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Abstract. The thermal dependence of performance capacity was assessed in two anuran amphibians: 
Bufo boreas (western toad) and Ranapipiens (leopard frog). Quantitative measurements of performance 
showed that Bufo could sustain slow rates of walking for 10 min and cover greater distances than Rana, 
which initially jumped more vigorously but fatigued within 5 min. Changes in performance with changes 
in body temperature were virtually instantaneous, and performance exhibited no acclimation over 7 
days. Within the range of temperatures studied, performance capacity increased with increasing body 
temperature and reached a maximum at 28 C in Bufo and 20 to 29 C in Rana. Performance capacity 
and the underlying metabolic processes had a similar thermal dependence within a species. The be- 
havioural capacity for activity is apparently maximal for both species at body temperatures normally 
encountered in the field. Anuran behaviours requiring s~istained activity (migration to breeding sites, 
mating, foraging) must therefore be markedly temperature-sensitive. 

Many amphibians experience wide daily varia- 
tions in body temperature. Despite evidence for 
behavioural thermoregulation in amphibians (for 
review see Brattstrom 1979), the high rates of 
evaporative water loss (Tracy 1979), the need to 
maintain water balance, and the nocturnal 
habits of many amphibians limit the degree to 
which they can maintain a constant body tem- 
perature. Body temperatures of high-altitude 
toads have been measured from 0 to 35 C (Carey 
1978), and variations in body temperature of 10 
to 15 C are common in other amphibians 
(Brattstrom 1963 ; Lillywhite 1970; Lillywhite 
et al. 1973). These fluctuations in body tempera- 
ture can have serious effects on physiological 
processes. In general, the rate of biochemical re- 
actions doubles with every 10-C increase in 
temperature, so rate processes in amphibians 
have the potential to vary from two- to eight-fold 
over the course of a day. In terms of behaviour, 
changes of this magnitude in the rates of meta- 
bolic systems, rates of muscle contraction, or 
rates of nerve conduction could affect the ability 
of an amphibian to successfully reproduce, 
forage, or escape predators. It  therefore is of 
interest to determine the thermal dependence of 
locomotory behaviour and performance in 
amphibians. 

Anuran amphibians employ a variety of loco- 
motory forms during activity, including walking, 
hopping, jumping, and swimming. While on 
land, many ranid frogs employ a sit-and-wait 
foraging strategy and avoid predation by jump- 
ing into the water and submerging themselves 

(Hedeen 1972; Gregory 1979). Bufonids rely on 
more static defence mechanisms (lung inflation 
and poisonous skin secretions; Bennett & Licht 
(1973)) and may forage widely in the field 
(Karlstrom 1962). Seasonally, anurans can be 
highly active, as during spring migration to breed- 
ing sites (Martof 1953; Bragg & Brooks 1958; 
Oldham 1966, 1967; Fitzgerald &Bider 1974) or 
during territorial struggles and searching for mates 
(Brown & Pierce 1967; Wiewandt 1969; Wells 
1977). The effect of temperature on 'burst' ac- 
tivity (distance jumped in a single jump) has been 
investigated in ranids (Huey & Stevenson 1979; 
.Tracy 1979), but no comparable investigation 
exists of the effect of temperature on behavioural 

. performance capacity over longer periods of 
time. 

The purpose of this study is to determine 
the effect of temperature on behavioural 
performance capacity in order to assess the 
degree to which variation in body temperature 
in the field would impair an anuran's ability to 
engage in prolonged bouts of activity. Two 
anuran amphibians with different patterns of 
activity were used in this study. Bufo boreas 
(western toads) are slow-moving, fatigue-re- 
sistant anurans. Activity usually involves a slow 
walk that is supported by aerobic metabolism, 
dependent on oxygen delivery to the tissue 
(Bennett & Licht 1973). Rana pipiens (leopard 
frogs) engage in rapid activity, involving vigor- 
ous jumping, but fatigue quickly. This activity is 
supported by the anaerobic production of lactic 
acid in the muscles (Bennett & Licht 1974; 
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Carey 1979; Putnam 1979). Not only do these 
anurans exhibit widely different patterns of ac- 
tivity, but the underlying metabolic bases for 
those activities are also different. Therefore, the 
degree to which performance capacity is limited 
by metabolic capacities can be assessed. 

Methods 
Bufo boreas were collected in southern California 
and Rana pipiens were purchased from Graska 
Biological Supplies, Oshkosh, Wisconsin. Ten 
adult Bufo weighing 69.1 g f 1.6 SE (range 
61.8 to 75.9) and 10 Rana weighing 43.3 f 2.8 g 
(range 26.8 to 55.2) were used in the performance 
experiments. Animals were maintained in the 
laboratory for a week to a month a t  20 to 22 C, 
before experiments began. Throughout the ex- 
periments, animals were maintained with avail- 
able free water and mealworms ad lib on a 
12-12 light-dark cycle centred on noon. We 
performed the experiments in June through 
August 1979. 

We measured distance performance in an ac- 
tivity track made from two inflatable rubber 
swimming pools, of diameters 150 cm and 1 10 
cm, one placed inside the other. The gap between 
them formed a circular track 12 cm wide, 4.12 m 
in average circumference, and 30 cm high. A 
small amount of water was placed in the bottom 
of the track to prevent dehydration of the ani- 
mals during activity. Animals were manually 
prodded to continuous activity. Distance 
travelled was measured every minute for 5 min 
(Rana) or 10 min (Bufo). Rana were near fatigue 
after 5 min. Bufo were exercised for 10 min to 
assure that they attained a constant rate of loco- 
motion. Total distance moved during these time 
periods will be defined as performance capacity. 
Cloacal temperature was measured before and 
after activity with a Schultheis quick-registering 
thermometer. 

All animals were initially acclimated to 20 C 
for 5 days with ad lib food and water and a 
12-12 light-dark cycle. Performance was 
measured at this temperature on 2 consecutive 
days. Rana were then tested a t  3, 15, 32.5, and 
9 C consecutively, each test being preceded by 
5-12 days' acclimation. Bufo were sequentially 
acclimated. to and. tested at 9, 30, 3, and 15 C. 
Performance was measured once for each animal 
at each temperature. All animals died within 4 
days in response to a constant acclimation 
temperature of 37 C. 

To test the rate of acclimation, separate 
groups of Rana and Bufo were acclimated to 

10 C for 12 days. Performance was measured on 
days 5 and 12. On day 13, the animals were 
transferred to 20 C for an additional 7 days, and 
we measured performance within 1 h of when 
the frogs' body temperature attained 20 C. 
Performance was also measured on days 14 and 
19. 

Comparisons of performance at different 
temperatures and of the mean performance on 
different days at the same temperature were made 
using a Wilcoxon signed-rank test (WSRT) 
(Siege1 1956). Comparisons of rank scores of 
individuals a t  different temperatures were made 
by calculating a coefficient of concordance and 
testing for differences from zero with an F-test 
(Festinger & Katz 1953). The level of significance 
was 0.05 for all tests, and all values are reported 
as the mean & one standard error of the mean 
(s@ 

Results 
Activity 

Bufo maintained a constant rate of walking 
after the initial 1 to 2 min of activity. Rana 
initially jumped vigorously but were fatigued by 
the end of the activity period (Fig. 1). Perfor, 

1 2 3 4 5 6 7 8 9 1 0  

TIME (MIN) 
Fig. 1. Distance moved (in metres) by Rana pipiens and 
Bufo boreas as a function of time at 20 C. Points are 
means f 1 se. 
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mance capacity for a species was the same when 
measured at 20 C on 2 consecutive days (P > 
0.36, WSRT) (Table I). This indicates that the 
measure of performance capacity in this study 
is repeatable. 

Acclimation of Behavioural Performance 
Figure 2 shows the time course of acclimation 

of performance. Changes in performance in re- 
sponse to a temperature change were rapid and 
were completed within 1 or 2 h. No acclimation 
in performance was exhibited over the next 5 to 
7 days. Performance capacity after 1 or 2 h ex- 
posure to a temperature change (acute effects) 
was the same as after several days at that 
temperature (chronic effects). Therefore, the per- 
formance capacity measured in response to 
chronic temperature exposure in this study will. 
reflect changes in the performance capacity of 
these anurans exposed to acute temperature 
changes in the field. 

Temperature during Activity 
Animals were placed at constant environ- 

mental temperatures of 3, 9, 15, 20, plus either 
30 C (Bufo) or 32.5 C (Rana). Body temperatures 
before activity were 3.8 f 0.1 C, 8.8 f 0.1 C, 
14.1 f 0.1 C, 20.6 f 0.1 C and 27.9 f 0.4 C 
for Bufo and 4.4 f 0.1 C, 9.2 f 0.1 C, 14.4 f 
0.1 C, 20.2 f 0.2 C and 29.1 f 0.3 C for Rana. 
Activity led to an average increase of 1.2 C 
regardless of initial body temperature. 

Temperature Effects on Performance 
Figure 3 shows the effect of initial body 

temperature on performance in Bufo. At - all 
temperatures, toads walked about twice as, fast 
during the first minutes of activity and main- 
tained a slower, constant walking speed during 
the last 5 to 7 rnin of activity. Cold temperatures 
led to near incapacitation. At 9 C toads were 
sluggish. At 4 C, walking was noticeably 

Table I. Distance Performance of Frogs and Toads at 
20 C on 2 Consecutive Days* 

Bufo boreas Rana pipiens 

1 min 10 rnin 1 min 5 rnin 

Day1 10.84 69.26 23.32 36.50 + 0.57 + 3.70 + 1.73 + 2.50 

Day 2 11.76 69.86 23.03 37.70 + 0.57 + 5.39 + 1.23 + 1.78 

*Values are distance travelled in metres (mean & 1 SE) .  

laboured and uncoordinated. Increasing tem- 
perature increased performance capacity in 
toads up to 20 C. From 20 to 28 C there was a 
smaller increase in performance. At 28 C, Bufo 
frequently began hopping during the initial 
phase of activity. The distance walked varied 
significantly at all test temperatures (P < 0.05, 
WSRT) after both 1 min and 10 min. At all 
temperatures, individual performance varied 
nearly twofold. The ranges of individual per- 
formance in Bufo varied from 6 to 13 m in 10 
rnin at 4 C to 70 to 120 m in 10 min at 28 C. One 
toad covered 20.6 m in the first minute of ac- 
tivity, a rate similar to some Rana at 20 to 30 C.  

The effect of temperature on performance in 
,Rana is shown in Fig. 4. During the initial phases 
of activity, Rana moved rapidly with long jumps. 
Activity became progressively less intense until 
most frogs were fatigued and capable of only 
infrequent jumps or slow crawling after 5 min. 
Many frogs were unable to maintain normal 
posture by 5 min and were unable to right them- 
selves when placed on their back, although 

= B boreas 

= R. pipiens 
50 

I rnin 

TIME (DAYS) 
Fig. 2. Distance moved (in metres) before and after a 
10-C temperature change. For each species, distance 
moved initially (after 1 min) and total distance moved 
(5 min for R. pipiens and 10 rnin for B. boreas) are re- 
ported. Points are means f 1 S E .  
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righting response is a strong reflex in anurans. creased significantly at higher temperatures (P < 
Raw were able to move well at all temperatures 0.01, WSRT). After 5 min, performance in- 
and did not show the incapacitation in the cold creased up to 20 C (P < 0.01, WSRT) but was 
that was exhibited by Bufo. Frogs jumped not not improved significantly between 20 and 29 C. 
only farther, but also higher, with increasing The effect of body temperature on perform- 
temperature. After 0.5 min, performance in- ance in the two species is more easily seen in 

T l M E  ( M I N )  

Fig. 3. Distance moved (in metres) during 10 min at various initial body 
temperatures by Bufo boreas. The empty boxes and filled circles at 20 C 
represent distance moved on 2 consecutive days. Curves are drawn by eye. 
Points are means f 1 SE. 

' O r  I Rana pipiens -- 

TlME ( M I N I  

Fig. 4. Distance moved (in metres) during 5 min at various initial body 
temperatures by Rana pipiens. All symbols as in Fig. 3. 
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Fig. 5. The distances moved during 5 min are 
similar in the two species, although Rana were 
fatigued at this time while Bufo were capable of 
further sustained activity. The shapes of the 
curves of the effect of temperature on perform- 
ance are similar in the two species, although 
quantitatively temperature has a greater effect 
on performance in Bufo. It  would be interesting 
to have performance measurements at body tem- 
peratures of 32 to 35 C (near thermal maximum) 
to see whether performance would decline or in- 
crease further. 

Individual Performance 
On the 2 consecutive days of activity at 20 C,  

individual performance ranks were similar for 

-0- = Bufo boreas 
-0- = Rono pipiens -- 

40 

50 I 

5 10 15 20 25 30 

BODY TEMPERATURE ( C) 
Fig. 5. Distance moved (in metres) after 5 min at various 
initial body temperatures in Rana pipiens and &do 
boreas. Curves are drawn by eye. Points are means & 
1 SE. 

both species (P > 0.36, WSRT). The rank for 
each animal during activity at different tem- 
peratures is shown in Table 11. The rank is not 
related to body mass. Analysis of coefficient of 
concordance of individual rank at various tem- 
peratures indicates rank is conserved in both 
species (Bufo: W = 0.51, F = 5.22, P < 0.001 ; 
Rana: W = 0.51, F = 5.22, P < 0.001). 

Discussion 
The fact that anurans undergo sustained activity 
in the field is generally not appreciated. Anurans 
engage in sustained activity during mating and 
during seasonal migrations. Fighting for terri- 
tories or mates has been observed to last for 
30 min in some anurans (Wiewandt 1969). 
Migrations of 2 km to breeding sites have been 
reported for toads (Oldham 1966; Fitzgerald & 
Bider 1974) and frogs (Martof 1953; Oldham 
1967). Exceptional cases of mass migrations have 
been reported for Bufo cognatus (Great Plains 
toad) (Bragg & Brooks 1958), with toads walking 
3 to 5 km per day (30 m/10 min). Anurans are 
also often found considerable distances from the 
nearest available free water (Karlstrom 1962), 
suggesting that they forage widely. The effect of 
temperature on these breeding and foraging 
behaviours can be inferred from the thermal 
dependence of the sustained activity measured in 
this study. 

Previous quantitative studies of the thermal 
dependence of performance in anurans have 
dealt only with, maximal jumping distance in 
Rana spp. (Huey & Stevenson 1979; Tracy 1979). 
These measurements are most relevant to the 
ability of Rana to escape predators, since ranids 

Table II. Ranks of Individual Performance at Various Temperatures* 

Bufo boreas Rana pipiens 

Animal No. 4 9 14 20t 20** 28 4 9 14 20t 20** 29 

*A rank of 1 indicates the individual that walked the farthest distance during a trial, while a rank of 
10 indicates the individual that walked the shortest distance. 

tRank performance on day 1 at 20 C. 
**Rank performance on day 2 at 20 C. 
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employ one to several jumps (Hedeen 1972; 
Gregory 1979) when confronted by a predator. 
The 0.5-min performance data for Rana in this 
study represent the sums of about 15 to 25 
jumps and may be correlated with maximal 
jumping distance. However, on the basis of 
morphological evidence, Emerson (1 978) argues 
that 'quickness of movement' (acceleration) is 
an important component of predator avoidance. 
Furthermore, in terms of interspecific com- 
parisons, the significance of maximal distance 
jumped in Bufo boreas is questionable, since this 
species rarely jumps, relying instead on static 
defence mechanisms for predator avoidance. 
Therefore, while the measure of total perform- 
ance capacity used here may not directly relate 
to burst activities such as predator avoidance or 
prey capture, it does give information about, an 
anuran's ability to sustain activity. 

Both Bufo and Rana experience wide vari- 
ations in body temperatures in nature. Field 
temperatures range from 3 to 30 C (mean 21 C) 
and from 18 to 35 C (mean 24 C) for Bufo 
boreas and Ranapipiens, respectively (Brattstrom 
1963). Toads may be found active with body 
temperatures as low as 0.4 C at high altitudes 
(3000 m) but are never active below 10 C a t  lower 
elevations (Carey 1978). Body temperatures as 
high as 34 C have been reported for active toads 
(Carey 1978). These extremes of field tempera- 
tures are close to the lethal temperatures for 
these species, reported as - 2 to 38 C for Brfo 
boreas, and - 1.6 to 35 C for Rana pipiens 
(Brattstrom 1968). 

Temperature has a marked effect on the per- 
formance capacity of Bufo and Rana (Figs 3 and 
4). At cold temperatures of 4 C, Bufo are in- 
capacitated while Rana are capable of coordi- 
nated locomotion. Performance capacity in- 
creases with increasing temperature up to 20 C 
in Rana and 29 C in Bufo. Capacity does not 
increase in Rana between 20 and 30 C. Thus, a t  
body temperatures normally encountered in the 
field (20 to 30 C) both species will apparently 
have maximal performance capacities (Figs 3 
and 4). Over the temperature range of 5 to 30 C, 
performance capacity is more temperature-sen- 
sitive than is maximal jumping distance (Huey 
& Stevenson 1979; Tracy 1979), suggesting that 
while avoidance behaviours may not be particu- 
larly temperature-sensitive, behaviours requiring 
long-term activity (migrations, mating, foraging) 
will be. 

The effects of changes in body temperatures 
on activity capacity are essentially instantaneous 

(Fig. 2). Daily events such as basking, entering 
either cold or warm waters (Lillywhite 1970), 
and cold nights, therefore, can have a marked 
effect on performance capacity. The lack of an 
acclimation of performance capacity is surpris- 
ing since anurans show acclimation of their 
maximal thermal limits (Hutchison & Ferrance 
1970). It  may be that capacity acclimation is not 
significant throughout a few days in animals 
which undergo wide daily variations in tem- 
perature (Carey 1978). However, seasonal 
changes in performance capacity cannot be dis- 
counted on the basis of the present data. 

The thermal dependence of performance ca- 
pacity in amphibians can be compared with that 
of other lower vertebrates. Fish exhibit a corre- 
lation between maximal sustained swimming 
speed and normally encountered field tempera- 
tures (Brett et al. 1958). Field temperatures, 
however, are low in these fish (15 C) and per- 
formance was actually shown to decrease at 
higher temperatures. In contrast to fish, per- 
formance in some reptiles is maximized at the 
highest test temperatures (40 C), even in species 
that behaviourally maintain body temperatures 
as low as 25 C (Bennett 1980). It  would be of 
interest to study amphibians with low field body 
temperatures (10 to 15 C) such as Hyla regilla 
(Pacific treefrog) or Ensantina escholtzi 
(Monterey salamander; Brattstrom 1963), to see 
whether they are more similar to fish or reptiles 
in their thermal dependence of performance ca- 
pacity, and to study Rana and Bufo at their lethal 
thermal limits. That jumping ability declines 
above 30 C (Huey & Stevenson 1979; Tracy 
1979) and that Bufo exsul (black toads) appear 
sluggish in the field above 30 C (Schuierer 1962) 
suggest that performance capacity also would 
decline above 30 C. 

Despite the apparently good match between 
average field temperatures during activity and 
maximal capacity for performance, activity and 
high body temperatures are not always correlated 
in anurans. Hadfield (1966) reported basking be- 
haviour and higher body temperatures in in- 
active Bufo than in active animals, suggesting 
that the maintenance of a high body temperature 
is unrelated to activity. Lillywhite et al. (1973) 
found that after feeding, juvenile Bufo boreas 
selected high body temperatures in a laboratory 
thermal gradient. Other functions that could be 
maximized by maintaining a high body tem- 
perature include growth rates (Lillywhite et al. 
1973); digestive efficiency (Harlow et al. 1976); 
or behavioural capacities not related to loco- 



motion such as speed, accuracy of strikes at prey 
(Greenwald 1974), or acceleration during a 
jump (Emerson 1978). The seasonal and noc- 
turnal breeding habits of many amphibians may 
also dictate body temperatures. The selection of 
body temperature is undoubtedly a complex 
function of environmental and physiological 
factors that may be only partially related to 
maximizing activity capacity. 

The underlying physiological mechanisms that 
mediate the thermal dependence of performance 
are unknown. The role of metabolic processes 
(aerobic and anaerobic) can be assessed by com- 
paring their temperature coefficients (e lo ,  the 
relative increase of some process corresponding 
to a 10-C increase in temperature) with the 
thermal dependence of performance (Table 111). 
During activity, the slow-moving Bufo generate. 
virtually all of the needed energy through aerobic 
metabolism (Bennett & Licht 1973; Seymour 
1973). Therefore, activity should have a tem- 
perature dependence similar to aerobic meta- 
bolism. Conversely, the Qlo's of performance in 
Rana should be similar to the thermal de- 
pendence of anaerobic metabolism, since the 
high level of activity exhibited in Rana is largely 
supported by the production of lactic acid 
(Bennett & Licht 1974; Carey 1979). In Rana, 
the low thermal dependence of performance is 
most similar to the Qlo's of anaerobic meta- 

bolism. In Bufo below 20 C, the QJs of per- 
formance and aerobic metabolism are similar, 
although above 20 C performance has a lower 
thermal dependence than the aerobic systems. 
Above 20 C, physiological processes other than 
metabolism (nervous conduction, contractile sys- 
tems) may limit performance. Despite the general 
agreement between temperature dependence of 
performance and metabolic processes in these 
anurans, performance is a complex behavioural 
process that involves motivation and the central 
and peripheral nervous system as well as meta- 
bolic and contractile systems. Caution should 
therefore be exercised in interpreting meta- 
bolism as the primary factor limiting perform- 
ance capacity. 

Body temperature clearly has a marked effect 
on performance capacity in anurans. Perform- 
ance capacity is apparently maximal at average 
field body .temperatures. The performance re- 
sponses to temperature changes are virtually in- 
stantaneous and thus of significance on a daily 
basis. The underlying metabolic processes have 
a thermal dependence similar to the performance 
capacities in these two species of anurans. 
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