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Abstract

The effects of climate warming on the thermal habitat of 57 species of fish of the U.S. were estimated
using results for a doubling of atmospheric carbon dioxide that were predicted by the Canadian Climate
Center general circulation model. Baseline water temperature conditions were calculated from data collected
at 1,700 U.S. Geological Survey stream monitoring stations across the U.S. Water temperatures after predicted
climate change were obtained by multiplying air temperature changes by 0.9, a factor based on several field
studies, and adding them to baseline water temperatures at stations in corresponding grid cells. Results
indicated that habitat for cold and cool water fish would be reduced by ~50%, and that this effect would be
distributed throughout the existing range of these species. Habitat losses were greater among species with
smaller initial distributions and in geographic regions with the greatest warming (e.g. the central Midwest).
Results for warm water fish habitat were less certain because of the poor state of knowledge regarding their
high and low temperature tolerances; however, the habitat of many species of this thermal guild likely will
also be substantially reduced by climate warming, whereas the habitat of other species will be increased.

The threat of global climate change has stimulated the
publication of numerous research papers dealing with the
potential effects of surface and groundwater warming on
the thermal habitat of freshwater fish (e.g. Coutant 1990;
Magnuson et al. 1990; Meisner 1990; Stefan et al. 1995).
With few exceptions (e.g. Shuter and Post 1990), most of
these studies deal with responses to temperature in single
water bodies or small geographic regions, so we decided
to attempt an assessment of effects at a much larger scale
consisting of the lower 48 states. Most of the studies cited
above also dealt with effects of climate change on lake
fish or habitat. We expected that using less detailed input
data would keep the analysis manageable, but that we
would use information compiled for or generated from
previous smaller scale studies. These existing data include
a quality-assured database of historical surface water tem-
perature maxima at U.S. Geological Survey (USGS)
stream monitoring stations and maximum temperature
tolerances estimated from a field database for several doz-
en freshwater species of fish, as reported by Eaton et al.
(1995); results of analyses of the relationship between air
temperature and stream-water temperatures (Stefan and
Preud’homme 1993; Sinokrot and Stefan 1993); and a
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geographic information system (GIS) for spatially relating
geographically referenced stream temperatures, fish spe-
cies occurrences, and climate model grid cell meteoro-
logical projections.

The broad range of data collected geographically
(throughout the U.S.) and historically (over several de-
cades) make the USGS data valuable for analysis of
changes in fish thermal habitat. Although some inaccu-
racies may result because of the uneven distribution of
monitoring stations, this is still the largest and most com-
prehensive survey of rivers available. Several major in-
formation gaps interfere with an analysis of water quality
and fish responses to climate change, including the lack
of comprehensive knowledge of the thermal tolerance of
most species and uncertainties in the driving factors (fu-
ture climate projections). Therefore, our objective was to
conduct a preliminary, semiquantitative analysis of the
effects of climate warming on fish thermal habitat in the
U.S.

Materials and methods

Surface water temperature data—Records from the
USGS national water data storage and retrieval (WATS-
TORE) daily values file (Showen 1980) were the source
of baseline stream-water temperatures that were used to
estimate climate change effects. The daily values used in
this study were either provided by USGS or calculated
from at least two daily measurements, usually a minimum
and maximum. Weekly means were then calculated from
these daily means. Data were quality assured using a com-
puter program that finds values obviously beyond normal
temperature extremes or values recorded in differing units
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Fig. 1. : The average of July, August, and September 2 x CO, air temperature increases projected by the CCC-GCM for each grid

cell.

that were considered flawed and were ignored in subse-
quent manipulations. The temperature files were upload-
ed to the U.S. EPA Cray C94 supercomputer to calculate
weekly mean temperatures for every week on record for
every USGS stream sampling station.

The effect of climate change on stream temperatures
was estimated by integrating projections from the Ca-
nadian Climate Center general circulation model (CCC-
GCM) with the USGS stream temperatures. The CCC-
GCM predicted monthly climate change for grid cell areas
of 3.75 % 3,75° and was run for current climate conditions
and to predict future climate conditions after a doubling
of the atmospheric CO, concentration (2xCQO,) (Mc-
Farlane et al. 1992). The difference between these month-
ly grid cell values was calculated to be the predicted change
in air temperature. The means of the predicted changes
for summer months (July, August, and September) when
stream temperatures are highest, are shown in Fig, 1. To
put these increases into a broader perspective, the CCC-
GCM predicted a change in global mean surface air tem-
perature over land of +4.4°C, although for some grid cells
a negative change in temperature for 1 or 2 months was
predicted (P. T. Y. Louie in prep.).

Because the information on thermal tolerances of fish
species was expressed in terms of the maximum weekly
average water temperature (i.e. the highest of the 52 week-
ly average temperatures in a year), this time-temperature
unit was used also as the baseline for climate change. The

maximum weekly mean temperature was calculated for
each USGS station for which there were more than 104
weeks (2 yr) of acceptable data. The USGS station is
matched with the corresponding CCC-GCM grid cell to
obtain the predicted 2 x CO, air temperature change, which
was then added to the baseline water temperature to es-
timate 2 X CO, water temperatures. Based on field studies
of the air-water temperature relationship, Stefan and
Preud’homme (1993) found weekly water temperature
changes to average 0.86 the weekly air temperature changes
for several streams of various sizes in the southern and
northern U.S.; therefore, we multiplied the CCC-GCM
air temperature change by 0.9 before adding it to the
baseline stream temperature. This method produced
baseline and predicted climate change maximum water
temperatures for 1,776 stream stations located through-
out the continental U.S.

A list of CCC-GCM grid cells that contain populations
of each species was used to associate USGS stations and
climate projections with the current geographic distri-
bution of fish. Species were assumed to have the potential
for inhabiting all streams in a grid cell on which moni-
toring stations were located if available records indicated
that the fish had been found anywhere in that grid cell
(Lee et al. 1980; Boschung et al. 1983; Page and Burr
1991). Eight species that have been widely introduced
outside their native range (common carp, smallmouth
bass, largemouth bass, bluegill, black crappie, brook trout,
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brown trout, and rainbow trout) were assumed to be pres-
ent throughout the U.S. wherever suitable thermal habitat
existed. Although this procedure is based on crude ap-
proximation of a species’ natural range, it reduces errors
that would be introduced by including results for stations
in areas where species are thought to be absent. The tech-
nique is probably less accurate in estimating baseline hab-
itats for species inhabiting the largest rivers or for those
species having specialized environmental requirements
other than temperature. An analysis in which fish were
located by state instead of grid cell, but was otherwise
identical to that described above, produced similar re-
sults.

Fish thermal tolerance—The fish and temperature da-
tabase matching system (FTDMS) described by Eaton et
al. (1995) has been used to obtain maximum temperatures
tolerated by 57 fish species found throughout the U.S.
(Table 1). The technique matches fish presence records
in space and time with stream temperature records using
computer databases to estimate the highest weekly mean
temperatures encountered by each species in its natural
environment. The use of thermal refuges by fish is to
some extent incorporated into this field data-based meth-
od for estimating maximum temperature tolerances (see
Eaton et al. 1995). In the opinion of Eaton and coworkers,
the resulting temperature values closely approximate the
maximum temperature tolerance of cold and cool water
fish, but underestimate the tolerance of some warm water
fish due to the southern limit (the U.S. border) of data
collected for use in the FTDMS.

For our study, where species’ ranges were determined
to extend to or beyond the southern U.S. border, the
upper zero net growth temperature (UZNG), if available,
was used as a maximum tolerance temperature. The
UZNG value is a high temperature at which fish can live
for several days but at which they do not ingest enough
food to gain weight under ad libidum feeding conditions
in the laboratory. For the 12 warm water species for which
no UZNG value was found, 34°C was estimated to be a
reasonable mean UZNG temperature and was assigned
to each species. UZNG and FTDMS values are similar
for several fish species, for example 21 (Casselman 1978)
and 22.4°C for brook trout, 23 (Baldwin 1956) and 24°C
for rainbow trout, 28 (Casselman 1978) and 28°C for
northern pike, and 29 (Smith and Koenst 1975) and 29°C
for walleye. For other species, some UZNG values are
higher and some lower than FTDMS values.

We can also assume that some warm water species are
restricted by an intolerance of low temperatures in the
U.S. (see Shuter et al. 1989; McCormick and Jensen 1992).
Minimum winter temperature tolerance limits for the spe-
cies in our study have not yet been calculated from the
available field database used to estimate maximum tol-
erances. Instead, an approximation consisting of the win-
ter temperatures of stations with a maximum summer
temperature of 26°C or higher, which is above the FTDMS
tolerance range for cold water species but includes the
range for all cool water species, was used to define the
low temperature tolerance limit for warm water species.
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Table 1. The 57 fish species used in the analysis, with the number
of thermally suitable stations under baseline conditions, the number of
thermally suitable stations after predicted global climate change, percent
change in number of stations, and the maximum weekly average tem-
perature tolerance used in our estimates of habitat suitability.

No. of
USGS
stations Change Max
in toler-
Base- stations ance®
line GCC (%) °C)
Cold water
Chum salmon Oncorhynchus keta 102 57 —44.1 198
Pink salmon Oncorhynchus gorbuscha 129 67 —481 21.0
Brook trout Salvelinus fontinalis 471 213 —-54.8 224
Mountain whitafish Prosopium williamsoni 265 172 =351 231
Cutthroat trout Oncorhynchus clarki 378 226 —40.2 233
Coho salmon Oncorhynchus kisutch 323 169 —47.7 234
Chinook salmon Oncorhynchus tshawytscha 379 215 —-433 240
Rainbow trout Oncorkynchus mykiss 632 322 -49.1 240
Brown trout Salmo trutta 638 330 -48.3 241
Mottled sculpin Cortus bairdi 324 159 -50.9 243
Total 3,641 1,930 -47.0
Cool water
Johnny darter Etheostoma nigrim 260 79 —69.6 26.5
Longnose dace Rhinichthys cataractae 712 450 -36.8 26.5
Creek chub Semotilus atromaculatus 492 176 -64.2 27.1
Blacknose dace Rhinichthys atratulus 406 126 -69.0 27.2
White sucker Catostomus commersoni 643 283 -—55.9 274
Northern pike Esox lucius 277 128 -53.8 280
Walleye Stizostedion vitreum 1,313 803 -38.8 2%9.0
Pumpkinseed Lepomis gibbosus 842 537 -36.2 29.1
Yellow perch Perca flavescens 872 528 -394 29.1
Common shiner Luxilus cornutus 505 198 -60.8 29.2
Rock bass Ambloplites rupestris 485 183 -623 293
Brown bullhead Ameiurus nebulosus 695 286 -58.8 294
Smallmouth bass Micropterus dolomiewi 1,396 872 -37.5 295
Golden redhorse Moxostoma erythrurum 481 182 =-62.2 29.6
Northern hog sucker Hypentelium nigricans 572 225 —60.7 29.6
Silver redhorse Moxostoma anisurum 424 159 =62.5 29.6
Total 10,375 5,215 —49.7
Warm water
Bl Pimephales notatus 376 181 =519 30.1
Sauger Stizostedion canadense 339 158 —53.4 30.1
Black crappie Pomoxis nigromaculatus 660 487 -26.2 305
Golden shiner Notemigonus crysoleucas 639 451 -29.4 309
Spotted bass Micropterus punctulatus 287 97 —-66.2 30.9
White perch Morone americana 166 142 -14.5 30.9
White crappie Pomoxis annularis 566 315 -44.3 31.0
White bass Morone chrysops 461 243 —47.3 314
Longnose gar Lepisosteus osseus 586 337 -425 315
Emerald shiner Notropis atherinoides 467 308 -34.0 316
Sand shiner Notropis stramineus 342 201 —41.2 31.8
River carpsucker Carpiodes carpio 404 203 -49.8 32.1
Suckermouth minnow  Phenacobius mirabilis 355 150 -57.7 321
Orange spotted sunfish  Lepomis humilis 355 150 —-57.7 325
Freshwater drum Aplodinotus grunniens 516 348 -32.6 326
Bullhead minnow Pimephales vigilax 479 365 -23.8 34.0°
Black bullhead Amieurus melas 662 701 5.9 340
Flathead catfish Pylodictis olivaris 525 442 -158 34.0*
Fathead minnow Pimephales promelas 653 692 6.0 340
Ghost shiner Notropis buchanani 388 298 =232 34.0%
Gizzard shad Dorosoma cepedianum 746 684 —8.3 34.0%
Green sunfish Lepomis cyanellus 847 910 74 34.0*
Longear sunfish Lepomis megalotis 511 442 —13.5 34.0*
Mosquitofish Gambusia affinis 603 572 -5.1 34.0*
Red shiner Cyprinella lutrensis 236 154 —34.7 34.0%
Smallmouth buffalo Ictiobus bubalus 540 443 -18.0 34.0*
Warmouth Lepomis gulosus 668 559 -—16.3 34.0*
Common carp Cyprinus carpio 890 1,116 254 350
Channel catfish Ictalurus punctatus 682 854 252 35.0°
Largemouth bass Micropterus salmoides 892 1,163 30.4 35.5°
Bluegill Lepomis macrochirus 894 1,192 333 36.0¢
Total 16,735 14,358 —14.2

* Species with ranges beyond the U.S. border for whichno UZNG
(upper zero net growth) values were available. All other max-
imum tolerances were derived from their FTDMS values. Su-
perscripts indicate references that contain UZNG values for
four species found south of the U.S. border: a—Sarig 1966;
b—West 1966; ¢c—Coutant and Cox 1976; d—Lemke 1977.
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Fig. 2. USGS monitoring stations with suitable thermal habitat for rainbow trout before and after climate warming. The
maximum tolerance for rainbow trout was 24.0°C. Before climate change, suitable habitat at 632 sampling sites—[J; after climate

change, at 322 of 632 sites—@®.

The rationale for this value is that cool water and warm
water fish frequently occupy the same habitats, but that
cold and warm water fish do not. Several investigators
(Meisner et al. 1987; Radforth 1944; Legendre and Le-
gendre 1984) have observed a close relationship between
summer air temperatures and the northern range limits
of cool and warm water fish in the Great Lakes region.
Winter thermal conditions may also restrict the distri-
bution of a few cool-water species whose northern range
limit is close to the U.S.—Canada border (e.g. northern
hog sucker), but the lack of cold tolerance information
leaves us no better alternative than to use high temper-
ature tolerances (i.e. FTDMS values).

Climate change effects—We expressed the effect of cli-
mate change on species as the number of USGS moni-
toring stations at which suitable thermal habitat exists
after climate change as compared to the number of sta-
tions before climate change and the percentage reduction
or increase in the number of stations. The effects were
also estimated by assigning species to cold, cool, or warm
water thermal guilds and calculating an aggregate change
for each guild. The cold water guild includes species with
a maximum tolerance <24.3°C, cool water fish include
those with a tolerance of 26.5-29.9°C, and warm water
fish are those with a tolerance =30°C. As pointed out by

Eaton et al. (1995) and seen in Table 1, the thermal
boundary between cool and warm water fish guilds is
indistinct and the separation used here is arbitrary.

Results and discussion

The results of the analysis of climate warming effects
for the 57 species considered are presented in Table 1. A
nearly 50% reduction in thermal habitat is projected for
cold and cool water species, but only a 14.2% decrease is
estimated for warm water fish. The distribution of USGS
monitoring sites where suitable habitat is projected before
and after climate warming is illustrated in Figs. 2—4 by
representative cold (rainbow trout), cool (white sucker),
and warm (largemouth bass) water fish. Rainbow trout
and white sucker distributions indicate that cold and cool
water fish will be least affected in higher latitude or ele-
vation locations. Suitable habitat will be eliminated by
climate warming throughout the range of a species—north
as well as south. Largemouth bass show a graded increase
in suitable habitat with latitude from the midsouth to the
northern border of the U.S., resulting in a net increase in
stations of 30% for this species. The high level of loss of
warm water fish habitat in southern Indiana and Illinois
and in Missouri can be explained by the particularly high
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Fig. 3. As Fig. 2, but for white sucker. The maximum tolerance for white sucker was 27.4°C. Before climate change, suitable
habitat at 643 sites—[J; after climate change, at 283 of 643 sites—@®.

degree of climate warming projected for this region (Fig.
1). As the distribution map for rainbow trout indicates
(Fig. 2), there is a major regional effect in the northeastern
U.S. where an air temperature increase of ~4.5°C is pro-
jected (Fig. 1).

Meisner (1990) and others have pointed out that the
southern distribution of brook trout in the U.S. is largely
determined by the inflow to low-order streams of cooler
groundwater. He calculated that the range limits of brook
trout correspond to an annual groundwater mean of 15°C,
which is ~1-2°C higher than mean annual air tempera-
ture. In summer, however, these low-order stream reaches
with relatively more groundwater inflow have cooler tem-
peratures than those containing a higher proportion of
surface water runoff. Therefore, the effect of climate
warming in groundwater-fed stream reaches often occu-
pied by trout and certain other species probably is some-
what overestimated by the 0.9 air-water conversion fac-
tor used in our analysis. The type and amount of riparian
vegetation also affects this air-water relationship and the
rate of downstream warming (Sinokrot and Stefan 1993).
When they are near equilibrium with air temperature,
mean daily water temperatures during summer are gen-
erally slightly cooler than corresponding air temperatures,
although water can be warmer than the air and exceed a
factor of 1.0 (Stefan and Preud’homme 1993).

Among all the cool water fish species, those with the

smallest baseline distribution are projected to incur the
greatest percentage of thermal habitat loss (correlation
coefficient = 0.79, n = 16) and vice-versa (Table 1). Base-
line geographic distribution seems to be more significant
in determining vulnerability than the degree of high tem-
perature tolerance (correlation coefficient for maximum
temperature tolerance and percentage change in stations
= 0.16, n = 16). These results are due to a scale effect
whereby it is less likely that suitable temperatures will
still exist in a small geographic area (species range) after
climate change than in a larger geographic area with its
greater diversity of thermal conditions. Other detrimental
environmental conditions caused by climate change, such
as reduced stream flow or vegetation changes and reduced
shading, will also influence future distribution, and these
effects could likewise be magnified for species with the
smallest initial distribution.

The projected decrease in habitat for warm water fish
(Table 1) was less expected. It seems logical to assume
that warm water species would expand their ranges into
habitats vacated by cold and cool water species because
of climate change and therefore would experience an in-
crease in habitat without significant loss. However, the
thermal tolerance of the least tolerant warm water species
is very close to that of cool water species and these species
will all be similarly sensitive to climate warming. Fur-
thermore, the magnitude of water temperature change in
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Fig. 4. As Fig. 2, but for largemouth bass. The tolerance range for largemouth bass was 26.0-35.5°C. Before climate change,
suitable habitat at 892 of 1,776 sites—[J; after climate change, at 1,163 of 1,776 sites—@®.

many areas approaches or exceeds the entire range in high
tolerance temperatures for the cool and warm water fish
guilds (4 and 6°C, respectively). The exact maximum tol-
erance temperature used to differentiate cool and warm
water fish has only a minor effect on this result unless it
is changed greatly. The results in Table 1 indicate again
that the most widely distributed warm water species (fat-
head minnows, green sunfish, channel catfish, etc.) will
benefit most from climate warming.

Another possible influence on the results is that the
region (grid cells) where a species had been observed to
establish a baseline distribution (except for the eight uni-
versally distributed species) was also the only area within
which a species could expand under climate warming
conditions. Therefore, the results of our analysis may
overestimate the effect of climate change (habitat reduc-
tion) on some warm and cool water fish with limited
distributions by inadequately allowing for replacement of
cooler water fish by warmer water fish. Many species
might be expected to migrate to, or be introduced into,
additional areas where thermal and other habitat con-
ditions become suitable as climate changes. We did not
consider possible immigration of tropical or subtropical
species currently outside or low in number inside the U.S.
Many factors beyond the scope of our analysis will influ-
ence these movements, such as the availability of migra-
tion corridors (Matthews and Zimmerman 1990; Rahel

et al. 1996) or the rate of climate change. We also expect
that where thermal conditions become favorable, other
environmental conditions may be sufficiently unfavor-
able to prevent colonization.

A third influencing factor relates to the poor state of
knowledge about the thermal requirements of warm water
fish. This knowledge deficit produces substantial uncer-
tainty in estimates of the number of stations with suitable
habitat before and after climate change. A sensitivity
analysis revealed that if winter temperature tolerance cor-
responded to a summer maximum of 28°C instead of 26
and the summer maximum for the south-of-the-border
species without UZNGs were 35°C instead of 34 (and
therefore closer to the average UZNG), the projected
change in habitat after climate warming would be a 14%
increase. Even under the latter scenario, however, the
habitat for half (15) of the warm water species is reduced.

Although our analysis of climate change effects has many
uncertainties, several well-founded conclusions are pos-
sible. Major reductions in stream habitat for cold and
cool water species would result from climate warming,
but these effects would likely be reduced for fish living in
lakes, especially larger, deeper lakes that stratify in sum-
mer, providing thermal refuges for inhabitants (e.g. Mag-
nuson et al. 1990; Stefan et al. 1995). Although effects
will be greater in some areas than others because of warm-
ing hot spots or regional hydrology, the effects will be
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broad on species that are widely distributed; habitat will
be reduced for warm water fish in the south and increased
in the north; habitat will be reduced more uniformly for
cold and cool water species across their entire ranges. The
primary beneficiaries of climate change will be species
that are currently widely distributed in the U.S. Those
species with smaller ranges will suffer the greatest initial
losses. Very limited knowledge about summer and winter
temperature tolerances seriously impedes our quantifi-
cation of the effects of climate change on warm water fish.
Our analysis can serve as an index of the potential effect
of climate warming on fish species and guilds of the U.S.,
and we hope it will stimulate additional relevant research
on thermal requirements of fish.
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