Habitat Selection by Lacustrine Rainbow
Trout within Gradients of Temperature,
Oxygen, and Food Availability

Chris Luec}ke and David Teuscher

Abstract, Rainbow trout (Oncorhynchus mykiss [Walbaum]) in Castle Lake, California were con=
centrated at certain depths during day and evening hours. A fish bioenergetics simulation mode] based
on vertical gradients of temperature, oxygen concentration, and food availability indicated that
rainbow trout selected habitats that maximized growthrate. In 1 of the 2 years of study, a strong pattern
of diel vertical migration of rainbow trout was evident and was associated with vertical migrations of
daphnids in the lake. The simulation model correctly predicted the occurrence and magnitude of fish
migration. During the day some trout resided at depths with little potential for feeding and growth but.
close to-regions of high food availability and low oxygen concentrations. Hydroacoustic sampling
from stationary platforms suggested that fish briefly descended into anoxic layers to feed on abundant
zooplankton. '

Introduction

Attempts to understand habitat relationships among fishes follow two general approaches. One is
a microhabitat preference approach in which physical, chemical or biological parameters are
correlated with the selection of habitat by fishes (Binns and Eisermann 1979; Moyle and Vondracek
1985; Rudstam and Magnuson 1985). This allows ranking of diverse habitats according to fish
preference (Hickes et al. 1991), but it neither provides predictions of how- glven habitats support a -
species (Bowlby and Roff 1986; Orth 1987) nor effectively 1ntegrates small-scale measurements into -
larger-scale habitats that fish operate within.

In the second approach, measuring fitness correlates of organisms living in different habitats has
~ been emphasized. Werner and Gilliam (1984) and Fraser and Cerri (1982) developed and tested
models that allowed fish to choose habitat types based on relative fitness. These models successfully
described habitat choices of fishes under field conditions (Gilliam and Fraser 1987; Werner and Hall
1988). This approach has two advantages over the microhabitat preference approach. First, perfor-
mance of the fish can be assessed in each habitat, and second, habitats are assessed over the larger
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rate will maximize survival and thus enhance fitness. Ware (1982) argues that for most fish species,
surplus power (instantaneous growth rate) is a good analog of fitness. Many researchers use growth
rate or mortality risk, or both, as an index of fitness (Houde 1989). A second problem with the fitness
approach is the difficulty in extrapolating measures of growth rate or mortality risk to new study sites
without initiating new investigations. ‘

We argue that a hybrid of these two approaches would be a more effective means of understanding
habitat selection by fishes. Hughes (1992) and Hill and Grossman (1993) correlate microhabitat
variables with fitness characteristics of stream fishes occupying different habitats. They estimated -
potential energy gain under different microhabitat conditions and argue that fitness of fish should
correlate with energy gain (Ware 1982; Magnhagen and Kvarnemo 1989). These correlations between
microhabitat variables and potential energy gain are transferable to other study sites.

We followed a similar approach in examining habitat selection by rainbow trout (Oncorkynchus

mykiss [Walbaum]) along vertical gradients of temperature,.oxygen, and food availability in Castle . ..

Lake, California. Our objective was to determine if rainbow trout select habitats with environmental
characteristics that maximize their potential growth rate. Potential growth rate was the predicted
growth rate determined from a bioenergetics and foraging model with dependent variables of
zooplankton food availability, temperature, and oxygen concentration. Our approach is similar to that |
recommended by Brandt et al. (1992) in their analyses of spatially explicit growth rate potential. We
estimated vertical distribution of fish with hydroacoustic methods and compared the distribution of .

fish to potential growth rate derived from the bioenergetics model. Our study occurred in Sept. 1989
and 1990; when thermal stratification of Castle Lake was greatest and zooplankton comprised a

~ substantial portion of the diet of rainbow trout. : '

Study Area

Castle Lake is a small (20 ha}, deep (32 m maximum), mesotrophic lake located in the Siskiyou
Mountains of northern California (elevation 1657 m). A central sampling station, located over the
deepest portion of the lake, was used to collect temperature, oxygen, zooplankton, fish in vertical
gillnets and stationary hydroacoustic information. Summer Secchi transparency ranged from 7 to 12
m and epilimnetic chlorophyll a concentration ranged from 1 to 5 pg I''. Macrozooplankton were
dominated by Daphnia rosea, D. middendorffiana, Holopedium gibberum, Dzacyclops thomasi, and
Diaptomus novamexicanus (Elser and Goldman 1991). - -

Rainbow trout have been annually stocked into Castle Lake since the mid-1950s and during this
study were the numerically dominant fish captured in gill nets. Brook.char (Salvelinus fontanalis
[Mitchill])-and golden shiners (Notemigonus crysoleucas [Mitchill]) were also present in the lake.

Piscivory on rainbow trout was apparently very low during the study period. Examination of over
-600 stomachs of brook char and rainbow trout collected during 1989-1991 failed to reveal a single
occurrence of a salmonid prey. No piscivorous birds resided at the lake. An osprey, whose nest was
~4 mi from the lake, was occasionally seen fishing. Anglers likely exert the greatest mortality on

rainbow trout in Castle Lake.
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Methods

POTENTIAL GROWTH RATE

Potential growth rate of rainbow trout was calculated using a bioenergetics simulation model. The
mode] was a variation of the generalized salmonid model of Hewett and Johnson (1987) except that
respiration rate was decreased by 8% (Weiser 1985). The model was run for a 100-g rainbow trout oc-
cupying each of seven depth strata in the lake. Simulations conducted with different sizes of rainbow trout
changed only the magnitude of potential growth rate, not the relative rankings of the depth strata. Inputs to

- themodel were temperature, oxygen, and biomass of daphnids >1.0 mm in length. This length criterion was

used because stomach samples from rainbow trout indicated that only the daphnids >1.0 mm were . ..

consumed by these fishes. Copepods and smaller cladocerans were not consumed. Potential growth wes
assumed to be minimal in habitats where oxygen concentrations were below 3 mg I'! (Cech et al. 1990).

The energetics model i incorporates a mass balance approach where the amount of energy ingested
daﬂy by an individual fish is partitioned into costs of respiration, specific dynamic action, egestion,
and excretion. After these costs have been subtracted, the remaining ingested energy results in positive
growth. If energetic costs exceed ingested energy, growth is negative. Temperature, mass of the fish,
and amount of food consumed mﬂuence the energetic costs according to the equations in Hewett and
Johnson (1987). :

The amount of food ingested. is based on the density of daphnids present in each depth stratum
‘according to a relationship established for rainbow trout preying on daphnids in both Utah reservoirs
(Tabor 1990) and in large limnocorrals (Teuscher 1993) (Fig. 1). For this feeding rate analysis, we
measured the growth rate of rainbow trout exposed to different levels of daphnid food resources (Table
1). We used the energetics model to estimate the proportion of maximum consumption (p-max)
realized by rainbow trout in these field conditions. Then the relationship between daphnid biomass and
p-max was examined and a least squares curvilinear regression was used to define this relationship
(Fig. 1). From these studies we correlated observed growth of rainbow trout with measured biomass
of daphnids. Temperature and body size effects on fish growth were. corrected for use with the
bioenergetics model (Hewett and Johnson 1987). This correlation between daphnid availability and
rainbow trout growth (Fig. 1) allowed us to predict growth of rainbow trout in Castle Lake given

- information on daphnid availability and temperature. :

TEMPERATURE AND OXYGEN

Temperature and oxygen concentrations were measured with a YSI oxygen/temperature meter at
the central sampling station. Measurements were taken every meter from a depth of 32 mto the surface
at ~1200 on 8 Sept. 1989 and on 5 Sept. 1990. : T

- ZOOPLANKTON SAMPLING

Zooplankton were collected from the central sampling station in the lake with a 12.5-1 Schindler
trap équipped with a 64-im mesh neton 11 Sept. 1989 and 5 Sept. 1990. Three samples were collected
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Figure 1. Relationship between the proportion of maximum consumption (p-max) observed for rainbow trout and
density of daphnid food resources. O = bioenergetics simulations of rainbow trout growth in East Canyon
Reservmr Utah (Tabor 1990); @ = bioenergetics simulations of rainbow trout growth in mesocosm enclosures
in Flaming Gorge Reservoir, Utah (Teuscher 1993).

Table 1. Mean daphnid biomass, rainbow trout gmwtﬁ rate, and proportion of maximum consumption (P—max)
exhibited by rainbow trout in limnocorral experiments (Teuscher 1993). Number of rainbow trout in each corral
and number used to calculate mean growth rate are presented. Initial weight of rainbow trout ranged from 4.44
to7.76 g.

Mean daphnid

biomass _ Trout growth v
Number Lg I o Fedl . P-max
2 42.0 - 1.8 0.445
2 24.2 : 3 0.381
4 48.5 1 0.455
4 394 .6 0.400
8 18.3 .65 0.277
8 . 343 : 0.056 0.175
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and pooled from each of seven depths: 0-5, 5-10, 10-15, 15-20, 20-25, 25-30, and 30-32 m.
Zooplankton samples were collected between 1300 and 1400 h and at 2100-2200 (Pacific Daylight
Time), and preserved with a 5% formalin solution saturated with sucrose.

. Daphnids were enumerated under a dissecting microscope at 24X magnification. Examination of
post-abdominal claws from selected individuals indicated that ~90% of the daphnids were D. rosea,
with D. middendorffiana representing the other 10%. The length of the first 20 individuals from each
depth was measured, and biomass of daphnids was calculated from the mean length of daphnids in the
sample and the length-weight regression for D. rosea (Downing and Rigler 1984).

HYDROACOUSTIC SAMPLING

Mobile hydroacoustic surveys were used in early September of each year (1112 Sept. 1989 and
5-6 Sept. 1990) to assess the abundance and spatial distribution of fish in Castle Lake. Each
hydroacoustic survey consisted of six cross-lake transects covering a distance of 3.2 km. Surveys were
done twice during the day (1300—1500h) and twice during dusk (1900-2100h). Acoustic surveys were
then repeated on a subsequent date, providing four estimates.of fish density during the day and four
estimates during dusk. -Acoustic samples were collected with a BioSonics model 105 echosounder
equipped with a 420-kHz dual beam (6x15°) transducer that allowed us to estimate fish sizes. We
sampled at a rate of 2 pings 5! traveling at a boat speed of 46 m sl :

In addition to the moving acoustic surveys, acoustic data were also collected from a stationary
plat_\form near the middle of the lake. Data were collected in 20-min blocks from the stationary platform
- at ~1200 and 2100. Acoustic data were recorded directly into computer files as digitized echoes, as
well as on Betamax videotape, and-on a paper chart used to generate an echogram. '

Acoustic data were analyzed by counting echoes with dual-beam information processed with a
BioSonics ESP Dual Beam Processor (Model 281) and software. Only single fish targets within 4° of
the acoustic beam axis were used to calculate fish target strength and to obtain fish density estimates.
Single fish targets with dual beam target strengths ranging from -51 to -35 decibels (db), representing -
fish of 5-40 cm TL (Love 1971), were used. This size range included all lengths of rainbow trout and
eliminated age-0 golden shiners, which were present in the surface waters at dusk. ‘

FisH SAMPLING =~ - _

In addition to acoustic sampling, bottom-set gillnets were set in early September of both years.
Catches from these nets allowed us to estimate the relative abundance of rainbow trout and brook char
in the 1ake, and to partition acoustic targets to each species (Burczynski etal. 1987). A stratifiedrandom
design was used for placing a bottom net within each of the four areas within the lake. Each net was -
30 m long, 2 m high and composed of five mesh sizes (19, 25, 32, 39 and 54 mm stretch). Nets were
set at night between 1930 and 0700 for 45 consecutive nights in early September of each year. All
fish were removed from gillnets, measured (standard length to the nearest mm), weighed (wet weight
to the nearest 0.1 g) and sexed. :

A series of six vertical gillnets (3 m wide by 32 m long) was set near the central sampling station
4-9 Sept. 1990. The top of each net floated at the surface and the bottom reached the sediments. Each
net consisted of single-mesh monofilament with stretch mesh sizes of 19, 25, 32, 39, 54, and 69 mm.



138 / Luecke and Teuscher

Nets were set and pulled at sunrise and sunset and the species, length, mass, and depth of each fish
captured was recorded. Catch in the vertical gillnets provided information on distribution and diet of
fish occupying the pelagic region of the lake. '

DIETS OF FISH

The stomach of each fish captured in gillnets was preserved in 10% formalin and later examined
for diet contents under a dissecting microscope: at 22X magnification. Stomach contents were
separated into four prey types (daphnids, other zooplankton, aquatic insects, and other prey). The wet
weight of each prey type was measured on a Sartorius electronic balance (£ 0.001 g). The proportion
by weight of each prey type was calculated for each stomach.

Results

TEMPERATURE AND OXYGEN

Temperature and oxygen conditions were similar in both years (Fig. 2). Epilimnion temperatures
exceeded 18°C, a preferred temperature for rainbow trout (Hicks ‘et al. 1991), and hypolimnetic -
temperatures ranged from 4°C to 5°C. A metalimnetic oxygen maximum was apparent in each year.
Oxygen concentrations fell below 3 mg I'! at 25-30 m and likely hxmted occupation of this stratum by
ra.mbow trout. Anoxic conditions occurred below 30 m in both years.

: ZOOPtANKTON SAMPLING -

Daphnid biomass differed significantly between years (Fig. 3, Mann-Whitney U test, U, 414= 143,
p <0.01), with a strong pattern of diel vertical migration being apparent in 1989. During the day the
highest daphnid biomass occurred at 30-32 m. At dusk these zooplankters moved up in the water
column such that the highest daphnid biomass occurred in the metalimnion. In 1990 the overall abun-
dance of daphnid biomass was reduced and no vertical migration was apparent (Fig. 3).

HYDROACOUSTIC SAMPLING

The density of fish estimated with hydroacoustic surveys did not vary between years, Three-way
ANOVA (year X depth X time of day) indicated that overall fish density was not significantly different
between years (F, ,,=1.24, p- >0.05), but there were highly significant effects of time of day (F, 727
18.7,p <0.01) and. depth (F; ,,=14.4,p <0. 01). Fish density was greater during the day, indicating that
some fish at dusk had settled too close to the bottom to be detected by hydroacoustic gear. Fish density
was consistently greaterin the metalimnion (Figs. 4 and 5). A significant depth X time interaction (F5 7
= 8.05, p <0.01) indicated that fish were undergomg diel vertical migration, especially in 1989 (Fig.
4).
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Rainbow trout and brook char were the only fish caught in gillnets. Rainbow trout comprised 54%
of the catch in bottom-set gillnets (67 rainbow trout and 58 brook char, both years combined). Vertical
‘gillnet catches indicated that rainbow trout occupied the pelagic regions of the lake more frequently
than did brook char (Table 2), since 90% of fish caught in vertical gillnets were rainbow trout.

'DIETS OF FISH

Daphnids comprised an important diet item for both rainbow trout and brook char in late summer
of 1989 and 1990 (Table 3). Daphnids accounted for 25% and 29% of the diet of rainbow trout caught
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Figure 3. Biomass of daphnids Jonger than 1 mm in different depth strata of Castle Lake on 11 Sept. 1989 and 5
Sept. 1990. Stippled bars represent samples collected at 1300—-1400 h, and dark bars represent samples collected

at 2100-2200 h. -
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Figure 4. Fish density (left graphs) in different depth strata of Castle Lake during the day (top) and dusk (bottom)
periodsin 1989 estimated with mobile hydroacoustic samples. Each histogramis 2 mean of four samples collected
on two consecutive days. Potential growth rate (right graphs) of rainbow trout in each depth stratum of Castle:

. Lake during day (top) and dusk (bottom) periods in 1989 (estimated from bloenergeucs simulations using zoo-
plankton biomass and temperature as inputs). :
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Figure 5. Fish density (left graphs) in different depth strata of Castle Lake during the day (top) and dusk (bottom)
periodsin 1990 estimated with mobile hydroacoustic samples. Each histogram is a mean of four samples collected
on two consecutive days. Potential growth rate (right graphs) of rainbow trout in each depth stratum of Castle
Lake during day (top) and dusk (bottom) periods in 1990 (estimated from bioenergetics simulations using zoo-
plankton biomass and temperature as inputs). ' :
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Table 2. Catch of rainbow trout and brook char in’vertical gillnets 4-9 September 1990. Day sample catches are
from 0600 to 2000; night samples from 2000 to 0600.

Depth Day Night
(m) Rainbow Brook Raibow Brook
0-5 0 0 0 0
. 5-10 1 0 1 0
10-15 0 Q 2 1
15-20 2 0 2 0
20-25 1 0 0 0
25-30 0 0 0 0
30-32 0 0 0 0

Table 3. Diet proportions by weig ioht for rainbow trout and brook char cauﬂht in bottom-set and vertical gilinets
in early September 1989 and 1990. Number of stomachs examined are in parentheses. Other zooplankton are
mainly Holopedium gibberum and copepods. Other prey include terrestrial insects and molluscs.

Prey type
Other . Aquatic Other -
Daphnids zooplankton insects prey

1989 .
Bottom-set

Rainbow (40) 0.25 0.02 0.46 0.27

Brook (31) 0.29 ’ 0.00 ' 0.62 ' 0.09
1990 '
Bottom-set : _ ’
= Rainbow (27)- - 0.29 o 003 _ _ 050 018

Brook (27) 0.30 : 0.00 - 0.59 , 0.11
Vertical k : . S

Rairibow (9) 0.52 0.08 0.30 0.10

Brook (1) 0.32 000 - 0.49 0.19

o~ -

in bottom set gillnets in 1989 and 1990, respectlvely Rainbow trout captured in vertical gillnets
consumed a greater proporuon of daphmds (52%) than those caught'in bottom set gillnets. Aguatic
insects and unidentified prey accounted for most of the remaining prey of rainbow trout. Diets of brook

char consisted mostly of aguatic insects and daphnids. -

POTENTIAL GROWTH RATE

Potential growth of rainbow trout predlcted from bioenergetics models varled by depth stratum
(Figs. 4 and 5). In 1989 potential growth rate was negative in the epilimnion and generally positive in
the deeper portions of the lake durmg the day (Fig. 4). Atnight, potential growth rate of rainbow trout
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was greatest at 1015 m, corresponding to reasonably high concentrations of daphnids and water
temperatures of 7—13°C.

In 1989, densities of fishin different depthstrata during the day appeared to correspond to predicted
potential growth rate. The highest densities of fish were recorded in the 15- to 25-m strata, where two
of the three positive growth potentials were estimated (Fig. 4). A high biomass of daphnids was
measured in at 30-32 m, but low oxygen concentration likely restricted fish from permanently
occupying these zones. Stationary hydroacoustic sampling indicated that fish were making brief
foraging forays into this region to feed on abundant daphnids. Paper chart recordings of this acoustic'
data show fish targets residing around 26 m, making descents down to 30 m, and then returning to the
26-m region (Fig. 6). The presence of these diving fish may be the reason why fish densities were
relatively high at 25-30 m, where growth potential was low. '

At dusk in 1989 both daphnids and fish moved up in the water column. The bioenergetics model
indicated that potential growth for rainbow trout was greatest at 10-15 m. Fish densities were high in
this stratum but were slightly greater at 5-10 m (Fig. 4).

For 1990 the bioenergetics model indicated that overall growth potential for rainbow trout was
reduced compared with 1989 (Fig. 5). During both day and dusk periods, potential growth was positive
only in the lower portions of the metalimnion. This reduction occurred because of declines in the
abundance of large daphnids (Fig. 3). Asin 1989, ‘the abundance of fish targets in 1990 was greatest
in depth strata where potential growth was positive. The growth rate potential was similar during day
and dusk periods, and fish showed no pattern of diel vertical migration.

The potential growth rate model was a good predictor of habitat use by rainbow trout in this study.
Spearman’s rank correlation test indicated that potential growth rate and fish target density were
strongly correlated during both day and dusk periods in 1989 and 1990. Assuming that depth strata with
<3 mg I O, provided the lowest potential growth, Spearman’s (r, = 7) yielded day and dusk
correlations of 0.982 and 0.958, and 0.982 and 0.964 for 1989 and 1990, respectively. Each of these
values is significant (p <0.05). ' '

Discussion

The potential growth rate model for rainbow trout suggested that conditions for trout growth were
highly variable during late summer periods in Castle Lake. The model indicated that trout occupying .
surface waters during the day would lose 1.5% of their body we1ght each day, whereas regions in the
metalimnion at dusk exhibited potential growth rates >1% d-'. This variation in predicted growth
potential was due to vertical changes in temperature, oxygen, and zooplankton food resources. The
potential growth rate of trout corresponded closely with their vertical distribution in the lake. In 1989
the simulation model indicated that rainbow trout growth would be greatestin the hypolimnion during
the day while hydroacoustic sampling indicated that fish density was greatestin the 15- to 30-m strata.
The model predicted that rainbow trout should move into metalimnetic strata at dusk to feed on
vertically migrating zooplankton, and acoustic sampling verified this prediction in that fish targets
moved up into the 5- to 15-m strata after sunset. : '

In 1990 vertical migration of zooplankton was not observed and the growth rate potential was .
similar under day and dusk conditions. Acoustic sampling indicated that fish targets remained in the
10- to 25-m strata during day and dusk periods, corresponding closely with the strata that exhibited
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Figure 6. Paper chart of stationary hydroacoustic recordings 1435~1442 h on 12 September 1989. The transducer
was located ~1 m below the surface. Time moves from left to right on the figure. The wide vertical bar represents
the sediments at ~33 m below the transducer. A faint scattering layer is present 29 m below the transducer.
corresponding to a layer of very high zooplankton concentrations. Several fish targets are located between 15 and
20 m, and several are located around 26 m and make descents (V-shaped tracings) into the-stratum of high
zooplankton abundance. .

a positive growth potential. In both 1989 and 1990, fish densities were greatest in depth strata
exhibiting the highest growth potential. ' :
Hydroacoustic sampling of fish can bias distributional patterns (Luecke and Wurtsbaugh 1993a).
In the Castle Lake surveys, we were not able to sample fish targets within 2 m of the surface and 1 m
of the bottom of the lake. In addition to these limitations, the survey boat likely disturbed fish near the
surface. Our acoustic methodology thus underestimated fish density in surface and near-bottom strata.
Although the degree of this underestimation is not known, rainbow trout or brook char. were not caught
in vertical gillnets in the top or bottom strata of the lake, suggesting that any bias in the acoustic data
was not severe. :
The potential growth rate model was specific to rainbow trout, but bottom-set gillnet catches
indicated that rainbow trout and brook char were about equally abundant in Castle Lake during the
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study period. We contend that catches in vértical gillnets, while small in number, provide a good
representation of the relative abundance of rainbow trout and brook char in the pelagic region. The
similar size distribution of rainbow trout and brook char suggests that vulnerability to gillnets would
be similar for both species. For these reasons, we conclude that the majority of the acoustic targets were
‘rainbow trout. Given the close taxonoric relationship of brook char and rainbow trout, brook char
should respond to environmental gradients of daphnids, temperature, and oxygen in amanner similar
to rainbow trout. The inclusion of brook char in our fish distribution does not greatly weaken our
conclusions.

Inthe potential growth model itis assumed that rambow trout fed entirely on daphnids, yetanalysis
of stomachs indicated that daphnids composed only 25-50% of the diet. Our objective was to
~ determine whether potential growth rate corresponded with the distribution of pelagic fish in Castle
Lake Given that the diets of rainbow trout caught in vertiéal Cfillnets in the pelacric region contained
rambow trout were actively seeking and foraging on daphmds. The hydroacou_stlc surveys coupled .
with the potential growth rate model provide a reasonable description and mechanism of the vertical
distribution of pelagic rainbow trout.

In Castle Lake, determination of potential growth rates appears sufficient to understand habltat
selection of pelagic rainbow trout. In our approach we ignored alternative food resources and potential
predators. Inclusion of information about the abundance of benthic and terrestrially derived prey in the
simulation model would likely have improved predictions of rainbow trout habitat use. Unfortunately,
we know of no information relating insect food abundance to salmonid growth in lakes, however,
Tabor (1990) reports that rainbow trout appear to ignore benthic prey if the densities of large daphnids
“exceed 5 individuals 1!, This density corresponds to ~50 pg I'!, a blOIIlElSS that typlcally produced
slightly positive growth rates in our simulations.

Piscivorous fish or birds were not important in determining rainbow trout distributions during our
study but could be crucial in other studies (Bowlby and Roff 1986). Few large rainbow trout or brook
char were captured during our study. Only 2% of salmonids captured in gillnets from 1898 to 1991
exceeded 300 mm TL, and these flsh fed almost excluswely on benthic invertebrates (C. Luecke,
unpubl. data). T - R :

The approach followed in this study of using bioenergetics relationships to construct habitat use
models can be applied to a variety of organisms (Morrison et al. 1992), including stream salmonids
(Hughes 1992) and stream cyprinids (Hill and Grossman 1993). Clark and Levy (1989) extend this
approach and use both potential growth rate and predation risk to predict the vertical distribution of
sockeye salmon in lakes. Levy (1990) presents information suggesting that sockeye salmon vertical
distribution corresponds to abundance and degree of migration exhibited by zooplarikton populations.
His results closely conform to the predictions of potential growth rates and patterns of f1sh distribution
we report for Castle Lake in 1989 and 1990.

One advantage of using an energetics approach is that the 51mu]at10ns can predict absolute growth
rates in different habitats and time periods. This approach would particularly lend itself to problems
. in conservation biology, where determining the potential for a species to thrive is paramount. For
instance, we presently know that the population of endangered Snake River sockeye salmon (Onco-
rhynchus nerka[ Walbaum]) is declining (Nehlsen et al. 1991). Although mortality of smolts passing
through reservoirs on the Columbia River is the likely reason for the decline of this stock, nutrient
enhancement of the rearing lake environment is being considered as a means of improving survival
of the smolts (Luecke and Wurtsbaugh 1993b). Estimating potential growth of juvenile sockeye
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salmon using a bioenergetics approach could be useful in evaluatm g options for whole—lake nutrient
addltIOHS
' Metapopulation models, involving population sources and sinks, are widely used in conservation
biology (Gilpin and Hanski 1991). Estimating potential growth rates of different habitats or regions
could better define sources and sinks. As fish habitats become more fragmented (Minckley and Deacon
1991), identification and preservation of habitats capable of high fish production will become essen-
tial. Potential growth rate models, like that used for rainbow trout in Castle Lake, would be helpful in
understanding source/sink population dynamics and prioritizing habitat preservation efforts.

The ability to estimate potential growth rates of fishes in different habitats during different time
periods would also benefit fisheries managers. Questions of habitat preservation, rehabilitation, and
mitigation could be addressed using models of potential growth rate. Estimating potential growth rate
may provide a better means of integrating the physical, chemical, and biological factors inherentin any
habitat evaluation (Orth 1987), and likely provides a better estimate of the habitat value to the fishes
in question (Hughes 1992).

Presently the advantages of this approach are negated by the pancity of datarelating prey resources
to growth of stream and lake fishes. Future research needs to be focused on the relationships between
food quantity and quality, and growth of fishes under the varying physical regimes that characterize
lake and stream habitats. ' '

Acknowledgments

We thank Roger Tabor for providing information on rainbow trout growth and zooplankton
abundances in Utah reservoirs. Ron Arndt and Jim Elser assisted with field collections. This research
was funded by the NSF (BSR-90114417) and the Ecology Center at Utah State University.

Literature Cited

Binns, N.A. and F.M. Eiserman. 1979. Quantification of -fluvial habitat in Wyoming. Transactions of the
American Fisheries Society 108: 215-228.

Bowlby, J.N. and I.C. Roff. 1986. Trophic structure in southern Ontario streams. Ecology 67: 1670-1679.

Brandt, S.B,D.M. Mason, and E.V. Patrick. 1992. Spatlally cxphcxtmodels of fish growthrate. Fisheries 1 7: 23-
36

Burczynskl 1.J., P. H Michalétz, ‘and G.M. Marrone. 1987. Hydroacoustzc assessment of the abundance and
distribution of rainbow smelt in Lake Oahe. North American Journal of Fisheries Management 7: 106-110.

' Cech, J.I1.,Jr., S.J. Mitchell, D.T. Castleberry, and M. McEnroe. 1990. Distributipn of California stream fishes:
Influence of environmental temperature and hypoxia, Environmental Biology ‘of Fishes 29: 95-105.

Clark, C.W. and D.A, Levy. 1988. Diel vertical migration by juvenile sockeye salmon and the anti-predation
window. American Naturalist 131: 271-290.

Downing,J.A. and F.H. Ri gler. 1984. A Manual on Methods for the Assessment of Secondary Production in Fresh
Waters. Blackwell Scientific, Oxford, England. -



148 / Luecke and Teuscher

Elser, ].J, and C.R. Goldman. 1991. Zooplankton effects on phytoplankton in lakes of contrasting trophlc status.
. Limnology and Oceanography 36: 64-90.

Fraser, D.F. and R.D. Cerri. 1982. Experimental evaluation of predator-prey relationships in a patchy environ-
ment: Consequences for habitat use patterns by minnows. Ecology 63: 307-313.

Gilliam, J.F. and D.F. Fraser. 1987. Habitat selection under predation hazard: Test of a model with foraging
minnows. Ecology 68: 1856-1862. A

Gilpin, ME: and 1. Hanski. 1991. Metapopulation Dynamlcs Empirical and Theoretical Invesucatlons
Academic Press, New York.

Hewett, S.W. and B.L. Johnson. 1987. A generalized bioenergetics model of fish growth for inicrocomputers.
University of Wisconsin Sea Grant Institution Technical Report 87-245. Madxson

Hicks, B.J., .D. Hall, P.A. Bisson, and J.R. Sedell. 1991. Responses of salmomds to habitat changes. In W.R.
Meehan (ed.), Influences of Forest and Rangeland Management on Salmonid Fishes and Thexr Habitats.
American Fisheries Society Special Publication #19. Bethesda Maryland.

Hill, J. and G.D. Grossman. 1993. An energetics model of microhabitat use for rambow trout and rosyside dace.
Ecology 74: 685-698. :

Houde, E.D. 1989. Subtleties and episodes in the early life of fishes. Journal of Fish Biology 35: 29-38.

Hughes, N.F. 1992, Selection of positions by drift feeding salmonids in dominance hierarchies: Model and test
for Arctic grayling in subarctic mountain streams, interior Alaska. Canadian Journal of Fisheries and
Aquatic Sciences 49: 1999-2008.

Levy, D.A. 1990. Reciprocal diel migration behavior in planktivores and zooplankton in British Columbia lakes.
Canadian Journal of Fisheries and Aquatic Sciences 47: 1755-1764. :

Love,R.H.1971. Dorsal-éspect target strength of an individual fish. Journal of the Acoustical Society of America
49: 816-823. .

Luecke, C. and W.A. Wurtsbaugh. 1993a. Effects of moon and daylight on hydroacbustic estimates of pelagic

~ fish abundance. Transactions of the American Fisheries Society 122: 112-120.

Luecke, C. and W.A. Wurtsbaugh. 1993b. Limnological and fisheries investigations of Sawtooth Valley lakes
with respect to rehabilitation of endangered Snake River sockeye salmon. Annual Report to Sho-Ban

~_ Fisheries Department. 78 p.

Magnhagen, C. and L. Kvarnemo. 1989. Big is better: The import_ancEe of size for reproductive success in male
Pomatoschistus minutus. Journal of Fish Biology 35: 7155-763. ‘

Minckley, W.L:. and J.E. Deacon (eds.). 1991. Battle Against Extinction: Native Fish Management in the
American West. University of Arizona Press, Tuscon, Arizona.

Morrison, M.L., B.G. Marcot, and R.W. Mannan. 1992. Wl]dhfeHab1tatRelat10nsh1ps Umversuy of Wiscorisin
Press, Madlson

Moyle,P.B.andB. Vondracek. 1985, Persistence and structure of theﬁshassemblavem asmall California stream.
Ecology 66: 1-13.

Nehlsen, W., I.E. Williams, and I.A. Lichatowich. 1991; Pacific salmon at the crossroads: Stocks at risk from
California, Oregon, Idaho and Washington. Fisheries 16: 4-21.

Orth, D.J. 1987. Ecological considerations in the development and application of instream flow habitat models.
Regulated Rivers: Research and Management 1: 171-181.

Rudstam, L.G. and J.J. Magnuson. 1985. Predicting the vertical distribution of fish populations: Analysis of cisco

Coregonus artedii and yellow perch Perca flavescens. Canadian Journal of Fisheries and Aquatic Sciences
42:1178-1188.



Habitat Selection by Rainbow Trout / 149

Tabor, R.A. 1990. The importance of cover for juvenile rainbow trout in lentic systems: Field observations and
an experimental study on predation. M.S. Thesis. Department of Fisheries and Wildlife, Utah State

University, Logan, Utah.

Teuscher, D. 1993. Competition between game and forage fish populations: An experimental test using kokanee,
rainbow trout and Utah chub. M.S. Thesis. Department of Fisheries and Wlldhfe Utah State Umver31ty,
Logan, Utah. ‘ L

Ware, D.M, 1982. Power and evolutionary fitness of teleosts. Canadian Journal of Fz.Shenes and Aquatic
Sciences 39: 3-13.

Werner, E.E. and L.F. Gilliam. 1984. The ontogenetic niche and species interactions in size-structured popula—
tions. Annual Review of Ecology and Systematics 15: 393-425. :

Werner, E.E. and D.J. Hall. 1988. Ontogenetlc habitat shift in bluegill: The foraomg rate-predation risk tradeoff.
Ecology 69: 1352-1366.

Wieser, W. 1985. Development and metabolic constraints ofthe scope foractivityin younvrambow trout. Journal -
of Experzmental Bzology 118: 133-142. :




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


