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Variation in Condition of Rainbow Trout in Relation to Food,

Temperature, and Individual Length in the Green River, Utah

RaNDALL B. FILBERT' AND CHARLES P HAWKINS?

Department of Fisheries and Wildlife and Ecology Center
Utah State Universiry, Logan, Utah 84322-5210, USA

Abstract.—We examined how condition (weight at length) of rainbow trout Oncorhynchus mykiss
varied in relation to availability of drifting invertebrates and temperature at two locations over
four seasons in the Green River, Utah. Food availability (daytime drift density) varied more than
17-fold across sites and seasons, and rainbow trout experienced an 11°C range in mean monthly
temperature. Both rainbow trout gut fullness and condition increased as joint, nonlinear functions
of increasing food availability and increasing temperature. Variation in condition decreased with
fish size, although condition of intermediate sized fish was most strongly related to variation in
food and temperature. Observed relationships between rainbow trout condition, drift abundance,
and temperature were qualitatively consistent with bioenergetic models that predict fish growth
should vary as a joint function of food and temperature. However, the inferred temperature optima
for rainbow trout seemed to be significantly higher than predicted. Our results support a growing
body of evidence that stream trout may be frequently food-limited in nature.

Bioenergetic models predict that fish growth
should vary as a joint function of ration and tem-
perature (e.g.. Hewett and Johnson 1992). In gen-
eral, the effect of varying food quantity on growth
should be greatest at optimum temperatures. and
the effect of varying temperature should be small
under conditions of low food supply and increase
as amount of food available to individual fish in-
creases. Although most species of stream trout
feed primarily on invertebrate drift (Jenkins et al.
1970: Elliott 1970, 1973: Metz 1974 Allan 1981;
McNicol et al. 1985). composition and quantity of
trout diets can vary markedly among wild popu-
lations of trout (e.g.. Bisson 1978: Allan 1981).
Furthermore, some studies have shown trout
growth. abundance. or production to be correlated
with food availability (e.g.. Slaney and Northcote
1974; Murphy et al. 1981: Hawkins et al. 1983;
Fausch 1984: Wilzbach 1985: Cada et al. 1987:
Ensign et al. 1990 Hughes and Dill 1990). Al-
though trout growth is jointly controlled by food
and temperature in the laboratory (Brett et al.
1969: Elliott 1975a. 1975b. 1979), few data exist
demonstrating such relationships under field con-
ditions.

Streams with strong spatial and temporal gra-
dients in drift availability and temperature provide
a means of testing if -trout growth is limited by
both food and temperature and how well current
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bioenergetic models describe trout growth under
field conditions. Impounded rivers exhibit es-
pecially strong gradients of this type (Pearson
1967; Ward 1974: Armitage 1978; White and Wade
1980). In this study. we sought to determine if
condition (weight at length) of rainbow trout On-
corhynchus mykiss in the Green River below Flam-
ing Gorge Dam. Utah. was related to spatial and
seasonal differences in food availability and tem-
perature.

Study Area

This study was conducted in the first 12.5 km
of the Green River below Flaming Gorge Dam in
northeastern Utah. The tailwater has a mean ele-
vation of 1.672 m and an average channel slope
of 1.6 m/km. Channet widths in this section vary
between 40 and 50 m. Habitat consists primarily
of long runs and short riffles interspersed with ed-
dies and a few deep pools. Discharge during the
study ranged from 22.7 to 119.2 m¥/s, and flows
were highest in winter.

Temperature in the tailwater is regulated to en-
hance trout growth. Multilevel intake structurés in
the reservoir allow water to be withdrawn from
different depths. resulting in summer temperatures
that are close to optimal (12-14°C) for trout
growth (Johnson et al. 1987). During winter. the
warmest water available in the reservoir (4°C) is
released into the tailwater to minimize thermal
stress on trout.

Food sources in the tailwater are abundant. Ben-
thic invertebrate biomass ranged from about 4 to
7.5 ¢ dry matter/m? during the 1981 water-year
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(Johnson et al. 1987). However, invertebrate di-
versity is low, and seven taxa account for about
90% of total numbers. Dominant taxa throughout
the study area included Baetis spp. and Ephem-
erella spp. (Ephemeroptera), Hydroprila spp. (Tri-
choptera). Simulium spp. (Diptera), Chironomidae,
Hvalella spp., and Oligochaeta.

The tailwater fishery is dominated by rainbow
trout, but cutthroat trout Oncorhynchus clarki,
brook trout Salvelinus fontinalis, and brown trout
Salmo trurta are also present (Modde et al. 1991).
During the study period, mean biomass densities
of rainbow trout, brook trout, cutthroat trout, and
brown trout near the tailrace (site 1) were 695, 84.
58. and 0 kg/ha. At Little Hole (site 2), located
approximately 11.5 km below the dam (kmbd).
corresponding mean densities were 419, 0, 80, and
0.5 kg/ha. Up to the time of this study. recruitment
of all species except brown trout was largely sup-
ported by stocking. Large fingerlings (average
length. 150 mm) are stocked annually in May and
reach 300 mm by November of the same year.
Around the time of this study (1985-1988). be-
tween 100.000 and 120.000 fingerlings were
stocked each year. The river is managed as a trophy
fishery with a possession limit that favors removal
of small trout. The daily limit is two trout shorter
than 330 mm and one trout longer than 508 mm.

Methods

General sampling design.—We used a compar-
ative approach to derive empirical relationships
between drift. temperature. and: rainbow  trout
weight. We collected data each season (late Oc-
tober 1987. early February 1988, mid-May 1988.
and mid-July 1988) from two sites. Although data
were collected from two to four pool-riffle pairs
for each site—season combination. data were sta-
tistically pooled before analysis to give eight sets
of observations. We pooled data in this manner
because we were interested in differences among
sites and seasons. not within sites.

Sampling locations and times.—Two reaches
(sites) were sampled. Site 1 included the first 2.2
km of river below the dam (bd). and site 2 extended
tfrom 10.5 to 2.1 kmbd.

To minimize confounding eftects of daily vari-
ation in discharge on relationships between drift
and rainbow trout teeding, we sampled each site
during a 48-h period of stable flow. Discharge from
the dam was hetd nearly constant by the U.S. Bu-
reau of Reclamation (USBOR) 24 h before and
throughout each sampling period. Stable discharg-
es equaled the weighted mean of the average daily

TaBLE |.—Locations and times of data collection in this
study. At each site and time, three invertebrate drift sam-
ples were collected from a riffle, and between 45 and 73
rainbow trout were collected from the pool immediately
downstream. Sites were in the Green River below Flaming
Gorge Dam (kmbd = kilometers below dam).

Collection time

Site and
location Winter, spring,
(kmbd) Fall 1987 summer 1988
Site |
0.3 1 h before sunrise 45 min after dawn
20 .. 1100 hours 1330 hours
0.3 1700 hours 30 min after complete
darkness
2.0 2230 hours 0130 hours
Site 2
10.5 2230 hours 45 min after dawn
11.2 I h before sunrise 1330 hours
11.8 1100 hours 30 min after complete
darkness
12.0 1700 hours 0130 hours

and nightly flows predicted from the historical.
postdam record for that time of year.

During each season, we sampled pools for rain-
bow trout and sampled riffles above each pool for
drifting invertebrates. We collected data early in
the morning. around midday. at dusk. and late at
night (Table 1). Discrepancies in sampling times
between fall and the other seasons occurred be-
cause the USBOR was unable to schedule stable
discharges at precisely the requested time during
fall 1987. Because only two pools (0.3 and 2.0
kmbd) were accessible at site 1. we sampled each
habitat pair twice during each season but alternated
sampling of these locations within the 24-h period.
At site 2 we sampled four separate pool-ritfie
pairs.

Drifting invertebrates.—Each drift collection
consisted of three 10-min samples taken consec-
utively along a partial transect of the river at
depths of 1.0. 0.75. and 0.5 m. Drifting inverte-
brates were collected with cone-shaped nets that
were secured to steel rods driven into the substrate.
The nets were 0.9 m long with an aperture area of
0.09 m2 and a mesh size of 450 pm. The center
of each net was set at 60% of the depth of the
water column. the approximate location of average
current velocity (Platts et al. 1983). Water velocity
was monitored with a mechanical flowmeter (Gen-
eral Oceanics model 20307) mounted in the center
of the net aperture by cords attached to the net
frame. All samples were preserved in 70% ethanol
for later analysis.

In the laboratory, all invertebrates longer than
| mm were identified and counted. Total volumes
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were measured by displacement in a graduated cyl-
inder for each combination of site, season, and
time period. We calculated drift density (DD) as
numbers/100 m3 of water after Allan and Russek
(1985):

numbers/net-hour
m3 filtered/net-hour

DD = X 100. (H
Drift volume was calculated in a similar manner
as milliliters of invertebrates/100 m3 of water fil-
tered.

Rainbow trout diets.—About 5 min after sam-
pling the drift from a riffle, we captured rainbow
trout in the downstream pool by electrofishing
from a jet boat. Immediately after capture, rainbow
trout were killed with tricaine methanesulfonate.
The location, date, approximate time of capture,
total length (TL, nearest millimeter) and weight
(nearest gram) were recorded for each fish before
the gut was removed and stored in 70% ethanol.
For each combination of site and season, we cap-
tured 45-73 rainbow trout 200-500 mm long.

In the laboratory, invertebrates were removed
from the portion of the gut between the anterior
of the esophagus and the pyloric sphincter (Kim-
ball and Helm 1971). Invertebrates from each
stomach were identified in the same manner as
those from drift samples. The volume (mL) of in-
vertebrates in each stomach was measured with a
graduated cylinder, and relative gut volume (RGV)
was calculated as

invertebrate volume (mL)
fish TL (m)

[§9]

RGV =

Water temperature.—Continuous temperature
data were available only for site | during this
study. However, Johnson et al. (1987) used ther-
mographs to record daily maximum and minimum
water temperatures at each study site during 1980.
Mean daily temperatures at site | tor the 1983
water-year were highly correlated with those at site
I during the 1980 water-year. We assumed that
differences in temperature between the two sites
would be similar for the two water-years, and we
used a regression equation relating temperature at
site 2 (T5) to temperature at site 1 (7}) from the
1980 data (T, = —0.917 + 1.182 Ty: »2 = 0.94.
N = 366) to estimate mean daily temperatures at
site 2 during the 1988 water-year.

We then summarized temperature data in two
ways. First, mean daily temperatures were used to
calculate mean annual temperature and total ac-
cumulated degree-days tor each site. We also cal-
culated the mean temperature at each site during
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the 30 d before each sampling date, hereafter re-
ferred to as T30. A 30-d period was used because
it is long enough for measurable rainbow trout
growth to occur and short enough to reflect sea-
sonal differences in thermal conditions.

Rainbow trout weight.—Linear regression was
used to estimate parameters for the logarithmic
form of the length-weight relationship for each
group of rainbow trout collected at a site and sea-
son where

logo(W) = log|p(a) + b-logjo(L); 3)

W is fish weight (g), L is fish TL (mm), log|g a is
the v-intercept, and b is the slope. Before analysis,
we subtracted the estimated weight of the stomach
contents of each fish. We estimated the wet weight
of stomach contents by multiplying the specific
gravity of invertebrate prey (1.05: see Wetzel and
Likens 1990) by the volume (mL) of prey in the
stomach. When we plotted the log of fish weights
against log of length. we noticed that some indi-
vidual fish appeared to be statistical outliers. We
excluded from the regressions any observations
that Cook’s D statistic identified as outliers (Wil-
kinson 1992). The numbers of fish excluded from
regressions by this procedure ranged from zero to
five and in only one case (8%) exceeded 5% of
the sample numbers. Analysis of covariance was
then used to test it the slopes of the eight separate
length—weight relations differed.

We used the eight sample-specific regression
models to calculate length-specitic rainbow trout
weights for each combination of site and season.
Values were calculated for lengths between 200
and 300 mm at 25-mm intervals. For most anal-
yses. however. we only present data for 200. 300,
350. 400. and S00-mm fish. These length-specific
weight estimates are hereafter referred to as W200.
W300. etc. We chose this method of quantifying
condition because it avoided the methodological
flaws associated with condition factors. Unless
slopes of length—weight relationships are equal for
each population of interest. condition factors (e.g..
K,, and Fulton’s K) provide ambiguous information
regarding differences in fish weight at length (e.g..
Le Cren 1951: Cone 1989, 1990).

Statistical summaries.—Because we were inter-
ested in comparisons among sites and seasons, we
generated mean values of gut tullness and drift for
each site~season combination (N = 8). We first
calculated within-riffle or within-pool means
based on the three drift samples or the total number
of rainbow trout captured at a particular combi-
nation of season. site, and time of day (Table 2).
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This procedure provided two daytime observations
and two nighttime observations for both drift and
gut fullness for each site and season (Table 2).

We then calculated overall site-by-season means
in two ways. First, we calculated mean values of
drift and gut fullness based on all four sampling
periods (N = 4). We then calculated means based
on only the two daytime values. We analyzed the
latter because rainbow trout are sight feeders, and
relationships between trout condition, feeding, and
drift availability could have been confounded by
diel variation in drift. We were especially con-
cerned that nighttime drift data might obscure real
patterns because drift rates are often much higher
at night than during the day (see Allan and Russek
1985).

Hypothesis tests and model building. —After data
aggregation, we used linear regression to deter-
mine if differences among sites and seasons in the
slopes and intercepts of the length—-weight rela-
tionships were related to variation in drift density
and temperature. For our main analyses, we used
drift density rather than drift volume because some
volumetric estimates were strongly influenced by
the presence of large. rare taxa. We also used day-
time drift density rather than overall drift density
because of the known diel feeding behavior of
rainbow trout.

To test if rainbow trout condition changed as a
joint function of drift availability and temperature.
we used the product of daytime drift density and
T30 (hereafter abbreviated asx DXT) as the inde-
pendent variable in these analyses. To determine
it other models provided better predictions of rain-
bow trout condition, we also conducted a series of
regressions that included all seven possible com-
binations of drift density, T30. and DXT as in-
dependent variables.

We also regressed each set of estimated weights
at length against DXT to determine if variation in
rainbow trout condition depended on individual
size. For these analyses. we followed exactly the
same procedure as described earlier.

Research conducted simultancously with this
study (Modde et al. 1991) indicated that rainbow
trout, cutthroat trout, brook trout. and total trout
densities were higher at site I than site 2. In con-
trast, brown trout were more abundant at site 2.
Because trout abundance might have directly in-
fluenced individual weight, we used analysis of
covariance (ANCOVA) to determine if rainbow
trout weight at length was related to unmeasured
site-specific factors (e.g.. trout density). In this

analysis, DXT was the covariate and sites were
considered the main treatments.

Comparison of regression and bioenergetic mod-
els.—We used the equations from the weight at
length versus DXT regression analyses to con-
struct contour graphs that illustrated how rainbow
trout weight at length varied with simultaneous
changes in drift density and temperature. These
graphs were compared to graphical representations
of predictions generated by the general fish bio-
energetics model of Hewett and Johnson (1992).
This model was parameterized for rainbow trout
based on data in From and Rasmussen (1984). We
also parameterized the model to calculate weights
based on the temperature range occurring in the
Green River over a full range of rations.

Results
Variation in Temperature

During the 1988 water-year, measured water
temperatures at site 1 were slightly (7%) cooler
than estimated temperatures at site 2 (means =
8.4° and 9.0°C. degree-days = 3.080 and 3.305,
respectively). Site | showed a 12.8°C and site 2 a
15.1°C annual range in mean daily temperature
(Figure 1). Site | was slightly warmer during the
winter and slightly cooler during the summer than
site 2. However. T30 differed nearly sixfold among
sites and seasons (Table 2).

Variation in Drift

The mean dayvtime density of drifting macroin-
vertebrates (>1 mm long) varied about 18-fold
among sites and seasons (Table 2). Other drift vari-
ables showed similar trends. Invertebrate drift was
nearly always higher at site 2 than at site 1, with
the greatest between-site differences occurring
during spring and summer. The four drift variables
were not always strongly correlated with one an-
other (Table 3). Daytime drift volume was not sig-
nificantly correlated with any of the other three
drift variables. Daytime drift density was associ-
ated with seasonal and site-specific differences in
T30 (#2 = 0.58. P < 0.03).

Size Distribution of Rainbow Trout

Rainbow trout collected during the study ranged
from 180 to 540 mm long (Figure 2). Lengths were
bimodally distributed with peaks at about 300 and
400 mm.

Composition of Diets and Variation in
Rainbow Trout Gut Volumes

Invertebrates constituted essentially the entire
diet of the rainbow trout collected during this
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Mean Daily Temperature (°C)

200 300

Day of Year

FiGURE |.—Mean daily temperature at site | (solid line) and site 2 (dashed line) between January 1 (day 1) and
December 31, 1988. Temperatures for site 2 were estimated from the relationship of temperature at site 2 to

temperature at site | derived from 1980 measurements.

study. Of the 478 fish collected, only 2 contained
fish in their guts.

The relative gut volumes of rainbow trout dif-
fered markedly between sites and seasons (13- and
8-fold differences for daytime and overall vol-
umes. respectively; Table 2). Daytime and overall
gut volumes were highly correlated with one an-
other (r = 0.99). and both measures were corre-
lated with all drift variables (r = 0.732 to 0.808)
except overall drift volume.

Variation in Rainbow Trout Length—-Weight
Coefficients and Weight at Length

The slopes of the length-weight relationships

ditffered among sites and seasons (Table 4: AN-

COVA: F = 7.689; df = 7, 444; P < 0.001). Dif-
ferences in the value of length—weight coefficients
were manifested as differences among sites and
seasons in weight at length. In general, condition
of rainbow trout appeared to decline during winter
and increase from spring to summer (Figure 3).
However. the magnitude of change in condition
varied with site. The decrease in condition during
winter was greatest at site 1, and the increases in
spring and summer were greatest at site 2.

The intercept (logg a) of the length—weight re-
lationship increased with increasing values of
DXT, whereas values of the slope (b) exhibited a
corresponding decrease (Table 5). In both cases,

TaBLE 2.—Mean values and standard errors (in parentheses) for macroinvertebrate drift density and volume and
rainbow trout gut fullness at each Green River site and for each season. Mean temperatures during the 30 d before
sampling (T30) were measured at site |; those at site two were estimated. For day variables, N = 2: and for overall

variables, N = 4.

Drift density
(number, 100 m?)

Gut volume
(mL/m fish total length)

Drift volume
(mL/100 m?)

Site and T30
season °Cy Day Overall Day Overall Day Overal!
Site |
Fall 12.2 529 (234 398 (75) 29(0.72) 6.2(1.95) 29 (134 2.7(0.538)
Winter 3.3 43(6) 48 (7) 4.5 (1.45) 0.4 (0.04) 5.4(2.68) 4.0 (1435
Spring 6.7 H2qn 91 (13) 0.5 (0.02) 1.7 (0.18) 8.5(3.76) 59215
Summer 12,5 758 (132 970 (13D 1.8 (0.33) 38(0.7%) 8.1(0.32) S4(13h
Site 2
Fall t.6 528 (177) 689 (181 6.9 (2.55) 5.1(1.46) 6.6 (3.19) S.1(1.60y
Winter 25 271 (50) 365 (66) 11.5(6.15) 2.2(0.40) 5.0(0.43) 4+5(1.0D
Spring 6.3 740 (450) 1.747 (4035) 2.4(0.15) 159(7.13) 11.4(2.23) 9.2(2.20)
Summer 144 398 (75) 1851 (304 22.6(13.25) 9.8 (3.02) 37.0(24.32) 214 (1340
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TABLE 3.—Pearson product moment correlations between the values for macroinvertebrate drift, rainbow trout gut

fullness, temperature, and drift X temperature (T30) values.

DDD X ODD X DDV X

Variable DDD ODD DDV oDV DGV oGV T30 T30 T30 T30
Daytime drift
density (DDD)
Overall drift
density (ODD) 0913
Daytime drift
volume (DDV) 0.545 0.479
Overall drift
volume (ODV) 0.710 0.872 0.181
Daytime gut
Volume (DGV) 0.739 0.732 0.808 0.446
Overall gut
volume (OGV) 0.751 0.780 0.793 0522 0.994
T30 0.759 0.481 0.273 0.305 0.478 0.440
DDD x T30 0.938 0.755 0.617 0.472 0.794 0.771 0.869
ODD X T30 0.955 0.886 0.669 0.611 0.889 0.889 0.724 0.956
DDV x T30 0.726 0.618 0.906 0.325 0.934 0911 0.583 0.835 0.859
ODV x T30 0.924 0.888 0.503 0.831 0.735 0.760 0.711 0.854 0.891 0.725

about 90%% of the variation in the value of these
coefficients was associated with variation in DXT.
Neither of the length-weight regression coeffi-
cients were associated with site after we adjusted
for DXT (ANCOVA: F-test, df = 1, 5; P > 0.89),
suggesting that variation in condition was not a
function of unmeasured site variables.

Inclusion of other terms in the regression models
did not result in better fits. Daytime drift density
alone explained 82% of the variation in the slope
and 84% of the variation in the intercept of the
length—weight relationship but was always non-
significant in the presence of DXT and dropped
from the model if a stepwise regression procedure
was used. Regressions based on daytime drift vol-
ume alone or the product of daytime drift volume
X T30 also explained less variation than regres-

sions based on drift density and DXT (r? = about
0.45 and 0.70). Temperature (T30) alone was as-
sociated with about 50% of the variation in both
coefficients. When used alone, overall (day +
night) drift estimates explained less variation in
rainbow trout length-weight coefficients than their
corresponding daytime drift estimates (e.g., r2 =
0.82,0.61,0.44, and 0.24 for daytime drift density,
overall drift density, daytime drift volume, and
overall drift volume. respectively). However. drift
X T30 products based on daytime and overall drift
estimates gave nearly identical r2 values. For the
sake of brevity. we have not included all of the
output from these regression analyses. but they can
be calculated from data in Table 2 or obtained from
the authors.

Results of the length-specific weight regressions

6‘ T ] T T T
[
=0 k- Lo [ N
R |
L z0 b ‘ 1 ]
_ 30t S _ .
s B ]
E 207 I -
5] ' [ i | ‘
T

len

gth (rm)

FiGURE 2.—Length distribution of 478 rainbow trout collected during the study.
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TABLE 4.—Variation among sites and seasons in values
of the coefficients describing the logarithmic (logio) form
of the length—weight relationship (text equation 3) for rain-
bow trout in the Green River.

Site and Intercept Slope
season N loga SE b SE re
Site 1
Falt 58 ~-495 0223 3.00 0.088 0954
Winter 53 -528 0119 311 0.047 0988
Spring 61 —533  0.193 315 0076 0967
Summer 70 -4.74  0.127 292 0.050 0.980
Site 2
Fall 58 —-520 0.5 311 0046 0988
Winter 43 =522 0.176 310 0.069 0980
Spring 56 —-496 0219 301 0.085 0958
Summer 61 -4.14  0.103 270 0.041 0986

showed that weight at length linearly increased
with increasing values of DXT for some, but not
all lengths (Table 5), and DXT explained a sig-
nificant, usually high amount of variation in
weight at length for rainbow trout between 200
and 350 mm long. Inclusion or use of other vari-
ables in these analyses generated results essen-
tially identical to those obtained for the length—
weight coefficients. Rainbow trout weight at
length was significantly related to some drift mea-
sures when considered alone. but DXT products
always explained more variation in weight at
length than did drift alone. and DXT explained as
much or more variation than products based on the
other drift estimates.

Our analyses revealed that one of the data points
exerted high leverage in these regression analyses
(Figure 4). We therefore reanalyzed the data after
excluding this observation (Table 5). Exclusion of
the outlier modestly reduced the amount of vari-
ation in rainbow trout condition associated with
DXT, but exclusion did not significantly change
the value of the regression coefficient b (P > 0.1)
with the exception of the coefficient for W200 (P
< 0.04). We therefore decided to base interpre-
tations and future analyses of these data on all
eight observations.

The magnitude of variation in condition was
size-dependent. Weight of 200-mm fish varied by
S57% across the observed gradients in temperature
and drift density, that of 300-mm fish by 32%, and
that by 400-mm fish by 18%. Some, although not
all, of this variation was associated with the re-
sponse of different sized fish to the food-temper-
ature gradient. The slope of the weight at length
versus DX T relationship (see Figure 4) was a cur-
vilinear function of fish length (Figure 5: see also
values of » in Table 5). Slopes were highest for
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FiGURE 3.—Variation among seasons and sites in es-
timated weight of a 200-mm-long rainbow trout. Ab-
breviations are F = fall, W = winter, Sp = spring, and
Su = summer.

375-mm rainbow trout and were lower for smaller
and larger fish. In addition, as fish size increased,
the regression models explained less of the vari-
ation in weight at length. The models accounted
for about 90% of the variation in weight of 200-
mm fish, only about 40% of variation in weight of
400-mm fish, and none of the variation in weight
for 500-mm fish.

Output from the bioenergetic model also de-

TABLE 5.—Regression statistics describing the relations
between the intercept and slope coefficients of the log
weight-log length relation (W-L) and estimated weights
at length of rainbow trout versus the product of daytime
drift density X T30 (DXT).

DXT

Dependent [ntercept Slope
variable? () (h) r- P

Outlier included (V = 8)

Intercept (W-L) —5.358 0.0000674 0910 0.000
Slope (W-L) 3151 —0.0000249 0.890  0.000
Length-specific
weight
W200 77.140 0.00225 0912 0.000
W300 279.390 0.00415 0.821  0.002
W350) 455043 0.00461 0.673  0.013
W00 693.909 0.00438 0416 0.084
W300 1.402.982 0.00062 0.003 0903
Outlier excluded (N = 7)
Intercept (W-L) —5.308 0.0000519 0752 0.011
Slope (W-L) 3133 -0.0000192 0693 0.020
Length-specitic
weight
W200 79.528 0.00150 0.823  0.005
W300 283,483 0.00286 0508  0.072
W350 459.524 0.00320 0.284  0.218
W00 698.225 0.00302 0.112 0463
W300 1404580 0.00012 0.000 0990

4 Weight is denoted by Wi number following a W is total tish
length.
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FiIGURE 4.—Relations between weight at length for
200. 250. 300. 350. 400. 450. and 500-mm-long rainbow
trout and the product of daytime drift density (milliliters
of invertebrates per 100 m?) and temperature (mean tem-
perature at each site during the 30 d before each sam-
pling date). Note the apparent outlier at 16.690 dritt X
temperature units. (Open and closed circles are used for
clarity only.) Lines were fitted by regression. and most
slopes are given in Table 5. The effect of excluding the
apparent outlier is also given in Table 5.

scribed a food-temperature interaction similar, al-
though not identical. to our observations (Figure
6). The fit between empirical and modeled results
was closest tor small rainbow trout and increas-
ingly diverged as individual size increased. Our
data also indicated that highest condition occurred
at 14.5°C, the highest mean monthly temperature
encountered. whereas the model predicted maxi-
mum growth should occur between 11 and 13°C.
Because our data showed no evidence that con-
dition declined over any part of the temperature
gradient encountered, the actual summer temper-
ature optimum for rainbow trout in the Green River
at high levels of food is probably warmer than
15°C.

Discussion

Several studies have shown that stream trout
abundance or growth is correlated with food avail-
ability. Food limitation has been inferred for
stream salmonids from several geographical areas
including the Pacitic Northwest (Murphy et al.
1981; Hawkins et al. 1983: Wilzbach 1985: Baker
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FIGURE 5.—Relations between rainbow trout length
and slope of the weight at length versus the daytime drift
density X temperature (DXT) relationship. Slopes were
calculated at 25-mm intervals. The curve was fitted by
computer with a distance-weighted least-squares algo-
rithm (Wilkinson 1992).

1989). Intermountain West (Binns and Eiserman
1979). Appalachia (Cada et al. 1987; Ensign et al.
1990), northeastern North America (Bowlby and
Roff 1986a, 1986b). and Alaska (Hughes and Dill
1990). The relations between rainbow trout weight
at length. drift abundance. gut volumes, and tem-
perature that we observed in the Green River also
imply that growth of rainbow trout here was tood-
limited. although. as expected. the limitation was
mediated through an interaction with temperature.
This is the type of interaction that Brett et al.
(1969) and Elliott (1976) described from labora-
tory studies. Their analyses showed that (1) the
effect of varying food quantity was greatest at the
temperature optimal for growth, (2) the effect of
varying temperature was small under conditions
of low food and increased as amount of food avail-
able to individual fish increased, and (3) small fish
were most sensitive to variation in both food and
temperature.

Because quantifying individual rainbow trout
growth was beyond the scope of this study. we
could not directly evaluate how growth varied with
differences in food and temperature. However, we
believe change in condition is an expression of
growth and thus interpret our data to imply that
growth by rainbow trout in the Green River was
jointly limited by food availability and tempera-
ture. This interpretation is intuitively sensible,
considering that the thermal optimum for growth
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of rainbow trout in the laboratory is about 17°C
(Hokanson et al. 1977). and that fish in our study
experienced an 11°C range in mean monthly tem-
perature and a greater than 17-fold range of drift
abundance across sites and seasons. However, un-
like the pattern of maximum possible growth at
temperature observed by Elliott (1976) for young
brown trout in the wild (i.e.. no evidence for food
limitation), condition of rainbow trout in the Green
River appeared to be lower than possible for the
temperatures encountered. Considering that con-
dition was related to drift abundance alone but not
temperature alone, we infer that rainbow trout
growth was largely limited by food availability.

The observed size-dependency in the response
of condition across the food-temperature gradient
may be related to several factors. Very large fish
(i.e., those near 500 mm) might be expected to
show little change in condition because the ab-
solute accrual of mass is small compared to their
total weight. Furthermore. large fish may allocate
more energy to reproduction than somatic growth
and thereby exhibit little. if any. change in body
mass.

The relative growth rates of most species de-
crease as individual size increases. However. in
the Green River. medium-sized rainbow trout
(300-350 mm) showed the strongest response to
changes in the food-temperature gradient. The
condition of small fish (about 200 mm) may have
changed little in response to this gradient because
they had been recently stocked and thus may have
been inefficient feeders on natural prey and inept
at selecting microhabitats that minimized main-
tenance costs. Newly stocked fish may have also
spent much of their time avoiding predators. Pred-
ator avoidance may have been especially problem-
atic at site 2. where brown trout were more abun-
dant. The greater variation in condition observed
in medium-sized rainbow trout may be the result
of progressively improved foraging. habitat selec-
tion. and predator avoidance behaviors. Alterna-
tively. if size-structured dominance hierarchies ex-
ist in the Green River. smaller fish may be com-
petitively excluded from the most profitable for-

aging locations by larger fish. The latter hypothesis
would explain why so much of the variation in
condition of small fish was related to the food-
temperature gradient (>90%) and why the slope
of the condition versus food X temperature prod-
uct was low.

It is not clear whether the discrepancies between
observed and modeled data resulted from inac-
curacies in field measurements, small sample size.
or inaccurate assumptions regarding parameter
values .on which output from the bioenergetics
model depends. Considering that empirical and
modeled results diverged with increasing individ-
ual size, we suspect one or more size-dependent
metabolic parameters may need refinement in the
model. Although the observed differences were
not trivial, the degree of correspondence was close
enough to suggest that refined models may accu-
rately describe the growth of wild trout. Attempts
to reconcile field and model results should improve
our understanding of the way food and temperature
interact to influence growth. One thing that seems
clear from these comparisons is that the actual tem-
perature optimum for rainbow trout in the Green
River is probably closer to that reported by Hok-
anson et al. (1977) than that predicted by the bio-
energetic model. It true, dam managers could po-
tentially increase the growth of all size-classes of
rainbow trout by releasing warmer water. This con-
clusion also has important implications for man-
agement of several endangered species of nongame
tish. all of which require higher temperatures than
exist within the study reach.

We believe the predictive power of current
stream habitat models might be improved by in-
corporating variables that describe how food avail-
ability and water temperature influence trout pro-
duction under different habitat conditions. A few
investigators have examined how drift varies with
flow (e.g.. Minshall and Winger 1968; Brooker and
Hemsworth [978: White and Wade 1980: Irvine
1985). but no general quantitative relationships
have emerged. Future research should focus on
studies designed to determine the environmental
conditions under which stream fish production is

—

trout. The right column describes predicted changes in weight (g) over a 30-d period from the initial weight shown
above each diagram. Initial trout weights in the lett column approximately correspond to initial weights in the right
column. We generated contours for observed weight at length by plotting the regression equations in Table 5 that
describe the relations between weight at length and the product of daytime drift density and mean temperature.
Model contours were generated from weights predicted for 25 combinations of ration and temperature. In both
columns, the numbers of contour lines arc arbitrary and were simply chosen tor visual clarity.
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food-limited. Such research should focus on quan-
tifying spatial and temporal differences in tem-
perature and food availability, ascertaining the
causes of those differences, and determining
whether flow changes cause predictable variation
in drift abundance.
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