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ABSTRACT A combination of experimental and correlative analyses was used to study the 
effect of tail length on locomotor performance of garter snakes (Tharnnophis sirtalis fitchi). Correla- 
tive analysis was used to determine whether naturally occurring morphological variation was 
associated with differences in performance, whereas experimental modification of morphology was 
used to test whether this varibtion was a causative factor for different performance. Burst speed of 
snakes performing terrestrial lateral undulation was measured for snakes with experimentally 
altered tail length and for snakes with partial and complete tails from a natural population. For 
445 snakes with complete tails. regression analysis revealed a significant quadratic effect of rela- 
tive tail length on size-corrected performance, indicating that individuals with intermediate rela- 
tive tail length had the fastest burst speeds. For 52 snakes that had naturally lost from 0.3% to 
80.4% of their tail, there was no significant correlation between size-corrected performance and the 
extent of the tail that was missing. Experimental ablation of the distal one third of the tail did not 
affect performance, whereas ablation of the distal two thirds of the tail caused a significant average 
decrease in speed of only 4.5%. Contrary to the correlative analysis, the experimental manipulation 
suggests that there is no detectable mechanical effect for minor variations in relative tail length. 
We conclude that minor deviations from intermediate relative tail length are not the causative 
factor for a decrement in performance among snakes, and this decrement was a correlated response 
to some other unmeasured variable. 

A primary goal of functional morphology is to 
determine the functional consequences of mor- 
phological variation, and correlative and experi- 
mental analyses are two methods widely used to 
accomplish this objective. For correlative studies, 
recent innovative applications of multivariate 
statistical methods employed in population biol- 
ogy appear to be a powerful tool for relating mor- 
phology to function (Arnold, '83; Garland, '85). 
Correlative studies often rely on interspecific dif- 
ferences a s  a source of morphological variation, 
but continuing interest in relating morphology to 
fitness has emphasized the need to also relate in- 
traspecific variation to performance (Bennett, 
'87). One problem with the correlative approach 
is the inability to isolate the causative factors 
for differences in performance. As shown in re- 
cent studies of complex morphological systems 
(Lauder '83; Lauder and Reilly, '88), experimental 
manipulation of morphology greatly facilitates 
interpretations based on naturally occurring vari- 
ation. However, only infrequently are both cor- 

relative and experimental approaches applied to a 
single system. 

The relationship between morphology and loco- 
motor performance is a particularly interesting 
and fruitful area of investigation (Alexander and 
Goldspink, '77; Garland, '85). The importance of 
axial morphology and function to locomotion has 
been discussed for lower vertebrates in general by 
Gray ('681, and among squamate reptiles one of 
the most conspicuous sources of morphological 
variation is in the axial skeleton. This variation 
is expected to have a significant impact on loco- 
motor capacity. Among different species of 
lizards, for example, numbers of body vertebrae 
may range from 16 to 110, and within snakes 
these may vary from 120 to 320 (Hoffstetter and 
Gasc, '69). Considerable interspecific variation 
also exists in the relative length of the tail which 
may range from about 10% to 75% of total length 
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of lizards (Smith, '35) and from 2% to 38% among 
snakes (Broadley, '83). Injuries commonly sus- 
tained by lizards and snakes in natural popula- 
tions are  an  additional (noninherited) source of 
variation in relative tail length that might be ex- 
pected to have a significant impact on locomotor 
performance and on prospects for survival. Tail 
injuries may be found in as many as 77% of the 
individuals in a lizard population (Bellairs and 
Bryant, '85) and in 32% of a population of the 
garter snake Thamnophis sirtalis fitchi (Arnold 
and Janzen, personal communication). Although 
i t  seems likely that  these aspects of axial mor- 
phology should affect locomotor performance, the 
precise functional consequences of this morpho- 
logical variability are presently unclear. In 
lizards, correlating interspecific locomotor differ- 
ences to axial morphology and relative tail length 
is complicated by different limb lengths and re- 
liance on quadrupedal, bipedal or limbless loco- 
motion. Hence, it is not unexpected that studies 
on the effects of tail autotomy on lizard locomo- 
tion have found that tail loss may (e.g., Punzo, 
'82) or may not (e.g., Daniels, '83) detrimentally 
affect locomotor performance. Presently, the ef- 
fects of tail loss on the locomotor performance of 
snakes is unknown. 

Correlating differences in axial morphology 
with locomotor function in snakes is potentially 
simplified because of the absence of limbs and the 
entire length of snakes commonly appears to be 
used for propulsion during locomotion. By com- 
paring the locomotion of snake taxa (Nerodia vs. 
Elaphe) with great differences in vertebral num- 
ber, rather subtle differences in  function have 
been found (Jayne, '86, '88a, '88b). Furthermore, 
when Arnold and Bennett ('88) recently used cor- 
relative methods to study neonatal garter snakes 
(Thamnophis radix) sampled from a single popu- 
lation, they described a significant interactive ef- 
fect of numbers of body and tail vertebrae on the 
speed of locomotion. Unfortunately, because 
many physiological and morphological traits rele- 
vant to locomotion could be correlated with the 
traits that have actually been measured, it is dif- 
ficult to determine if the traits used for either in- 
terspecific or intraspecific comparisons of function 
are in fact the causative factors. 

This study examines the effects of relative tail 
length on the speed of locomotion in garter snakes 
with different experimental and correlative ap- 
proaches. First, for one group of snakes, the rela- 
tive tail length was experimentally altered and 
locomotor performance was measured. Second, us- 

ing snakes from a single natural population, the 
locomotor performance was measured and cor- 
related with variation in relative tail length both 
for individuals with complete tails and for indi- 
viduals with partial tails resulting from natural 
injuries. Finally, the congruence between these 
two analytical approaches is examined to obtain 
insight into the function of the tail during snake 
locomotion. This is part of a larger study examin- 
ing the effect of body size on locomotor perfor- 
mance in this species (Jayne and Bennett, in 
press). 

MATERIALS AND METHODS 
Subjects 

For the experimental treatments, forty-eight 
juveniles of Thamnophis sirtalis fitchi were cap- 
tured from a site in Lassen County, California in 
July 1987 (California Scientific Collecting Permit 
985). Snout-vent (SVL) and tail (TL) lengths were 
determined to the nearest mm and mass was mea- 
sured to the nearest 0.1 gm. The snakes were then 
sorted into three groups of 16 individuals such 
that there were no significant among-group dif- 
ferences in means and variances of snout-vent 
length and mass of the snakes (Table 1). 

For the correlative analysis, additional infor- 
mation was used from 497 snakes, with a large 
range in size (16.5 cm < SVL < 67.6 cm), captured 
between 15 June and 24 August 1986 from a 
nearby (within 10 km) population of T .  sirtalis 
fitchi that was being studied for other purposes. 
These animals have naturally occurring variation 
in tail length and about 10% of them had from 
0.3% to 80.4% of their tails missing as a result of 
natural damage. 

Pegormance testing and analysis 
All performance tests were conducted on snakes 

a t  a body temperature of 30°C (t 0.5"C). After 
capture and before testing, the snakes were 
manually forced to regurgitate any stomach con- 
tents. A track 3 m long by 10 cm wide was used to 
determine speed of the crawling snakes. The bot- 
tom of the track was covered with artificial turf to 
facilitate rapid lateral undulatory locomotion, 
and the overall design of the track was similar to 
that described by Huey et al. ('81). Photodetec- 
tors, spaced a t  25 cm intervals over the middle 
2 m of the track, were interfaced to an IBhl XT 
computer with programs that determined time 
between adjacent stations to the nearest msec and 
calculated the speed of the fastest 50 cm interval 
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TABLE 1 .  S u m m a p  of size and performance of snnkes before and after toil removal' 

Initial 8 Tail 'ii Total After tmt. After tmt. After tmt. 
tail length mass tail Initial % change V 

Mass SVL length removed removed residual V V residual 
(gm) (cm) tcm) (9) (% 1 t log units) (cmls) (%) tlog units) 

Control 
Mean 7.7 27.3 9.2 0 0 0.01 1 69.5 2.5 0.039 
h n g e  2.7, 14.7 20.7, 36.7 6.8, 12.6 0 0 -0,010, 0.034 47.5, 91.3 -5.4.26.3 -0.062. 0.109 
Std. dev. 4.1 5.1 1.9 0 0 0.012 11.9 7.7 0.047 

Group 2 
Mean 7.6 27.8 9.2 33.4 0.6 -0.171 70.5 1.4 0.033 
Range 2.8. 15.2 20.8,36.3 7.0, 12.7 29.9, 42.3 0.3, 1.5 -0.193, -0.133 48.1, 84.9 -5.6, 15.5 -0.016. 0.090 
Std. dev. 4.0 5.2 1.9 2.9 0.29 0.024 11.6 4.7 0.027 

G: oup 3 
hi ran 8.2 28.3 9.6 65.0 2.4 - 0.447 71.8 - 4.5 0.007 
R ~ n g :  3.6, 17.0 21.8, 35.7 7.3, 12.4 63.0,68.0 1.6.3.2 -0.486, -0.413 55.6,91.7 -9.8, 5.3 -0.047, 0.047 
St.c dev. 4.4 5.0 2.0 1.5 0.35 0.020 11.6 4.5 0.022 

'Mars. SVL, and Tail are pretreatment mass, snout-vent, and tail lengths of snakes. Initial V is burst speed measured before the treatment. 
Aher Tmt. Cn change is the percentage change of V within individuals after the treatment. 

within a single test. The experimenter's hand was 
used to chase the snake the entire length of the 
track, and tapping and scraping the bottom of the 
track immediately behind the snake elicited max- 
imal speed (for more detail see Jayne and Ben- 
nett, in press). 

Snakes were tested twice each morning and af- 
ternoon of days 2 and 3 after capture. On day 4, 
the distal one third and two thirds of the tail was 
removed from the snakes in the experimental 
groups two and three, respectively. Four post- 
treatment trials were conducted on days 6 and 7 
with the exception of two snakes that  were al- 
lowed to complete ecdysis before final testing. Us- 
ing the fastest speed from each pair of replicates 
within a trial, mean burst speed (V) was cal- 
culated by averaging results from the four trials 
per treatment. For the individuals tested during 
1986, a protocol identical to days 2 and 3 was 
used. 

Information from the snakes collected during 
1986 was used to calculate the least squares re- 
gression of the scaling equations of log V and log 
TL as  a function of log SVL (all log transforms are 
base 10). Regressions for log TL as  a function of 
log SVL were calculated separately for males and 
females, and taking the antilog of these predicted 
values of log TL yielded expected tail length in 
cm. The difference between these expected and 
observed values was then converted to a percent- 
age of expected tail length to provide one of the 
estimates of the amount of the tail that was miss- 
ing in injured snakes. The difference between log 

of the observed values and the values predicted 
by the least squares regressions yielded size- 
corrected values (residuals), which were used for 
further analysis. Another variable analyzed for 
the experimental group was the percent change in 
mean burst speed within an  individual before and 
after the treatment. A microcomputer version of 
SPSS was used to perform analysis of variance 
to determine significant (P < 0.05) differences 
among groups, and Scheffe's test was used to 
determine which groups were significantly dif- 
ferent. 

RESULTS 
Experimental analysis 

In the tail amputation experiment, six of six- 
teen snakes in the control group were slower after 
the treatment. In group two (33% removal), five 
snakes were slower whereas 13 of 16 snakes in 
group three (67% removal) were slower after the 
treatment. Analysis of variance revealed no sig- 
nificant difference in  the size-corrected burst 
speed among the three groups before the treat- 
ment (F = 0.027; df = 2,45; P = 0.973). After the 
treatment, there was a significant difference in 
the burst speed residuals among the three groups 
(F  = 3.89; P = 0.028), and the only significant 
difference was that group three was significantly 
slower than the control group. Analyzing the 
change in each individual's performance after 
the treatment accounts for variation in perfor- 
mance among individuals and this decreased the 
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Fig. 1. Frequency distribution of the percent of tail miss- Fig. 2. Size-corrected locomotor performance versus the 
ing among the 52 individuals with partial tails captured in percent of tail missing for the 52 individuals with partial tails 
1986. captured in 1986 (circles). Triangles indicate mean values for 

the three experimental groups. 

P values dramatically. The difference between 
burst speed residuals before and after treatment 
was calculated for each individual and then used 
for ANOVA which revealed highly significant dif- 
ferences among groups (F = 7.37, P = 0.002) with 
group three being significantly slower than both 
group two and the controls. Similarly, the percent 
change in speed calculated from absolute speeds 
had significant differences among groups (F  = 
6.66; P = 0.003) with group three being signifi- 
cantly slower than both of the other groups. The 
average percent change in speed of group three 
was surprisingly small ( - 4.5%). 

Correlation with natural tail loss 

Fifty-two (10.5%) of the 497 snakes collected 
and tested in 1986 were missing from 0.3% to 
80.44 of their tails. Figure 1 illustrates the fre- 
quency distribution of the extent of the tail that 
was missing in these 52 animals. Only 16 of these 
snakes were missing more than one third of their 
tails. For snakes with incomplete tails, there was 
not quite a significant correlation between loco- 
motor performance (burst speed residuals) and 
the extent of the tail loss whether tail loss was 
expressed either a s  a percent ( r  = -0.257, P = 
0.066; Fig. 2) or as a residual value ( r  = 0.226, P 
= 0.108; Table 2). However, the trend was consis- 
tent with greater tail loss detrimentally affecting 
performance. 

Once an individual has sustained a tail injury, 
its health could decline and cause a decrease in 
performance rather than the mechanical effect of 
a shortened tail. The residuals of log mass, pre- 
dicted from a regression using log SVL, indicate 

the relative heaviness of an  individual, and this 
variable can roughly indicate health by detecting 
emaciated individuals (Jayne and Bennett, in 
press). For the 52 snakes with natural tail in- 
juries, mass residuals were not significantly cor- 
related either with the V residuals ( r  = 0.207, P 
= 0.14) or TL residuals (r  = 0.218, P = 0.121, 
suggesting poor health was not a confounding fac- 
tor in this particular test, a t  least according to 
this analysis. 

Correlation with natural variation 

Figure 3 illustrates the variation in the relative 
tail length among the 445 snakes with complete 
tails captured in 1986. However, this source of 
variation is small compared to that which 
originated from injuries. A tail length residual of 
about -0.17 indicates a relatively short tail 
equal to about one third of the tail "missing" and 
only one individual of this group had a more nega- 
tive value than this for the tail residual. The 
value of the second smallest tail residual was 
- 0.089 ( = 18% of tail "missing"). Hence, 99.8% 
of the observed naturally occurring variation in 
relative length of complete tails was less than 
that which was used as  the treatment for group 
two. 

Table 2 summarizes regression statistics relat- 
ing burst speed (V) residual to tail length tTLl 
residual. For snakes with complete tails. there is 
a regression with a significant positive slope pre- 
dicting V residual a s  a function of TL residual 
alone tP = 0.021). However, the regression of V 
residual with a second degree polynomial of TL 
residual (Table 2)  also produces a highly signifi- 
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TABLE 2 .  Lcosl squares regression statistics for the equatron Y = a,, + a,X + ayXZ 

hlultiple 
Sample Y X N rP  a n  a 1 a Y p I p2 

All 1986 log(V) log(SVL) 497 0.854 - 3.7668 6.7326 - 1.9760 <0.0001 <0.0001 
hlales log(TL) log(SVL) 214 0.951 - 0.5095 1 .0288 - <0.0001 - 
Females IogfTL) IogtSVL) 231 0.966 - 0.5301 1.0238 - <0.0001 - 
Complete tail V resid. TL resid. 445 0.051 0.0017 0.1171 - 3.929 <0.0001 0.038 
All 1966 V resid. . TL resid. 497 0.010 0.0001 0.0713 ns 0.027 - 
Partial tail V resid. TL resid. 52 0.051 0.0075 0.0767 ns 0.108 - 
Partial tail V resid. T L  resid. 52 0.003 0.0004 n s  - 0.0996 - 0.191 

P, and P2 indicate the significance levels of the coefficients a l  and a2. respectively. ns indicates a variable was entered into the regression and 
then removed after determining that it was not significant. 

TAL LPlGM RESIDUAL (log unite) TAL LP(GlH RESIDUAL (log unite) 

Fig. 3. Frequency distribution of the relative tail lengths Fig. 4. Mean size-corrected performance (t one standard 
of the 445 individuals with complete tails tha t  were captured error) for 445 snakes with complete tails, pooled by relative 
during 1986. Two individuals with extreme values of TL re- tail length (see text). Sample sizes for groups from left to right 
sidual ( - 0.25 and 0.14) are  not illustrated. are  21, 31, 94, 147, 108, 28, and 16, respectively. 

cant relationship with the coefficient of the qua- 
dratic term having a much greater level of signifi- 
cance (P < 0.0001) than the coefficient of the first 
degree term (P = 0.038). For the sake of illustra- 
tion (Fig. 41, V residuals were pooled into seven 
groups by TL residuals (less than -0.0375, 
greater than 0.0375 and for interval widths of 
0.015 between these extreme values). The regres- 
sion analysis and Figure 4 clearly illustrate that 
for snakes with complete tails, animals with rela- 
tive tail lengths deviating farthest (either posi- 
tive or negative) from the mean are most likely to 
have decreased locomotor performance. A similar 
result for snakes with complete tails was found by 
an additional multiple regression for performance 
containing the square of TL residuals, which 
showed that log V = - 3.6898 + 6.6250(log SVL) 
- 1.9366(log SVL12 - 4.0948(TL r e ~ i d . ) ~ .  All 
three of these coefficients were very highly sig- 
nificant (P < 0.0001), but comparing the multiple 

r2 (0.858) with that of the scaling equation of V in 
Table 2 (0.854) also indicates that (TL residual12 
is explaining a relatively small portion of the to- 
tal variance in performance. 

If the V residuals are analyzed by combining 
the data for the 497 snakes with complete and 
partial tails, the regression for V residual versus 
TL residual does not have a significant coefficient 
for the quadratic term of TL residual (Table 2). 
The positive coefficient of TL residual indicates 
that the regression predicts individuals with rela- 
tively shorter tails will be slower. No significant 
coefficient for (TL r e s i d ~ a l ) ~  suggests that the ef- 
fect of natural tail loss is sufficiently large to ob- 
scure the quadratic effect of TL residual for 
snakes with complete tails. 

On average, female snakes have relatively 
shorter tails than males (Table 2). Yet, when the 
initial multiple regressions were calculated for V 
as a function of size, a coded variable for sex did 



likely. One would also expect that one-third tail 
removal would change speed less than two-thirds 
removal ( -  4.5%), and it is not clear whether such 
a small change would be biologically important. 

Comparison of experiments and correlations 
The results of the experimental and correlative 

analyses in this study are apparently a t  odds a t  
first examination. Correlative studies on locomo- 
tion in snakes with complete tails suggest that 
tail length is important to locomotion and that 
intermediate tail lengths are associated with 
greatest speeds. In contrast, experiments on tail 
removal suggest that tail length is relatively un- 
important until over half of the tail is  lost. 

Arnold and Bennett ('88) have made one of the 
first attempts to relate naturally occurring varia- 
tion in snake axial morphology to performance 
statistically by measuring 174 neonatal Tham- 
nophis radix. In a multiple regression analysis, 
the product of body and tail vertebrae (usel to 
indicate a combined effect) had a significant posi- 
tive relationship with speed. They concluded that 
minor variations in body and tail vertebrae have 
detectable impact on performance and that 
snakes with either too many or too few tail verte- 
brae in relation to body vertebrae had the worst 
performance. Similar to Arnold and Bennett ('88), 
the present study found a correlation of morphol- 
ogy with size-corrected performance of intact 
snakes, such that animals with abnormally long 
or short tails for t,heir body length had signifi- 
cantly poorer performance (Fig. 4). However, we 
differ from Arnold and Bennett ('88) in the inter- 
pretation of this correlation. 

Removing one third of the tail effectively ex- 
ceeds all of the naturally occurring variation in 
relative length of complete tails, but this removal 
did not detectably affect performance. This result 
rellu~es ~ i l e  suggesiion iilai nhor variaiions ill 
relative tail dimensions cause a decrement in per- 
formance for purely mechanical reasons. There 
may be an alternative explanation for the discrep- 
ancy between these experimental and correlative 
findings. Arnold and Bennett ('88) found a signifi- 
cant negative correlation between number of de- 
velopmental abnormalities and performance, and 
the magnitude of two different developmental ab- 
normalities (body and tail) was significantly cor- 
related ( r  = 0.25). Hence, extreme deviations in 
complete tail length could be correlated to a 
higher probability of other developmental anoma- 
lies or detrimental morphologies that in turn 
might cause the observed decrement in perfor- 

mance. Although the functionai basis of this dec- 
rement in performance remains to be determined, 
this example does show the utility of correlative 
analysis as  an exploratory tool for revealing 
trends which often can be analyzed further by ex- 
perimental methods. 

The potential drawbacks of a strictly correla- 
tional analysis are further illustrated by the re- 
sults relating natural tail loss to performance. 
This correlation could have been confounded eas- 
ily by vagaries of sampling and/or by indirect ef- 
fects of natural tail loss. Among the factors poten- 
tially affecting the characteristics of the sample of 
52 snakes with incomplete tails are 1) interac- 
tions between a n  individual's locomotor perfor- 
mance and the probability of tail injury (e.g., slow 
individuals may be more likely to get injured), 2) 
the frequency distribution of the relative amount 
of the tail that was missing (see preponderance of 
snakes missing a small fraction of the tail in Fig. 
I), and 3) interactions between tail injury and 
consequent health (discussed earlier) and sur- 
vival. 

Because experimentally induced morphological 
variation will almost inevitably differ in some 
way with naturally occurring morphological vari- 
ation, statistics correlating performance and mor- 
phology will continue to be a valuable form of 
analysis. However, inferences from such correla- 
tive analyses should be strongest if the actual 
morphology of each individual is related to its 
performance. Related to this point are some as- 
pects of the analysis performed by Arnold and 
Bennett ('88) that may have complicated their in- 
terpretation are a s  follows. 1) The significance of 
the product of body times tail vertebrae is difficult 
to interpret functionally because i t  does not yield 
a unique quantity for different ratios of body to 
tail vertebral counts. 2) The actual morphology 
tver~ebrai numbers; ol" each individual was not 
entered into the regression predicting perfor- 
mance, but instead a quantity (adjusted for sexual 
differences) was used which artificially altered 
the relation of body to tail vertebrae. 3) Although 
the actual numbers of tail vertebrae relative to 
body vertebrae differed significantly between 
males and females, Arnold and Bennett ('88) 
found no significant difference in performance be- 
tween males and females. Consequently, relating 
performance to the least derived measure of mor- 
phological variation in their study argues against 
a body-tail relationship as  being the causative 
factor affecting performance. 

The present study illustrates the desirability 
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of using experimental rather than correlative 
methods for relating morphology to perfor- 
mance. Furthermore, a surprising diversity of 
conclusions resulted from correlative analyses 
performed on different samples from a natural 
population. Depending on the sample, one might 
have concluded tha t  there was no significant ef- 
fect (natural tail loss), a significant linear effect 
(complete + natural loss), or a significant qua- 
dratic effect (complete tails) of relative tail length 
on locomotor performance. Although i t  is clearly 
not always possible or practical to measure per- 
formance of individuals before and after an  ex- 
perimental treatment, this study provides a strik- 
ing example of the power of such methodology and 
the misleading conclusions that may result from a 
purely correlative analysis of morphology and 
function. 
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