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Summary

| compared the thermal sensitivity of jumping
performance of five populations of the striped marsh frog
(Limnodynastes peronji over a wide geographic range
extending from the cool-temperate south to the tropical
north of Australia. Maximum jumping performance of
adult L. peronii was assessed for each population at eight
temperatures between 5°C and 32°C using a custom-
designed force platform. From force recordings for each
individual jump, maximum jumping force (Fmax) and
acceleration Amax) and maximum power output Pmax),
take-off velocity Umax), jump distance ©j) and contact
time on the platform (Tc) were calculated. The body mass
of adult L. peronii varied over their geographic range,
from approximately 5g for the lowland tropical
population to more than 22g for the cool-temperate
populations. The thermal sensitivity of jumping
performance varied over their geographic range, with the
populations from the cooler climates generally performing
better than those from the warmer climate populations
at the cooler temperatures, andvice versaat the higher
temperatures. However, not all parameters of jumping
performance underwent parallel changes in thermal
sensitivity amongst the populations ofL. peronii. Only
minor differences in the shape of the thermal sensitivity

populations. The optimal temperatures for Umax, D3
and Pmax were generally lower in the cool-temperate
populations than in the tropical populations ofL. peronii.
To determine whether this geographic variation was due
to genetic variation, or merely reflected phenotypic
plasticity, | also compared the thermal sensitivity of
jumping performance between metamorphL. peronii from
two different populations raised under identical conditions
in the laboratory. The maximum jumping distance of the
metamorph L. peronii was assessed at seven temperatures
between 8°C and 35°C for the two latitudinally extreme
populations (i.e. lowland tropical Proserpine and cool-
temperate Gippsland populations). Like adultL. peronii,
the metamorphs from the cool-temperate population
jumped further than those from the lowland tropical
population at the lower temperatures, although no
differences were detected at the higher temperatures.
Thus, geographic variation in thermal sensitivity of
jumping performance in L. peronii probably has a genetic
component, and the different populations appear to have
undergone genetic adaptation of their thermal sensitivity
to the varied thermal environments.

curves for Fmax and Amax were detected amongst the
populations, while the thermal sensitivities ofJmax, Dj and
Pmax all displayed considerable variation amongst the

Key words: thermal dependence, geographic variation, evolution,
population differentiation, temperature, locomotion, jumping, frog,
Limnodynastes peronii.

Introduction

Physiological processes operate within the bounds of lethahanges in body temperature can affect survival and realised
temperature extremes, with the performance of a physiologicéitness through its influence on locomotion, foraging and
trait gradually increasing with temperature from a lethaimating (Huey and Stevenson, 1979; Christian and Tracy, 1981;
minimum to an optimum before dropping precipitously asKingsolver and Watt, 1983). Studies examining the evolution
temperature approaches a lethal maximum. Consequentlyf thermal sensitivity of ectotherm performance offer an
changes in environmental temperature can significantlppportunity to study the ecological and evolutionary
influence the efficiency of physiological processes inconsequences of variation in physiological performance
ectotherms with a limited capacity for behavioural regulatior(Kingsolver and Watt, 1983; Bauwens et al., 1995; Marden et
of body temperature (Huey and Stevenson, 1979). Variation ial., 1996).
the physiological performance of ectotherms as a result of Traditionally, interspecific comparative studies have been
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used to deduce historical evolutionary patterns of the thermdifferent populations of. peronii have undergone thermal
sensitivity of ectotherm performance. From gross interspecifiadaptation to their environment, | predict that populations
comparisons (e.g. Antarctigersustropical fish) (Johnston from the cooler climates will perform better at cooler
and Altringham, 1985; Franklin, 1998), thermal sensitivity oftemperatures than those from the tropical populations, and
ectotherm performance has clearly evolved in response tdce versaat the warmer temperatures. Second, have all
different thermal environments. However, these interspecifiparameters of whole-animal jumping performance (maximum
comparisons reveal little about how readily thermal sensitivitwelocity and jump distance) and their underlying
of performance will evolve or the possible genetic correlationphysiological traits (power output, acceleration and force)
between different aspects of the thermal sensitivity curvendergone parallel changes in thermal sensitivity amongst
and the likely responses of natural populations to short- atifferent populations? For example, only certain parameters
long-term thermal disturbances. Recently, several differerdf jumping performance and not others may have experienced
approaches have been used to address these issues of shlection in the different thermal environments. Finally, is the
evolution of thermal sensitivity of ectotherm performancegeographic variation in the shape of the thermal sensitivity
including interspecific comparisons within a phylogeneticcurve among the populations of adult peronii similar to
framework (Bauwens et al., 1995), comparisons amongshe variation that has been observed in laboratory natural
different populations of a single species (John-Alder et alselection and interspecific comparative studies?
1989; Van Damme et al., 1989; Bronikowski et al., 2001), Several factors makie. peroniian appropriate species for
laboratory natural selection (Bennett et al., 1990; Huey et althis intraspecific analysis of thermal sensitivity. First, striped
1991) and quantitative genetic studies (Gilchrist, 1996). Notmarsh frogs I(. peroni) are distributed over a huge
surprisingly, these highly complementary approaches differ igeographic range, from 16°S (tropics) to 42°S (cool-
their conclusions. temperate). Moreover, differences in thermal characteristics
Laboratory natural selection and quantitative genetic studiemmongst the different populations lof peroniiare enhanced
(e.g. Bennett et al., 1990; Leroi et al., 1994; Gilchrist, 1996further by geographic differences in their activity and
Mongold et al., 1996) have dominated evolutionary studies dfreeding seasons. Also, like other predominantly terrestrial
thermal sensitivity during the last decade because of their abiligmphibians (Puthnam and Bennett, 1981; Renaud and Stevens,
to document evolution in real time and/or their effectiveness ii983; Rome, 1983; Whitehead et al., 1989; Knowles and
elucidating genetic correlations between certain aspects of tMgeigl, 1990), adult.. peroniiare incapable of modifying the
thermal sensitivity curve. These studies have demonstrated tithermal sensitivity of their jumping performance in response
ectotherms with short generation times possess the capacitytto long-term changes in their thermal environment (Wilson
respond to changes in the thermal environment by adaptatiamd Franklin, 2000); thus, any differences amongst
of their thermal sensitivity (Huey et al., 1991; Bennett et al.populations can probably be attributed to genetic differences.
1992; Leroi et al.,, 1994). Similarly, several interspecificHowever, to test this assumption further, the thermal
comparisons of the thermal sensitivity of ectothermsensitivity of jumping performance was also compared
performance amongst closely related species from distinttetween newly metamorphosdd peronii from the two
thermal environments (including phylogenetic analyses)atitudinal extreme populations raised under identical
indicate that thermal sensitivity readily evolves in response toonditions in the laboratory.
different thermal environments (John-Alder et al., 1988;
Bauwens et al, 1995; Navas, 1996). In contrast,
inter-population studies suggest that thermal sensitivity is Materials and methods
evolutionarily conservative and does not readily undergo Adult male striped marsh frogkimnodynastes peronii
change (Hertz et al., 1983; Crowley, 1985; John-Alder et al(Duméril and Bibron) (Fig. 1A) were collected from five study
1989; Van Damme et al., 1989). However, it is not cleasites across an extensive geographic range over their natural
whether these intraspecific studies are representative of théstribution (from the tropical north to the cool-temperate
differentiation of thermal sensitivity of performance amongregions of Australia) (Fig. 1B). Maximum jumping
natural ectotherm populations. Further comparative analyses pérformance ot.. peronii adults was compared amongst the
the thermal sensitivity of performance using several populatiorféve populations at eight temperatures between 5°C and 32 °C.
of an ectotherm species found over a wide range of therm@he jumping performance of metamorphperoniiraised in
environments would help to elucidate general patterns dhe laboratory under constant conditions was also compared
differentiation of thermal sensitivity among natural populationsbetween the two latitudinal extreme populations (i.e. tropical
In this study, | determined the extent of geographidowland Proserpine and cool-temperate Gippsland) at seven
variation in thermal sensitivity of jumping performance in thetemperatures between 8 °C and 35 °C.
striped marsh frogLimnodynastes peronii My study was
designed to address several questions directly relating to the Description of study sites
evolution of thermal sensitivity of ectotherm performance. Five populations of. peroniithat represented the range of
First, is there any divergence amongst the populations in ttteermal environments experienced by this species over their
thermal sensitivity curve of jumping performance? Ifdistribution were selected for this study. The tropical lowland
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Fig. 1. (A) A striped marsh frod-{mnodynastes peropi{photograph courtesy of E. Meyer). (B) Distribution of striped marsh frogs along the

eastern regions of Australia. Symbols indicate sites where adult animals were collected. (C) Seasonal changes in ayetemeearatute at
four of the study sites (Australian Bureau of Meteorology).

Proserpine site was consistently warmer than every other siggeas surrounding Brisbane will breed almost year-round,
throughout the year, with nightly temperatures more than 6 °@xcept for mid-winter.

higher than at the two cool-temperate study sites year-round

(Fig. 1C). The subtropical Brisbane site represented allelbourne (37°5(5, 145°7E; altitude 20 m)

intermediate thermal environment between the latitudinal This cool-temperate site includes both permanent and semi-

extreme study sites (Fig. 1C). permanent ponds. The activity and breeding seasoh. of
_ . peronii inhabiting these ponds are predominantly from late-
Proserpine (20°2'B, 148°3@; altitude 10 m) winter to early summer (late July to December). The paucity

This tropical lowland site consists of ephemeral pools obf rain during the warmer months generally precludes breeding
water on the periphery of a flood plain, which consistentlyduring the hottest parts of the year.
receives rain between the months of December and April
(Australian summer to mid-Autumn). The activity and Gippsland (38°525, 146°17E; altitude 300 m)
breeding season df. peroniiin this region are during the  The activity and breeding season lof peronii from this
hotter summer months, with their breeding pools drying up bgecond cool-temperate site are essentially very similar to those
the end of April. at the Melbourne site (i.e. late July to December). This site

consists of permanent ponds only.
Eungella (21°7S, 148°2%; altitude 1000 m)

This high-altitude tropical population receives consistent | used Tidbit Stowaway temperature loggers to record
rain year-round and is characterised by large permanent pon@svironmental temperature at the lowland tropical (Proserpine)
The activity and breeding seasonLofperoniifrom this study and two cool-temperate (Melbourne and Gippsland) study sites
site are virtually year-round, with the exception of mid-winter.to quantify and compare their thermal characteristics.

Temperature loggers were placed in sheltered locations where
Brisbane (27°28, 153°F; altitude 20 m) calling males were captured, and temperature was recorded

This subtropical lowland site consists of both permanent anelvery hour during the months whenperoniiwere typically

semi-permanent ponds. Given sufficient rainperoniiin the  active in each study site.
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The force platform recorded for these animals. Each metamorph was encouraged

The design of the force platform was based on that outlinel® jump along a wooden bench by lightly touching its urostyle,
by Katz and Gosline (1993) for measuring the jumpingVith at least five jumps from each individual recorded. The
performance of locusts and is described in detail in Wilson étentral surface of the metamorphs was kept damp at all times,
al. (2000). The calculations used to determine maximund/lowing their jump distance to be recorded by measuring the
jumping accelerationAmay), maximum power outputPfnay), distance between damp marks on the wooden bench. The
take-off velocity Umax) and jump distanced() from the force longest jump for each individual metamorph at each

platform data are also described in Wilson et al. (2000).  temperature was used as a measure of maximum jumping
distance. The jumping performance of metamorphs from both

Effects of temperature on jumping performance populations was assessed in the order 30, 18, 23, 8, 15, 12

The jumping performance of each frog was assessed withand 35°C, and then again at 30°C. Like the adult jumping
3 days of capture in the order 20, 12, 32, 26, 8, 28, 24 and 5 °@grformance protocol, data from individuals that did not
and then again at 20°C. The initial and final test temperatugroduce at least 90 % of their initial maximum jumping force
of 20 °C was non-randomly selected whilst the set order for awhen retested at 30°C were discarded. No more than two
other test temperatures for all individuals was randomlyndividuals from each population were removed from the
selected. Data from individuals that did not produce at leastnalysis.
90 % of their initial maximum jumping force when retested at o _ o
20°C were discarded. No more than two individuals from each Descriptive traits of the thermal sensitivity curve
population were removed from the analysis. As no difference Several descriptive traits of the thermal sensitivity curve
in jumping performance for any population was detectedvere calculated for all parameters of jumping performance
between the initial and final testing at 20 °C, it was concludeffom the adult and metamorph data sets. These are the
that the jumping performance did not change over the courdeaditional traits used to describe the thermal sensitivity curve
of the experiment. The body temperature of the frogs wagutlined originally by Huey and Stevenson (1979). The optimal
changed at 4°CH and was maintained by keeping eachtemperature for performanc&of) was defined as the single
individual in a 300 ml plastic container that was half-filled withtemperature at which an individual produced its peak
water and immersed in a temperature-controlled waterbatperformance. Peak performance was defined as the value at
(£0.5°C). The air temperature of the experimental room wadopt. As the decrease in performance at high temperatures was
kept within 5°C of the experimental temperature at all timesnot always observed for each individual, thermal performance
The body temperature of the frogs did not change significantlgreadths were not calculated. However, the lower extremity of
during handling and jumping at any temperature and was kepite thermal performance breadth, defined as the lowest
within +0.5°C of the experimental temperature. Jumps weréemperature at which performance was at least 80 % of peak
elicited by placing the frogs in the middle of the force platformperformancel(Lso), was calculated.
and touching their urostyle, taking care to avoid applying At the end of the jumping protocol, morphological
forces to the platform. Each individual was stimulated to jumgneasurements were taken from each adult and metamorph.
from the platform at least five times, with the jump thatSnout-to-vent lengthLey) was measured with calipers (to
produced the greatest ground reaction force for each individuaP.02 mm), while the mass of each frog was measured with an
at each temperature used as a measure of maximum jumpiAg00S Sartorius analytical balance (to +0.01g).

performance. o
Statistical analyses

Thermal sensitivity of jumping performance in laboratory-  The effects of population on the relationship between
reared frogs temperature and measures of performance (thermal sensitivity

Eight clutches were collected from the two latitudinally curves) were analysed using two-way repeated-measures
extreme study sites, Proserpine and Gippsland. For each stualyalysis of variance (ANOVA). All data were log-transformed
site, clutches were collected within 12 h of being deposited anoefore analyses. Measures of peak performaliygeandLLso,
were immediately mixed, placed at 23°C and transported towere compared amongst the populations using a one-way
The University of Queensland campus. Eggs hatched withiANOVA for the adult frogs and a Studentigest for the
52h, and the tadpoles were then housed individually in lihetamorphs. Body mass ahgy were compared amongst the
plastic containers and fed daily on dried cat food until theyadults from the five populations using a one-way ANOVA and
metamorphosed. Developing larvae were kept in temperatura-Student’d-test for metamorphs. All results are presented as
controlled rooms with the water temperature at 23°C. Theneans 1s.e.m. Statistical significance was takenPat0.05.
jumping performance of the frogs was tested on the day after
their tail had been completely resorbed.

The jumping performance of these metamorphs was Results
determined at seven temperatures between 8°C and 35°C. As  Thermal environments of the different study sites
metamorphs were too small to obtain accurate jumping data The temperature profiles of the lowland tropical study site
from the force platform, only maximum jump distance wasand the two cool-temperate study sites were compared during
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Table 1.Morphometrics for the striped marsh frogsninodynastes peronifrom the five populations studied

Mass Snout-vent length
Population Locality (9) (mm) N
Tropical lowland Proserpine 5.14+0.3 38.6+0.72 16
Tropical highland Eungella 9.51£0.7 49.6x1.0 15
Sub-tropical Brisbane 7.5+0.43 43.8+0.9 26
Cool-temperate 1 Melbourne 23.3+2.0 57.3+2.0 13
Cool-temperate 2 Gippsland 22.7+¥1.4 57.6+1.0 20

Values are meansse.M.

the months when adult peroniiare active at each study site. populations had values Bfythat were more than 200 % greater
Average nightly temperature during their months of activity inthan those of the tropical lowland population. In contrast, at
the lowland tropical Proserpine site varied from 25.4+1.0 anthe test temperature of 32°C, the tropical lowland population
26.9+1.4°C in December and January, respectively, toeached @&;that was more than 25 % greater than those of the
22.6x1.4°C in May. In contrast, average nightly temperatureool-temperate populations. The optimal temperature for peak
increased from 9.7+0.9 °C in July to 18.1+2.0 °C in Novembejump distance Mopy) differed among the populations &f

for the cool-temperate Melbourne site and ranged from

8.9+£0.6°C in July to 17.6+1.8°C in November for
Gippsland site.

Geographic variation in thermal sensitivity of adult
jumping performance

The body mass of adult. peroniivaried across the
geographic range (one-way ANOVRL0.01), increasin
from 5.14+0.3g for the tropical lowland population
23.3+2.0g for the Melbourne population (Table 1).
adult L. peronii from the tropical lowland Proserpi
population did not jump at 5°C, all comparisons amc
the populations are between 8°C and 32°C.

The thermal sensitivity of maximum jumpi
performance for adultL. peronii varied over the
geographic range, with the populations from the ct
climates generally performing better than the popula
from the warmer climates at the cooler temperatures
vice versaat the higher temperatures (Figs 2, 3).
thermal sensitivity oblmaxvaried significantly among tl
populations ofL. peronii (repeated-measures ANOV
P<0.01), with the populations from the cooler clin
generally attaining higher velocities than the more tro
populations at low temperatures amice versa at
temperatures higher than 24°C (Fig. 2A). The opt
temperature for peak take-off velocitydpy) differed
significantly amongst the populations lof peronii (one-
way ANOVA; P<0.01), with the Melbourne populati
possessing the lowest optimal temperature (21.5+1.
and the lowland tropical population the highésdp:
(30.6£2.3°C) (Table 2).

The thermal sensitivity obj also varied significant
among the different populations bf peronii (repeatec
measures ANOVAP<0.001) (Fig. 2B). Both the coc
temperate populations generally produced a lorigy
than the warmer-climate populations at the Ic
temperatures andice versaat temperatures higher tr
24°C. For example, at 8°C, both cool-tempe
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Fig. 2. Thermal sensitivity of (A) maximum take-off velocitynay) and
(B) maximum jump distanceD(), for adult striped marsh frogs
(Limnodynastes peronifrom five populations across a wide geographic
range. The relationship between temperature and each parameter of
jumping performance was significantly different amongst the populations
(two-way repeated-measures ANOVAR<0.05). Values are means *
s.E.M. (Melbourne,N=12; GippslandN=24; BrisbaneN=22; Eungella,
N=13; Proserpind\=14).
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Table 2.Comparison of the descriptive traits of the thermal sensitivity curve of jumping performance for five populations of
striped marsh froglimnodynastes peronii

Gippsland Melbourne Brisbane Eungella Proserpine
(cool-temperate 1) (cool-temperate 2) (sub-tropical) (highland tropical) (lowland tropical)

Maximum jumping forcefFmax

Peak (N) 1.2640.05 1.23+0.05 0.73+0.03 0.78+0.04 0.49+0.02

Optimal temperature (°C) 28.2+0.6* 27.3+0.8 30.2+1.1 28.3+0.7 29.9+0.6

LLso (°C) 23.4+0.6 21.1+0.8 22.3+1.0 22.4+1.1 23.7£0.7
Maximum jumping acceleratiomax

Peak (Ms?) 47.442.2 36.3+£3.7 81.7+2.9 71.6+3.4 87.6+3.4
Maximum jumping velocitylUmax

Peak (ms)) 3.09+0.11* 3.12+0.09 3.32+0.09 3.23+0.09 3.47+0.12

Optimal temperature (°C) 21.7+1.3* 21.5+1.2 25.5+1.6 24.3+1.2 30.6+2.3

LLgo (°C) 13.3+0.9* 16.7+0.8 17.9+1.2 18.9+1.3 22.740.8
Maximum jump distanced;

Peak (m) 1.15+0.06* 1.16+0.04 1.23+0.06 1.23+0.07 1.31+0.06

Optimal temperature (°C) 22.9+1.2* 21.2+¥1.1 24.9+1.1 25.4+0.9 29.3+0.8

LLgo (°C) 16.2+0.8* 18.9+0.9 17.1+1.4 20.6+£1.0 24.8+1.4
Maximum instantaneous power outpRiax

Peak (W kgl 108.8+7.0* 110.1+£7.5 190.7+9.5 175.9+£12.9 205.9+12.4

Optimal temperature (°C) 26.3+0.9* 25.1+1.1 25.8+1.0 26.2+1.1 29.9+0.9

LLgo (°C) 20.0+1.1* 19.6+1.2 23.3+1.2 22.7+1.1 26.8+0.8

N 24 12 22 13 14

For maximum acceleration, only peak measures are provided because all other descriptive traits for this parameter acendeditimsd
jumping force.

Significant population effects for each thermal sensitivity trait are denoted by an asterisk. Statistical significance tigheakeneh ®
P<0.05.

Values are meansse.m.

LLgo,the lowest temperature at which performance was at least 80 % of peak performance.

peronii (one-way ANOVA;P<0.01), with the lowland tropical The thermal sensitivity oPmax also differed among the

population possessing the highBspt of 29.3+0.8 °C and the populations of L. peronii (two-way ANOVA; P<0.001)

lowest of 21.2+1.1 °C for the Melbourne population (Table 2)(Fig. 3C). The optimal temperature for peak power output
The thermal sensitivity oFmax significantly varied across (Popt) varied significantly across the populationd.operonii

the geographic range of. peronii (repeated-measures with the lowestPop: exhibited by the Melbourne population

ANOVA; P<0.05) (Fig. 3A).Fmax for both cool-temperate (25.1+1.1°C) and the highest by the lowland tropical

populations was greater than for all other populations at eagiopulation (29.9+0.9 °C) (Table 2). The thermal sensitivity of

temperature, while the lowland tropical population possessett varied significantly among the populations Lof peronii

the lowestFmax at each temperature. For the cool-temperatgtwo-way ANOVA; P<0.05), with the Tc of both cool-

Melbourne populationFmax increased from 0.50+0.02N at temperate populations being consistently longer at all

5°Ct01.23+0.05N at 32 °C, while that for the tropical lowlandtemperatures than the other populations (Fig. 4).

population increased from 0.13+0.01 N at 8°C to 0.51+0.01 N

at 32°C. Optimal temperatures fdfmax (Fop) differed Thermal sensitivity of jumping performance in laboratory-

among the populations (one-way ANOVR0.01), with the reared frogs

Gippsland and Melbourne populations possessing the lowestThe body mass of the laboratory-raised metamdrph

Fopt values (28.2+0.6 and 27.3+0.8 °C, respectively) and theeroniiwas significantly different between the cool-temperate

Brisbane population the highd=gp: of 30.2+1.1°C (Table 2). Gippsland frogs (0.35+0.02g) and the tropical lowland

The thermal sensitivity ofmaxalso varied significantly across Proserpine frogs (0.27+0.01 gi-tést; P<0.01). Metamorphs

the geographic range of. peronii (repeated-measures from the tropical lowland population did not jump at 8°C, so

ANOVA; P<0.05) (Fig. 3B). Although the cool-temperate all comparisons between the two populations were made at

populations possessed the low&skxat each temperature, the temperatures between 12 and 35 °C.

difference between the populations was less than 10% at theThe thermal sensitivity oD; for the laboratory-raised.

low temperatures but was greater than 100% at the highperonii metamorphs differed significantly between the

temperatures. populations (repeated-measures ANOW2As0.001) (Fig. 5).
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Fig. 3. Thermal sensitivity of (A) maximum jumping fordemay), Ertv;lz \'\/Avaz/Griepeated megstes AN-OVA?@'OS)' Values are means
) . : X " + se.M. (GippslandN=19; Proserpind\=13).
(B) maximum jumping accelerationAgay and (C) maximum
instantaneous jumping powePn{axy) for adult striped marsh frogs
(Limnodynastes peropii from five populations across a wide .
geographic range. The relationship between temperature and bJfmperatures, but there were no differences between the
parameters of jumping performance was significantly differenfPOpulations at temperatures greater than 24°C (Fig. 5). At
amongst the populations (two-way repeated-measures ANOVA}2 °C,D; of the Gippsland metamorphs was 40 % higher than
(P<0.05). Values are meanss£.M. (See Fig. 2 foN values.) that of the tropical lowland populations (Fig. 5). The optimal
temperature fobjwas not significantly different between the
two populations (Table 3).
For the Gippsland metamorpli3; increased from 8.1+0.5cm
at 8°C to 25.7£1.0cm at 35°C, whi; for the tropical _ _
lowland population increased from 9.2+0.4cm at 12°C to Discussion
25.6£0.9cm at 35°C. The thermal sensitivity of maximum jumping performance
D; of the Gippsland frogs was generally greater at coolaried over the geographic range of the striped marsh lfrog (
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Table 3.Comparison of thermal sensitivity traits for maximumsensitivity. Although John-Alder et al. (1989) found no
jump distance between laboratory-raised metamorph stripeddifferences in thermal sensitivity of swimming and muscle
marsh frogs l(imnodynastes peronifrom the cool-temperate contractile performance between northern and southern
Gippsland and lowland tropical Proserpine populations  populations of the tree fragyla crucifer, geographic variation
in the seasonal timing of breeding activity results in their activity
periods occurring at similar environmental temperatures (John-
Alder et al., 1989). In contrast, differences in active body
temperatures were substantial amongst the different populations

Gippsland Proserpine
(cool-temperate 2) (lowland tropical)

Maximum jump distanced;

gei‘ilr(ngn:gm erature (°C) 2??23;}606 22.28;}(-)06 of L. peronii with animals from the lowland tropical population
Llf)s 0(°C) P 21 6;1_1*.* 25 5;1_0' commonly captured with body temperatures in excess of 25°C,

while calling maleL. peronii from the Gippsland population
N 19 13 were captured with body temperatures of less than 15°C (R. S.
_— . _ Wilson, unpublished data).
Slgmﬁcant _dlffereqce§_betwe§n the populations are denoted by an Not all examples of conservative geographic variation in
asterisk. Statistical significance is taken at the levBkdf.05. e oy .

Values are means<e . thermal sensitivity Wlth!n an ectoltherm species can be
LLgo, the lowest temperature at which performance was at Ieaé‘tt”bunEd to a lack _Of interpopulational Var'at'on inbody
80% of peak performance. temperature. No differences were detected in thermal

sensitivity of running performance between different
populations of Sceloporus undulatus(Crowley, 1985),
peronii). Cool-temperate populationslofperoniiconsistently  Podarcis tiliguerta (Van Damme et al., 1989) or several
outperformed the warmer climate populations at the loweagamid lizards (Hertz et al.,, 1983) despite significant
temperatures, and the tropical lowland population generallgifferences in field body temperatures observed amongst the
outperformed the more temperate populations at the high@opulations. Many other factors may also be important
temperatures. Moreover, optimal temperatures for jumpindeterminants of population differentiation of thermal
were lower in the cool-temperate populations than in theensitivity. One possibility for studies comparing different
tropical populations of. peronii The thermal sensitivity of populations across altitudinal ranges (Crowley, 1985; Van
jumping performance in adult. peroniiis not affected by Damme et al., 1989; Hertz et al., 1983) is that gene flow may
long-term exposure to different thermal environments (Wilsorbe too great across this narrow range to allow differentiation
and Franklin, 2000), so differences in thermal sensitivity obf thermal sensitivity. To obtain a more comprehensive picture
jumping performance amongst populations laf peronii  of the pattern of population differentiation of thermal
probably reflected genetic differences. To strengthen thisensitivity, further studies are necessary on ectotherms with a
suggestion, | also compared the thermal sensitivity of jumpinimited capacity for thermoregulation that are also distributed
performance of metamorph peronii from two populations over wide latitudinal and altitudinal ranges.
(lowland tropical and cool-temperate) raised under identical In contrast to previous intraspecific studies, laboratory
conditions in the laboratory. The thermal sensitivity of jumpingnatural selection studies have shown that ectotherms with short
performance in metamorgph peroniidiffered between the two generation times can respond rapidly to changes in their
populations, with the cool-temperate Gippsland populatiothermal environment by adaptation of their thermal sensitivity
jumping further than the lowland tropical population at theof performance (Bennett et al., 1990; Huey et al., 1991).
lower temperatures. Thus, geographic variation in thermdhterspecific comparisons of the thermal sensitivity of
sensitivity of jumping performance In peroniiprobably has performance between closely related species also indicate that
a genetic component and the different populations havihis physiological trait readily undergoes adaptation to
undergone genetic adaptation of their thermal sensitivity to théifferent thermal environments (Van Berkum, 1988; John-
varied thermal environments. Alder et al., 1988; Navas, 1996). For example, John-Alder et
Most other intraspecific comparative studies have reportedl. (1988) found that several North America species of hylid
very little geographic variation in thermal sensitivity of frog inhabiting the higher latitudes or that bred during the
performance, indicating that this trait is evolutionarily cooler parts of the year performed relatively better at low
conservative and does not readily undergo differentiatiotemperatures than did species from lower latitudes or that
amongst populations (Hertz et al., 1983; Crowley, 1985; Vaneproduced during the warmer seasons. Similarly, Navas
Damme et al., 1989; John-Alder et al., 1989; Bronikowski et al(1996) compared the thermal sensitivity of locomotor
2001). However, the data from the present study show that tiperformance amongst different species of neotropical anurans
thermal sensitivity of ectotherm performance can clearly divergever an altitudinal range in the Colombian Andes. The
amongst different populations of a single species. Why somecomotor performance of the high-elevation species (above
species and not others exhibit geographic variation in the therm2900m) was almost thermally independent over the
sensitivity of performance is not clear. One possibility is thatemperature range 5-35 °C, while the performance of the low-
geographic variation in active body temperatures may not batitude species was considerably reduced at temperatures
great enough to result in selection for changes in thermdlelow 15 °C.




Geographic variation in thermal sensitivity of frog jumpidg@35

Not all parameters of jumping performance in adult Although this Principle of Allocation hypothesis (Levins,
peronii underwent parallel changes in thermal sensitivityl968) underlies much of evolutionary theory, it has seldom
amongst the populations. Both whole-animal performancéeen empirically tested using physiological traits. Within the
traits Umax and Dj) displayed considerable geographicfield of thermal physiology, a few studies have used the
variation in thermal sensitivity among populations lof  thermal sensitivity of ectotherm performance to investigate the
peronii. UmaxandDj were almost independent of temperaturegenerality of this evolutionary prediction (Huey and Hertz,
between 12 and 32°C for adult peronii from the cool- 1984; Van Berkum, 1988; Gilchrist, 1996). Referred to as the
temperate populations. It is the whole-animal traits that ar&ack-of-all-temperatures is a master of none’ hypothesis, it
exposed to direct selection, so it is not surprising that theg@edicts that phenotypes that can perform a physiological
traits displayed the greatest variation amongst populations. THienction well over a wide range of temperatures (i.e. generalist)
low level of temperature compensation observed in the cootelative to other phenotypes will perform relatively poorly at
temperate populations was not related to parallel changes tineir optimal temperature relative to the specialist phenotypes
Fmax0Or Amax. both these parameters were highly temperaturefHuey and Hertz, 1984). A corollary of this hypothesis is that
sensitive between 12 and 32 °C for all populations. Howevetropical ectotherms (less variable environment) should possess
adultL. peroniifrom the cool-temperate populations possessedpecialist phenotypes that maximise peak performance, while
greater total contact times whilst jumping at temperaturemore temperate ectotherms (more variable environment)
between 5 and 20 °C, thus allowing acceleration of their mashould possess generalist phenotypes that maximise
over an extended period. Maintenance Fafax and Amax  performance breadth (Van Berkum, 1988).
relative to those of the other populations, coupled with | could not calculate the thermal performance breadths of
increases in contact time and power output, may have lgdmping performance for the different populationg oberonii
directly to higher take-off velocities and longer jump distancebecause the performance of the adults was only tested up to a
at the lower temperatures. maximum of 32 °C. However, several lines of evidence appear

The body mass of adult male peroniivaried across their to indicate there may have been a trade-off between
geographic range, from approximately 5g in the lowlandnaximising thermal performance breadth (populations from
tropical population to more than 229 in the cool-temperateooler climates) and maximising peak jumping performance
populations in southern Australia. As differences in bodypopulations from warmer climates) ih. peronii Peak
mass were also observed between metamiorpkroniifrom  measures of jumping performance tended to decrease with
high- and low-latitude populations raised under identicalncreasing latitude. For example, peldkax decreased from
conditions in the laboratory, the latitudinal cline in body size3.47 ms? in the tropical lowland Proserpine population to
appears to have a genetic component. An increase in bo8y09ms? in the Gippsland population. Similarly, minimum
size with increasing latitude is often referred to aghermal performance breadth temperatur@ésinf generally
Bergmann’s rule. Although originally proposed for body sizedecreased with latitude and altitude, possibly indicating an
clines in endotherms (Bergmann, 1847), ectotherms alsextension of the thermal performance breadth for the
exhibit similar clines in body size with increasing distancepopulations from cooler climates. For examplego for Umin
from the equator. Many studies have reported latitudinal awas 22.7 °C in the tropical lowland population and 13.3°C for
altitudinal clines in body size; for example, in the anurarthe Gippsland population. Although this difference may be
Rana sylvatica (Berven, 1982), in several species ofnegated by similar differences amongst the populations in
Drosophila (Coyne and Beecham, 1987; Imasheva et al.naximum thermal performance breadth, it is likely that this
1994; James et al.,, 1995) and in the houseMiysca difference would be much lower at the higher temperatures.
domestica(Bryant, 1977). However, most studies do notData on the critical thermal maxima of different populations of
address the functional consequences of these variations linperonii(Brattstrom, 1968) suggest that a significant decrease
body size (Partridge and French, 1996). The measures of performance would occur in all populations just above
jumping performance reported in the present study allow aB5°C, making differences in thermal performance breadth
examination of the functional consequences of latitudinal andmongst the populations smaller than indicated ffaimdata,
altitudinal clines in body mass. The larger adult body masbut still real.
of the cool-temperate populations lof peronii allowed the
production of greater ground reaction forces but substantially | would like to thank all the field assistants who readily
lower accelerations and longer contact times. As drekked into the swamps of eastern Australia to help me
consequence, take-off velocity and jump distance were nabllect the marsh frogs. Special thanks goes to Chloe and the
substantially influenced by body mass in adultperonii  rest of the Schauble entourage, E. Meyer, T. Jessop, M.
(Wilson et al., 2000), and variations in body mass alonélamann, P. McCracken, D. Armando, A. Atteridge and R.
amongst the populations did not affect these parameters. Cramp for their collective lust of pond mud. Thanks also go to

Evolutionary theory predicts there should be a trade-ofC. E. Franklin for his guidance and support, Jen McKain for
between specialist and generalist phenotypes, whereby thagistical support and Ed Meyer and Peter Garrett for the
ability to perform well over a wide range of environments camecessary inspiration. R.S.W. was the recipient of an
be achieved only at the expense of maximal performancéustralian Postgraduate Research Award.
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