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Synopsis

Fishes exhibit a perplexing variety of tempcrature-preference relationships, ranging from positive to negative
functions of acclimation temperature. However, these relationships tend to be consistent within species even
across broad geographic ranges. We developed and tested an hypothesis that temperature-preference rela-
tionships are related to the amplitude of the annual thermal-cycle experienced by species during their recent
evolutionary histories. Species experiencing annual cycles of relatively high amplitude (tcmpcrate species)
were predicted to exhibit temperature-preference relationships that arc positive functions of acclimation
temperature. Those with low thermal amplitudes, such as cold stenotherms, or relatively high short-term
amplitudes, such as tropical mesotherms, were predicted to exhibit relationships that are either independent
or negative functions of acclimation tempcrature. This hypothesis was tested and strongly supported by a
synthesis of studies from the literature. Of 42 species, for which data were available, 40 exhibited the class of
temperature-preference relationships that we predicted on the basis of their thermal cycle. The concept of
thermal guilds can be expanded by taking into consideration the capacity of fishes to adjust preferred temper-
atures through acclimation. This work shows the adaptive nature of temperaturc-preference behavior and
may be useful for predicting general characteristics of temperaturc-preference relationships for the many
species not yet examined in this regard.

Introduction

Water temperatures over the Earth vary so greatly
in space and time that fishes only tolerate a subset
of those temperatures and, therefore, are restricted
in distribution to regions within thcir range of toler-
ance. Generally, fishes are well-adapted to environ-
mental temperatures that they experience, leading
to similarities in ecological responses to temper-
ature. These similarities have lead to the recogni-
tion of thermal responsc classifications (Magnuson
et al. 1979) developed on the basis of the magnitudc
(e.g. polar, temperate, or tropical: and cold-, cool-,

or warm-water species) and range (e.g. eurythermal
or stenothermal) of tolerated environmental tem-
peratures. Within a range of tolerance, individuals
select certain temperatures known as preferred
temperatures when selected from a wide range of
equally available temperatures (usually deter-
mined in the laboratory). Also, many spccics can
survive a range of temperatures over the long term
that would be lethal in the short term. This is ac-
complished through metabolic compensation dur-
ing a gradual change to the new temperature (accli-
mation). Qualitative mechanisms of acclimation re-
sult in changes in temperature-preference and tol-
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erance following exposurc to  different
temperaturcs (Kelsch & Neill 1990). These temper-
ature-preference relationships (as [unctions of ac-
climation temperature) have been characterized in
the laboratory for a number of species.

There appears to be a genetic basis for temper-
ature preference and ability to acclimate to temper-
ature. For example, species with wide distributions,
such as the bluegill, Lepomis macrochirus, exhibit
relatively little geographic variation in tempcraturc
preference (Beitinger & Fitzpatrik 1979); however,
small differences arc cxpccted among individuals
and have been observed in some species (Hall et al.
1978, McCauley & Huggins 1979). Some evidence
has suggested that preferred temperatures are opti-
mal for performance (Kelsch & Neill 1990). Recent-
ly, a mechanism was developed that linked temper-
ature-preference behavior to metabolic activity and
ultimately natural selection (Kelsch 1996). Evi-
dence showed that blucgills sclected temperatures
in proportion to the amount of metabolic power
available to them [or growth, activity, reproduction
and other functions. Temperature selection by fish-
es appeared 10 be a process of selecting temper-
aturcs that maximize their available power (Kclsch
1996). Support for this idca comes from the work of
Stauffer et al. (1980) who noted that optimal tem-
peratures are related to optimal physiological per-
formance and successful fish populations.

The problem

Fishes have evolved a perplexing variety of temper-
aturc-preference relationships. Essentially, the ob-
served variety of relationships described by Zahn
(1962) can be categorized into three classcs on the
basis of whether they arc positive, independent, or
negative functions of acclimation temperature. For
example, species such as the bluegill tend to prefer
warmer temperatures following exposure (acclima-
tion) to warmer temperatures, giving them temper-
ature-preference relationships that arc positive
functions of acclimation temperature (Figure 1).
This sccms to be an adaptive response o changing
temperature. Other specics such as the blue tilapia,
Oreochromiv aureus, prefer a narrow temperature

range regardless of acclimatlion temperature, re-
sulling in temperature-preference relationships
that are independent of acclimation temperature.
This too seems adaptive because they select and oc-
cur only in environments with narrow temperature
{luctuations. A few species, such as the guppy, Poe-
cilia reticulata, exhibit the apparently mal-adaptive
response of preferring cooler temperatures when
acclimated to warmer ones, resulting in temper-
aturc-preferenee relationships that arc ncgative
functions of acclimation temperature. Itis notclear
how this latter response is adaptive.

This perplexing variety of Lemperature-prefer-
ence relationships may be partially explained by the
varicty of types of metabolic compensation that
have been observed during acclimation to temper-
ature. Precht (1958) described three general types
of mctabolic compensation that have been observ-
ed in whole organisms. A model has been devel-
oped that describes how Precht’s partial, no, and in-
verse compensation, would be cxpected to lead to
temperaturc-preference relationships that arc posi-
tive, independent, and negative functions of accli-
mation temperature (Kelsch & Neill 1990). How-
ever, justifying a seemingly mal-adaptive class of
temperature-preference relationships (those with
negative slopes) with a seemingly mal-adaptive
type of metabolic compensation (inverse compen-
sation) is not entirely satisfactory.

Our objectives were Lo: (1) present a conceptual
model that explains the perplexing variety of tem-
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Figure I. Examples showing the diversity of temperature-prefer-
ence relationships in fishes [data sources: bluegill and blue tila-
pia. Kelsch & Neill (1996); guppy. Zahn (1962)].



perature-preference relationships in fishes on the
basis of thermal regimes in which they evolved and
live, and (2) to present a test of this model by com-
paring classes of temperature-preference relation-
ships, predicted on the basis of the thermal regime
experienced by species, with observed relationships
using data from the literature.

The modecl

We have developed an hypothesis that predicts
classes vl lemperature-preference relationships on
the basis of environmental temperature variation
cxperienced by a specics through its recent evolu-
tionary history (Figure 2). We predicted that spe-
cies experiencing thermal cycles of relatively high
amplitude and duration (long-cycle) would have
temperature-prelerence relationships that are posi-
tive functions of acclimation temperature, Species
that experience low annual thermal-amplitude but
may bc exposed to temperature fluctuations on a
daily or sub-seasonal basis (short-cycle), and spe-
cies that normally cxperience minimal temperature
fluctuations (no cycle) were predicted to have tem-
perature-preference relationships that arc inde-
pendent or negative functions of acclimation tem-
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Figure 2. Model hypothesizing the relationship between temper-
ature-preference and the duration and amplitude of thermal cy-
tles expericnced by fishes, Bold indicates our calegorization ol
fishcs on the basis of environmental and recent temperatures
and boxcs indicate our prediction of the slope of the rclationship
between preferred and acclimation temperatires
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peraturc. According to this model, some enryth-
erms may have broad temperature tolerance only if
given time for acclimation (temporal eurytherms),
some may have a broad temperature tolerance
without an ability to acclimate (acute curytherms),
and some may share both characteristics (euryth-
erms).

The rationale for these predictions is that be-
causc time is required for acclimation to occur, only
species thal evolved cxperiencing gradual long-
tcrm (emperature changes (c.g. temperate species)
would have the time nccessary to make metabolic
changes that would result in substantial shifts in
preferred temperatures or ranges of tolerance. Spe-
cics that experience their greatest thermal extremes
over the short term (e.g. some tropical species) must
have a broad range of tolerance to survive relatively
rapid temperaturc changes without time for accli-
mation to adjust thcrmal prefercnces or tolerances,
and species that live in rclatively constant temper-
aturcs or select constant temperatures would not
require, nor be expected to evolve, broad tolerances
or the ability to shift tolerances through acclima-
tion, and may be stenathermal.

Methods

To test the hypothesis that tcmperature-preference
rclationships arc related to the thermal regimes of
recent evolutionary history, we first conducted a lit-
erature review to identify the approximate duration
and amplitude of thermal cycles experienced by se-
lected species. From this information, we predicted
whether species would be expected to exhibit posi-
tive tempcrature-preference relationships or not.
We then did an independent literature review to de-
lermine the observed classcs of temperature-pref-
ercnce relationships for these species, if such infor-
mation was available, and tested the hypothesis by
comparing predicted versus observed classes. A
high degree of agrcement betwcen predicted and
observed classes of temperature-preference rela-
tionships would provide support for our hypothesis.
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Prediction of temperature-preference relationships

We initially restricted our search for information on
magnitude and duration of thermal cycles to 110
fishes listed in a compilation of temperature prefer-
ence data by Coutant (1977), because we anticipat-
ed that temperature-preference relationships may
have been determined for many of these species.
Coutant’s paper included sources and useful infor-
mation on final preferred tcmperatures, and upper
and lower avoided temperatures but gave no hint as
to what temperature-preference class species might
belong, thus minimizing the likelihood of bias in
evaluating thermal regimes cxperienced by fishes.
An effort was made to ensure that judgments re-
garding thermal regime were blind; having been
madc solely by an author (JAJ) with no previous
cxperience in thermal ecophysiology of fishes, nor
any preconceived perceptions as to what class of
temperature-preference relationship species might
cxhibit. While the literature review for temper-
ature-preference relationships was being conduct-
ed, such relationships and corresponding informa-
tion regarding thermal regimes were discovered for
nine additional species. These species were includ-
ed in the test of the model in the same manner as
described in this scction.

We categorized species experiencing thermal cy-
cles of relatively high amplitude and living in re-
gions or habitats estimated (o huave an anuual tem-
perature fluctuation of grcater than 5 °C as long-
cycle species, and predicted that they would have
temperature-preference relationships that are posi-
tive functions of acclimation temperature. Species
that experience less than an estimated 5 °C change
in annual thermal amplitude but are exposed to
short-term temperature fluctuations on a daily or
sub-seasonal basis (short-cycle), and species that
normally expericnce less than 5 °C change in cither
annual or short-term temperature fluctuations (no-
cycle) were predicted to have temperature-prefer-
ence relationships that were independent or nega-
tive functions of acclimation temperature.

Characterization of temperature-preference rela-
tionships

Published temperature-preference relationships
were then cxamined and classified to test our pre-
dictions. Temperature-preference data were taken
from tablcs or cstimated from temperature prefer-
ence curves drawn by authors. Preferred temper-
atures werc determined or estimated from publish-
ed data at acclimation intervals ranging from 3 to
6 °C over the range of the expcriment. Any experi-
ment with a range of acclimation less that 6 °C was
not included due to the questionable nature of as-
sessing slopes on such a narrow range of data. For
those specics studied more than once, the analysis
was done separately and results compared.

Prior to the literature review, we developed ob-
jective criteria for classifying temperature-prefer-
ence rclationships on the basis of slopes calculated
from published data (Figure 3). To establish wheth-
er observed temperaturc-preference rclationships
were positive functions of acclimation temperature
or not, we calculated the slopes of each published
relationship for comparison with the slope of a sec-
ond curve established to delimit positive relation-
ships from independent and negative relationships.
We calculated slopes for each species by performing
a regression analysis on In by In transformed data
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Figure 3. Examples showing criteria and methods used to ob-
jectively determine whether slopes of temperature-prefercnce
relationships were positive or not. Symbols show data for three
representative species, solid curves show the lunctions fit to the
data to determine slopes of temperature-preference relation-
ships, and dashed lines delimit the boundaries between positive
and non-positive slopes.



from published studies. The data were In trans-
formed to improve the fit of this linear analysis on
relationships that are typically curved. We selected
this method of characterizing temperature-prefer-
ence rclationships rather than other published and
perhaps better methods (Cincotta & Stauffer 1984)
because it gave us a single mcaningful paramcter
(slope) with which to compare relationships. As a
measure of the relative amount of variation ex-
plained by this method, R’ values were calculated,

Separate curves for each species were calculated
and used to delimit positive from negative and inde-
pendent temperature-preference relationships. We
selected this method of delimiting positive and non-
positive slopes, rather than defining significant rcla-
tionships as positive, because raw data from the lit-
erature were often unavailable, making the latter
method unsatisfactory. Such curves and their slopes
were calculated by performing a regression analysis
on In by In transformed values taken from a line
with a slope of 0.2 drawn through points calculated
for each acclimation temperature and the final pre-
ferred temperature for the species. (We selected the
modest positive value of 0.2. 1o delimit positive from
independent relationships becausc it was unlikely
that any species would have a slope of exactly 0.0.)
A temperature-preference relationship was de
fined as positive if it was significant and its In-trans-
formed slope was greater than the In-transformed
slopc of the dclimiting rclationship for the species
(Figure 3). All data transformations, statistical ana-
lyses, and graphs were done using Quattro Pro
(Borland International') and Statmost (Datamost
Corperation?®) for Windows.

Results

Usable information for both habitat and temper-
ature-preference relationship was collected for for-
ty-two species distributed among 11 families (Table

' Rorland International, Inc. 1992. Quattro pro for windows:
users puide. Borland International, Inc., Scotts Valley. 455 pp.

% Datamost Corporation. 1995. Statmost statistical analysis and
graphies: users guide. Datamost Corporation, Salt Lake City. 852
PP.
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1). The data were not representative of the diversity
of temperature-prefercnce relationships in fishes
because most studies have been done in North
Amcrica and the majoritly of species studied were
temperatc species experiencing long thermal cy-
cles.

Results strongly supported our liyputhesis, Ob-
served slopes agreed with predicted slopes for 40 of
the 42 specics tested. Thirty-two species were pre-
dicted to be long-cycle, four no-cycle, and six short-
cycle (Figure 4). The Mozambique tilapia was one
species for which our prediction was incorrect. Our
assessment was that it cxperienced a relatively low
annual-temperaturc-cycle causing us to predict that
its tempcerature-preference relationship would not
have a positive slope. The observed relationship, al-
though not significant, was positive with a slope of
0.210 (Table 1). Also, the goldfish, Carassius aura-
tus, was predicted to have a relationship with a posi-
tive slope on the basis of its thermal regime; how-
ever. its observed relationship had a slope of 0.136,
just under our predicted limit of 0.137. The rainbow
tront had mixed results with three of four studies
supporting our hypothesis. Although we found data
for relatively few species and four families were
represcnted by only onc species, members of only
one of the 11 familics cxhibited diffcrent classcs of
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Figure 4. Observed means (symbols), standard deviations (short
bars}, and ranges (long bars} of slopes of temperature-prefer-
ence relationships for species experiencing long-, short-, or no-
cycle thermal regimes. The horizontal line represents the mean
slope of curves delimiting positive rom non-positive relation-
ships.
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Tuble 1. Species analyzed to test our model for which both data regarding thermal regimes (thermal habitat source) and temperature-
preference relationships {preferred temperature source) were available from the literature. Included arc obscrved cycle of thermal
regime experienced by the species (obscrved cycle), final prelerenda, predicted and observed slopes of temperature prefercnce relation-
ships, and statistics related to the fit of our In by In transformed regression analysis of observed temperaturc-preference data. Multiple
rows dare given for species studied inore than onee.

observed thermal habitat final  predieted observed R p preferred temperature source
cycle SOUICE prefer.  slope slope
Cyprinidae
1 Cumpostoma anomalum  long Hubbs & Lagler (1958) 200 = (1106 0.482 086  <0.0001 Cherryet al (1975)
central stoneroller Burr (1980} 26.6 =(L154 0,643 0.95 0.0001  Cherry et al. (1977}
2 Carassius auratus long Hubbs & Lagler {1958) 28.1 > (0137 0136 0.84 0.0293 Iy (1947)
goldfish Scott & Crossman {1979)
3 Cyprinella analoctana long Ciilhert & Rurgess (1980a) 272 >{.120 0411 0.99  <0.000] Cincotta & Stauffer (1984)
satinfin shiner
4 Cyprineita spiloptera long Hubbs & Lagler (1958) 29.4 =011 0.402 095  <00001 Cherry et al. (1975)
spotfin shiner A0 s(149 0402 088 <0.0000 Cherry et al. (1977)
5 Cyprinus carpin long Hubbs & Lagler (1958) 326 >0.130 0,488 0.93 00011 Pirtet al. (1956)
common carp Scolt & Crossman {1979)
6 Notomis leprocephalus long Jenkins & Lachner (1980) 153 >0.218 0.673 0.99 0.0007 Cherry et. al. (1975)
bluehead chub
7 Netemigonus crysoleucas  long Scott & Crossman (1979) 23.8 >(.133 0.340 095 0.0002 Cincotta & Stauffer (1984)
golden shiner
8 Notropis rubellus long Scott & Crossman (1979)  27.6 =>0.110 0.395 0.90 0.0003 Cherry et. al. (1975)
rosyface shiner Gilbert & Burgess (1980b) 26.1 = 0.164 0.340 (.88 0.0005 Cherry ct. al. (1977)
9 Noiropis ielescopus long Gilbert (1980a) 210 >0.179 0.743 0.95 0.001  Cherry et al. (1977)
telescope shiner
10 FPhuxinus gus long Stauffer ot. al. (1980) 253 =0.136 Q.08 0.98 0.0002  Staufler et al. (1980)
northern redbelly dace
11 Pimephales notatus " long Scort & Crossman (1979)  28.4 >{.108 0.370 0.93 0.0001 Cherry et. al. (1975)
bluntnose minnow Lee & Shute (1980a) 284 >().146 0.463 096  <0.0001 Cherry et. al. {1977)
12 Pimephales promelas long Scott & Crossman (1979)  29.0 =0.136 0455 0.94 0.0014 Cherry ct. al. {1975)
fathead minnow Lee & Shule (1980b) 262 >(0.156 0.431 088 0.0016 Cherry ct. al. (1977)
13 Puntius conchonius long Zahn (1962) 26.2 > (1189 0.244 0.69 0.0103  Zahn (1962)
rosy barb
14 Rhinichthys atratulus long Cincotta & Stauffer (1984} 24.6 >0.130 0.343 099  <0.0001 Cincotta & Stauffer (1984)
blacknose dace
15 Rhodeus sericeus long Hensley & Courtenay 202 >0.199 0.493 0.74 0.0063 Zahn (1962)
bitterting {1980a)
Catostomidae
16 Catostomus commersoni  long Scott & Crossman (197%) 271 > (3120 0.687 092 0.0002 Cincotta & Stauller (1984)
white sucker T.ee & Kucas (1980)
17 Hypenielium nigricans long Buth & Murphy (1980) 28.6 >(.152 01681 0.86 00000 Cherry et. al. (1977)
northern hog sucker
Ictaluridae
18 Ameiurus nebulosus long Scott & Crossman (1979) 273 =(.111 0.404 09%  <0.0001 Richards & Ibara (1978)
brown bullhead Glodek {1980a)
19 lemiurus punctatus lang Scott & Crossman (1979) 305 = (.107 0324 087 00003 Cherry et. al. (1975)
channel catfish Glodek (1980b)
Salmonidae
20 Coregonus autumnalis no Fechhelm er. al. (1983) 137 <{.125 0025 0.08 0.582  Fechhelm e al (1983)
Arctic cisco
21 Oncorhynchuy keta no Scott & Crossman (197%) 14 <(.203 0 1 <0.0001  Bren (1952)

chum salmon




Table 1. Continued.
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Oncorkynchiy mykiss
rainbow trout

23 Oncorhynchus nerka
sockeye salmon

observed

cycle

long

short

24 Oncorhynchus tshawyischa no

chinook salmon
2

w

Salmo trutia
brown trout
26 Salvelinus fontinalis

brook chir

27 Salvelinus namaycish
lake charr

Pocciliidae

28 (Gambusia affinis
western mosquitolish

29 Poecilia reticulata
auppy

Gasterosteidae

30 Gusterosicus aolegius
threespine stickleback

Centrarchidae

31 Ambloplites rupesiris
ruck bass

32 lLepomis cyanellus
green sunfish

32 [epamiy gibhosus
pumpkinsced

34 Lepemis macrochirus
blucgill

35 Micropierus dolomicui
smallmouth bass

36 Micropterus punctulatus
spotted bass

37 Microplerus salmuoides
largemouth bass

Percidac

38 Percu flavescens
yellow perch

Kyphosidac

39 Cirella nigricans
opaleye

Cichlidae

4 Oreochromis aurens
blue tilapia

long

long

no

short

short

long

long
long
long

long

long
long

tong

long

long

short

41 Oreochromis mossambicus short

Muozambigue tilapia
Pleuroncctilae
42 Pleuronectes platessa
plaice

long

thermal habitat final predicted observed R p preferred temperature source
S0Urce prefer.  slope slope
Scott & Crossman (1979}  13.6 =159  -0.018 0.97 0.0145 Garside & Tait (1958)
Behnke (1980) >(0.157 0.562 0.90 0.0138  Javaid & Anderson (1967)
187 =0.143 0.477 0.97 <0.0001 Cherryct al. (1975)
v/ >0y U6z LYY 0.0007  Cherry et al. {1977)
Scott & Crossman (1979) 144 <198 0.024 0.00 0.872  DBrett (1952)
Scott & Crossman (1979) 123 <0.247 0.030 0.05 0.628  Bretl {1952)
Scott & Crossman {1979) 174 =0.179 1.672 0.86 0.0235 Cherry et. al. (1977)
T.ee (1980a)
Scott & Crossman (19749)  15.8 = 0.204 0.485 0.97 ~ (L0001 Tergusouu (1958)
Hendricks (19580) 180  >0150 0440 093 0.0004 Cherry et al. (1975)
16.0 >0211 0.492 098 00008 Cherry et al. (1977)
Goddard & Tait (1976) 11.7 <0.167 0 1 < 00001 MeCauley & Tait (1970}
Lee & Burgess (1980} 337 <0153 -2 0.59 02101 Kelsch {unpublished)
Coutant {1977) 24.6 <0.189 -0.176 0.87 0.0002  Fahn (1962)
Burgess & Lec (1950) 16 >(.155 0.222 0.93 00053 Carside et. al. (1977)
Scott & Crossman (1979) 306 >0.174 1.439 0.88 0.0017 Cherry ct. al. (1977)
Cashner (1980)
Scott & Crossman (1979) 303 =0.108 0.424 0.94 <0.0001 Cherry et.al. (1973)
Lee (1980b)
Scott & Crossman (1070}  31.1 =0.107 0.390 0.99 < 00001  Cincotta & Swuffer (1981)
T.ee (1980c)
Lee (1980d) 30.7 ={.107 0.374 0.96 <(0.0001  Cherry et. al. (1975)
314 >0.147 g2 0.97 <(.0001 Cherry el. al. (1977)
31 =0.136 1.4 (.58 0.0001 Reynolds & Casterlin (1979)
Lee (1980e) 313 =146 0.661 0.96 0.0007 Cherry ct. al. (1975)
303 »0157 0472 085 00032 Cherryect.al (1977)
Scott & Crossman (1979) 325 =002 0.466 0.95 <0.0001 Cherry et. al. {1975}
Gilbert (1980b) 312 =>0.160 0.268 0.91 0.0003  Cherry cl. al. (1977)
Scott & Crossman (1979) 322 = 0106 0.620 0996 < 00001 Cincotta & Stauffer (1984)
1.2e {1980f)
Scoll & Crossman {1979) 242 >0.155 0.311 0.99 0.0001 Ferguson (1958)
Lee (1980g) 214 >0.182 0.316 0995 0.0073  Cherry et. al. (1977)
Ferguson (1958) 234 >0.159 0.268 0.90 0.0053 Doudoroff (1938)
Hensley & Courtenay 37 <0157 0.k no1 MO0 Keleh & Neill (1990)
(1980b)
Hensley & Courtcnay 282 <0172 0.210 0.50 00754 Badenhuizen (1966}
(1980c¢)
Fry (1976) 16 > 0.136 0.150 0,99 <0000 Fry{1976)
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temperature-preference relationships. Salmonidac,
with eight species, exhibited temperature-prefer-
ence relationships in each of the three classes. This
hints that the evolution of temperature-preference
relationships may be relatively rapid.

Our method of cstablishing curves (as functions
of a slope of 0.2) to delimit positive from non-posi-
tive slopes was supported by the results. All 48 rela-
tionships characterized as positive by this method
had significant rcgressions (Table 1). By compari-
son, only four of nine relationships characterized as
non-positive were significant. Two of these four
slopes were 0.0 (artifacts of the way the data were
reported in the literature) and onc was negative
leaving only 1 of 56 studies that had a significant re-
gression that could possibly have been considered
positive had we chosen some value smaller than 0.2.

Discussion

Observed variation in temperature-preference re-
lationships within species is not only due to real
changes in preference with changing acclimation
temperature but to variation among individuals and
populations and to differences in methodology
among the studies that we have reviewed. Tareduce
variation due to diffcrences in methodology we
have only included studies from thc literature that
ore in some way comparable. However, such studics
do vary in type of apparatus used in dctermining
temperature preferences (vertical versus horizon-
tal) and in source and age of experimental subjects
(voung vs. adult, hatchery vs. wild). We are not
overly concerned about these differences because
the relationship that we have hypothesized would
only tend to be obscured rather than supported by
such variation.

Thermal guilds

Tthaslong been known that preferred temperatures
are related to the magnitude of the thermal regime
expericnced by fishes. Consider, for example, that
final thermal preferenda (Fry 1947, Reynolds &
Casterlin 1979) are highly correlated with common-

ly available summertime temperatures. This is ap-
parently the result of a combination of evolutionary
adaptation to, and behavioral selection among, am-
bient temperaturcs. Behavioral selection among
available temperatures is the short-term adaptive
responsc cxhibited by individuals, and evolutionary
adaptation to temperature is the long-term re-
sponse exhibited by populations. Accordingly, fish-
cs have been categorized by magnitude of tolerated
and preferred temperatures as cold, cool, or warm
water species. It also is known that fishes vary in
their tolcrance to environmental temperature,
ranging [rom broad tolerance (curythermal) Lo nai-
row (stenothermal).

We have now shown thal temperature-prefer-
ence relationships appear to be related Lo the ampli-
tude of thermal cyclcs to which species have recent-
Iy been exposed. For aspecies to prefer or tolerate a
wide range of temperatures it must have evolved
mechanisms for maintaining homcostasis. These in-
clude mechanisms of tolerance that establish the
breadth of tolerated temperatures at a given time
and mechanisms of acclimation that over time may
shift preferred and tolerated temperatures. Species
that have cvolved qualitative mechanisms of accli-
mation exhibit temperature-preference relation-
<hips thar show a positively correlated change in
prcference with exposure 1o changing temperature.

Accordingly, thermal guilds of fishes can be con-
sidered on the basis of both amplitude and magni-
tude of their thermal cycles (Figure 5). We have se-
lected final preferenda as a measure of the temper-
atures selected by specics and as an index of the
magnitude of temperatures to which species are
adapted. In addition, we have sclected slopes of
temperature-prefercnce relationships as an index
of thc amplitude of annual thermal cycles experi-
enced by species.

This model adds another dimension [or the sep-
aration of fishes into thermal guilds; one based on
the ability of fishes to acclimate to temperature by
shifting thermal preferenda. Most of the 42 specics
analyzed for this study fell into a group of warm eu-
rytherms (Figure 5). Salmonids (20-27) formed an
interesting cluster extending from cold stenotherms
to cool eurytherms. Another notable group was the
poeciliids (28-29) with negative slopes that would



be characterized as warm stenotherms according to
this model.

Negative temperature-preference relationships

We still do not know why species such as the west-
ern mosquitofish, Gambusia affinis, and guppy
have temperature-preference relationships with
negative slopes. It is unlikely that mcchanisms of
acclimation evolved that shift prefercnces inversely
with changing environmental temperaturc. How-
cver, it is possible that quantitative mechanisms of
acclimation (those that do not dircctly result in
changes in preference) result in temporary, inverse
shifts in temperature preference, This may occur in
species that have not evolved mechanisms of accli-

mation that result in shifts in thermal optima (and

preference) and under circumstances where ther-
mal optima for cnzyme reaction rates vary about an
intcgrated optimum (the final thermal preferen-
dum). After exposure to cold temperatures, for ex-
ample, an individual may benefit most by sccking a
temperature close to optimum for the rate limiting
reactions (higher than the final preferendum); at
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Figure 5. Model showing thermal guilds of fishes on the basis of
magnitude (final preferendum) and amplitude (slopes of tem-
perature-preference relationships) of thermal regimes experi-
enced by fishes (mean slopes and final preferenda are plotied for
species studied morc than once). Bars indicate thermal niches
fur species typically designated as cold, cool, or warm temperate
species (Manguson et al. 1979), The horizontal line is the mean
slope of lines established for each species to delimit positive from
non-positive slopes. Numbers refer to species in Table 1.
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least until those enzyme or substrate deficits were
rectified. It is likely that reactions with thermal op-
tima furthest from ambicnt temperatures (those in-
verse to the acclimation temperature) would he
most limiting and that deficits would be most quick-
ly rectified by temporarily seeking (prefcrring)

temperatures inverse to acclimation temperatures.

Evolutionary basis for temperature selection

It appears that the cvolutionary basis for temper-
ature selection and tolerance in fishes is related to
power available at various temperatures for [unc-
tions such asreproduction, growth, activity, and sur-
vival, With the exception of briet forays, individuals
are probably restricted in distribution to a range of
temperatures where they have available power, i. ¢,
where the cost of maintenance (standard metabolic
rate)is less than the total amount of power that they
can generate (active metabolic rate). Preferred
temperatures of fishes are probably thosc that offer
the greatest scope for activity (as developed by Fry
1947) and therefore, the greatest amount of avail-
able power (Kelsch 1996). Evolution should have
favored individuals that were well adapted to avail-
able temperatures or selected those that offered the
greatest available power because they would have
surplus power that could be channeled into adap-
tive functions such as reproduction and survival
(Ware 1982, Priede 1985).

With further study we suspect that the amplitude
of the annual temperature cycle will be found o be
positively correlated with the slope of the temper-
ature-preference relationship, and that the ampli-
tude of the short-term temperature cycle will be
correlated with the range of thermal tolerance. Our
rationale for these predictions is that specics in

“thermal environments with low temperature varia-

tion would not gain any advantage by adjusting
their metabolism or temperature preferences,
where others should tend to evolve mechanisms
that increase their metabolic efficiency following
temperaturc change. For species that experience
short-term temperature cycles, evolution should fa-
vor individuals with broad thermal tolcrances that
do not require time for acclimation. Species that ex-
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perience substantial thermal amplitudes with the
time for major adjustments should have been favor-
ed if they had evolved mcchanisms capable of ad-
justing their thermal optima and temperature pref-
erences over time, resulting in slopes that are pro-
portional to the amplitude of annual {empcraturce
cycle.

We did not test these predictions due to the diffi-
culty of quantifying the amplitude of thermal cycles
experienced Ly [ishes; however, with the exception
of the telescope shiner, the seven species (6, 25, 9,
16,17,35,37, sce Figure 5) with the highest slopes all
cxhibited relatively wide latitudinal distributions, a
factor consistent with our prediction.

This work demonstrates the adaptive nature of
temperature-preference bechavior and may be use-
[ul for predicting general characteristics of temper-
ature-preference relationships for the majority of
specics not yet examined in this regard.
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