water temperature in the main-
stem Colorado River of 10° C. This value corresponds 
roughly to the average water temperature within the LCR 
inflow reach of the Colorado River during much of the time 
when the growth increments were observed (1989-2006). 

We fit both the general (hereafter termed the tempera-
ture-independent growth model, TIGM) and the seasonal 
(hereafter termed the temperature-dependent growth model, 
TDGM) bioenergetic models for length dynamics in both 
Microsoft Excel using Solver [29] and AD Model Builder 
[30] to obtain parameter estimates. For the TIGM we esti-
mated the parameter vector θ={H, d, m, n, σ2

L}. Walters and 
Essington [12] warn that the parameters of the TDGM are 
likely to be highly correlated and should be specified from 
auxiliary information if possible. Therefore, we reduced the 
parameter set by specifying the measurement error variance 
as σ2

m= 31.8 mm2 based on an analysis of the observed error 
between consecutive measurements of identical fish within 
10 days. For the more complex TDGM, we estimated the 
parameter vector θ={H, d, m, n, 

cQ , Lt}. Following guidance 
from a meta-analysis by Clark and Johnson [31], we speci-
fied Q

m
 as 2 to reduce the parameter set. To further reduce 

the parameter set, we specified 2

L
! = 2,000 to correspond 

with a coefficient of variation of about 10% as is the maxi-
mum typically observed in fish populations [32]. We com-
pared model fit for the temperature-independent growth 
model and the temperature-dependent growth model using 
AIC techniques [33]. 

With length-at-age predictions available from the TDGM 
for a given water temperature, it is possible to compare sur-
vivorship from age-1 to age-10 under various Colorado 
River water temperatures scenarios and assuming that mor-
tality-at-age follows a Lorenzen [34] type relationship as: 

S10 = exp !
L"

L
a

M
L"

#

$
%

&

'
(

a=1

9

) ,        (14) 

where a is age, S10 is the survivorship from age-1 to age-10, 
La is length-at-age, and 

!L
M is the mortality rate suffered by 

a fish of length 
!L

. We specified 
!L

M = 0.14 based on re-

cent humpback chub stock assessments [35].  
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RESULTS 

We fit both the TIGM and TDGM growth models to 
14,971 observed growth increments extracted from the 
humpback chub mark-recapture database. All fish were 
larger than 150 mm TL and the time interval between cap-
ture and recapture exceeded 30 days. We fit the TIGM with 
prior variance weighting terms on the d and n parameters 
! ={0.00001, 0.0001, 0.001, 0.01, 0.1, 0.5, 1, and 10} to 
explore the effect of constraining these parameters to values 
near standard von Bertalanffy values. The log-likelihood was 
nearly identical for all values of ! =0.01 and greater, but 
reducing !  below 0.01 caused large changes in the log-
likelihood. Therefore, we specified ! =0.01 as the weighting 
value for both the TIGM and TDGM. To estimate the pa-
rameters of the TDGM, we first had to fit the time-dependent 
LCR water temperature model. Fortunately, the sine curve 
function with parameters peakt =-0.011, 

ave
T =17.9, and 

max
T =23.2 provided good fit to the average monthly tem-
peratures (Fig. 2). 

The estimated parameters, and AIC statistics for the 
TIGM and TDGM are presented in Table 1. The parameter 

values for the TIGM suggest that anabolism scales as 0.52 
mass and catabolism scales as 1.15 mass. These values are 
different than assumed by the standard von Bertalanffy 
model and also result in an average !L value that is smaller 
than would be predicted from simple inspection of the data. 
In contrast, the estimated scaling parameters (d=0.61 and 
n=0.89) for the TDGM are not much different than what 
would be expected under the standard von Bertalanffy model 
where the anabolic scaling parameter (d) should be close to 
2/3 and the catabolic scaling parameter (n) should be close to 
unity. AIC results show strong support for the TDGM over 
the TIGM (Table 1). However, the parameter correlation 
matrices for each of these models show very high correlation 
(Table 2 and Table 3), indicating that all of the parameters 
are not separately estimable. In situations such as this where 
the model is not full rank, it has been shown that the AIC is 
undefined [36, 37] suggesting that the AIC criteria may not 
be appropriate for this comparison. 

An alternative way to arbitrate among these two models 
is to simply graphically examine the model fit to the data. 
The measured growth rate as a function TL at the start of the 
interval is extremely variable, particularly at smaller sizes 
(Fig. 3). This variability is not surprising considering that the 
rate is measured as a difference between two imprecise 
length measurements and, for most measurements, expanded 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. (2). Average monthly water temperatures in the Little Colorado River (solid circles) and average monthly water temperature in the Colo-
rado River near the confluence with the Little Colorado River (open triangles). The line is the model predicted monthly water temperature in 
the Little Colorado River. 

Table 1. Parameter Estimates and AIC Statistics for the Temperature-Independent (TIGM) and Temperature-Dependent (TDGM) 
Growth Models 

Model  H  d  m n 
!L   σ 2

L  Q
c

  Lt  AIC Parameters Rank  ∆AIC 

TIGM 163 0.52 0.0007 1.15 391 961 -- -- 133,656 5 2 38,495 

TDGM  21.0 0.61 0.46 0.89 434 2000 4.59 236  95,161 6 1  0 
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by dividing by a short time increment. It is also apparent that 
all three curves differ from a strict linear relationship implied 

by a standard von Bertalanffy model, though the TDGM fits 
are reasonably linear through the portion of the predicted 
curves populated with data. The temperature-independent 
model is somewhat of a compromise between the tempera-
ture-dependent summer fit and the temperature-dependent 
winter fit. 

Each of the models was used to predict length as a func-
tion of age. In addition to the two models fit above, we also 
predicted length-at-age using the growth function reported in 
the USFWS recovery goals document [10] and length-at-age 
using the TDGM for a constant temperature of 10º C  

(Fig. 4). This last curve is equivalent to a fish experiencing a 
constant 10º C temperature and is a prediction of length-at-

Table 2. Parameter Correlation Matrix for the Temperature-
Independent Growth Model 

 H  d  m  n 

H  1    

d -0.99  1   

m -0.66  0.73  1  

n  0.62 -0.72 -0.99  1 
2

L
!   0.14 -0.19 -0.38 0.38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Observed and predicted humpback chub growth rate (dL/dt) from the temperature-independent growth model and the temperature-
dependent growth model during summer and winter. 

Table 3. Parameter Correlation Matrix for the Temperature-Dependent Growth Model 

  H  d  m  n  cQ  

H  1     

d  0.74  1    

m  0.88  0.94  1   

n -0.86 -0.93 -0.99  1  

cQ  -0.98 -0.82 -0.89  0.88  1 

Lt  0.55  0.16  0.35 -0.34 -0.46 
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age for a fish spending its entire life in the mainstem Colo-
rado River. Examination of these curves show that the 
USFWS growth curve predicted somewhat smaller sizes at 
young ages and larger sizes at older ages than is implied by 
the mark-recapture data. The TIGM and TDGM predict very 
similar length-at-age through approximately age-5, but sub-
sequently diverge. Two features are apparent from the 
TDGM predictions: (1) a temperature-dependent periodic 
change in growth rate at ages younger than about age-5, and 
(2) an apparent “bend” in the growth curve at approximately 
age-4 to age-5. This age corresponds to the length at transi-
tion (Lt) where humpback chub are rapidly shifting from 
primarily LCR occupancy to primarily mainstem Colorado 
River occupancy. An Lt value of 236 mm TL was most 
strongly supported by the data and the TDGM (Table 1). It is 
also informative to utilize the TDGM to predict monthly 
growth increments as a function of TL. We plotted growth 
rate predictions from both the LCR population and a popula-
tion that is experiencing constant 10º C temperatures  
(Fig. 5). This latter curve is presented as a prediction of 
monthly growth rates that would be observed in the main-
stem Colorado River. 

The TDGM and Lorenzen [34] mortality relationship 
were used to predict length-at-age and survivorship from 

age-1 to age-10 (S10) assuming Colorado River water tem-
peratures of 10º C, 11º C, 13º C, and 15º C (Fig. 6). The 
TDGM predicts rapid increases in length-at-age with in-
creases in Colorado River water temperature. Additionally 
and given the relationship between length and mortality as-
sumed here, increases in temperature could result in large 
(~3x) increases in survivorship.  

DISCUSSION 

Growth model parameter estimation is typically accom-
plished using paired observations of individual fish age and 
length [15]. Obtaining this information often requires sacri-
ficing the animal so that calcareous structures may be exam-
ined to determine age. The TIGM and TDGM seek to obtain 
this information through non-lethal sampling using informa-
tion that is frequently collected in routine mark-recapture 
studies. Particularly for endangered species such as the 
humpback chub, a non-lethal method to obtain information 
on growth is mandatory. 

This study addresses the effect of temperature on hump-
back chub growth and attempts to estimate the length at 
which fish transition from primarily LCR occupancy to pri-
marily mainstem Colorado River occupancy. The general  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Predicted humpback chub length-at-age from the U.S. Fish and Wildlife Service (USFWS) growth curve, the temperature-
independent growth model, the temperature-dependent growth model for the Little Colorado River (LCR) humpback chub population, and 
the temperature-dependent growth model for humpback chub living in the mainstem Colorado River under a constant temperature of 10ºC. 



Development of a Temperature-Dependent Growth The Open Fish Science Journal, 2010, Volume 3    129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Predicted monthly growth rate from the temperature-dependent growth model for the Little Colorado River (LCR) population of 
humpback chub and for humpback chub living in the mainstem Colorado River under a constant temperature of 10ºC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). Predicted total length-at-age and survivorship from age-1 to age-10 (S10) for humpback chub rearing and growing in the mainstem 
Colorado River with temperatures as indicated in the legend. 
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implication from these findings is that growth rate will in-
crease substantially with a temperature increase from 10º C 
to 20º C as indicated by the values of Q

c
=4.6 and Q

m
=2.0. 

These coefficients suggest that anabolism will more than 
double relative to catabolism across this temperature range. 
However, Petersen and Paukert [38] constructed a bioener-
getics model for juvenile humpback chub and found 
Q
c
≈Q

m
≈ 2.4 suggesting much less potential for increased 

growth with increased temperature. Though some of the dif-
ference in estimated Q

c
 between our analysis and that of 

Petersen and Paukert [38] may be related to the highly corre-
lated parameters in the TDGM (i.e., may be able to obtain 
nearly as good a fit with lower Q

c
 and higher H, d, and m), it 

is also likely that laboratory observations of growth rates 
may not accurately represent field conditions [39]. In par-
ticular, the field estimate of Qc represents not only physio-
logical (laboratory) constraints on feeding, but also effects of 
any seasonal variations in food availability that are positively 
correlated with temperature (e.g., insect emergence during 
spring and summer). 

In their study of reproductive ecology of humpback chub 
in the LCR, Gorman and Stone [13] conclude that adult fish 
demonstrate a potadromous migration between the mainstem 
Colorado River and the LCR to spawn. Based on catch rates 
of humpback chub within the LCR, they suggest that fish 
larger than 300 mm TL remain in the LCR only long enough 
to complete spawning activity. They also report that catch 
rate of fish between 200-300 mm TL declined by only half 
following the spawning period. The implication is that fish 
between 200-300 mm TL may occupy the LCR for longer 
periods of time than fish larger than 300 mm TL. The 
TDGM estimate of Lt (236 mm TL) is in agreement with 
these observations suggesting that fish greater than 236 mm 
TL should predominantly reside in the mainstem Colorado 
River. 

An alternative hypothesis causing the “kink” in hump-
back chub growth is onset of maturation and diversion of 
energy to gamete production [12, 40]. While decreases in 
skeletal growth following maturation almost certainly occur 
with humpback chub, maturation typically occurs at ap-
proximately the size fish begin to migrate between the Colo-
rado and Little Colorado Rivers [13]. Therefore, it does not 
appear possible to separate the relative influence of tempera-
ture versus changes in energy allocation following matura-
tion [12]. However, numerous studies have documented a 
correlation between temperature and humpback chub growth 
preceding maturation [25,27], so it is plausible that this ef-
fect continues following maturation. Additionally and as 
reported by Walters and Essington [12], observed growth 
increments for mature fish observed in summer under ele-
vated water temperatures are greater than those observed 
under decreased water temperatures during winter. 

A frequently considered management action to benefit 
Grand Canyon native fishes is to increase Colorado River 
water temperature by retrofitting Glen Canyon Dam with a 
selective withdrawal device [41]. Such a device would be 
constructed on the face of the dam to entrain warmer water 
from higher elevations within the upstream reservoir. Our 

results suggest that modest increases in water temperature 
could result in much faster growth and the potential for 
greater survival for fish rearing in the mainstem Colorado 
River. However, it is critical to recognize that these model 
predictions should not be interpreted as firm expectations, 
but rather to indicate a general trend for this species only and 
not for undesirable ecosystem responses to increased water 
temperature, such as expansion of non-native warmwater 
species. 

This case history should be useful to those studying 
humpback chub and other endangered species with sampling 
restrictions seeking to estimate the relationship between fish 
age and size using non-lethal techniques. This technique 
shows considerable promise to extract useful information on 
fish growth from field data, rather than laboratory studies 
where such information is typically obtained. 
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