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Summary 

Both burst and endurance performance may be crucial determinants of the lifetime 
fitness of an organism, especially for many amphibians where burst allows for 
predatory escape and endurance may contribute to migratory ability. However, 
there are no analyses of the long-term stability of locomotor performance for any 
amphibian, hindering efforts to extrapolate from single measurements to lifetime 
performance estimates. We present an analysis of individual repeatability of burst 
speed and endurance locomotor performance over short (seconds), medium (hours), 
and long (15 months) time intervals for a large sample of Ambystoma californiense. 
Burst speed is significantly repeatable over all three time intervals. We found a 
significant tiring effect for burst speeds when measured only seconds apart; 
apparently several hours are required for complete physiological recovery. Endur- 
ance repeatability reaches or approaches statistical significance when measured over 
periods of several days, but is not repeatable over 15 months. We postulate that both 
burst and endurance are ecologically important; our results confirm that single 
measurements of performance may not provide accurate profiles of lifetime 
locomotor ability. We also present a literature review of locomotor performance 
repeatability studies for amphibians and squamate reptiles. This review suggests that 
(1) repeatabilities for amphibians are generally lower than for squamates, and (2) in 
all cases, repeatability of locomotor performance declines over time. These results 
emphasize the necessity of multiple measurements over long time intervals to 
quantify lifetime performance profiles accurately. 
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Introduction 

The repeatability of a trait is always of interest, for it 
represents the yardstick by which variation among 
experimental units is measured. However, in physio- 
logical or functional studies of organismal perform- 
ance, repeatability takes on an additional level of 
importance. As Bennett (1987) has emphasized, two 
major goals of physiological ecology are understand- 
ing the proximate fractors that contribute to individ- 
ual performance, and quantifying the ecological and 
evolutionary consequences of variation in perform- 
ance. While these are indeed goals that will serve to 
unite physiological ecology with the mainstream of 
evolutionary theory (Bennett 1987), they rely on 
lifetime fitness estimates, and thus on knowledge of 
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the repeatability of functional characteristics over an 
animal's lifetime (van Berkum et al. 1989). 

Over the past 10 years, the study of locomotor 
performance in poikilothermic vertebrates has 
expanded rapidly, and we now have a relatively 
complete understanding of the relationship between 
burst and endurance ability and their dependence on 
temperature, body mass, and internal physiology for 
several lizard and snake species (Bennet 1987; Gar- 
land, Bennett & Daniels 1990a; Garland, Hankins & 
Huey 1990b). Most of this work has focused on burst 
and endurance, because burst performance is 
potentially important in predator avoidance and prey 
capture, whereas endurance capabilities may be 
important for sustained locomotor activities such as 
migration and dispersal. These studies have demon- 
strated that repeatabilities of locomotor performance 
are usually high (in the range of 0 40-080) over a 
period of hours or days. A much smaller number of 



146 Table 1. Literature values of burst and endurance repeatabilities for amphibians, lizards, and snakes. All repeatabilities are 
C. C. Austin & Pearson product-moment, or Spearman rank-order correlation coefficients 
H. B. Shaffer Taxon Repeatability Time period Citation 

Bufo w. 0-32-0-68 (burst) 1 day Walton 1988 
fowleri 0 45 (burst) 2 days 

0-20-0-24 (endurance) 1 day 
0 57 (endurance) 2 days 

Bufo boreas 0-63 (endurance) 1 day Putman & Bennett 1981 

Rana pipiens 0 30 (endurance) 1 day 

Ambystoma 0-20-0-67 (burst) 15s This study 
californiense 0-18-0-49 (burst) 2h 

0-15-0 34 (burst) 15 months 
0-49-0-67 (endurance) 1 day 
0-08 (endurance) 15 months 

Ctenophorus 0 77 (burst) 1 day Garland 1985 
(Amphibolurus) 0 97 (burst) 8 weeks 
nuchalis 

Sceloporus 0-56-0-63 (burst) 1 year Huey & Dunham 1987 
merriami (two populations) (see also Huey et al. 

1990) 

Sceloporus 0-84 (burst) 1 day Garland et al. 1990b 
occidentalis 0*57 (endurance) 1 day 

Scelopuris 0 45 (burst) Few days van Berkum et al. 1989 
occidentalis 0-06-0-47 (burst) 2-13 months 

0-65 (endurance) Few days 
0-25, 0-80 (endurance) 2-13 months 

Sceloporus 0 45 (burst) 5 days Tsuji et al. 1989 
occidentalis 0-65 (endurance) 5 days 

Thamnophis 0-60 (burst) 1 day Arnold & Bennett 1988 
radix 0-71 (endurance)* 1 day 

0-55 (endurance)t 1 day 
0-62 (endurance): 1 day 

Thamnophis 0-67 (burst) 1 day Garland et al. 1990a 
sirtalis 0-69 (burst) 1 day 

Thamnophis 0-80 (burst) 1 day Garland 1988 
sirtalis 0-68 (endurance) 1 day 

Thamnophis 0-62-0-78 (burst) 1 day Jayne & Bennett 1990 
sirtalis 0-06-0-65 (burst) 1 year 

-0-12, 0-18 (burst) 2 years 
-0-52 (burst) 3 years 
0-51-0-67 (endurance) 1 day 
0-22-0-43 (endurance) 1 year 
0-17, 0-24 (endurance) 2 years 
0 27 (endurance) 3 years 

* This is the 'mid-distance' speed, defined as the speed of an experiment from the end of the first metre of a race to 2-5m. 
t This is the distance crawled to exhaustion. 
t This is the duration of a race to exhaustion. 

studies indicate that repeatabilities may remain high 
for months or years (Table 1; also see Bennett 1987; 
Boake 1989 provides a similar review of the repeata- 
bility of behavioural characters). 

A full account of repeatability must address both 
short- and long-term measures, because the perform- 
ance of an individual may change during the course of 
ontogeny due to physiological changes, learning, or 

both. If locomotor performance is repeatable, then a 
single measure accurately reflects lifetime perform- 
ance. However, if locomotor performance is not 
repeatable then either (1) lifetime performance pro- 
files are repeatable but the rank order of individual 
locomotor ability shifts ontogenetically, or (2) 
environment factors which change during an individ- 
ual's lifetime are more important than intrinsic 



147 physiological factors. In either case, if locomotor 
Salamander performance is not repeatable over time then extra- 
performance polation of lifetime fitness profiles from a single set of 
repeatability measurements may lead to incorrect conclusions 

(Arnold 1983; Bennett 1987). 
In a previous study, we reported that the repeata- 

bility of locomotor performances across metamor- 
phosis in the salamander Ambystoma californiense 
(Gray) is essentially zero (Shaffer, Austin & Huey 
1991), and that metamorphosis apparently acts to 
decouple performance measures in different 
environments in these amphibians. While these 
results demonstrate that there is no physiological 
linkage between burst and endurance across this 
important transition in the amphibian life cycle, they 
do not address repeatability within either the aquatic 
or terrestrial phase. We now present a detailed 
analysis of the repeatability of both burst and endur- 
ance performance for these same individuals over 
short, medium and long time intervals. In particular, 
we address three questions for the repeatability of 
locomotor performance. First, are burst and endur- 
ance performance equally repeatable over a period of 
seconds, hours and years? Second, how sensitive are 
repeatability -estimates to the method by which the 
variable is measured? And third, are there indi- 
cations of exhaustion or tiring effects, and do they 
affect repeatability? Because of the sample size in our 
study (approximately 100 salamanders from a single 
population), the number of times each animal was 
measured (20 measurements of burst, five measures 
of endurance), and the time span of the study (about 
1*5 years), we can analyse repeatability in considera- 
bly more detail than many previous reports. In 
addition, this study is the first quantification of 
long-term repeatability known to us for amphibian 
(see van Berkum et al. 1989; Huey et al. 1990; Huey & 
Dunham 1987, for two species of Sceloporus lizards; 
Jayne & Bennett 1990, for Thamnophis garter 
snakes). 

Throughout this report, we consider the repeatabi- 
lity of a character measured at two different times to 
be the correlation coefficient or a rank-order corre- 
lation (Sokal & Rohlf 1981) of the two measure- 
ments, rather than the absolute difference between 
the two values. Traditionally, repeatabilities have 
been measured as the intraclass correlation (Falconer 
1981; Sokal & Rohlf 1981); a measure which 
increases with the correlation, but decreases if there 
is a shift in the mean value between trials (van 
Berkum et al. 1989). Whereas both approaches are 
reasonable, we favour the use of a correlation 
coefficient in physiological and functional studies 
where the primary goal is an evolutionary interpreta- 
tion of performance, rather than a mechanistic one. 
By using a correlation, a trait will have a high 
repeatability if the same individuals are consistently 
the fastest or slowest in a sample, even if the absolute 
speed of the individuals changes over time. Because 

measures of success in ecology and evolution are 
generally relative, rather than absolute (e.g. May- 
nard Smith 1989), a correlation correctly indicates 
the extent to which relative performance is repeata- 
ble over time. 

Materials and methods 

ANIMALS 

One hundred and thirty-four larval salamanders were 
collected from a single breeding pond in Solano 
County, California on 30 April 1988. Animals were 
transported to the University of California, Davis, 
housed in small groups in 10-gallon aquaria and fed 
tubifex worms. All animals were maintained in a 
common room on a natural photoperiod with a 
fluctuating thermal regime (17-21 0C). Because 
temperature affects locomotor performance abilities, 
we conducted all experiments at 17'C, a typical field 
temperature for Ambystoma (Feder et al. 1982; H. B. 
Shaffer, unpublished observation). Food in the sto- 
mach can also affect locomotor performance (Gar- 
land & Arnold 1983), so all animals were fasted 3 
days prior to experimental testing. Upon completion 
of the first set of experiments animals were individ- 
ually housed in plastic shoe boxes (31x17x9cm 
deep), fed Galaria larvae and crickets, and moved to 
an environmental control room and maintained at 
19'C. Approximately 25% of the animals died during 
metamorphosis (apparently from drowning), reduc- 
ing our sample size from 134 to 90. Otherwise, 
virtually all animals survived the entire 1.5 year 
experimental period, grew at or above normal rates 
in the field, and appeared in perfect health. All 
individuals were hibernated for approximately 10 
weeks at 11?C to simulate normal field conditions. 

VARIABLES 

Burst speed was measured using a linear racetrack 
(152x11cm), marked off in 10cm increments. For 
aquatic measurements the racetrack was filled with 
2-3cm of water (deep enough to immerse the tail fin 
of the animals completely). Terrestrial measurments 
were made using the same racetrack with a moist 
paper towel substrate. Individuals were removed 
from their shoe boxes and placed at one end of the 
racetrack, allowed to rest for 15 s, and then chased as 
quickly as possible to the opposite end by gently 
prodding or pinching their tails. After resting for 
another 15s individuals were chased back to the 
starting point. We refer to these as race 1 and race 2, 
respectively. After a minimum of 2 h this procedure 
was repeated for race 3 and race 4 (also 15 s apart). 
We thus have a total of foulr burst races; two sets 
(races 1 and 2 and races 3 and 4) 15 s apart within a 
set, and with at least 2h between the sets. All burst 



148 Table 2. Locomotor performance mean values. For races 1-4: top value is for mean (cm so I) of entire 'race, bottom value is for 
C. C. Austin & the fastest 20cm segment of each race. For endurance and body mass, mean values in s and g respectively are shown. Values in 
H. B. Shaffer parentheses are standard deviation and sample sizes 

Race 1 Race 2 Race 3 Race 4 Endurance Body mass 

Larval 42.6 (11.4, 122) 36-7 (9-1, 124) 38-6 (12-7, 127) 36-2 (11-8, 126) 363-4 7-70 
aquatic 48-4 (14.0, 122) 42-7 (11-6, 124) 44-0 (14.7, 127) 41-3 (13.9, 126) (145.4, 122) (1-3, 122) 

Metamorphosed 24-7 (3-6, 85) 23-5 (3-7, 86) 23-2 (3-1, 86) 23-0 (2-8, 86) 296-5 7-32 
aquatic (1) 26-6 (3-9, 84) 25-4 (4-2, 86) 24-8 (3-6, 83) 24-8 (3-3, 85) (94.5, 85) (0.95, 85) 

Metamorphosed 13-1 (2-2, 85) 11-8 (2-2, 85) 13-1 (2-9, 86) 12-0 (2-8, 86) 491-3 
terrestrial (1) 14.0 (2-6, 84) 12-5 (2-6, 85) 14-1 (3-5, 82) 12-6 (3-2, 85) (278-7, 86) 

Metamorphosed 24-4 (3-1, 84) 22-7 (4-3, 84) 23-7 (3-5, 85) 22-2 (3-9, 84) 478-7 30-3 
aquatic (2) 25-9 (3-6, 84) 25-0 (8-0, 84) 25-4 (4-2, 85) 23-7 (4-4, 84) (207-7, 81) (2-7, 81) 

Metamorphosed 16-5 (3-8, 83) 14-9 (3-3, 83) 17-7 (4-0, 80) 16-9 (3-9, 79) 353-6 
terrestrial (2) 17-9 (4-4, 83) 16-2 (3-8, 83) 19-2 (4-5, 80) 18-5 (4-6, 79) (115.5, 80) 

races were video taped at 30 frames per second; burst 
speed for each 10-cm segment was measured using a 
Panasonic AG-6300 VCR. 

Aquatic endurance was measured as the amount of 
time an individual could remain swimming against a 
constant flow (10cm s'1; 0-36km h'1) in an under- 
water flume (flow tank). We used the flow tank to 
achieve a consistent measure of endurance, even 
though Ambystoma in the field live in quiet pools and 
ponds with no flow (Stebbins 1951; H.B. Shaffer, 
unpublished observation). Our underwater flume 
was constructed following Vogel & LaBarbera 
(1978). 

Terrestrial endurance was measured as the amount 
of time an individual could remain walking on a 
constant speed treadmill (4.4cm s'1; 0*16km h'). 
Aquatic and terrestrial endurance were measured at 
three metamorphic stages: larval (aquatic endurance 
only), newly metamorphosed and 15 months post- 
metamorphosis. For a more complete description of 
methods, protocol and calculations of burst and 
endurance performance see Shaffer et al. (1991). 

TEST/TIME SCHEDULE 

Burst and endurance performance were measured 
for each animal at three time periods representing 
five metamorphic/ecological stages. We first 
measured performance when all animals were aqua- 
tic larvae in early May 1988. We measured perform- 
ance again in mid-July 1988, shortly after all animals 
had completed metamorphosis. Finally, we exam- 
ined long-term repeatability by racing each animal 
again 15 months later in November 1989. At this 
time, all animals had attained full adult size. For each 
period all individuals were tested for both endurance 
and burst performance during a continuous 2-3-day 
interval. Endurance was always measured first, 
followed by 24-48h of rest. We then conducted the 
four races for burst performance (see above). For the 
post-metamorphic experiments, each animal was 

measured for both aquatic and terrestrial perform- 
ance, yielding a total of five experimental periods for 
each individual. The exact dates are: larval aquatic 
(5-7 May 1988), first metamorphosed aquatic (13-15 
July 1988), first metamorphosed terrestrial (21-23 
July 1988), second metamorphosed aquatic (20-21 
November 1989), and second metamorphosed 
terrestrial (25-26 November 1989). 

STATISTICAL ANALYSIS 

Pearson product-moment correlation coefficients, 
Spearman rank-order correlations, paired com- 
parison t-tests, and tests for normality were 
computed with the Statistical Analysis System (SAS 
1985). For analyses of burst speed we calculated the 
single fastest 20cm burst velocity and the mean 
velocity for the entire race for each of the four burst 
races per time period. Size-corrected values were 
computed by regressing performance measures on 
body size. Raw and size-corrected values gave 
virtually identical results, and we used raw values in 
all calculations (see Shaffer et al. 1991). 

We calculated both Pearson product-moment and 
Spearman rank-order correlations for all compari- 
sons. Pearson product-moment and Spearman rank- 
order correlations showed extremely similar values 
(usually identical to the second decimal place); we 
only report Pearson product-moment correlations. 

Results 

MEAN VALUES 

We present the mean values for the four burst races, 
endurance and body mass in Table 2. We also present 
two different approaches to quantify burst; the mean 
of the entire race (top value in Table 2) and the fastest 
20-cm segment of that race (bottom value in Table 2), 
at each of the five metamorphic stages. 

Several trends emerge from these results. First, 



149 Table 3. Short (15s) and medium (2h) repeatability of burst performance and recovery time. The two short-term values are 

Salamander each 15s apart; the medium-term measures are a minimum of 2h apart. In each cell, the top value is the Pearson 
performance product-moment correlation for an entire race, and the middle value is the correlation for the fastest 20cm segment of a race. 

reperformabiy The bottom value shows the t-values for a (one-tailed) paired comparison t-test comparing the mean of the two races for the 
repeatability fastest 20cm (see text). Values in parentheses are probability levels and sample sizes 

Short term Medium term 

Race 1:race 2 Race 3:race 4 Race 1:race 3 Race 2:race 4 

Larval 0-55 (0-0001, 121) 0-63 (0-0001, 126) 0-47 (0-0001, 122) 0-38 (0-0001, 123) 
aquatic 0-51 (0-0001, 121) 0-60 (0-0001, 126) 0-45 (0-0001, 122) 0-37 (0-0001, 123) 

4-8 (0-0001, 129) 3-4 (0-0005, 134) 2-5 (0-0069, 130) 1-8 (0-0345, 131) 

Metamorphosed 0-56 (0-0001, 85) 0-36 (0-0007, 86) 0-32 (0-0032, 85) 0-28 (0-0088, 86) 
aquatic (1) 0-53 (0-0001, 8-4) 0-22 (0-0429, 83) 0-37 (0-0007, 81) 0-18 (0-0968, 85)NS 

2-4 (0-0090, 92) -0-45 (0-6750,91) 41 (0-0001, 89) 1-1 (0-1350, 93) 

Metamorphosed 0-45 (0-0001, 85) 0-64 (0-0001, 86) 0-45 (0-0001, 85) 0-39 (0-0002, 85) 
terrestrial (1) 0-40 (0-0002, 84) 0-58 (0-0001, 81) 0-38 (0-0004, 80) 0-42 (0-0001, 84) 

4-6 (0-0001, 92) 4.7 (0-0001, 89) -0-64 (0-2400, 88)NS 0-18 (0-4300, 92)NS 

Metamorphosed 0-31 (0-0040, 84) 0-65 (0-0001, 84) 0-48 (0-0001, 84) 0-49 (0-0001, 83) 
aquatic (2) 0-20 (0-0619, 84)NS 0-63 (0-0001, 84) 0-44 (0-0001, 84) 0-32 (0-0027, 83) 

1-0 (0-1500, 92)NS 3-8 (0-0002, 90) 1-0 (0-1500, 92)NS 1.5 (0-0750, 89)NS 

Metamorphosed 0-67 (0-0001, 83) 0-65 (0-0001, 79) 0-48 (0-0001, 80) 0-53 (0-0001, 79) 
terrestrial (2) 0-65 (0-0001, 83) 0-60 (0-0001, 79) 0-40 (0-0003, 80) 0-50 (0-0001, 79) 

5-2 (0-0001, 90) 2-2 (0-0150, 87) -29 (0-9975, 88)NS -5.0 (0-9999, 86)NS 

Ns Not significant. 

race 1 is always faster than race 2, and race 3 is faster 
than race 4, suggesting that there is a consistent tiring 
effect between races i5s apart. Second, larvae are 
much faster and have greater endurance than meta- 
morphosed aquatic animals of the same body mass 
(presumably reflecting larval adaptations to their 
exclusively aquatic existence). Finally, burst and 
endurance appear to scale differently with body 
mass. Over 15 months, body mass increased by a 
factor of four (from an average of 7-3 to 30 3 g). This 
increase coincides with an increase in mean terres- 
trial burst speed (paired comparison t-test, averaged 
across all trials, t=-10-48, P<0-0001), but no 
change in aquatic burst performance (t=1-52, 
P<0 -13). Mean endurance showed a different trend; 
mean aquatic endurance increased (paired t=-6-77, 
P<0-0001), while mean terrestrial endurance 
decreased (t=4-09, P<0.0001) over time. 

BURST 

Short-term burst repeatabilities representing a 15-s 
rest between races 1 and 2, and between races 3 and 4 
are shown for all five metamorphic stages (Table 3). 
Medium-term burst repeatabilities representing a 
minimum of 2 h rest between races 1 and 3, and 
between 2 and 4 are also shown for all five metamor- 
phic stages (Table 3). In Table 3 the correlations 
between the values of the mean of the entire race 
(generally 50-70 cm long) and the correlations for the 
fastest 20cm segment are shown for both short and 
medium-term repeatabilities. Correlations for the 
mean of the entire race range from 0-31 to 0-67 for 
short-term repeatability and 0-28 to 0*53 for medium- 

term repeatability. All 20 values, for mean values of 
an entire race, are highly statistically significant 
(minimum P<0-0088). Correlations for the fastest 
20cm segment of each race range from 0-20 to 0 65 
for short-term repeatability and 0-18 to 0*50 for 
medium-term repeatability, and most (18 out of 20) 
are statistically significant. 

The bottom values in Table 3 are the results from 
paired comparison t-tests (one-tailed). A significant 
positive t-value indicates that the second race of the 
set was slower, whereas a significant negative t-value 
indicates that the second race was faster than the first. 
A short-term tiring effect occurs in eight out of 10 
cases; races 2 and 4 are significantly slower than races 
1 and 3, respectively. However, only three out of 10 
of the medium-term comparisons are significantly 
different suggesting that the 2-h rest between races 1 
and 3, and between 2 and 4 is sufficient time to 
recover burst capabilities (Table 3). 

Long-term burst repeatabilities for both metamor- 
phosed aquatic and metamorphosed terrestrial 
experiments representing a time span of 15 months 
are presented in Table 4. Burst velocities for each 
comparable metamorphic stage were calculated in 
four different ways for the computation of repeatabi- 
lities: (1) a mean of all four races was computed from 
the four means of each entire race, (2) a mean of all 
four races was computed from the fastest 20cm 
segment of each race, (3) the fastest of the four races, 
using the mean of the entire race, and (4) the fastest 
of the four races, using the fastest 20cm segment of 
each race (Table 4). When the mean of an entire race 
is used to calculate long-term burst repeatability, 
aquatic burst is significantly repeatable (r =0-34 and 



150 Table 4. Long-term (15 months) repeatability of burst 

C. C. Austin & performance. In each cell, the top value is calculated over 

H. B. Shaffer the entire race, and the bottom value is calculated for the 
H. B. fastest 20cm segment of each race. Values are Pearson 

product-moment correlations, with probability levels and 
sample sizes in parentheses 

Mean of Fastest of 
four races four races 

Metamorphosed 0-34 (0-002, 82) 0-32 (0-004, 78) 
aquatic 0-25 (0-022, 85) 0-26 (0-015, 85) 

Metamorphosed 0-20 (0-077, 78)NS 0-15 (0-205, 72)NS 
terrestrial 0 31 (0-005, 83) 0-32 (0-004, 83) 

NS Not significant. 

0.32) but terrestrial burst is not (r=0-20 and 0-15). 
When the fastest 20cm of each race is used, both 
aquatic and terrestrial long-term burst are signifi- 
cantly repeatable (Table 4). 

ENDURANCE 

Medium-term repeatability of endurance rep- 
resenting a 24-48 h rest between trials was measured 
on a random subset of our experimental animals. 
Medium-term repeatability is statistically significant 
for the larval aquatic stage (r=0-67, P=0-012, 
n =13) and approaches significance in the metamor- 
phosed aquatic stage (r=0-49, P=04144, n=10) and 
the metamorphosed terrestrial stage (r=0-53, 
P =0-108, n = 10) (Table 5). Whereas these values are 
not all significant with our relatively small sample 
sizes, they are consistently in the 0-5 to 0 7 range, and 
are thus probably indicative of true repeatability 
values. 

Long-term repeatability of endurance over 15 
months was non-significant and very close to zero for 
both metamorphosed aquatic (r=0-080, P=0 535, 
n=62) and terrestrial (r=0-081, P=0-529, n=62) 
stages (Table 5). 

Discussion 

Over the past 10 years, the comparative database on 
locomotor performance in poikilothermic tetrapods 
has increased dramatically, especially for squamate 
reptiles (Table 1); the data we present here (see also 
Shaffer et al. 1991) adds the first large population- 
level analysis for a urodele. However, before discuss- 
ing our results in a broader ecological and compara- 
tive context, we must emphasize several limitations 
to this work. First, it is not a field study (although the 
animals were field collected as larvae), and the 
laboratory-induced environmental influences on 
repeatability are unknown. Second, our results 
reflect the mean values and repeatabilities of a group 
of animals in the absence of natural selection over a 
critical period of ontogeny, where mortality is often 
great. Again, the effects of this are unknown, 

although we suspect that both shifts in mean value 
and repeatabilities may be greater if selection were 
acting to weed out slower, less fit individuals. Finally, 
our results are all phenotypic, not genetic. To make 
inferences about evolutionary significance, we would 
like to have genetic data on the heritabilities and 
genetic correlations of locomotor variables to aug- 
ment our phenotypic values (Arnold 1983; Shaffer et 
al. 1991). Thus, until our ongoing genetic experi- 
ments are complete, we must assume that the pheno- 
typic values reported here reflect underlying genetic 
variances and covariances. 

BURST 

The ecological significance of burst performance is 
difficult to assess, given the scarcity of data from 
natural populations of A. californiense. However, 
burst performance is almost certainly a key 
component of evading predation from birds, frogs, 
fishes, turtles, invertebrates and conspecifics 
(Baldwin 1987; Wassersug 1989). As such, there is 
probably a premium on maintianing rapid burst 
abilities throughout an animal's lifetime. Burst per- 
formance is less likely to be important in prey capture 
because aquatic suction and terrestrial lingual feed- 
ing in Ambystoma involve a relatively static ambush 
strategy (Lauder & Shaffer 1985; Shaffer & Lauder 
1985, 1988). 

Over both a period of seconds and hours, burst 
performance is significantly repeatable in this pop- 
ulation of salamanders. Values of repeatability are 
generally in the range of 0 5, indicating that about 
25% of the variance in the second trial is accounted 
for by variance in the first, regardless of the life-his- 
tory stage in which burst is measured (Table 3). In 
addition, there is a short-term tiring effect for 
salamanders after a 50-70-c burst at maximal speed: 
i5s later, average speed decreases by up to 5 9cm s-1 
(Table 2). Whether this decrease is ecologically 
relevant to Ambystoma is not known, although it may 
be extremely important for large, active-pursuit 
predators. However, a 2-h respite is sufficient for 

Table 5. Medium (1-2 days) and long (15 months) term 
repeatability of endurance performance. Values are Pear- 
son product-moment correlations, followed by probability 
values and sample sizes in parentheses. Long-term repeata- 
bility for larvae is not measurable, since all animals 
metamorphose 

Medium-term Long-term 

Larval 0-67 (0-012, 13) - 

aquatic 

Metamorphosed 0-49 (0-144, 10)Ns 0-080 (0 535, 62)NS 

aquatic 

Metamorphosed 0-53 (0 108, lo)Ns 0-081 (0-529, 62)NS 
terrestrial 

NS Not significant. 



151 complete physiological recovery in most cases (Table 
Salamander 3). 
performance For short- and medium-term experiments, we 
repeatability calculated burst both as the fastest 20 cm segment of a 

race and as the average speed over an entire race, 
which ranged up to 70 cm. Whereas the two measures 
were always very similar, and led to the same 
biological conclusions, in 18 of 20 tests the mean of an 
entire race was slightly more repeatable than the 
fastest 20cm segment from each race (Table 3). 
While we feel that ecological significance should be 
the primary motivation for decisions on how to 
quantify performance parameters, in the absence of 
such field data, greater repeatability can be used to 
decide between differing measures. In this case, our 
data indicate that the mean burst speed of a longer 
race is a superior measure to the -fastest 20cm 
segment of each race. 

Over a 15-month post-metamorphic period, burst 
measures generally remained repeatable, although 
there was a uniform decrease in repeatability com- 
pared to short- and medium-term values (Table 4). In 
addition, long-term repeatabilities were more sensi- 
tive to the particular measure of burst performance 
than were short- and medium-term measures. The 
long-term repeatabilities of swimming performance 
are highest when the average of an entire race is used 
compared to repeatabilities calculated for the fastest 
20 cm segment, regardless of whether the fastest race 
of the mean of all four replicates is used. However, 
the opposite is true for repeatability of terrestrial 
performance. In addition, there can be large differ- 
ences in repeatability depending on whether the 
fastest of four races, or their mean is used. For 
example, the repeatability of terrestrial running for 
an entire race is 33% greater when the mean is used 
rather than the fastest of four trials (Table 4). In 
general, studies of locomotor performance rely upon 
the fastest race as the most physiologically relevant 
measure of maximal burst, even though it may have 
low repeatability over time (all of the references in 
Table 1 measure performance in this way). However, 
ecologically the average burst may be much more 
relevant than the fastest, because it presumably 
reflects an individual's normal response to a preda- 
tor. Because our data are the first known to us that 
quantitatively examine these different measures of 
physiological performance, we cannot say which 
method is generally superior at this time. 

ENDURANCE REPEATABILITY 

The ecological importance of sustained endurance 
ability is extremely difficult to evaluate in any 
organism, because it requires detailed knowledge of 
courtship, migration, hunting strategies and other 
activities that may lead to exhaustion. Ambystoma 
have rapid, but frequent, courtship displays (Arnold 
1976) and a sedentary ambush prey capture strategy 

(see above) which probably do not approach physio- 
logical exhaustion. However, tiger salamanders are 
migratory: adults can move several hundred yards in 
an evening (Semlitsch 1983), and incidental observa- 
tions on A. californiense suggest that adults and 
newly metamorphosed sub-adults migrate at least a 
mile from their breeding ponds (H.B. Shaffer, 
unpublished observation). Thus, at least in the 
terrestrial phase, endurance may be an important 
component of an animal's ability to exploit breeding 
and aestivation sites. 

Comparison of our medium- and long-term 
repeatability estimates for endurance show a fun- 
damentally different pattern than for burst perform- 
ance. Once again, for all three life-history stages, 
endurance appears to be repeatable over a time 
period of 1 or 2 days (Table 5). Based on small 
samples (10-13 individuals), our estimates for meta- 
morphosed aquatic and metamorphosed terrestrial 
repeatability only approach significance at the 
0*1<P<0*15 level. However, because these repeata- 
bilities are consistently about 05-0O6, and are thus 
similar in magnitude to burst repeatability, we ass- 
ume that these values would become significant with 
larger sample sizes. 

We have two measures of long-term endurance 
repeatability, and in both cases the repeatability 
values plummet to nearly zero (Table 5). While we 
cannot say why this pattern occurs, it does suggest 
that burst and endurance behave very differently in 
terms of long-term repeatability. When this is added 
to the different ways in which mean burst and 
endurance scale with body mass over time (Table 2), 
it further emphasizes that these two aspects of 
locomotor performance must be considered 
separately when designing field experiments on their 
ecological significance. 

COMPARISONS WITH OTHER VALUES 

To examine trends in repeatability values for poikilo- 
thermic tetrapods, we conducted a literature survey 
to summarize the currently published repeatability 
values for amphibians, lizards and snakes for loco- 
motor performance (Table 1, see also Bennett 1987). 
Our review covers all studies known to us that report 
individual repeatabilities over time. [Bennett (1980) 
reports changes in mean speeds of groups of several 
North American lizards over 1 and several days. 
However, individual data were not reported.] 

At present, we still have relatively little broadly 
comparative information on repeatability of amphi- 
bians and squamate reptiles. Several common North 
American genera are represented by more than one 
sample [in particular the iguanid Sceloporus, the 
colubrid Thamnophis, and the bunfonid Bufo (Table 
1)], but diversity is very low. However, even with this 
limited sampling, several trends seem to be emer- 
ging. First, amphibians in general appear to have 



152 lower repeatabilities than squamates. This may 
C. C. Austin & reflect a real biological difference (perhaps amphi- 
H. B. Shaffer bians rely on locomotor performance less than squa- 

mates, and so are physiologically less capable of 
sustained, repeatable performance), a difference in 
the suitability of the experimental apparatus to 
different organisms (perhaps some amphibians dry 
out quickly on a treadmill), or both. Tests on 
additional taxa from both groups, and especially 
amphibians, will help test this general trend. Second, 
while most experiments demonstrated significant 
repeatabilities (virtually all values in Table 1 are 
statistically significant) the range of repeatability 
values is moderate, and generally in the 0-5-0-6 range 
over 1 or 2 days. Third, in the four studies that have 
measured reasonably long-term repeatability (Gar- 
land 1985; Huey & Dunham 1987; Van Berkum et al. 
1989; Huey et al. 1990; Jayne & Bennett 1990; this 
study), repeatabilities of both burst and endurance 
generally decline over a long time period. [Arnold & 
Bennett (1984) also found that the repeatability of 
antipredator behaviour in Thamnophis radix 
decreased when measured over seconds compared to 
1 day and to many days (range r=0-50-0-76).] This 
adds further support to our contention that long-term 
repeatability must be demonstrated before analyses 
requiring lifetime performance profiles can be 
carried out with confidence. 

Acknowledgements 

We thank Lloyd Austin for technical assistance, 
Duncan Irschick for animal care, Bob Full for 
treadmill advice, and Richard Gomulkiewicz for 
helpful discussions. In addition we thank R. Huey, 
A. Bennett and M. Feder for useful comments on the 
manuscript. Research support from NSF (BSR 85- 
19211, 90-18686, and a REU Supplement to HBS), 
the UC Davis Zoology Department, the UCD Agri- 
culture Experiment Station, and a Presidential 
Undergraduate Fellowship to C.C. Austin helped 
defray field and laboratory expenses. 

References 

Arnold, S.J. (1976) Sexual behavior, sexual interference 
and sexual defense in the salamanders Ambystoma 
maculatum, Ambystoma tigrinum, and Plethodon jord- 
ani. Zeitschrift Far Tierpsychologie 42, 247-300. 

Arnold, S.J. (1983) Morphology, performance, and fitness. 
American Zoologist 23, 347-361. 

Arnold, S.J. & Bennett, A.F. (1984) Behavioural variation 
in natural populations. III: Antipredator displays in the 
garter snake Thamnophis radix. Animal Behaviour 32, 
1108-1118. 

Arnold, S.J. & Bennett, A.F. (1988) Behavioural variation 
in natural populations. V. Morphological correlates of 
locomotion in the garter snake (Thamnophis radix). 
Biological Journal of the Linnean Society 34, 175-190. 

Baldwin, K.S. (1987) Ambystoma tigrinum californiense 
(California tiger salamander) predation. Herpetological 
Review 18(2), 33. 

Bennett, A.F. (1980) The thermal dependence of lizard 
behaviour. Animal Behaviour 28, 752-762. 

Bennett, A.F. (1987) Inter-individual variability: an under- 
utilized resource. New Directions in Ecological Physi- 
ology (eds. M.E. Feder, A.F. Bennett, W. Burggren & 
R.B. Huey), pp. 147-169. Cambridge University Press, 
Cambridge. 

van Berkum, F.H., Huey, R.B., Tsuji, J.S. & Garland, T., 
Jr. (1989) Repeatability of individual differences in 
locomotor performance and body size during early 
ontogeny of the lizard Sceloporus occidentalis (Baird & 
Girard). Functional Ecology 3, 97-105. 

Boake, C.R.B. (1989) Repeatability: its role in evolu- 
tionary studies of mating behaviour. Evolutionary Eco- 
logy 3, 173-182. 

Falconer, D.S. (1981) Introduction to Quantitative Genetics. 
Longman Inc., New York. 

Feder, M.E., Lynch, J.F., Shaffer, H.B. & Wake, D.B. 
(1982) Field body temperatures of tropical and temperate 
zone salamanders. Smithsonian Herpetological Informa- 
tion Service no. 52, 1-23. 

Garland, T., Jr. (1985) Ontogenetic and individual 
variation in size, shape, and speed in the Australian 
agamid lizard Amphibolurus nuchalis. Journal of Zoo- 
logy, London 207(A), 425-439. 

Garland, T., Jr. (1988) Genetic basis of activity meta- 
bolism. I. Inheritance of speed, stamina, and antipreda- 
tor displays in the garter snake Thamnophis sirtalis. 
Evolution 42(2), 335-350. 

Garland, T., Jr & Arnold, S. J. (1983) Effects of a full 
stomach on locomotory performance of juvenile garter 
snakes (Thamnophis elegans). Copeia 1983, 1092-1096. 

Garland, T., Jr, Bennett, A.F. & Daniels, C.B. (1990a) 
Heritability of locomotor performance and its correlates 
in a natural population. Experientia 46, 530-533. 

Garland, T., Jr, Hankins, E. & Huey, R.B. (199Gb) 
Locomotor capacity and social dominance in male liz- 
ards. Functional Ecology 4, 243-250. 

Huey, R.B. & Dunham, A.T. (1987) Repeatability of 
locomotor performance in natural populations of the 
lizard Sceloporus merriami. Evolution 41(5), 1116-1120. 

Huey, R.B., Dunham, A.T., Overall, K.L. & Newman, 
R.A. (1990) Variation in locomotor performance in 
demographically known populations of the lizard Scelo- 
porus merriami. Physiological Zoology 63(5), 845-872. 

Jayne, B.C. & Bennett, A.F. (1990) Scaling of speed and 
endurance in garter snakes: a comparison of cross-sec- 
tional and longitudinal allometries. Journal of Zoology, 
London 220, 257-277. 

Lauder, G.V. & Shaffer, H.B. (1985) Functional morpho- 
logy of the feeding mechanism in aquatic ambystomatid 
salamanders. Journal of Morphology 185, 297-326. 

Maynard Smith, J. (1989) Evolutionary Genetics. Oxford 
University Press, Oxford. 

Putnam, R.W. & Bennett, A.F. (1981) Thermal depen- 
dence of behavioural performance of anuran amphi- 
bians. Animal Behaviour 29, 502-509. 

SAS (1985) Statistical Analysis System. SAS Institute, Cary, 
North Carolina. 

Semlitsch, R.D. (1983) Terrestrial movements of an eastern 
tiger salamander, Ambystoma tigrinmum. Herpetological 
Review 14, 112-113. 

Shaffer, H.B. & Lauder, G.V. (1985) Patterns of variation 
in aquatic ambystomatid salamanders: kinematics of the 
feeding mechanism. Evolution 39, 83-92. 

Shaffer, H.B. & Lauder, G.V. (1988) The ontogeny of 
functional design: metamorphosis of feeding behaviour 
in the tiger salamander Ambystoma tigrinum. Journal of 
Zoology, London 216, 437-454. 

Shaffer, H.B., Austin, C.C. & Huey, R.B. (1991) The 
consequences of metamorphosis on salamander (Ambys- 



153 
Salamander 
performance 
repeatability 

toma) locomotor performance. Physiological Zoology 
64(1), 212-231. 

Sokal, R.R. & Rohlf, F.J. (1981) Biometry, 2nd edn. W.H. 
Freeman & Company, New York. 

Stebbins, R.C. (1951) Amphibians of Western North Amer- 
ica. University of California Press, Berkeley. 

Tsuji, J.S., Huey, R.B., van Berkum, F.H., Garland, T., Jr 
& Shaw, R.G. (1989) Locomotor performance of 
hatchling fence lizards (Sceloporus occidentalis): quanti- 
tative genetics and morphometric correlates. Evolu- 
tionary Ecology 3, 240-252. 

Vogel, S. & LaBarbera M. (1978) Simple flow tanks for 
research and teaching. Bioscience 28, 638-643. 

Walton, M. (1988) Relationships among metabolic, loco- 
motory, and field measures of organismal performance in 
the fowler's toad (#ufo woodhousei fowleri). Physio- 
logical Zoology 61(2), 107-118. 

Wassersug, R.J. (1989) Locomotion in amphibian larvae or 
"Why aren't tadpoles built like fishes?" American Zoolo- 
gist 29, 65-84. 

Received 29 April 1991; revised 5 August 1991; accepted 9 
August 1991 


	Article Contents
	p. 145
	p. 146
	p. 147
	p. 148
	p. 149
	p. 150
	p. 151
	p. 152
	p. 153

	Issue Table of Contents
	Functional Ecology, Vol. 6, No. 2 (1992), pp. 123-242
	Front Matter [pp. ]
	Essay Review
	Testing Evolutionary and Ecological Hypotheses Using Path Analysis and Structural Equation Modelling [pp. 123-129]

	A Demographic Interpretation of Grime's Triangle [pp. 130-136]
	Budget of Elements in Little Auk (Alle alle) Chicks [pp. 137-144]
	Short-, Medium-, and Long-Term Repeatability of Locomotor Performance in the Tiger Salamander Ambystoma californiense [pp. 145-153]
	Serotype Abundance Distributions in Reports of Salmonella Incidents in Domestic Livestock as Indicators of the Population Biology of Salmonella Infections [pp. 154-159]
	The Effect of Slope Direction and Population Density on Water Influx in a Desert Snail, Trochoidea seetzenii [pp. 160-166]
	Proximate and Functional Causes of Polyphenism in an Anuran Tadpole [pp. 167-174]
	Plant-Mediated Interactions Between Two Spatially Separated Insects [pp. 175-179]
	Digestion by Barnacle Geese in the Annual Cycle: The Interplay Between Retention Time and Food Quality [pp. 180-189]
	Use of the Chlorophyll a/b Ratio as a Bioassay for the Light Environment of a Plant [pp. 190-196]
	Why Have Green Stems? [pp. 197-205]
	Size-Structured Multi-Species Model of Rain Forest Trees [pp. 206-212]
	Nutrient Relations of Mountain Birch Growth at and Below the Elevational Tree-Line in Swedish Lapland [pp. 213-220]
	Nitrogen Budget and <sup>15</sup>N Translocation in a Perennial Wheatgrass [pp. 221-225]
	The Energy Cost of Bee Pollination for Pontederia cordata (Pontederiaceae) [pp. 226-233]
	Forum
	Optimum Efficiency of Energy Transformation and the Evolution of Catabolic Pathways [pp. 234-241]
	Short Reply to Gnaigner's Article [pp. 241-242]

	Back Matter [pp. ]





