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Abstract 
We used three approaches to examine potential habitat loss in relation to climate warming for cold water 

species of fish in the North Platte River drainage in Wyoming. The projected loss of habitat varied among 
approaches, but all methods indicated a noticeable loss of habitat for even minor increases in temperature. 
An approach based on the use of summer air temperatures to define the thermal limits of cold water species 
estimated a loss of 9-76% of the present geographic range for temperature increases of l-5°C. A second 
approach, also based on air temperature limits, projected a loss of 7-64% of the stream distance currently 
having thermally suitable habitat for cold water fish for temperature increases of I-5°C. A third approach, 
based on the use of summer water temperatures to define the thermal limits of cold water species, projected 
a loss of 16-69% of the stream distance currently having thermally suitable habitat for temperature increases 
of l-5°C. In addition to habitat loss, population fragmentation would occur as remaining enclaves of cold 
water fish are forced to retreat to increasingly isolated headwater stream reaches. 

Temperature plays a critical role in determining the 
distribution of fish species in temperate regions. The im- 
portance of temperature is evident at spatial scales that 
range from regional to local (Shuter and Post 1990; Niel- 
sen et al. 1994; Snucins and Gunn 1995). Fish species 
often are grouped into thermal guilds (Magnuson et al. 
1979) that differ in the optimal temperature range for 
physiological function and ecological success. Cold water 
species typically have physiological optima 120°C and 
generally are not found where summer water tempera- 
tures >20-24°C (Eaton et al. 1995). Trout and salmon 
(family salmonidae) are the dominant cold water species 
in northern or high elevation aquatic systems throughout 
North America and are of prime importance for both 
recreational and commercial fisheries. 

Projections of climate change due to increased inputs 
of greenhouse gases into the atmosphere indicate that 
temperate latitudes in North America may experience 
increases in mean annual air temperatures of from 2 to 
5°C (Houghton et al. 1990). Such increases in air tem- 
perature will likely result in increased surface water and 
groundwater temperatures and thus have profound effects 
on aquatic ecosystems (Regier and Meisner 1990; Schin- 
dler et al. 1990). Potential effects include alteration of fish 
production (Plante and Downing 1993) as well as changes 
in the distributional ranges of fish (Matthews and Zim- 
merman 1990; Meisner 1990a). In elevationally diverse 
regions such as the Rocky Mountains, warming stream 
temperatures would restrict cold water species to increas- 
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ingly higher elevations and thus reduce both the geo- 
graphic range and stream distance they occupy. In an 
earlier analysis, we used relations between maximum 
summer air temperature and fish distributions to estimate 
the loss of thermally suitable habitat for salmonids in the 
Rocky Mountain region (Keleher and Rahel 1996). Here, 
we estimate habitat loss on a finer spatial scale (the North 
Platte River drainage in Wyoming) and compare ap- 
proaches using thermal limits based on air temperature 
vs. stream water temperature. Also, we estimate the ex- 
tent to which surviving populations will become frag- 
mented into increasingly isolated enclaves. 

We developed three approaches for estimating the ex- 
tent of habitat loss associated with climate warming. Our 
first approach was to use the present relationship between 
salmonid’ distributions in streams and summer air tem- 
perature in Wyoming to estimate the loss of geographic 
range that would occur based on increases in summer air 
temperature. Historically, air temperatures have been as- 
sociated with the geographic limits of fish species. For 
example, the native range of brook trout (Salvelinus fon- 
tinalis) is delimited to the north by a mean daily tem- 
perature of - 15°C in January and to the south by areas 
where mean July air temperatures do not exceed 21°C 
(MacCrimmon and Campbell 1969). Our second ap- 
proach was to use the same relationship between fish 
distribution limits and summer air temperature but to 
express habitat loss in terms of stream distance. Our third 
approach differed in that we used maximum summer 
water temperature rather than air temperature to define 
the present limit of salmonid distributions and to estimate 
the total stream distance that would be lost with increases 
in maximum summer water temperature. 

We used all three approaches to estimate the extent of 
habitat loss in the North Platte River drainage in south- 
eastern Wyoming (Fig. 1). This drainage was chosen be- 
cause its fish fauna is well described and because of the 
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availability of long-term water temperature records from 
streams across a wide elevational gradient (Rahel and 
Hubert 199 1). Because of data availability, our analysis 
was confined to the portion of the drainage within the 
state of Wyoming. Thus, a small portion of the head- 
waters in northern Colorado was not considered. Habitat 
loss was estimated for warming scenarios of l-5”C, which 
encompasses the range of temperature increase predicted 
to occur within the next century (Houghton et al. 1990). 

In addition to habitat loss, fragmentation of cold water 
fish populations is likely to occur as remaining enclaves 
become increasingly isolated in headwater tributaries. We 
define an enclave as a group of interconnected streams 
having appropriate thermal habitat and isolated from oth- 
er enclaves by downstream regions with thermally un- 
suitable water temperatures. The fragmentation of cold 
water fish populations is analogous to the restriction of 
terrestrial animals to mountain tops as low-lying areas 
become thermally unsuitable (Peters and Darling 1985). 
Fragmentation typically leads to small, isolated popula- 
tions that have an increased risk of extinction because of 
stochastic population fluctuations and inbreeding de- 
pression (Mills and Smouse 1994). We examined the ex- 
tent to which population fragmentation would happen in 
the North Platte River system as lower elevation stream 
reaches become thermally unsuitable for salmonids dur- 
ing summer. 

Methods 

Geographic area lost based on air temperature-The 
first approach involved estimating the geographic area 
currently occupied by the cold water fish guild in relation 
to summer air temperatures. We conducted our analysis 
at the guild level because there was overlap in the thermal 
limits of individual species in our data. In the North Platte 
River drainage, the cold water guild was composed of 
brook trout, brown trout Salmo trutta, and rainbow trout 
Oncorhynchus mykiss. We used a mean July air temper- 
ature of 22°C to define the lower elevational limit of cold 
water species in the drainage. This value was based on a 
previous analysis that demonstrated that cold water fish 
were limited to areas where the mean July air temperature 
did not exceed 22°C (see Keleher and Rahel 1996). 

We began by constructing a thermal map of the drain- 
age based on contours of mean July air temperature. We 
began with a digital elevation matrix based on U.S. Geo- 
logical Survey (USGS) data from 1: 100,000 scale maps. 
This elevation matrix was converted to a grid in ARC/ 
INFO where each grid cell had an elevation value rounded 
to the nearest 6.1 m. Grid resolution was 1,000 m. An 
additional grid with latitude values was constructed at 
the same resolution. A regression equation was used to 
create a grid of mean July air temperature from elevation 
and latitude information. The regression equation, which 
had been developed for a previous study (Keleher and 
Rahel 1996), was 

Mean July air temp. = 66.86 - 0.0072 
(elevation in m) - 0.8096 (lat in decimal degrees). 

Colorado 
Fig. 1. Map of the North Platte River drainage in Wyoming. 

The river rises in northern Colorado (not shown), flows through 
southeastern Wyoming, and exits at the Nebraska stateline. 
Locations where records of stream temperature are available 
from the USGS-A. 

This equation was constructed from long-term meteo- 
rological data at 65 stations across Wyoming and had an 
R2 value of 0.72 with P < 0.0001. 

The area (km2) contained within the 22°C contour of 
the thermal map was considered to represent the present 
geographic range of,the cold water fish guild in the drain- 
age. Future distributions of the cold water guild were 
predicted for temperature increases of I-5°C by shifting 
current distributions the required amount of contours. 
We assumed that the rate of air temperature increase 
would be constant across elevation (McDonald and Brown 
1992); thus if temperatures were to increase by 3”C, the 
22°C contour would shift to where the 19°C contour is 
currently. The area lost as a result of warming by 3°C 
would equal the difference between the current 22°C and 
the current 19°C contours. We used a geographic infor- 
mation system (GIS) running ARC/INFO software to 
produce all maps and to calculate the geographic area 
within thermal contours. 

Stream distance lost based on air temperature-The 
second approach was to estimate the stream distance (km) 
in the North Platte drainage that would be lost under 
various warming scenarios. As in the first approach, we 
used 22°C mean July air temperature to define the present 
lower elevational limit of the cold water fish guild in the 
drainage. We created a coverage using GIS that combined 
hydrologic features and contours of mean July air tem- 
perature. The hydrologic map was a commercially avail- 
able digitized coverage of hydrologic features for Wyo- 
ming produced from 1: 100,000 maps by the USGS. The 
total stream distance that is presently thermally suitable 
for cold water fish was determined by summing all the 
stream lengths contained within the 22°C contour of mean 
July air temperature. To determine thermally suitable 
stream distances after climate warming, we used the same 
logic as described for the first approach. Habitat lost in 
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terms of stream distance was determined by subtracting 
the future stream distance after warming from the present 
stream distance. For example, the stream distance ther- 
mally suitable for cold water species if temperatures in- 
creased by 3°C would equal the difference between stream 
distances contained within the present 22°C contour and 
the present 19°C contour of mean July air temperature. 

Stream distance lost based on water temperature-The 
third approach was to examine habitat loss for the cold 
water fish guild in relation to increases in water temper- 
ature. This required identifying present distribution lim- 
its in relation to maximum summer water temperature. 
We began by developing a stream temperature model to 
predict maximum annual stream temperature as a func- 
tion of elevation for the North Platte drainage. The model 
was developed from stream temperature data (available 
through STORET) provided by the Wyoming Water Re- 
sources Center at the University of Wyoming. Fifty-five 
sites (Fig. 1) were selected based on the criteria that tem- 
perature data had been collected by grab samples for at 
least 3 yr, the data covered the full annual cycle, and that 
locations were not influenced by major reservoir releases. 
These criteria were based on the fact that 95% of the 
variation of annual stream temperature cycles can be 
picked up in the first year (Song et al. 1973) and that grab 
samples can be a useful alternative to continuous record 
data for predicting annual thermal cycles (Lowham et al. 
1975). 

Annual temperature cycles in temperate regions follow 
a sinusoidal relationship that can be predicted with the 
harmonic function 

T = M + A {sin[(O.O172 X t) + CJ}. 

T is the stream temperature (“C) on day t of the water 
year and the harmonic function is described by its mean 
(M), amplitude (A), and phase angle (C) (Lowham et al. 
1975; Lowham 1978). At each of the 55 sites, we fit a 
harmonic function to annual water temperature data and 
used it to predict the maximum annual stream temper- 
ature at that site by summing M and A. A harmonic 
function provided a statistically significant fit to annual 
temperature cycles for the sites with an average R2 value 
of 0.73. Next, we used regression analysis to relate max- 
imum stream-water temperature to elevation for the sites. 
The regression model was used to produce a map of max- 
imum summer water temperature for all streams in the 
drainage. By combining the water temperature map with 
the hydrologic map, we could calculate the total stream 
distance contained within each 1°C contour of maximum 
summer water temperature. 

We mapped the present distribution of cold water fish 
in the drainage based on extensive survey records of the 
Wyoming Game and Fish Department. At 48 1 sites where 
fish abundances were assessed by depletion-removal elec- 
trofishing, we estimated the maximum summer water 
temperature using the regression equation described 
above. We then examined a histogram of salmonid bio- 
mass vs. maximum summer water temperature to deter- 
mine the upper thermal limit for the cold water fish guild 

in the drainage. The stream distance presently within this 
thermal limit was determined from the stream temper- 
ature hydrocoverage map. 

To estimate habitat loss due to climate warming, we 
assumed that increased air temperature would result in 
increased water temperature and that cold water fish would 
migrate to higher elevations to remain within their upper 
thermal limit. Thus, if the current thermal limit was 2 1°C 
maximum summer water temperature, the limit after 3°C 
warming would correspond to the present 18°C contour 
of maximum summer water temperature. The amount of 
habitat lost would correspond to the difference in stream 
length contained within the present 2 1 and 18°C contours. 
Future distributions of salmonids were predicted for tem- 
pcrature increases of l-5°C by shifting current distribu- 
tions the required number of thermal contours. We used 
GIS to produce all distribution maps and to calculate 
stream distances within contours of maximum summer 
water temperature. 

Population fragmentation -Because cold water fish 
would be restricted to higher and higher elevations, pop- 
ulations in headwater tributaries would become increas- 
ingly fragmented into progressively smaller enclaves. We 
examined the extent of fragmentation that would accom- 
pany climate warming in the North Platte drainage. We 
limited our analysis to the portion of the drainage up- 
stream of Seminoe Dam because it and other dams down- 
stream currently block fish movements in the lower por- 
tion of the river. Upstream of Seminoe Reservoir, there 
are no major barriers to fish migration and thus popu- 
lation exchanges among streams is possible. 

We used GIS to construct maps of the present distri- 
bution of cold water species and the future distribution 
after 3 and 5°C increases in maximum summer water 
temperature. As the thermal limit for cold water fish, we 
used 2 1°C maximum summer water temperature based 
on the results for the analysis of stream distance lost based 
on water temperature. At present, the entire drainage 
above Seminoe Reservoir contains thermally suitable 
habitat for cold water fish and we considered the entire 
drainage to be one large enclave. After climate warming, 
lower portions of the drainage would become thermally 
unsuitable, and the cold water fish guild would become 
fragmented into a series of smaller enclaves restricted to 
headwater tributaries. We determined the size of indi- 
vidual enclaves by delimiting each enclave using GIS and 
summing stream distances within the enclave. 

Results 

Geographic area lost based on air temperature-The 
22” C mean July air temperature isopleth was used as the 
limit for cold water species in the North Platte River 
drainage. The total area currently contained within the 
22°C isopleth of mean July air temperature is 60,435 km2, 
which represents 90.4% of the geographic area of the 
drainage (Fig. 2A). For increases of l-5”C, this area is 
reduced by g-76% (Table 1; Fig. 2B-D). 
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A. Air temperature - present 

B. Air temperature - 1 “C warming 

C. Air temperature - 3°C warming 

D. Air temperature -. 5°C warming 

E. Water temperature - present 

F. Water temperature - 1 “C warming 

G. Water temperature - 3°C warming 

14. Water temperature - 5°C warming 

Fig. 2. Loss of habitat for cold water fish in the North Platte River drainage. Areas that 
are thermally unsuitable at present are shown in white, areas that would be lost with a given 
temperature increase are shown stippled. Areas that would remain thermally suitable after a 
given temperature increase are black. A-D. Habitat loss based on use of summer air tem- 
pcrature to define thermal limits. E-H. Habitat loss based on use of summer water temperatures 
to define thermal limits. 

Stream distance lost based on air temperature-The Stream distance lost based on water temperature-The 
22°C mean July air temperature isopleth was used as the relationship between elevation and maximum annual wa- 
limit for cold water fish in the drainage. The total stream ter temperature for the drainage was best described by 
distance currently contained within the 22°C isopleth of the equation: 
mean July air temperature is 11,822 km, which represents 
89.3% of the total stream distance within the drainage JulyC = 11.05535 + 0.01526 (elevation in m) 
(Fig. 2A). For increases of l-5”C, this distance is reduced - 0.0000058 (elevation)2, 
by 7-64% (Table 1; Fig. 2B-D). R2 = 0.79 P < 0.0001. 
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Table 1. Loss of habitat for the cold water fish guild in the 
North Platte River drainage as estimated by three approaches. 
Habitat loss is the percent loss of habitat from current conditions 
for warming scenarios of l-5°C. 

Temp. 
Geogr. area 
lost based Stream distance lost based on 

increase on air temp. Air temp. Water temp. 
(“C) (%I cow (“(3 

1 9 7 16 
2 18 15 26 
3 26 24 39 
4 48 42 54 
5 76 64 69 

JulyC is the predicted maximum July water temperature 
in “C. This equation was incorporated in the GIS to create 
a coverage of predicted maximum July stream temper- 
atures for the drainage from a digital elevation model. 

We used this equation to calculate the maximum July 
water temperature at every site in the drainage where a 
fish survey had been done. A histogram of salmonid bio- 
mass vs. maximum summer water temperature for all the 
sites in the drainage indicated that 21°C was the upper 
thermal limit for the cold water fish guild (Fig. 3). There 
were 26 sample sites in the database with predicted max- 
imum summer water temperatures between 2 1 and 22°C. 
Twenty one of these sites lacked trout and the other five 
sites had only a few brown trout, comprising, on average, 
3.4% of the individuals collected. Thus, 21°C maximum 
summer water temperature was selected as the upper ther- 
mal limit for the cold water fish guild in the drainage. 
Currently, the stream distance with predicted maximum 
July water temperatures 52 1°C is 11,878 km, which rep- 
resents 89.7% of the stream distance in the drainage (Fig. 
2E). For increases of l-5”C, this distance is reduced by 
16-69% (Table 1; Fig. 2F-H). 

To determine how sensitive our analysis was to the 
choice of the upper thermal limit for the cold water fish 
guild, we looked tit the percent of current stream distance 
that would be lost if the thermal limit was 20,2 1, or 22°C. 
We could not determine habitat losses for thermal limits 
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Fig. 3. Histogram showing biomass of the cold water fish 

guild as a function of maximum July water temperature for 48 1 
sites in the North Platte River drainage. 

Table 2. Sensitivity of habitat loss estimates to the choice 
of thermal limit for the cold water fish guild. The thermal limits 
are based on maximum July water temperature. Habitat loss is 
expressed as the percent of stream distance that would be lost 
as thermally suitable habitat in the North Platte River drainage 
for warming scenarios of l-5°C. 

Temp. Current stream distance that would be lost (%) 

increase Limit Limit Limit 
(“c> of 20°C of 21°C of 22°C 

1 12 16 9 
2 27 26 24 
3 46 39 33 
4 63 54 45 
5 71 69 59 

>22”C because no streams within the drainage had max- 
imum summer temperatures that high. There were slight 
differences in the amount of habitat that would be lost 
assuming different thermal limits (Table 2). As expected, 
the amount of habitat lost would be reduced as the ther- 
mal limit of the fish guild increases. However, whether 
20, 21, or 22°C is used as the upper thermal limit for the 
cold water fish guild in the North Platte River, habitat 
loss clearly would be noticeable even for small increases 
in maximum summer water temperature. 

Population fragmentation-The drainage above Sem- 
inoe Reservoir would remain thermally suitable for cold 
water species for a 1 or 2°C increase in maximum July 
water temperature. However, with a 3°C warming, the 
mainstem of the river above Seminoe Reservoir would 
become too warm and cold water fish would be restricted 
to upstream reaches and tributary streams (Fig. 4). The 
result would be fragmentation of a single large enclave 
into numerous smaller ones (Table 3). Fragmentation 
would be even greater if temperatures warmed by 5°C 
(Fig. 4, Table 3). The largest enclave would decline from 
4,128 km at present to 2,19 1 km with a 3°C increase in 
maximum summer water temperature and to only 404 
km with a 5°C increase. 

Discussion 

The three approaches give different predictions of hab- 
itat loss that would likely occur with climate warming. 
One reason for these differences is related to the density 
of streams in relation to elevation. In arid regions with 
high topographic relief, streams are more abundant at 
higher elevations relative to lower elevations (Derbyshire 
1976; Chorley et al. 1984). Thus, as low elevation regions 
become too warm for cold water fish, a relatively small 
proportion of the total stream distance is affected. This 
would explain why estimates of stream distance lost were 
lower than estimates of geographic area lost for the anal- 
ysis based on thermal limits defined by mean July air 
temperature (Table 1). 

A second reason for differences in predicted habitat 
loss among the three approaches concerns differences in 
how water temperatures and air temperatures change with 
elevation. The relationship between summer air temper- 
ature and elevation is linear, with air temperatures steadi- 
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Seminoe Reservoir Seminoe Reservoir 

Fig. 4. Fragmentation of stream habitat for cold water fish in the North Platte River 
upstream of Seminoe Reservoir based on increases of 3 and 5°C in maximum July water 
temperature. Stream reaches that would become too warm for cold water species are shown 
by dark lines. The upper reaches of the river in Colorado were not included in the analysis. 

ly warming as elevation declines (Fig. 5). This reflects the 
increased atmospheric pressure at lower elevations, which 
causes compression and warming of air (Smith 1990; 
McDonald and Brown 1992). By contrast, the relation- 
ship between summer stream temperature and elevation 
in mountainous regions often is curvilinear (Johnson 197 1; 
Boon and Shires 1976; Theurer et al. 1984), with the rate 
of water temperature increase slowing at lower elevations 
(Fig. 5). This reflects the fact that upstream reaches of 
streams are strongly influenced by equilibration with air 
temperatures; downstream reaches do not reach equilib- 
rium with air temperatures because of the thermal inertia 
of increased water volume and the increased influence of 
groundwater inputs that cool stream temperatures in 
summer (Boon and Shires 1976; Meisner et al. 1988). 

The fact that air temperatures and stream temperatures 
respond differently to declining elevation explains why 
estimates of habitat loss based on water temperature vs. 
air temperature differed for the North Platte drainage. 
The present lower elevation limit for salmonids in the 
drainage occurs along the plateau portion of the stream 
temperature-elevation curve where a 1°C change in tem- 

Table 3. Habitat fragmentation for cold water fish in the 
North Platte River drainage due to increases in maximum July 
stream temperature. All counted enclaves are nonnested and 
enclave sizes are expressed as stream distance. 

Warming scenario 

Enclave size (km) Present + 3°C + 5°C 

Largest enclave 4,128 2,191 404 
No. >4,000 km 1 0 0 
No. between 1,000 and 4,000 km 0 1 0 
No. between 10 and 1,000 km 0 10 29 
No. < 10 km 0 2 19 

perature involves a considerable distance along the water 
temperature-elevation line compared to a shorter dis- 
tance along the air temperature-elevation line (Fig. 5). In 
this situation, analysis of habitat loss based on air tem- 
perature changes will underestimate the extent of habitat 
loss. For mountainous areas where the transition between 
cold water and warm water fauna occurs at elevations 
where stream temperatures have begun to plateau, the 
use of thermal limits based on water temperature would 
be a better approach for modeling changes in cold water 
fish habitat with climate warming. 

Our analysis of fish distributions in relation to water 
temperature indicated that the cold water guild was lim- 
ited to stream reaches where the maximum July water 
temperature was 52 1 “C. This is similar to thermal limits 
reported by other researchers for cold water species. For 
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Fig. 5. Schematic relationship between elevation and mean 
July air temperature and maximum summer water temperature 
for streams in the North Platte River drainage basin. Relation- 
ships are based on temperature models discussed in the text. 
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example, a maximum summer water temperature C22”C 
was the critical factor distinguishing trout from nontrout 
streams in Ontario (Barton et al. 198 5). In extensive mon- 
itoring of fish distributions in two southern Ontario 
streams, the thermal limits of brook trout were 23-24°C 
(Meisner 1990a). A comparison of fish distributions and 
stream temperature data throughout the U.S. found that 
the highest weekly mean water temperatures associated 
with the presence of cold water species was 22.3”C for 
brook trout, 24.1”C for brown trout, and 24.O”C for rain- 
bow trout (Eaton et al. 1995). Our estimate of thermal 
limits is supported by fish survey data from the South 
Platte River drainage in Colorado. There, Propst (1982) 
reported that 1,524 m was the lowest elevation at which 
brown trout were found. On the basis of our regression 
models, this elevation would correspond to a maximum 
July water temperature of 20.8”C and a mean July air 
temperature of 23.1”C. Although the choice of thermal 
limit does influence the estimate of habitat loss (Table 
2), it seems clear that even if the thermal limit of the cold 
water fish guild is slightly higher than our estimate, cli- 
mate warming will noticeably reduce the amount of ther- 
mally suitable habitat for cold water fish in the Rocky 
Mountain region. 

Loss of habitat for cold water species of stream fish has 
been predicted for other geographic regions following cli- 
mate warming. Meisner (1990a) projected a significant 
reduction in the geographic range of brook trout in eastern 
North America if air temperature increased by 3.8”C. 
Stefan et al. (unpubl. rep.) examined the effects of climate 
warming on cold water fish in Minnesota and projected 
that this guild would become restricted to streams in the 
northern portion of the state that had riparian shading to 
moderate stream warming. In a detailed study of climate 
effects on Ontario streams, Meisner (1990b) predicted 
that thermally suitable habitat would be reduced by 30 
and 42% in two streams if summer air temperatures were 
to increase by 4.1”C. In streams of the southern Great 
Plains, fish may be especially vulnerable to climate warm- 
ing because the east-west orientation of many streams 
and the small elevational relief in the region would pre- 
clude migration northward or to higher elevations to es- 
cape increased water temperature (Matthews and Zim- 
merman 1990). 

The negative effects of climate warming on cold water 
fish in streams contrast with projections that cold water 
species in some lakes may benefit from warming due to 
a lengthening of the growing season (Magnuson et al. 
1990). In Lake Superior, doubling of atmospheric CO2 
concentrations was predicted to raise summer epilimnetic 
water temperatures and result in a 20-70% increase in 
growth rate for lake trout Salvelinus namaycush (Hill and 
Magnuson 1990). At present, the growing season in tem- 
perate or high-latitude lakes is limited by cold water tem- 
peratures for much of the year (i.e. temperatures below 
those optimal for growth, which is - 10°C for lake trout). 
Climate warming would result in the epilimnion warming 
earlier in spring and remaining warm later in autumn. If 
we assume that lake trout can thermoregulate by moving 
downward in the water column when epilimnion tem- 

peratures become too warm, the proportion of the year 
when 10°C water is available will increase with climate 
warming. Fish unable to thermoregulate (e.g. in lakes with 
hypolimnetic oxygen depletion) would undergo decreased 
growth or suffer weight loss in summer when surface water 
temperatures increase above the their optimum temper- 
ature (Hill and Magnuson 1990). Also, it is not known 
how altered food webs or hydrological regimes due to 
climate warming might affect cold water fish populations 
in lakes. 

We expect that climate warming would restrict cold 
water populations in streams to increasingly higher ele- 
vations in the Rocky Mountain region. As a consequence, 
not only will the total amount of suitable habitat decline, 
but also the remaining habitat will become fragmented. 
These habitat fragments will consist of the headwater 
reaches of streams that are isolated from each other by 
thermally unsuitable downstream reaches (Fig. 4). Hab- 
itat fragmentation will result in population fragmenta- 
tion, which is of major concern to conservation biologists. 
Small, isolated populations are susceptible to inbreeding 
depression and have an increased probability of extinc- 
tion through environmental disturbances such as floods 
or droughts (Leary and Allendorf 1989; Mills and Smouse 
1994). Increased extinction rates for small, isolated pop- 
ulations of cold-water fish would be another predicted 
consequence of climate warming. 

One factor that might mitigate the effects of fragmen- 
tation is movement of fish among isolated populations. 
Movement during summer would be prevented by ther- 
mally unsuitable temperatures between enclaves. Winter 
movement would likely be limited because most salmo- 
nids show restricted activity as water temperatures ap- 
proach 0°C (Cunjak and Power 1986; Griffith and Smith 
1993). However, fish movement in spring or autumn may 
provide a mechanism for population exchange or reco- 
lonization of headwater enclaves. Meyers et al. (1992) 
reported that some brown trout in a Wisconsin drainage 
occupied distinct summer and winter habitats and were 
generally sedentary during these seasons, but exhibited 
fall-spring migrations of up to 20 km between the two 
areas. Gowan et al. (1994) reported that movements of 
brown trout in a Wyoming stream system were greatest 
in autumn, with a few fish moving 23-96 km. Such long- 
distance movements seem to be the exception for stream- 
resident salmonids, however, because many individuals 
are sedentary and those that migrate typically move < 1 
km (Bachman 1984; Riley et al. 1992; Gowan et al. 1994). 
Thus, small enclaves isolated by many kilometers of ther- 
mally inhospitable habitat would likely experience greatly 
restricted population exchange with other enclaves and 
thus be vulnerable to the consequences of population frag- 
mentation. 

In conclusion, although the three approaches we used 
varied in their results, all predict a noticeable decline in 
thermally suitable habitat for cold water fish with even 
modest increases in temperature due to climate warming. 
Remaining cold water fish populations would become 
restricted to increasingly higher elevations and would be- 
come fragmented, resulting in inbreeding effects and sto- 
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chastic environmental fluctuations that would increase 
the risk of population exti nctions. Although our analysis 
centered on several species of salmonids, the results should 
apply to other cold water organisms including nongame 
fish species and benthic invertebrates. 
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