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Abstract.  Anthropogenic changes in temperature and stream flow, associated with wa-
tershed land use and climate change, are critical influences on the distribution and abundance
of riverine fishes. To project the effects of changing land use and climate, we modeled a
smallmouth bass (Micropterus dolomieu) population in a midwestern USA, large river—
floodplain ecosystem under historical (1915-1925), present (1977-1990), and future (2060,
influenced by climate change) temperature and flow regimes. The age-structured model
included parameters for temperature and river discharge during critical seasonal periods,
fish population dynamics, and fishing harvest. Model relationships were developed from
empirical field data collected over a 13-yr period. Sensitivity analyses indicated that dis-
charge during the spawning/rearing period had a greater effect on adult density and fishing
yield than did spawning/rearing temperature or winter discharge. Simulations for 100 years
projected a 139% greater mean fish density under a historical flow regime (64.9 fish/ha)
than that estimated for the present (27.1 fish/ha) with a sustainable fishing harvest under
both flow regimes. Simulations under future climate-change-induced temperature and flow
regimes with present land use projected a 69% decrease in mean fish density (8.5 fish/ha)
from present and an unstable population that went extinct during 56% of the simulations.
However, when simulated under a future climate-altered temperature and flow regime with
historical land use, the population increased by 66% (45.0 fish/ha) from present and sus-
tained a harvest. Our findings suggest that land-use changes may be a greater detriment to
riverine fishes than projected climate change and that the combined effects of both factors
may lead to local species extinction. However, the negative effects of increased temperature
and precipitation associated with future global warming could be mitigated by river channel,

floodplain, and watershed restoration.

Key words: climate change; floodplain; flow regime; global warming; Kankakee River, USA; land
use; Micropterus dolomieu; population model; simulation; smallmouth bass; streamflow; watershed

restoration.

INTRODUCTION

Large river-floodplain ecosystems have been exten-
sively altered by humans in North America, but are not
well understood in terms of their ecological processes
and the influence of anthropogenic activities (Welcom-
me 1985, Ward and Stanford 1989, Bayley 1995, John-
son et al. 1995). The flow regime, specifically the flood
pulse, is considered the driving force in controlling
ecosystem dynamics in river-floodplain systems and is
influenced by large-scale processes, such as climate and
land use (Junk et al. 1989, Johnson et al. 1995). Al-
though large-scale processes in riverine systems are
difficult to study empirically, knowledge of their influ-
ence is critical for developing effective management
strategies.
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Lotic systems are influenced by atmospheric and ter-
restrial conditions over their watershed and will, pre-
sumably, be affected by climate change. Recent model
projections suggest a global mean temperature rise of
1.0° to 4.5°C and regional changes in precipitation of
—35% to +50% associated with increases in atmo-
spheric greenhouse gases (Houghton et al. 1996). Ecol-
ogists have expressed interest and concern for the po-
tential effects that global climate change may exert on
the environment and terrestrial and aquatic biota (e.g.,
Firth and Fisher 1992, Gates 1993, Kareiva et al. 1993,
Vitousek 1994, Ringold and Groffman 1997). Regional
variation in climate change further complicates the
study and modeling of the corresponding changes in
landscapes, habitats, and hydrology, and their effects
on ecological processes and biota (Poff 1992, Rind et
al. 1992).

Human activities that modify channel morphology
and the watershed may dramatically alter the riverine
flow regime and flood pulse. Channelization improves
drainage or flood-carrying capacity, resulting in in-
creases in channel slope, water velocity, and sediment
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transport (Gordon et al. 1992). Channelized basins
show rapid runoff and lower water tables and usually
experience accentuated flood peaks of shorter duration
(Grover and Harrington 1966), whereas unaltered sys-
tems benefit from the ecological function and linkages
of a prolonged, buffered flood-pulse (Junk et al. 1989).
Furthermore, vegetation and shading are usually re-
duced in channelized reaches, which contributes to in-
creases in water temperature and reductions in organic
nutrient input (Gordon et al. 1992).

The stream and its catchment are integrated habitats,
and thus, artificial alterations of the watershed result
in changes to the stream channel, floodplain, flow re-
gime, and biota. Any change occurring in the watershed
necessitates a response that may occur elsewhere in the
system (Morisawa 1985). Vegetation removal or
change, road construction, and urbanization all affect
drainage, runoff, infiltration, sedimentation, and hy-
drology of river systems (Grover and Harrington 1966,
Morisawa 1985). Artificial drainage or clearing of land
may produce an effect similar to that of stream chan-
nelization, where flood volumes and total runoff are
increased with shorter flood duration (Grover and Har-
rington 1966, Gordon et al. 1992). These modifications
to the physical environment, in turn, affect population
and community dynamics of aquatic biota (e. g., Schlos-
ser 1991, Lenat and Crawford 1994, Roth et al. 1996,
Wiley et al. 1997).

Water temperature and flow regime are dominant
physical factors influencing fish distribution and as-
semblage structure in lotic ecosystems (Matthews
1987, Wismer and Christie 1987, Fausch et al. 1988,
Bain and Boltz 1989, Grossman et al. 1990). Although
these two factors would be greatly influenced by cli-
mate change, little research has been conducted on pro-
jecting the effects of climate change on freshwater
stream fishes and examining the interaction of climate
with other environmental influences. Poff (1992) sug-
gested several approaches to gain an understanding of
environmental response to climate change. One ap-
proach is to develop models based on historical cor-
relations during periods of natural climatic variation,
which Guyette and Rabeni (1995) applied to growth
rates of stream fishes in the Ozarks (USA). Another
approach is to model projected responses under varying
hypothetical climatic conditions, such as that of Ke-
leher and Rahel (1996), who predicted losses of sal-
monid geographic range in Rocky Mountain (USA)
streams associated with increased temperature.

To examine the response of a riverine fish population
to changes in climate and land use, we adopted a mod-
eling approach incorporating both historical, empirical
correlations, and hypothetical projections under vary-
ing environmental conditions. First, we developed em-
pirical relationships between the environmental con-
ditions during critical, seasonal periods and the density,
survival, and recruitment of smallmouth bass (Microp-
terus dolomieu) in a Midwestern USA, large river—
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floodplain ecosystem using data collected over a 13-yr
period. These relationships were then integrated into
an age-structured, smallmouth bass population model
that included three basic elements: temperature and riv-
er discharge during critical seasonal periods, fish pop-
ulation dynamics, and fishing harvest. Model simula-
tions under historical (1915-1925), present (1977~
1990, influenced by land use change), and future (2060,
influenced by climate change) temperature and dis-
charge regimes were conducted to predict long-term
trends in fish abundance under differing scenarios of
land use and climate. Our goal was to gain an under-
standing of the processes, direction, and trends in fish
population responses to large-scale, environmental
changes, rather than to precisely predict the future.

METHODS
The river basin and study reach

The Kankakee River is a large lowland river that
originates in northern Indiana and flows southwest for
241 km to its confluence with the Des Plaines River
in Illinois where together they form the Illinois River
(Fig. 1). The landscape of the Kankakee River basin
has been altered dramatically during the past 150 yr.
Prior to European settlement, the upper and middle
portions of the watershed consisted of a series of ex-
tensive marsh prairies and forested swamp wetlands
collectively known as the Grand Marsh (Meyer 1936).
The Grand Marsh was once one of the largest marsh—
swamp basins in the interior United States. Extensive
draining and channelization of the Kankakee River ba-
sin for agriculture began in the mid-1800s, and the
majority of channelization was completed by 1920
(Ivens et al. 1981). Following that period, drainage
districts continued drainage activity in the form of lev-
ee construction, dredging outlet channels, and con-
struction and maintenance of lateral ditches and tile
mains (Barker et al. 1967, Ivens et al. 1981). By the
1960s, >40% of the Kankakee River basin land area
had been artificially drained and converted into agri-
culture (Barker et al. 1967). These extensive land-use
changes resulted in an average increase of 0.74
m*s~.yr~' in the mean annual discharge of Kankakee
River during 1916-1979 (Bhowmik et al. 1980). Al-
though most of the upper and middle reaches of the
river and tributaries have been channelized and are
managed as an agricultural drainage project, down-
stream reaches remain relatively unaltered and meander
naturally through complex mixtures of glacial tills, la-
custrine sediments, and exposed bedrock, forming di-
verse aquatic habitats (Kwak 1993).

Fish surveys were conducted in a 2.5-km reach of
the Kankakee River in Will County, Illinois, USA (Fig.
1). At the study reach, 23.5 km upstream of its con-
fluence with the Des Plaines River, the Kankakee River
drains 12 485 km? (Healy 1979) and falls at a slope of
1.05 m/km (Barker et al. 1967). Ten sampling stations,
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Fig. 1. Location of the Kankakee River, Illinois (USA), study reach, and stations sampled during annual fish surveys,

1977-1990.

established in the study reach, were representative of
typical habitats in this system, i.e., riffles, gravel-cob-
ble islands, shallow runs, moderately silted deep runs,
and sand—silt backwaters. The physical habitat features
of the reach remained relatively unaltered during the
13-yr study period (Peterson 1991). The mean daily
discharge of the Kankakee River during the study pe-
riod was 156 m?/s with a range of 8-1560 m*s (USGS
1997).

Fish sampling

Fishes were sampled each year in August during
1977-1990 (excluding 1980). Streamflows are gener-
ally low during this month, and hence, age-0 small-
mouth bass are susceptible to capture by electrofishing.
Fishes were collected during daylight hours with a
boat-mounted, 3-phase, AC electrofisher and standard-
ized sampling procedure (Peterson 1991). Each station
was sampled on four occasions within a 2-wk period,
with a minimum 2-d recovery period between collec-
tions to reduce the influence of previous sampling. All
fish were measured for total length (+*1 mm) and
weighed (+1 g). During 1985-1990, scales were re-
moved from randomly selected individuals for subse-
quent age determination.

Selected physical habitat characteristics known to
affect the efficiency of the boat electrofisher were mea-
sured at each station prior to fish sampling; i.e., water
conductance, temperature, turbidity, current velocity,
and mean depth (Bayley and Austen 1987). These char-
acteristics differed among and within stations and over
time, potentially biasing comparisons of fish density

among cohorts and years (Bayley and Dowling 1993).
To reduce the influence of sampling bias, length-fre-
quency data were adjusted by applying gear-efficiency
models for this specific gear prior to analyses (Austen
1992). Smallmouth bass density (no. fish/ha) for each
year was estimated by summing the bias-adjusted
catches for all stations and dates and dividing by the
number of dates (4) and total area sampled (12.8 ha).

Age determination

Age classes of smallmouth bass collected during
1985-1990 were estimated by scale impression anal-
ysis (Smith 1954). Scale images were pressed onto ac-
etate strips, which were projected on a screen. Annuli
were identified according to criteria specified by Jearld
(1983), and ages were assigned on the basis of the
consensus of 3-5 readers. Age structure for the 1977—
1984 fish collections was assessed using length-fre-
quency analysis (Jearld 1983). Smallmouth bass were
considered age O during their first year of life (corre-
sponding to when fry are <25 mm long), age classes
1 to 3 were considered juveniles, and adults (i.e., re-
productively mature) were age 4 or greater (Smith
1979). Age-specific annual survival was estimated as
the quotient of the density of any cohort and that co-
hort’s density one year earlier.

Environmental data

Historical and recent daily discharge data for the
Kankakee River were obtained from U.S. Geological
Survey records for a gauging station located 5 km
downstream of the study reach in Wilmington, Illinois,
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USA (USGS 1997). Daily water temperature data were
not available for the Kankakee River after 1977. How-
ever, mean daily air temperature at the City of Kan-
kakee, ~30 km from the study reach, was significantly,
positively correlated (#2 = 0.82; P < 0.001) with mean
daily water temperature in the Kankakee River for the
period prior to 1977 (Kwak and Larimore 1987). There-
fore, historical and recent daily air temperature data
from a National Oceanic and Atmospheric Adminis-
tration weather station 30 km from the study reach was
incorporated into models in place of water temperature
(National Oceanic and Atmospheric Administration,
unpublished data for station 114593, Kankakee, Illi-
nois, USA. National Climatic Data Center, Asheville,
North Carolina USA).

Climate change projections for the Great Lakes Re-
gion associated with a doubling of CO, or transient
climate change to the year 2060 were obtained from
Rind et al. (1989). These projections include seasonal
temperature increases of 4.0°-6.0°C and precipitation
increases of 25.0% and 2.3% for summer and winter,
respectively. Among numerous climate change scenar-
ios derived from general circulation models (Houghton
et al. 1990, 1996), we selected those of Rind et al.
(1989) as conservative projections, which were similar
in direction of change, but lower in magnitude, com-
pared to those of other regional models (Giorgi et al.
1994). :

Using the Rind et al. (1989) projections, we esti-
mated climate-altered river discharges using the rela-
tionship:

R, = R](101‘77[Iogm(100Pz/P1)]+OA006AT—1.525)/100

(D

where R, and R, were discharge volumes (i.e., runoff)
corresponding to P, (baseline) and P, (projected) pre-
cipitation rates and AT is the projected temperature

Flow chart of basic structural relationships of the smallmouth bass population model using conventional symbols

lines represent flow of material, and broken lines represent

change in °C (Karl and Riebsame 1989). Winter dis-
charge standard deviation (sD), required for calculation
of the coefficient of variation (Cv = sbD/mean [note that
cv values reported in this paper are not percentages])
of winter discharge could not be estimated directly
from Eq. 1 because of the presumably large, unknown
covariance of P, and R,. Consequently, winter dis-
charge standard deviation was estimated for R, by as-
suming that R, and P, were constants.

Model overview

The smallmouth bass population model was based
on our observations (Kwak and Larimore 1987, Peter-
son 1991) and those of other investigators (Pflieger
1966, Larimore and Duever 1968, Larimore 1975, Sal-
Iee et al. 1991, Bovee et al. 1994) that indicate that
abiotic factors significantly influence lotic smallmouth
bass reproductive success and survival during critical
periods. Smallmouth bass reproductive success and
survival are also known to be influenced by biotic fac-
tors (e.g., density dependence, competition, predation)
and abiotic-biotic interactions (Eipper 1975, Emery
1975, DeAngelis et al. 1991, Harvey 1991). Thus, we
estimated model parameters for factors that were pre-
viously reported to affect lotic smallmouth bass sur-
vival and reproduction with data collected during the
13-yr field study.

The Kankakee River smallmouth bass population
model is an age-structured Leslie matrix formulation
(Leslie 1945) composed of environmental factors (e.g.,
temperature and river discharge), fish population dy-
namics, and fishing harvest components (Fig. 2). The
model operates on an annual time step from August to
August, and is summarized in Table 1. The model be-
gins with a specified density for each of seven age
classes, assuming that age-4 and older individuals are
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and fishing mortality rates. Survival of age-6 fish is

Parameter

Estimate

assumed to be 0. Stochasticity is imposed by randomly

Age-0 density

Age-0 survival
Age-1 survival
Age-2 survival
Age-3 survival
Age-4 survival
Age-5 survival

ADULT X exp[6.9872 — (ADULT X
0.0437) — (Q X 0.0342) + (0.0223 X

T) + E|
0.63 — (0.34 X cv) + E,
constant; mean = .25, sb
constant; mean = 0.66, sp
(I — HAR) X (1 — NM)
(1 — HAR) X (1 — NM)

0.14
0.21

generating annual values for (1) temperature and flow
during spawning/rearing, (2) coefficient of variation of
flow during winter, (3) survival rates of age-1 and age-2
fish, and (4) natural mortality and harvest rates of age-
3 through age-6 year classes. We impose additional
stochasticity by randomly generating error terms for
the stock-recruitment and age-0 survival rate functions
from normal distributions.

(1 = HAR) X (1 — NM)

Age-6 survival 0

mean spawning/rearing (June—July)
discharge (m?%s)

ADULT total density of adult smallmouth bass
ages 4 and older (no. fish/ha)

E, Age-0 density model error; mean = 0,
sp = 0.19

cv winter (December-February) discharge
coefficient of variation

E, Age-0 survival model error; mean = 0,
sp = 0.023

HAR fishing harvest rate of smallmouth bass
ages 3 and older; mean = 0.42,
spD = 0.17

NM adult natural mortality; mean = 0.10,
spD = 0.20

Note: Fishing harvest rates are from Graham et al. (1984).

mature adults. Using average temperature and stream
discharge during the spawning/rearing period (June—
July) and the density of adults from the previous year,
age-0 fish density is predicted from a density-depen-
dent, stock-recruitment relationship. These individuals
are added to the population as age-0 fish. Individuals
in each age class are promoted to the next age class
using annual survival rates. Age-0 survival (from age
0 to age 1) is estimated as a function of the stream
discharge coefficient of variation during winter (De-
cember-February). Age-1 and age-2 survival rates are
assumed constant, whereas survival of age-3 and older
individuals is a function of constant natural mortality

13
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Model parameters

Reproduction—To characterize the relationships be-
tween stream discharge/temperature and smallmouth bass
reproductive success, we used the environmental-depen-
dent Ricker stock-recruitment model (Fournier and Ar-
chibald 1982, Stocker et al. 1985). Prior to fitting the data
with least squares regression (Neter et al. 1990), the Rick-
er model was linearized via natural log transformation as:

log(N,/S,_1) = log(a) — BS,_, + Y19+ v.T; + & (2)

where N, is the density of age-0 fish in year i, S,_, is
the adult density in year i — 1, @, is the mean daily
discharge and 7,, the mean daily air temperature during
the spawning/rearing period in year i, o and B are stock-
recruitment parameters, vy, and vy, are regression co-
efficients, and ¢, is a normally distributed random vari-
able with mean 0 and variance o2. The linear regression
indicated that age-0 smallmouth bass density was sig-
nificantly and negatively related to discharge during
the spawning/rearing period (P < 0.001) and adult den-
sity (P = 0.012) during the previous year, whereas it
was positively related to mean air temperature (P =
0.0327). The overall model was statistically significant
(P < 0.001) and explained 85.1% of the variation in age-
0 fish density. A plot of the observed and predicted values
from the regression also suggested that the Ricker model
fit reasonably well to the Kankakee River data (Fig. 3).

S I |

-1.0 1.0 3.0 5.0
Loge observed ratio of age-0 to adult densities
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TABLE 2. Mean, range, and standard deviation (sp) of variables used for smallmouth bass population model parameter

estimation.

Variable Mean Range SD
Mean spawning/rearing discharge (m?/s)+ 129.6 21-272 61.5
Mean spawning/rearing temperature (°C) 21.5 19-24 1.8
Winter discharge cv 0.69 0.35-1.15 0.28
Age-1 smallmouth bass density (no. fish/ha) 103.3 1-595 162.2
Age-2 smallmouth bass density (no. fish/ha) 88.7 1-224 96.0
Age-3 smallmouth bass density (no. fish/ha) 41.5 3-78 22.3
Age-4 smallmouth bass density (no. fish/ha)} 14.2 2-11 33
Age-5 smallmouth bass density (no. fish/ha)f 6.5 1-6 1.9
Age-6 smallmouth bass density (no. fish/ha)t 3.8 0-7 2.0

Note: Coefficient of variation (cv) is expressed as the standard deviation divided by the mean.
t Study included the two highest and two lowest mean spawning/rearing discharges during the period of record, 1915—

1990.
1 Adult age class.

Age-0 and juvenile survival.—The survival of age-0
smallmouth bass (to age 1) was modeled as a function
of the coefficient of variation of streamflow during the
winter period using least squares regression. The re-
sulting linear model explained 85.1% of the variation
in age-0 survival and indicated that survival was sig-
nificantly and negatively related to the coefficient of
variation of discharge during the winter period (P =
0.011). In contrast, an analysis of the survival rates of
juvenile smallmouth bass (ages 1 to 3) in the Kankakee
River indicated no statistically significant relationships
(P > 0.05) with the factors considered in this study
(Table 2). Therefore, we assumed that the survival of
age-1 and age-2 smallmouth bass was relatively con-
stant and assigned each age class a mean survival and
associated variance from that observed in our field
study (Table 1). The survival of age-3 fish, however,
was modeled as a function of angling harvest.

Age-3 and adult survival.—Sportfishing was a pop-
ular recreational activity on the Kankakee River during
the field study, with smallmouth bass ages 3 and older
comprising over 80% of the total harvest for this spe-
cies (Graham et al. 1984). We modeled the survival of
age-3 and older fish as a function of fishing harvest
rate, as estimated by Graham et al. (1984), and natural
mortality (Table 1). Natural mortality of age-3 and old-

—_
o
(=]

S D o]
(=] o (=]

Rectuit density (no. fish/ha)
N
<

er fish was assumed to be relatively constant and was
assigned mean and associated variance from that ob-
served in our field study (Table 1). Age-6 survival was
assumed to be zero, because no fish exceeding that age
were collected during our field study.

Equilibrium sensitivity analysis

Prior to conducting simulation experiments, we an-
alytically examined some of the smallmouth bass pop-
ulation model characteristics. The model’s population
equilibrium size, under varying flow and temperature
regimes, was estimated by setting the number of re-
cruits (i.e., young surviving to adulthood) per adult
equal to the number of adults per recruit and solving
for the number of adults (Ricker 1954). This is graph-
ically depicted in Fig. 4 as the intersection of the stock-
recruitment curves (i.e., the number of recruits per
adult) with the straight line representing the number of
adults per recruit. The relative influence of each dis-
charge component and temperature (sensitivity) then
was examined by estimating the adult equilibrium den-
sity for various combinations of mean spawning/rear-
ing discharge, mean spawning/rearing air temperature,
and winter discharge coefficient of variation.

FiG. 4. Number of recruits per adult esti-
mated for smallmouth bass in the Kankakee
River under current (thin solid line) and his-
torical (broken line) flow regimes. Adult equi-
librium densities are the points where the num-
ber of adults per recruit (thick solid line) inter-
sects each stock-recruitment curve.

0 v T T T
40

Adult density (no. fish/ha)
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TABLE 3. Historical, present, and projected temperature and flow regimes and simulated smallmouth bass densities for the

Kankakee River, Illinois (USA).

Mean spawning/rearing

Mean adult
smallmouth bass

Mean winter density

Time period Discharge (m3/s)

Temperature (°C)

discharge cv (%) (no. fish/ha)

Historical

1915-1925 72.2
Present

1977-1990 129.6
Future projections

Under historical land use 116.8

Under present land use 209.7

21.6F 0.58 64.9
21.5 0.69 27.1
25.5 0.39 45.0
255 0.45 8.5%

Notes: Future projections were derived using relative precipitation estimates from Rind et al. (1989) associated withoa
doubling of CO, or transient climate change to the year 2060, which corresponded to seasonal temperature increases of 4.0°
6.0°C in the Great Lakes Region (USA), and a precipitation—temperature~discharge relation for North American streams
(Karl and Riebsame 1989). Coefficient of variation (cv) is expressed as the standard deviation divided by the mean.

T Temperature records began in 1917.

i Population went extinct in 56% of simulations (mean, 61 yr; range, 18-100 yr).

Simulation experiments

Two sets of simulations were executed to examine
the influence of streamflow and temperature conditions,
influenced by land use and climate change, on long-
term smalimouth bass population trends and fishing
yield-harvest rate relationships. In the first set of sim-
ulations, we examined the long-term adult population
density under four discharge and temperature regimes.
The second set of simulations imposed increasing har-
vest rates under each of the four discharge and tem-
perature regimes from the first set of simulations. Our
model parameters and algorithms were developed using
empirical relationships, but such simulations should
not be viewed as empirical estimates of future popu-
lation size. Population models are, at best, crude rep-
resentations of natural processes and cannot account
for all factors and complex interactions that may affect
a population. However, an examination of population
trends, over multiple iterations, will provide an indi-
cation of the relative influence of temperature and flow
regime on smallmouth bass population size in this sys-
tem.

Each simulation included 1000 replicates of 100-yr
duration with adult density output during each annual
time-step. For each replicate simulation, the initial den-
sity of each age class was randomly set from a range
of 0-300 fish/ha, and non-manipulated components
(e.g., age-1 and age-2 survival rates) were set at 1977—
1990 averages (Tables 1 and 2). Year-to-year variability
was imposed on spawning/rearing discharge and tem-
perature, winter discharge coefficient of variation, fish-
ing harvest rate, and survival rates of age-1 and older
fish during all simulations. These components varied
normally among years with a standard deviation pro-
portional to the mean. That proportion was determined
from the means and standard deviations of field study
values (Tables 1 and 2). For example, the among-year
variation (sp) of mean discharge during spawning/rear-

ing was 61.5 m%s, which is 0.47 (47%) of the grand
mean, 129.6 m¥s (Table 2). Thus, the mean discharge
for each annual time-step was randomly selected from
a normal distribution with a standard deviation 0.47
times the mean. When unlikely component values were
randomly selected (e.g., negative discharge or survival
rate), new values were chosen from the same distri-
bution. This process resulted in nearly the full range
of values observed during the field study being in-
cluded in simulations.

The potential effect of land use and climate change
on long-term smallmouth bass population trends was
examined by executing simulations using the mean
spawning/rearing discharge and air temperature and the
winter discharge coefficient of variation values from:
(1) the earliest dates with available data (1915-1925;
Table 3), which we define as “‘historical” values, im-
posing no effect; (2) our field study (1977-1990),
which we define as “present”” values, imposing an al-
tered land-use effect; (3) climate change projections
under historical land use, which we define as ““pro-
jected under historical,” imposing a climate-change ef-
fect; and (4) climate change projections under present
land use, which we define as “‘projected under pres-
ent,” imposing climate-change and altered land-use ef-
fects.

In the fishing yield-harvest rate simulations, we ini-
tially set the harvest rate at 10% and ran a 1000-rep-
licate simulation, which output the mean annual yield.
This process was repeated with the harvest rate in-
creasing in 10% increments until the harvest rate
reached 100%. The maximum annual yield was esti-
mated by examining the mean annual yield-harvestrate
relationship derived from distance-weighted least
squares fit (Wilkinson et al. 1992).

RESULTS

Analytical evaluation of the population model in-
dicated that mean spawning/rearing discharge had a
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FIG. 5. Response surface of predicted small-
mouth bass population equilibria for various
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much greater effect on adult smallmouth bass density
than either mean spawning/rearing air temperature or
winter discharge coefficient of variation (Fig. 5). For
example, under a mean spawning/rearing discharge of
100 m3/s, mean spawning/rearing temperature of 20°C,
and winter discharge cv of 0.55, the model predicted
an equilibrium density of 47.8 fish/ha (Fig. 5). A 25%
increase or reduction in the mean spawning/rearing dis-
charge corresponded to a 42.2% decrease (27.6 fish/
ha) or 40.8% increase (67.3 fish/ha) in mean density,
respectively. In contrast, a 25% increase or reduction
of spawning/rearing temperature corresponded to less
extreme changes in mean adult density of 6.0% increase
(50.7 fish/ha) and 5.9% decrease (45.0 fish/ha), re-
spectively (Fig. 5a). Similarly, a 25% increase or re-
duction of winter discharge coefficient of variation sim-
ulated a 9.2% decrease (43.4 fish/ha) and 7.1% increase
(51.2 fish/ha), respectively (Fig. 5b).

Simulations incorporating the historical temperature
and flow regimes predicted substantially greater adult
smallmouth bass density, annual fishing yield, and
maximum sustainable harvest rate, compared to similar
estimates under the corresponding present regimes (Ta-
ble 3, Fig. 6), suggesting that altered land use resulted
in reduced fish populations. Under historical temper-
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ature and flow regimes, estimated densities averaged
64.9 fish/ha, 140% greater than the estimated mean
density (27.1 fish/ha) under present conditions (Fig.
6a). Similarly, estimated annual fishing yield for all
harvest rates was 80% lower, and estimated maximum
sustainable harvest rate (i.e., the rate at which annual
yield is maximized; Fig. 6b) was 38% lower under
present temperature and flow regimes than those sim-
ulated under historical conditions (Fig. 6b).

Based on estimates of relative temperature and pre-
cipitation change for the Great Lakes Region (Rind et
al. 1989), our projections from the historical and pres-
ent Kankakee River flow regimes suggested a relative
increase for mean spawning/rearing discharge and a
decrease for winter discharge coefficient of variation
(Table 3). Simulations under future climate-change in-
duced temperature and flow regimes with present land
use projected a 69% decrease in mean smallmouth bass
density (8.5 fish/ha) from that of the present, and in
56.0% of these simulations, the population was very
unstable and went extinct (Table 3, Fig. 6a). However,
when simulated under future climate-altered tempera-
ture and flow regimes with historical land use, the pop-
ulation increased by 66% (45.0 fish/ha) from that of
the present. Furthermore, the simulated effects of land-
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F1G. 6. Predicted (a) adult (age-4 and older) population density and (b) relationships between annual fishing yield and
harvest rates for smallmouth bass using historical and present flow regimes and projections based on climate-induced pre-
cipitation and temperature changes (Rind et al. 1989). Lines each represent a mean population trend of 1000 replicate
simulations. Annual fishing yield is the mean of 100-yr simulations with harvest rate expressed as the proportion of age-3

and older fish removed per year.

use changes over 75 years (58% decrease in fish den-
sity) were more detrimental to the smallmouth bass
population than those of an equivalent period of climate
change (31% decrease in fish density). Similar patterns
were observed for fishing yield-harvest rate relation-

ships with 79% and 61% lower mean annual fishing
yield, across harvest rates, for temperature and dis-
charge projections from present and historical condi-
tions, respectively (Fig. 6b). Estimated maximum sus-
tainable harvest rates could not be determined for sim-



1400 JAMES T. PETERSON AND THOMAS J. KWAK

ulations of projections from present conditions, be-
cause the population went extinct during simulations
of climate change projections at all harvest rates.

DiscussioN
Ecological implications

Flow regime strongly influenced the production and
overwinter survival of age-0 smallmouth bass in the
Kankakee River during 1977-1990, which was consis-
tent with other research and observations (Cleary 1956,
Pflieger 1966, Larimore and Duever 1968, Larimore
1975, Sallee at al. 1991, Bovee et al. 1994). Stream
discharge fluctuations have been found to negatively
impact age-0 smallmouth bass through direct mortality
associated with longitudinal displacement of eggs and
fry (Pflieger 1966, Larimore 1975, Winemiller and Tay-
lor 1982, Simonson and Swenson 1990, Lukas and Orth
1995) and indirectly, by increasing turbidity which can
inhibit feeding, reduce prey availability, and disturb
fry orientation (Larimore 1975). Furthermore, young
fish may be more vulnerable to the detrimental effects
of flow fluctuations during winter and periods of de-
creased temperature (Larimore and Duever 1968, Horn-
ing and Pearson 1973, Coble 1975).

Our simulations suggested that mean discharge of
the Kankakee River during the spawning/rearing period
was a much greater influence on the subsequent density
of adult smallmouth bass than temperature during
spawning/rearing or discharge fluctuations during win-
ter. For example, a 25% increase or reduction in mean
spawning/rearing discharge had at least a 596% greater
impact on adult density than did a similar change in
spawning rearing temperature and at least a 419%
greater effect than that of winter discharge coefficient
of variation (Fig. 5). We believe that our results were
not an artifact of model structure or an atypical re-
sponse found in the Kankakee River population. In an
extensive review of smallmouth bass research, Coble
(1975) reported that cohort density could fluctuate as
much as 500% among years, with fluctuations likely
related to weather conditions during the first summer
of life. The dominant effect of river discharge during
spawning/rearing on reproductive success and density
that we modeled is also similar to that simulated for
water level on reservoir smallmouth bass populations
(Clark et al. 1998). However, bioenergetic modeling
suggests that temperature is a more important influence
on smallmouth bass reproductive success and survival
in lakes and especially at the margins of the species’
distribution (Shuter et al. 1980, 1989).

Previous studies of the potential effects of climate
change on freshwater fish distribution and survival
have focused on the influence of temperature change.
Indeed, the direct effects of elevated temperature may
be critical to the survival and distribution of coldwater
fishes (Meisner 1990, Eaton and Scheller 1996, Keleher
and Rahel 1996, Rahel et al. 1996) and for smallmouth
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bass near the margins of their distribution (Shuter et
al. 1980, 1989, Shuter and Post 1990). Our results,
however, suggest that changes in flow regime associ-
ated with altered precipitation patterns are much more
influential than temperature effects to a riverine small-
mouth bass population in the center of the species’
range. We urge that seasonal changes in precipitation
be considered, in addition to those of temperature, in
future studies to project the effect of climate change
on lotic fish populations.

There are several assumptions and limitations in-
herent in our modeling approach. For example, al-
though we incorporated intraspecific density depen-
dence via stock-recruitment functions, our model did
not explicitly include interspecific density dependence
or resource competition. We assumed that the ecolog-
ical relationships (e.g., environmental influences, den-
sity dependence, predator-prey dynamics) observed
during a recent, 13-yr period apply to past and future
periods of altered land use and climate conditions.
However, this assumption may be reasonable, because
the extremes in environmental conditions for the period
of record (1915-1990; spawning/rearing discharges;
Table 2) occurred during our field study, and the en-
vironmental conditions simulated were well within the
range of values under which the model was parame-
terized. Further, the age-based structure of our model
implies that all individuals in an age class are identical.
Although this level of stratification or reduction (i.e.,
cohort) is intermediate, relative to modeling individ-
uals or population averages (Lomnicki 1992), we con-
tend that there is little loss of information at the cohort
level, and that the approach is reasonable for examining
the response of a fish population to large-scale, long-
term, environmental changes.

Instream and watershed management implications

A major question to consider in management to sus-
tain or enhance lotic fish populations is: What is the
primary limiting factor to the population or assemblage
of interest? Our field research and simulations highlight
the importance of flow regime to smallmouth bass pop-
ulations, especially detrimentally high flows during
spawning and early life stages. Thus, high flows and
discharge variability should be considered in addition
to minimum streamflow regulations, which are imple-
mented to protect stream habitats during low-flow pe-
riods (Bovee and Milhous 1978, Stalnaker 1981, Mor-
hardt 1986), for protecting smallmouth bass popula-
tions. Conversely, many other Kankakee River fish spe-
cies, including the rare and protected pallid shiner
(Notropis amnis), appear to benefit from high spring
and summer flows that allow access and utilization of
lateral floodplain habitats (Kwak 1988, 1991). In fact,
many riverine fishes are adapted to, and may be de-
pendent upon, access to the floodplain for their survival
(Ross and Baker 1983, Kwak 1988), and fish produc-
tion is strongly related to the amount of accessible
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floodplain (Junk et al. 1989). Furthermore, most fishes
that occur primarily in the river channel, such as small-
mouth bass, depend on primary and forage production
from the laterally-linked floodplain when it is present
and regularly inundated (Junk et al. 1989). These varied
and seemingly conflicting habitat requirements among
fishes create a challenge to be considered by resource
managers attempting to manage at the ecosystem level
with maintaining or enhancing fish production, biodi-
versity, and ecological integrity as goals.

A stream’s flow regime is, in part, influenced by its
watershed landscape characteristics, such as valley
slope, geomorphic history, and land-use patterns (Le-
opold et al. 1964, Morisawa 1985). Of these, land use
is the characteristic most frequently and extensively
altered by humans (Schlosser 1991, and references cit-
ed therein). Near the turn of the century, Forbes and
Richardson (1920) noted for the Kankakee River that
“water flows off much sooner after it falls, and con-
sequently the river is higher during the autumn and
spring floods and lower at other seasons than former-
ly”. That early observed trend has continued and be-
come more extreme over time, as the mean annual flow
in the Kankakee River has increased 0.74 m?/s annually
from 1916-1979 and 1.08 m%s annually from 1931—
1979 without a corresponding trend in precipitation
(Bhowmik et al. 1980). This rate of increase was sim-
ilarly reflected in the 1.10-m%/s annual increase that we
found for mean spawning/rearing discharge from
1925-1977 (Table 3). These observations and empirical
data for the Kankakee River support the general con-
clusion of hydrologists that land drainage and urban-
ization may increase flood discharges with sharper
peaks and shorter duration and increase total runoff by
decreasing evaporative losses associated with reduced
wetted surface areas (Grover and Harrington 1966).

Our simulations suggest that land-use changes also
had a presumably unintended negative effect on the
Kankakee River smallmouth bass population. Assum-
ing that the present physical habitat features of the
relatively unaltered, downstream reaches of the Kan-
kakee River are similar to those during 1915-1925, our
post hoc estimates suggest that adult smallmouth bass
densities during the past may have been as high as 64.9
fish/ha, ~139% greater than the average 1977-1990
density. Although our estimates of historical fish den-
sity may appear relatively high, they range well below
published density estimates of other productive stream-
dwelling smallmouth bass populations (e.g., 84-146
fish/ha, Roell and Orth [19931; 41-278 fish/ha, Rabeni
[1992]; 650-681 fish/ha, Waters et al. [1993]). Fur-
thermore, the decrease in Kankakee River smallmouth
bass abundance over time that we estimated is in accord
with a restriction in distribution and general decline of
the species in Illinois, described by Smith (1979),
which he attributed to siltation, deteriorated water qual-
ity, and fluctuating flows.

Flow regime is also influenced by climatic factors,
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such as air temperature and the frequency, amounts,
and types of precipitation (Leopold et al. 1964). Re-
gional projections of future climate patterns predict
season-specific increases in temperature and precipi-
tation for the Great Lakes Region (Rind et al. 1989,
Giorgi et al. 1994). Of these two factors, several studies
have shown that stream discharge is most sensitive to
changes in precipitation (Wigley and Jones 1985, Karl
and Riebsame 1989). We estimated that the projected
increased precipitation rate associated with climate
change (Rind et al. 1989) would increase the mean
discharge during the spawning/rearing period an av-
erage of 1.14 m3/s annually from 1990-2060, which is
not unreasonable considering the observed annual in-
crease of 1.08 m?/s from 1931-1979 (Bhowmik et al.
1980). Simulations of the projected 2060 flow regime
with present land use suggest that the smallmouth bass
population would substantially decrease from its pres-
ent density, possibly to extinction, in downstream
reaches of the Kankakee River (Fig. 6a). However, it
remains possible that the species may persist in the
basin with an altered distribution into upstream or trib-
utary reaches of the river, where increases in flow may
be less intense or prolonged during critical periods.
Furthermore, the population could respond genetically
through selection to persist among long-term changes
in the environment.

Given the great effect that land-use patterns can have
on flow regime, we believe that the impact of future
climate change could be mitigated via watershed res-
toration in an attempt to stem or reverse the long-term
observed trend of increasing river flows. The increasing
trend in Kankakee River mean discharge from 1931 to
1979 was attributed to land-use activities that modified
characteristics such as storage capacity, infiltration, and
runoff (Bhowmik et al. 1980). Consequently, model
simulations of climate-altered temperature and flow re-
gimes estimated under historical land use showed long-
term persistence of a smallmouth bass population with
an increased density over that of the present providing
sustainable yield, whereas climate-altered projections
based on present land use predicted local extinction of
the species. Our finding that land-use change was of
greater detriment to smallmouth bass than climate
change supports the contention of Vitousek (1994) that
human changes in land use and cover represent the most
important component of global change now and in the
future. Thus, we suggest that if the watershed landscape
was returned to historical conditions, the negative ef-
fects of increased temperature and flow associated with
global warming would be mitigated or not realized by
the smallmouth bass population.

Although it may seem an impractical immediate ob-
jective to return a 13 377-km? river basin to its histor-
ical landscape, we believe that incremental measures
would yield positive ecological benefits and may serve
as a long-term directional goal to mitigate effects of
projected climate change. Restoration activities on this
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large river and floodplain have considerable potential
and would primarily occur on flood-prone land that is
uneconomical for farming or other human uses, and
riparian wetland restoration can be completed with
minimal construction (National Research Council
1992, Mitsch and Gosselink 1993, Gore and Shields
1995). In channelized areas of the Kankakee River,
oxbows and remnants of the historical river channel
remain on the floodplain and may be restored to a more
natural flow pattern (Kwak 1993). Watershed and wet-
land restoration in the Kankakee River basin would
provide mutual benefits to channel-dwelling fishes and
floodplain productivity, as well as restoring ecological
functions that may mitigate other problems associated
with water quality, wetland and terrestrial wildlife, and
property damage due to flooding. While our empirical-
based simulations have suggested past and future trends
in smallmouth bass population response to flow and
temperature, we look forward to gaining future insight
and model verification and refinement that may be
achieved through empirical evaluation of trends over
time and adaptive ecosystem management.
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