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Abstract.-Climate change will alter the thermal regime in the Great Lakes, including the onset,
duration, and structure of thermal stratification. Such changes may, in turn, affect spatial distributions
of planktivores, rates of food web interactions, and growth rate potential of fishes. We use predicted
changes in water temperatures for the years 2030 and 2090 to evaluate growth rate potential of lake
trout Salvelinus namaycush, chinook salmon Oncorhynchus tshawytscha, and striped bass Marone
saxatilis in Lake Michigan. Changes in the timing and extent of thermal stratification changed the
predicted distributions of prey fish and the spatio-temporal patterns of growth potential. Overall,
growth rate potential of all piscivores increased under climate warming simulations. For chinook
salmon, an assumed 15% reduction of prey abundances reduced mean growth rate potential by 9%. A
comparison of measured temperatures for 1996 and 1998 showed that current warm years (1998) are
similar to mean conditions predicted between years 2030 and 2090. We suggest that studies of
interannual variations in food web dynamics may provide insights into the potential impact of climate
on fishes.

Introduction

The Laurentian Great Lakes of North America support a

thriving salmonine sports fishery that depends mainly on
sustained stocking programs of chinook salmon
Oncorhynchus tshawytscha and lake trout Salvelinus

namaycush. As adults, these fishes feed primarily on pe-
lagic alewife Alosa pseudoharengus, bloater Coregonus
hoyi, and rainbow smelt Osmerus mordax (Brandt 1986;
Rand et aI. 1995). Previous work on how climate warm-
ing may affect the Great Lakes and their fisheries has

focused primarily on water temperature (Magnuson et
aI. 1979, 1990). Questions of how climate warming might
affect Great Lakes fishes in ways other than simply alter-
ing the extent of the thermal habitat have largely gone
unaddressed. Here, we use climate, fish bioenergetic, and
fish foraging models to consider multiple effects of how
climate warming might affect Great Lakes fishes.

Water temperature strongly affects physiological rates
offish (e.g., metabolism, consumption, growth [Kitchell
et aI. 1977]), fish behavior, habitat selection (Brandt 1993),
swimming (Facey and Grossman 1990), foraging (Persson

1986), and predator-prey interactions. Climate change
may affect large predators that comprise the bulk of the
Great Lakes fisheries by altering their thermal habitat. If
given the opportunity and sufficient food resources, pe-
lagic fishes will occupy a narrow range (:t2°C) of tem-
peratures near their preferred temperature (Magnuson et
al. 1979). Magnuson et al. (1990) suggested that climate
warming might actually expand the thermal habitat of
coolwater fishes in the Great Lakes because the earlier

warming and later cooling of the mid-lake region would
lengthen the time that preferred temperatures were avail-
able. Hill and Magnuson (1990) examined some of the

growth responses of yearling lake trout, yellow perch
Perca flavescens and largemouth bass Micropterus
salmoides and concluded that these species would grow
better (if prey consumption increased) because of the over-

all lengthening of the season in which optimal tempera-
tures for growth were available.

Our objective here is to expand on the work of
Magnuson et al. (1990) and Hill and Magnuson (1990)
and quantify how climate changes might affect fish habi-
tat quality as defined by growth rate potential (Brandt et
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al. 1992). Growth rate potential is defined as the expected
growth rate of a fish if placed in a volume of water with
known environmental conditions such as water tempera-
ture,light levels and prey type, size, and density. Previous
work has shown that growth rate potential provides a
good measure of habitat quality (Tyler and Brandt 200 I)
and effectively incorporates biotic and abiotic characteris-
tics of the environment in a metric that directly relates to
the fitness of fish (Brandt and Kirsch 1993; Mason et al.

1995). Spatially-explicit models have been widely used
in the Great Lakes (Goyke and Brandt 1993; Mason et al.
1995; Home et al. 1996; Tyler and Rose 1997), estuarine
(Hartman and Brandt 1995a, 1995b; Giske and Fiksen
1998; Demers et al. 2000), and other freshwater (Luecke

et al. 1999) environments. To explore the effects of cli-
mate warming, we compare the growth rate potential of
resident piscivores in Lake Michigan (chinook salmon,
lake trout) and a nonresident warmer water striped bass
Morone saxatilis under base (1954-1995) conditions,

conditions predicted for years 2030 and 2090 made by
the Canadian Climate Center climate change model, and
conditions of reduced light intensity and lake productiv-
ity.

Methods

General Approach

We took a multi-tiered approach to determine how climate

change may affect the quality of the Lake Michigan pe-
lagic habitat for chinook salmon, lake trout, and striped
bass. We chose to model the environment for these three

species because chinook salmon and lake trout comprise
the bulk of the Lake Michigan recreational fishery and
striped bass are a commonly found warmwater fish that
we use here as an example of how climate wanning might
affect warmwater fish. The striped bass was selected be-
cause this species had previously been proposed to be
introduced into the Great Lakes (e.g., Magnuson et al.
1990) and a bioenergetics model for this species has been
well developed (Hartman and Brandt 1995a, 1995b). We
constructed climate change scenarios that include the

change in water temperature in the lake, the spatial distri-
bution of the pelagic prey base for the three piscivore
species, and a foraging-bioenergetics model that quanti-
fies changes in the quality of the pelagic environment
over an annual cycle. We also evaluated the potential ef-
fects of reduced light intensity and primary production on
habitat quality for chinook salmon. Reductions in light
intensity and primary production may result from climate

change (Brooks and Zastrow, in press).

Climate Change Scenarios and Changes
in Great Lakes Thermal Structure

BRANDT ET AL.

We calculated the daily thermal profile over a one-year
period for the years 2030 and 2090 and for base (1954-
1995) conditions. Daily values of observed meteorologi-
cal conditions from the years 1954-1995 were used to
drive a model of the thermodynamics of the southern
basin of Lake Michigan, treated as a I-dimensional
model with a depth of 150 m, as in Croley (1989). Me-
teorological inputs included daily minimum and maxi-
mum surface air temperature, precipitation, relative hu-
midity, cloud cover, and wind speed. Alternative future

scenarios were developed by adjusting these observed
meteorological data to account for the mean departures
of future climate in periods centered around 2030 and
2090 relative to the recent past, as predicted by mul-
tiple runs of the Coupled General Circulation Model ver-
sion I of the Canadian Center for Climate Modeling and

Analysis (Boer et al. 2000). The lake thermodynamics
model was run again using these adjusted inputs, creating
scenarios of climates of 2030 and 2090 for comparison to
the base case with unadjusted input data. The procedure is
described in detail in Lofgren et al. (in press).

Comparison of Simulated to Measured
Water Temperatures

We compared the simulated water temperature to ac-
tual water temperatures measured in the central south-
ern basin of Lake Michigan during a cold and warm
year. The data came from a monitoring site located in
the central southern basin of Lake Michigan near the
National Data Buoy Center's (NDBC) meteorological
buoy.The site was established in 1990to provide better
estimates of the annual thermal cycle and offshore cli-
matology(McCormick 1990;McCormickand Pazdalski
1993). The interannual variability in the time of onset
to fulliakewide stratificationhas shown large variations
with 1996and 1998representing the most extreme years
since the study began. In 1996, the offshore waters of
Lake Michigan did not stratify until late June, whereas
1998 was in stark contrast with stratification occurring
in early April. Furthermore, analyses of surface water
temperature anomalies over the past 20 years, from all
NDBC Great Lakes buoys, suggest that all buoy sites
experienced their coldest year in 1996 and their warm-
est in 1998.Thus, 1996and 1998 were chosen to repre-
sent a "cold" and "warm" year, respectively.

The monitoring site consists oftwo moorings. The
surface mooring is seasonal and is deployed during the
ice-freeseasonwith nine self-recordingtemperaturedata
loggers closely spaced to resolve the thermal structure
of the upper 10m of the water column. The subsurface
mooringis maintainedyearroundand has II temperature
dataloggersspacedovertheremaining140m of the
water column. The surface sensor records temperatures at
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a 15-mintimeinterval,whilethesensorsonthesubsur-
face mooring record their data at hourly intervals. All of
the sensors have an accuracy of :to. I 0c. Because the
moorings are serviced during the spring or summer
months, the data used were taken from moorings de-
ployed from 1995 through 1999. The data used for 1996,
for example, were taken from the last portion of the 1995
mooring which was retrieved in early June 1996, and the
rest of the 1996 data were obtained from the 1996 moor-

ing. The same procedure was used for collating the 1998
yearlong data set. Typically, the sensor depths differ from
one year to the next, so the individual data sets must be

interpolated to the same depth grid before they can be
added together.

The raw data from 1996 subsurface mooring were
measured at 13.5,23.5,28.5,33.5,43.5,63.5,73.5,83.5,
93.5, 103.5, and 133.5 m below the surface, while the

surface mooring made subsurface measurements at 1.2,
3.5,5.1,6.7,8.3,9.1,10.0, and 11.4 m. Correspond-
ingly, the raw data from the 1998 mooring were measured
at 17,26.9,32,36.9,46.9,77.2,87.2,97.2,107.2, and

152.3 m. The surface mooring in 1998 failed, and all data
were lost. Surface water temperatures were, however,
available from the NDBC weather buoy and were used.

Two assumptions were made in order to fill in spa-
tial gaps in the data. First, during the winter months,
when the weather buoy was absent, the upper water col-
umn was assumed to be isothermal and equal to the tem-
perature recorded at the first sensor. Second, during the
summer of 1998, when the upper water column had data
only at 1 and 17 m, a linear temperature gradient was

assumed to exist between the two depths. This assump-
tion has little impact on the overall heat content of the

water column and no impact on the timing and duration
of the stratified season. None of these data were used in

any of the model calculations and thus any small errors
in temperature in the upper water column would be of
no consequence to the modeling results. Once this was
completed, the data were interpolated at 5-m intervals at I,
5, 10m on through to 130 m and were joined together to
form continuous data sets for the entire calendar years of
1996 and 1998. The interpolated data sets were then con-
toured using Matlab routines.

Prey Fish Distribution and Biomass

Alewife (young of the year and adult), rainbow smelt,
and bloaters were distributed in the climate change ther-
mal scenariosbasedon their fundamentalthermal niches
(Magnuson et al. 1979). Fundamental thermal niche is
where 66-70% of the total population occupies a 4°C
thermal range (Magnuson et al. 1979).We assumed that
fish woulddistribute themselveswith respect to tempera-
ture according to a normal distribution (Figure I), such
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that about 70% of the fish will be found within :f:2°C of

their preferred temperature and all fish would occupy
their preferred temperatures :t5°C (Magnuson et al. 1979).
Food availability can affect temperature preferences in the
field (e.g., Crowder and Magnuson 1983). We selected
preferred temperatures based on field observations. These
were young-of-the-year (YOY) alewife 19°C (Brandt
1980), adult alewife 13°C (Brandt 1980), rainbow smelt
8°C (Brandt et al. 1980), and bloater 9°C (Brandt et al.

1980; Crowder and Crawford 1984). The probability of
occupying a given temperature at depth for a particular
day was determined from the probability distribution (Fig-
ure 1). Biomass (B) for each species (kg/ha) was multi-
plied by the normalized probability of occupying a tem-
perature for each day across the year. When preferred
temperatures were unavailable, as in winter, prey fish
were distributed consistent with the model and tempera-
ture preference theory. Fish would be distributed in the

warmest water closest to their preferred temperature.
We used acoustic estimates of pelagic prey fish bio-

mass averaged over a 6-year period, 1991-1996. Biom-
ass estimates are from fall acoustical surveys performed
by the U.S. Geological Survey Biological Resource Divi-

sion (USGS-BRD). Total biomass density (BT) averaged
121.9 kg/ha with densities of9.7 kg/ha forYOY alewife,

11.1 kg/ha for adult alewife, 14 kg/ha for smelt and 87.1
kg/ha for bloaters (Argyle et al. 1998). We assumed that
prey type and densities per square meter remained con-
stant at 1991-1996 levels.

Spatially-Explicit Models of
Fish Growth Rate Potential

Spatially-explicit models of fish growth rate potential de-

scribe the environment in terms of the amount of growth
a fish will achieve which directly relates to individual
fitness (Winemiller and Rose 1992). Here, we evaluate
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Figure 1. Thermal distributions of rainbow smelt (A), bloater

(B), adult alewife (C), and young-of-the-year alewife (D) nsoo
to distribute prey across prevailing thermal habitats.
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the growth rate potentials of chinook salmon, lake trout,

and striped bass at daily intervals over the year, at one-
meter intervals in the deep (150 m) portion of the south-
ern basin of Lake Michigan. Thus, for each of the 54,750
cells of a year, we used water temperature from the cli-
mate change/hydrologic models and prey density for base
conditions and for the years 2030 and 2090 (Figure 2).
Brandt et al. (1992) and Tyler (1998) provide complete
descriptions of spatially-explicit models of fish growth
rate potential. The text below describes modifications to

the earlier techniques that we used in this analysis.
We modeled the growth rate potential of a 5-kg

chinook salmon, a 4-kg lake trout, and a 1.9-kg striped
bass using the Wisconsin bioenergetics model of fish
growth (Kitchell et al. 1977; Hanson et al. 1997). The
bioenergetics model is a species-specific, energy-balance
approach that describes the flow of energy through an
individual fish and how that energy is partitioned among
consumption, growth (somatic and reproductive), and

losses (respiration, egestion, excretion, and specific dy-
namic action). Energy per unit time is related to weight

per unit time by a specific energy density (calories per
unit weight) for predator and prey. The basic form of the

Day .
Depth

BRANDT Ef AL.

bioenergetics model in terms of weight specific growth
rate (g-g-Ld_') is

I dW
W 8(it=<I>-(R,..p+SDA+F +U) ,

where W is weight (g) of the individual predator, t is time in

days, <I>is feeding rate (g g-I d-'), Rre,pis respiration
(g g-' dol), SDA is specific dynamic action (g g-' d-1),F is
egestion (g g-I d-'), and U is excretion (g g-' d-1).

Feeding rate (f) for chinook salmon, lake trout, and
striped bass was modeled using type II functional re-
sponse model (Figure 3) developed for lake trout (Eby
et al. 1995)

<1>=CmaxB
0.865+B,

where Cmax(g g-I d-') is maximum daily consumption,
and B is biomass density (kg/ha of prey). Cmaxis a func-
tion of water temperature and fish weight and defines the
species-specific asymptote for the functional response
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Figure 2. Diagrammatic view of the spatially-explicit modeling of fISh growth rate potential.
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Figure 3. The predator-prey functional response showing the
relationship of predator consumption rate (g'lfl.d-') ver-
sus prey density at different water temperatures.

curve. The functional response model was made species-

specific by modifying the asymptote in Cmax as a function
of water temperature. Species-specific maximum con-
sumption is described by the equation

Cmax=a Wb. f(T) ,

where a and b are the parameters of the weight depen-
dence of consumption, and J(T) is the species-specific,
temperature-dependent function of consumption
(Hanson et al. 1997).

In a separate simulation, we further modified the
foraging model for visually foraging chinook salmon by
incorporating depth-dependent light levels. Light level
was incorporated into the model by calculating a multi-
plier M (range: 0-1.0) that declined to zero at a light
intensity of 0.01 lux (Blaxter 1965;Aksnes and Giske
1993; Petersen and Gadomski 1994), such that actual
feeding rate was calculated as

Cmax. M,

where M=l_e-I3(l.-Io) , b is the slope (0.7), I is the am-
bient light intensity at depth x (m), and 10is the threshold
light intensity where reaction distance becomes zero (0.0 I

lux). Light level at depth Ix was determined as an expo-
nential decay Ix= Ise'ax,where Isis the light intensity at the
surface during dawn and dusk assumed to be 1,000 lux,
and 'a' is the extinction coefficient (0.3).

Complete equations describing the bioenergetics
model (R, SDA, F, and U) can be found in Kitchell et al.

(1977) and Beauchamp et al. (1989), and the values for
the physiological parameters for chinook salmon, lake
trout, and striped bass, can be found in Kitchell et al.

(1977), Stewart et al. (1983), Beauchamp et al. (1989),
Stewart and Ibarra (1991), Brandt and Kirsch (1993),

Hartman and Brandt (1995 a, 1995b), and Tyler (1998).
For a summary of bioenergetics model applications,
model performance, and model assumptions and sensi-

tivities, see Bartell et aI. (1986), Ney (1990, 1993), Brandt
et al. (1992), and Madenjian et al. (2000).

Model Simulations

We simulated growth rate potential for the three piscivores
under the three climatic conditions. In two separate simu-
lations, we also examined the effect of changes in prey
abundances and light conditions on the fishes' growth
rate potentials. The initial climate change simulations in-
clude changes in water temperatures and in the distribu-

tion of prey populations in Lake Michigan, as described
above.

Recently, Brooks and Zastrow (in press) have
shown that changes in climate conditions can change
primary production levels by changing light conditions
(increased cloud cover) and the timing of the set up and
breakdown of thermal stratification. In particular, ear-
lier stratification reduced the amount of time for win-

ter-spring mixing and stratification capped the nutrient
supply. Primary production was reduced under most

modeling simulations but by less than 15% during any
one simulation. To examine the effect of reduced pri-
mary production on fish habitat quality, we assumed that

prey densities were reduced by 15% throughout the year
and ran the simulation for chinook salmon using water
temperature and prey distribution data for the year 2030.

Climate models also predict an increase in cloudi-

ness that could reduce light levels. Reduced light levels
could reduce the ability of the predator to see prey. To
test the potential magnitude of this effect, we ran a simu-
lation that reduced light levels and evaluated the chinook

salmon growth rate potential for the year 2030.

Results

Water Temperatures

The annual cycles of water temperature for base condi-
tions and for the years 2030 and 2090 are shown in Fig-
ure 4. Climate warming produced 1) slightly warmer
winter temperatures; 2) warmer summer surface tem-
peratures; and 3) changes in the thermal structure of the
environment, including a thermocline that formed ear-
lier in the spring, broke-down later in the fall, and lay at
greater depths during the summer. Overall mean sea-
sonal temperature (averagedacross depth and time) was
4.33°C under base conditions, 5.16°C in 2030 and
7.01°C in 2090.

Prey Distribution

The climate induced similar changes in the distributions
of smelt, bloater, adult alewife (Figure 5), and all prey
combined (Figure 6). These three species have tempera-
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Figure 4. Temperature eC) distributions for each day of the year at a ISO m deep location in southern Lake Michigan under
base conditions and climate warming simulations for the years 2030 and 2090.

tore preferences that usually encompass the seasonal ther-
mocline. Under base conditions, the fish were dispersed
during winter but concentrated at or near the base of the
thermocline during thermal stratification. These predicted
midwater distributions are similar to those normally ob-
served in the field (Brandt et al. 1980). Fish dispersed
more throughout the water column after the breakdown

of thermal stratification. Climate warming simulations
show two main effects. First, the earlier formation and
later breakdown of thermal stratification causes an earlier

formation and later dispersal of fish midwater concentra-
tions. Second, the depth of the thermocline increased
slightly during years 2030 and 2090, and the thermocline
was spread over a larger depth range under climate warm-
ing simulations. Fish vertical distributions followed the
thermal structure. The spreading of the isotherms caused
fish to disperse and deepen slightly. Fish densities were
lower during 2030 and 2090.

The distributions of y~y alewife responded dif-
ferently to the climate change simulations. Under base
conditions, y~y alewife were largely spread from the
top of the thermocline to the surface of the water column

(Figure 5). Under climate warming simulations, the sum-
mer near-surface temperature increased, causing a con-

centration of YOY alewife in the thermocline. Thus, in
contrast to smelt, bloaters, and adult alewife, the com-

puted densities of y~y alewife increased during ther-

mal stratificationwith climate warming. This is a direct
consequence of the higher temperature preferences for
y~y alewife.

Fish Growth Rate Potential

Climate warming increased the duration of the period
with positive growthrate potential and thereby the habi-
tat quality for chinook salmon, lake trout, and striped
bass (Figure 7). The vertical distribution in the pattern
of good conditions for fish growth rate potential also
followed that of the changes in thermal structure. The
growth rate potential of chinook salmon increased from
an annual mean of 0.0156 g-g.1.d_1under base condi-
tions to 0.0189 g-g.1.d_1in 2030 and 0.027 g-g.1.d_1in
2090. Overall, mean growth rate potential increased by
73% in 2090 over base conditions. Despite the overall
increase in mean growth rate potential under climate
warming, the near surface conditions became more un-
suitable for growth.

The frequencydistribution of growth rate potential
forchinooksalmonchangedin responseto climatewarm-
ing scenarios. With increased warming, the range in the
frequencydistributionwas compressed, the mode for the
minimum valuein the range increased, and the mode for
the maximumin therange decreased(Figures8 and 9). In
addition, the proportion of water on an annual basis that
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Figure 5. Density (ggl'd-I) of rainbow smelt, bloater, adult alewife, and YOY alewife for each day of the year at alSO m deep
location in southern Lake Michigan under base conditions and climate warming simulations for 2030 and 2090.

had poor growth conditions was reduced (Figure 8). This
was caused by warmer temperatures in winter and early
spring, as well as warmer temperatures and more prey in
subthermocline waters during summer. In contrast, the

very highest growth regions were present under base
conditions but were reduced during climate warming (Fig-
ure 9). This reduction of the very high growth regions

corresponds to the spreading out of the prey with the
thermal expansion of their habitats.

The patterns of growth rate potential distributions
for lake trout under all modeling simulations were simi-
lar to those of chinook salmon, although the annual scope

for growth was smaller and more restricted in space than
that of the chinook salmon during all climate simulations
(Figure 7). As for chinook salmon, the regions of very
low (Figure 8) and very high (Figure 9) growth rates
were lost under climate warming. Overall mean growth

rate increased by 72% from base conditions to 2090 con-
ditions. Mean growth rate potential was 0.0083 gg-I.d-'
under base conditions, 0.0105 g'g-I.d-' in 2030, and

0.0143 gg-I.d-' in 2090.
Mean growth rate potential for striped bass in-

creased by about 114% between base conditions and
conditions in year 2090. The distribution of growth rate
potentials showed a similar trend to the two salmonine
species, but the decrease in surface growth rate potentials
for striped bass under climate warming conditions was
much less than was observed in the chinook salmon and

lake trout simulations. Mean growth rate potential was
0.0100 g'g-I.d-' under base conditions, 0.0137 g'g-I.d-' in
2030, and 0.0213 g'g-I.d-' in 2090. The seasonal duration

of high growth conditions expanded under climate warm-
ing simulations (Figure 7).

Reduced Prey Availability
and Light Conditions

Reducing prey densities 15% under the 2030 climate
warming simulation resulted in a 9% reduction in mean
growth rate potential for chinook salmon. The original
2030 climate warming simulation mean growth rate
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Figure 6. Density (g'g-"d-') of total prey for each day of the year at a 150 m deep location in southern Lake Michigan under
base conditions and climate warming simulations for 2030 and 2090.

potential for chinook salmon of 0.0 189 g-g-ld_1,whereas

the mean growth rate potential under reduced prey den-
sities was 0.0173 gg-ld_'. The overall spatial-temporal
patterns under the two conditions are almost identical.

The growth rate potential for chinook salmon for
2030 under reduced light conditions is shown in Figure

10. The reduced light conditions caused a dramatic de-
cline in chinook salmon growth rate potential, as well
as a change in the spatial-temporal pattern of growth

rate potential. Overall mean growth rate was reduced
by 49% to 0.0057 gg-ld_'. Reduced light decreased the
amount of prey encountered by chinook salmon. Below
a certain light level (and water depth), growth rate was
reduced to zero.

Comparison of Simulated and Observed
Water Temperature

We compared the simulated water temperature to ac-
tual water temperatures measured in the central basin
of Lake Michigan during 1996 and 1998 (Figure 11).
Water temperature ranges and spatial-temporaldistribu-
tion during 1996were very similar to those modeled un-
der base conditions. Overall mean temperatures were
4.33°Cunderbaseconditionsand4.30°Cin 1996. Wa-

ter temperatures and spatial-temporal distributions dur-

ing the warm year, 1998, fell in between model simula-
tions for 2030 and 2090. Overall mean water tempera-
tures were 5.16°C in 2030, 6.01°C in 1998, and 7.01°C
in 2090.

Discussion

Our analysis of fish habitat quality, as measured by
growth rate potential, suggests that climate warming will
result in an overall increase in the habitat quality for
Great Lakes fishes but that this increase is a balance of

two important changes. Climate warming simulations,
here and elsewhere (Meisner et al. 1987; Magnuson et

al. 1990; Brooks and Zastrow, in press), suggest that the
lake thermal structure will exhibit increased water tem-

peratures and a longer period of thermal stratification.
The change in lake thermal structure will also cause a
change in the distribution of prey fish such that prey
fish are more dispersed throughout the water column. A
more dispersed prey field cause predator-prey encounter
rates to decrease. The combined effects of these two fac-

tors could lead to an increased or decreased overall growth
rate potential, depending on prey population sizes, piscivore

foragingbehavior,andpiscivorebioenergetics.In thesimu-
lationsperformedhere, the changesin water temperature
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Figure 7. Growth rate potential (g'g-"d-') of chinook salmon, lake trout, and striped bass for each day of the year at a 150 m
deep location in southern Lake Michigan under base conditions and climate warming simulations for 2030 and 2090.
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Figure 9. Frequency distribution of growth rate potential under base conditions and conditions in the year 2090 at the high
end of the distribution for chinook salmon (0.0~.093 g'g-1.d_') and lake trout (0.03-0.062 g'g.1.d_').

=
Q
:e
Q=-

£ 0.1

0.08

0.06

0.04

0.02

0
0

0.02
I

Chinook
0.015 I

I
, I

0.01 1\
I

.#1

0.005 '
.'

= 0Q
:e 0.045 0.055 0.065 0.075 0.085 0.095
Q
=-
e 0.005=-

0.004
Lake Trout

. \
'I/::\\

I - Base I

0.003 I-
' .
II II ,
\1- If I, . , ---..-. 2090

0.002 '
..'... I

0.001

0
0.025 0.035 0.045 0.055 0.065

Growth Rate Potential (g Ifl d.l)



CLIMATE CHANGE: IMPLICATIONS FOR FISH GROwrn PERFORMANCE IN THE GREAT LAKES 71

-0.02 0.091 Chinook Salmon

o

150
Jan July Dee

Figure 10. Growth rate potential of chinook salmon predicted for the year 2030 with and without a 15% reduction in prey
densities and with light conditions included.

Base

..~-~ .',
~ ....

1996

.~:

1998 -

o

2090

Jan July
150

Dee
Figure 11. Comparison of water temperatures simulated for base conditions and the year 2090 and measured in the southern
basin of Lake Michigan in the years 1996 and 1998.



72 BRANDT ET AL.

and prey distribution results in an increase in habitat qual-
ity.

During summer, we might expect that changes in

prey population distributions and lake thermal condi-
tions might have more subtle or secondary effects, par-
ticularly for species that have cooler preferred tempera-
tures. Preferred temperatures of cool water piscivores such
as chinook salmon and lake trout will still be available

during summer and changes in prey distribution, and ther-
mal structure will likely only cause a change in the depths
of the lake with suitable habitat. In particular, surface
waters will become unsuitable and deeper waters will
become more suitable. During the spring and fall, how-
ever, the overall result will be that areas with high growth
conditions will increase and the period of high growth rates
for coolwater piscivores will noticeably increase. The ef-
fect on warmwater piscivores, such as striped bass, is simi-
lar but enhanced. These species adapted to warmer water
temperatures have an even greater increased habitat quality
under climate warming simulations than do the coolwater

piscivores. Temperatures begin to warm earlier in the spring,
and the onset of thermal stratification can begin a month or
more earlier than under base conditions. This increase in

the length of the thermal conditions for high growth rates
was shown to be the main cause of increases in fish growth

rate potential for all species under climate warming.
Clearly, any effect of climate warming on the top

predators will depend on prey availability and prey fish
populations. We made several assumptions concerning
prey availability in our simulations: 1) that prey abun-
dance/composition remained constant throughout the
year as well as across the model simulations, 2) that the

spatial distributions of planktivores were determined
strictly on the basis of thermal preferenda, and 3) that
climate changes on components of the food web below

planktivores did not affect planktivore populations. Vio-
lations of these assumptions may affect our results. Prey

populations in the Great Lakes have a long history of
large variations in abundance and species composition
from year to year or over longer time frames (Wells
1968; Rand et al. 1995). Unfortunately, there are no good

predictors of abundances or year-class strength for any
of these species. Indeed, there are no direct measures of
seasonal availability of the total prey field in the Great
Lakes, although this has been modeled (Rand et al.
1995). We felt that it was beyond the scope of this paper
to evaluate seasonal changes in prey abundances because
our focus was on 1) an instantaneous measure of growth

rate potential (rather than annual growth), and 2) a com-
parison across three large scale time frames rather than
within year differences. That said, we would note that
our simulation showing the effect of a 15% reduction in

prey abundance resulted in a 9% reduction in chinook
salmon growth rate potential suggests that there may be

some mitigating effect of a decrease in prey populations
on piscivore habitat quality. This effect resulted from
the temperature preferences of planktivores overlapping
with the temperature preferences of piscivores.

We feel quite confident about our second assump-
tion that planktivore distributions closely follow species
temperature preferenda. Thermal preferenda are solid spe-
cies characteristics, and these species have been shown to
follow temperatures in the Great Lakes (e.g., Brandt et al.
1980). This assumption does not take into account any

changes that may occur in the lower trophic levels that
may cause planktivores to change distributions in response
to changes in their prey availabilities, which is why we
make the third assumption, that climatic effects on the
lower food webs had no impact on the planktivores. We
do expect that the seasonal differences in the onset of
thermal stratification will have direct effects on primary

(e.g., Brooks and Zastrow, in press) and secondary pro-
duction and thus on planktivores seasonal and interannual
abundances. These effects are unpredictable at this time.

One of the more subtle effects of changes in the

thermal structure was the impact on prey densities. Cli-
mate warming simulations produced a larger volume of
thermal habitat for adult alewife, bloater, and smelt. If

we distribute the same numbers of prey across this larger
volume of habitat, prey densities encountered by a preda-
tor would be reduced. This is shown conceptually in

Figure 12. Reduced prey densities would reduce the
predator encounter rate with prey, which would reduce
predator consumption rates. The highest chinook salmon
and lake trout growth rate potential was thus lost under
the climate-warming simulations (Figures 8 and 9). This
would occur only if original prey densities were not at

predator saturation levels.
Observed water temperatures in southern Lake

Michigan occasionally reach levels that are predicted
under climate warming simulations (Figure 11), which
are often focused on mean conditions. We do not know

how interannual variations in water temperatures, as
observed for the years 1996 and 1998, affect growth
rates of predators or food web dynamics in the Great
Lakes. Clearly, a better understanding of production

dynamics in the Great Lakes during a typical cold year,
and a typical warm year might provide important clues
to the potential impact of climate on fishes. We suggest
that an integrated study of interannual variations in food
web dynamics and productivity and their relationships to
seasonal variations in water temperature is warranted.
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