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Introduction 

Quantitative genetics is a g ~ o u p  of techniques used to study varia- 
tion in continuously distributed traits (e.g., body size, shape, many 
behavioral and physiological measurements). In its strongest form, it 
can be used to isolate the relative importance of genetic and environ- 
mental factors to the expression of phenotypic variation (Mather and 
Jinks, 1982; Bulmer, 1985; Falconer, 1989). The integration of quan- 
titative genetics with evolutionary theory has yielded explicit and 
testable hypotheses about phenomena from life-history evolution to 
sexual dimorphism and sexual selection (reviewed by Lande, 1988; 
Arnold, 1990, 1994). Explicit methodologies for measuring natural 
selection and for predicting the response of multiple traits to this 
selection have been developed (Lande, 1979; Lande and Arnold, 
1983; Endler, 1986) and, in some cases, it now may be possible to 
reconstruct the patterns of selection necessary to account for pheno- 
typic differences between populations and species (Arnold, 1981c, 
1988a; Price e t  al.,  1984; Price and Grant,  1985; Grant ,  1986; 
Lofsvold, 1988). 

Although many of the origins of quantitative genetics are due to 
evolutionary biologists (Fisher, 191 8; Wright, 1921 ), most of the sub- 
sequent development and application of the techniques have been in 
applied animal and plant breeding. Some of the most familiar statis- 
tical concepts, including correlation, regression, and analysis of vari- 
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ante, arose as means of dealing with evolutionary problems of con- 
tinuously varying traits (see Provine, 1971 ). Breeders of domestic 
stocks recognized that many of the characters of economic impor- 
tance (e.g., milk yield in dairy cattle, carcass weight of hogs, oil con- 
tent in maize) varied continuously, and adopted quantitative genet- 
ics as  an  analytical and predictive tool. Subsequent effort was 
concentrated on generating breeding and selection regimens that  
maximized the improvement of phenotypes for commercial value. 
The resultant research largely concerns domestic or laboratory popu- 
lations and characters that may not have obvious ecological rele- 
vance in natural populations (e.g., defecation score in open field tri- 
als w i t h  mice, bristle number in Drosophila). Additionally, the 
statistical nature and jargon of this body of literature can be quite 
imposir~g to most biologists. It is not surprising, then, that few her- 
petologists have studied this literature and used quantitative genetic 
approaches in their own investigations. 

The goal of this chapter is to introduce quantitative genetics to an 
audience that may not yet have considered what the technique can do 
for their research programs. Our approach will necessarily be simple, 
and more detailed treatments of the methods should be consulted 
before embarking on quantitative genetic analyses (Turner and 
Young, 1969; Ehrman and Parsons, 1981; Mather and Jinks, 1982; 
Becker, 1992; Bulmer, 1985; Falconer, 1989; Plomin et  al., 1990; 
Arnold, 1994; Boake, 1994). We will provide an introduction to some 
of the basic concepts of quantitative genetics but concentrate on 
pointing out the types of problems that can benefit from a quantita- 
tive genetic approach. We will give special attention to specific prob- 
lems and methodologies most often encountered when applying the 
approach to snake populations and will point out areas of research 
that are particularly suited to studies of snakes. Many snake ecolo- 
~ s t s  will find that, with only minor modifications in sampling regi- 
mens, they can collect the kinds of data required for quantitative 
genetic analyses of the traits and species they currently study. 

Why Study Variation or Quantitative 
Genetics-Who Cares? 

The study of differences among individuals is a critical step toward 
understanding the processes that are responsible for the evolution of 
characters within and among populations. The most fundamental 
condition necessary for natural selection to  occur is individual varia- 
tion in a trait (Lewontin, 1970). Selection can be defined simply as a 
correlation between phenotype and reproductive success (Lewontin, 
1970). If a trait does not differ among individuals, then it cannot be 
correlated to differences in individual reproductive success and there- 
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fore cannot be subject to selection. Therefore, studies attempting to 
determine whether or how selection is currently acting on a character 
must first consider whether the necessary substrate for selection, 
individual variation, is present (Arnold, 1981 a; Lande and Arnold, 
1983; Arnold and Bennett, 1984; Bennett, 1987; Garland, 1988; 
Boake, 1989; van Berkum et al., 1989; Brodie, 1993a). 

Natural selection acts on phenotypes and does not necessarily 
result in evolution (Lande and Arnold, 1983; while some authors 
[Endler, 19861 define "natural selection" to include evolutionary 
change, we find i t  valuable to distinguish two separate processes, 
selection and response to selection). Quantitative genetics comes in 
when considering the evolutionary response of a trait to selection 
(Lande, 1979; Arnold, 1981c, 1983; Grant, 1986; Falconer, 1989). In 
order for selection to cause an evolutionary change, relatives must 
resemble each other. In other words, some of the phenotypic variation 
in a character must be heritable. For continuously distributed traits, 
it is the additive genetic variance (see below) that determines the 
resemblance between parents and their offspring and determines the 
response to selection. The equation 

shows how the response to selection ( R )  is determined by the strength 
of selection (s) and the heritability (h2) of a trait (Falconer, 1989). 
Heritability is merely the proportion of the total phenotypic variance 
that is additive genetic in origin. Heritability ranges between 0 and 1,  
so evolutionary response is always less than or equal to the strength 
of selection. A regression of mean offspring on mean parent values for 
a trait yields a line whose slope is equal to the heritability (explained 
below). If selection is measured as the difference between the means 
of the original population and the selected parents, and response is 
measured as the difference between the means of all potential off- 
spring and the offspring of the selected parents, then i t  is easy to 
show graphically how greater heritability results in greater evolution- 
ary response to a given intensity of selection (Fig. 8.1 ). 

I t  should be clear, then, that measurable selection does not neces- 
sarily mean a character will change evolutionarily. Some, possibly 
all, of the variation acted upon by selection may be due to nonaddi- 
tive genetic invariance environmental causes. Changes in such varia- 
tion due to selection will not be transmitted to the next generation. 
On the other hand, measurable heritability almost ensures evolution- 
ary change, because even in the absence of selection, the effects of 
stochastic processes such as genetic drift will be transmitted across 
generations (though the changes may be in terms of variances and 
covariances rather than means). Quantitative genetics strives to dis- 
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Grant, 1985; Lofsvold, 1988). Selection on one trait will result in evo- 
lutionary change in genetically correlated traits. To predict pheno- 
typic change over multiple generations, one must consider both selec- 
tion and the pattern of genetic covariances. The equation 

(where AZ is a vector describing the change in the mean of traits 
z l ,  . . . ,z,,, G is the genetic variance-covariance matrix, and R is the vec- 
tor of directional selection gradients) is the multivariate equivalent of 
the equation for response to selection by a single trait: 

If' tlre amount of phenotypic divergence between two populations or 
taxa is known, we can use estimates of the G-matrix to calculate the 
cumulative selection necessary to account for the observed differences 
I Arnold, 1981c, 1988a). The reconstructed net selection gradients are 
the r-rlinirnum amount of directional selection required to account for 
the  phenotypic differences, assuming the most direct evolutionary tra- 
jecto!-y. In reality, the populations may have followed more complex 
evolutionary paths during divergence. This method has been used to 
es tl ma te the selection necessary to account for differences in vertebral 
number between inland and coastal populations of the Western 
Tel-wstrial Garter Snake, Thamnophis elegans ( h o l d ,  1988a,b; also 
for feeding preferences, Arnold, 1 9 8 1 ~ ) .  The results suggest that  
nearly 50% of the divergence in number of tail vertebrae may be a cor- 
related response to selection directly targeting the number of body 
~rertebrate. Failure to consider genetic correlations among traits 
would have led to a gross overestimate of selection on tail vertebrae. 

Both predictive and retrospective studies of multivariate selection 
assume that genetic variances and covariances remain relatively con- 
stant over the time frame in question (Lande, 1979; Lofsvold, 1986, 
1985: Turelli, 1988; Barton and Turelli, 1989). Current theory is 
unable to make robust predictions about how long these parameters 
are expected to remain stable, so the problem has become an  empiri- 
cal one (Turelli, 1988). The few studies that have compared G-matri- 
ces among populations or species have produced ambiguous results 
(reviewed in Barton and Turelli, 1989; Wilkinson et al., 1990; Brodie, 
1993b), suggesting unsurprisingly tha t  the  dynamics may vary 
depending on the traits and taxa being examined. 

Quantitative Genetic Studies with Snakes 

Several aspects of snake biology present distinct advantages for quan- 
titative genetics, especially over other vertebrates. A variety of traits, 
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some of special interest to herpetologists, can be examined using only 
a small subset of available quantitative genetic techniques. Natural 
populations of snakes are rarely ideal subjects for such studies, but 
no taxa really are. The limitations encountered with snakes usually 
have to do with their longevity, slow maturation, and uncertain 
paternity. 

Why use snakes? 

Subjects. Large numbers of related individuals can be obtained for 
many snake species. Gravid females can usually be collected early in 
the reproductive season, providing a researcher with two sets of rela- 
tives: sibling groups (usually assumed to be full siblings) and mother 
and offspring. These two sets can be used to partition different com- 
ponents of variance. 

The large litter size of many snake species can be beneficial in sev- 
eral ways. Large families provide an opportunity to split litters 
among environmental treatments to address concepts empirically 
such as  genotype-by-environment interactions and common family 
environment (including maternal) effects. Such studies have not yet 
been attempted with snakes. Also, the accuracy of the estimated heri- 
tabilities and genetic correlations increases as more individuals in 
each family are  measured (Falconer, 1989). For species with very 
large clutches (e.g., some Nerodia with litters of 30-50) it may not be 
practical to measure all offspring, but rather to select the same num- 
ber randomly from each family (Garland, 1988). Having a balanced 
number of individuals per family simplifies analyses and significance 
testing (see below). 

Oviparous species present a unique opportunity to examine the 
importance of some specific nongenetic maternal effects. Prenatal 
conditions can be simply manipulated by varying parameters such as 
incubation temperature and hydric environment of eggs, factors 
known to affect postnatal phenotypes in other reptiles (Plumrner and 
Snell, 1988; Burger, 1989, 1991). The effects of maternal condition 
and investment can be empirically altered by removing yolk from 
developing eggs a s  has been done in lizards (Sinervo, 1990; Sinervo 
and Huey, 1990). 

i Characters. Snakes are especially good subjects for quantitative 
genetic studies of behavior. Neonates are completely precocial and 

" exhibit a variety of behaviors immediately following birth. Yolk 
! : reserves allow snakes to be tested repeatedly during the first few 
1 weeks of life, without the confounding environmental variation that 
1 accompanies feeding (or refusal to eat). The field of behavioral genetics 

in natural populations has already been greatly expanded by studies of 



344 Chapter Eight 

lutionarily to defensive adaptations of prey, providing empirical sup- 
port for the arms-race view of predator-prey coevolution. 

Garland and Bennett (1990) reported significant full-sib heritabili- 
ties for maximal oxygen consumption (0.89), blood hemoglobin con- 
tent (0.63), and relative heart  (ventricle) mass (0.41). Treadmill 
endurance (from Garland, 1988) showed a significant positive pheno- 
typic (0.18) but not a genetic correlation with maximal oxygen con- 
sumption. In turn, maximal oxygen consumption was significantly 
positively correlated with ventricle mass both phenotypically (0.27) 
and genetically (0.64), presumably reflecting the effect of heart size 
on cardiac output and hence oxygen delivery. In general, low full-sib 
heritabilities were found for enzyme activities measured as maximal 
in vitro catalytic rates of citrate synthase (a key aerobic enzyme) and 
pyruvate kinase (an anaerobic enzyme) in liver, ventricle, and skele- 
tal muscle samples from these same Thamnophis sirtalis (Garland et  
al., 1990). 

Schwartz (1989) has shown significant full-sib heritability of 
0.6-0.8 for resistance to cold temperatures (critical thermal mini- 
mum) in T. sirtalis. 

Feeding behavior. Garter Snakes show individual and geographic 
variation in responses to prey odors, in their propensity to eat pieces 
of slugs in the laboratory, and in their diet in nature (Burghardt, 
1970, 1975; Arnold, 1977, 1981a,b,c, 1992; references therein). In a 
path-breaking series of papers that included the first estimates of 
behavioral heritabilities for any natural population of vertebrates, 
Arnold (1977, 1981a,b,c, 1992; Ayres and Arnold, 1983) has studied 
the quantitative genetics of these behaviors. Slug-eating by naive, 
newborn snakes was bimodally distributed within each of several 
populations of Thamnophis elegans, although coastal and inland pop- 
ulations showed significant differences in the frequencies of slug 
eaters (Arnold, 1977, 1981b,c, 1992). Full-sib heritabilities for slug 
eating were about 0.3-0.5, and probably not different, in two popula- 
tions (Arnold, 1981a,c; Ayres and Arnold, 1983). Litter differences in 
response to slug, fish, anuran, and salamander odors were also 
detected in each of three populations of T. elegans and 2'. sirtalis 
(Arnold, 1992). In a one-of-a-kind study for snake quantitative genet- 
ics, Arnold (1981b) crossed populations and demonstrated general 
intermediacy of slug-eating scores in the F,, but with some directional 
dominance for slug-refusing (see also Ayres and Arnold, 1983), and no 
indication of maternal effects. 

Chernoreception responses of T. elegans to 10 different prey odors 
on cotton-tipped swabs were continuously distributed, and most 
showed significant full-sib heritabilities (Arnold, 1981a,c). Estimated 
genetic correlations between leech and slug chemoreceptive scores, 
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when compared with differences in population means, suggest that 
selection may have acted antagonistically on these two behaviors dur- 
ing population divergence (Arnold, 198 la,c). Arnold (1981a) provided 
what appear to be the first geographic comparisons of quantitative 
genetic parameters in wild vertebrates, concluding that "estimates of 
genetic correlation appear roughly comparable" (see also Brodie, 
1991, 1993b, for comparisons of G-matrices between two populations 
of T. ordinoides). Schwartz (1989) has also demonstrated significant 
geographic variation and full-sib heritability of responses to water 
and to minnow and worm extracts in T. sirtalis. 

Integrative studies. Quantitative genetic analyses are  useful for 
understanding the correlated evolution of traits a t  multiple levels of 
biological organization (Arnold, 1983, 1987; Mousseau and Roff, 1987; 
Roff and Mousseau, 1987; Garland, 1988, 1994; Garland and Losos, 
1994; Brodie, 1991, 1992, 1993b). Thus, several studies have mea- 
sured more than one type of trait and investigated their relationships 
through genetic correlations. 

Several studies have examined the interaction of scale counts with 
other characters, especially locomotor performance. Numbers of body 
and tail vertebrae have an interactive phenotypic effect on burst 
speed over 1.0 rn in Tharnnophis radix (Arnold and Bennett, 1984, 
1988), but genetic correlations were not estimated. Similarly, num- 
bers of ventrals and subcaudals have an interactive, and ventrals a 
direct (negative), effect on 0.5 m burst speed in T. sirtalis (Garland, 
1988; Dohm and Garland, 1993, unpublished data). Additionally, sig- 
nificant bivariate correlations were also found between scale counts 
and  antipredator display and treadmill endurance (Dohm and 
Garland, unpublished data). One possible explanation for the differ- 
ent results of these studies is the larger sample size employed (240 
vs. 100 individuals) and the inclusion of head-scale counts in the 
analyses by Dohm and Garland (unpublished data). Genetic correla- 
tions (as weighted family-mean correlations) were also estimated by 
Dohm and Garland (unpublished data) for T. sirtalis. These were 
always greater in magnitude than the phenotypic correlations (e.g., 
-0.21 vs. -0.15 for the correlation between ventrals and burst 
speed), and several were significant. Both the phenotypic and genetic 
correlations may reflect functional linkages (cf. Garland, 1988; 
Garland and Bennett, 1990). Positive genetic correlations between 
ventral scales and dorsal and lateral blotches also were found in 
Nerodia sipedon (Beatson, 1976). The genetic correlations between 
scale counts and traits such as performance and color pattern mean 
that selection acting on the latter would also result in correlated mor- 
phological responses. This finding adds credence to the idea that a t  
least some of the interpopulation and interspecific variation in scale 
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counts seen among snakes (references in Arnold, 1988a; Dohm and 
Garland, 1993) has functional and hence adaptive significance. 

Garland and coworkers have estimated heritabilities for traits  
rangng from behavioral to biochemical in the same individual T. sir- 
talis (Garland, 1988, 1994; Garland and Bennett, 1990; Garland et 
al., 1990; Dohm and Garland, 19931, and Jayne and Bennett (1989, 
1990a,bj have further studied allometry of and selection on perfor- 
mance in this population. These studies were made possible by S. J .  
Arnold's long-term field studies with both T. sirtalis and T. elegans in 
northern California. A brief summary of results is as follows. First, 
measures of locomotor performance are heritable and sometimes sub- 
ject to natural selection. Second, contrary to some theoretical expecta- 
tions, measures of organismal-level traits, which should be closer to 
fitness, have higher heritabilities than do lower-level traits. Third, 
phenotypic and genetic correlations between traits can in some cases 
be predicted based on physiological or biomechanical knowledge but 
in other cases cannot. 

Additional multivariate analyses are possible. A principal-compo- 
nent (PC) analysis of the phenotypic correlation matrix for all 13 
characters (presented in Garland et al., 1990) reflects the weak corre- 
lation structure. The first PC accounts for only 16% of the variance, 
and 10 PC's (of 13 total) are required to account for 90% of the vari- 
ance. Thus, the 13 traits measured show little evidence of functional 
"integration" (Cheverud, 1982, 1984; Cheverud e t  al., 1989, references 
therein) at  the phenotypic level. PC3 (12% of variance) shows rela- 
tively strong loadings for antipredator display, speed, and endurance 
(see also Jayne and Bennett, 1990a,b; Garland, 1988, 1994). A princi- 
pal-component analysis of the correlations of weighted litter means 
(presented in Garland e t  al., 1990) also reflects the weak correlation 
structure at  the genetic level. The first PC accounts for only 17% of 
the variance, and 9 PCs are required to account for 90% of the vari- 
ance. PC1 shows relatively strong loadings for antipredator display, 
speed, and endurance. 

Brodie (1989a,b, 1991, 1992, 1993a,b) has undertaken a series of 
studies of antipredator behavior in relation to color pattern and loco- 
motor performance in Thamnophis ordinoides. Antipredator display, 
speed, distance crawled, the number of reversals during the distance 
test, and the color pattern index "stripedness" all show significant 
full-sib heritabilities in a t  least two to four populations. Significant 
negative phenotypic and genetic correlations exist between striped- 
ness and reversals in two populations but not in two others (Brodie, 
1989a, 1991, 199333). Mark-recapture work showed significant selec- 
tion for the combination of stripedness and reversals in the Tenmile 
population, suggesting that genetic correlations may result from nat- 
ural  selection (Brodie,  1992).  Comparisons of t he  genetic 
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variance-covariance matrices of two of the populations show no sig- 
nificant differences (Brodie, 199 1, 1993b). 

Schwartz (1989) studied scale counts, antipredator responses, ther- 
mal tolerance, responses to prey extracts, and aggregative tendencies 
in two populations of Thamnophis sirtalis. Interestingly, he reports 
several significant full-sib correlations between different types of 
traits, e.g., ventrals with CTMin, antipredator response with tongue- 
flick response to minnow extract. The biologca1 significance of such 
correlations is unclear, and some may be inflated by uncontrolled 
maternal effects. 

Studies of selection in the wild. As discussed above, studies of inheri- 
tance comprise one-half of the equation for describing microevolution; 
studies of natural (or sexual) selection, drift, and gene flow form the 
other half. The combination of quantitative genetics with selection 
estimation enables ecologists to predict (at least micro-) evolutionary 
change (Lande and Arnold, 1983). To date, virtually no study has 
been able to measure anything near true fitness (e.g., lifetime repro- 
ductive success) of individual snakes in nature (but see Madsen and 
Shine, 1993). Rather, cross-sectional comparisons (Lande and Arnold, 
1983; Endler, 1986) of juveniles and adults have been used to infer 
selection (Dunn, 1942; Inger, 1943; Beatson, 1976; King, 1987, 1992), 
or survivorship or growth rate has been correlated with some pheno- 
typic trait(s). 

Lake Erie Water Snakes  (Nerodia sipedon insularurn)  have 
received continued study by herpetologists and evolutionary biologists 
(Camin et al., 1954; Camin and Ehrlich, 1958; Ehrlich and Camin, 
1960). Most recently, King (1992, personal communication) has found 
"support for the hypothesis that  unbanded morphs are favoured by 
natural selection in island populations" (IGng, 1992, p. 115). 

Natural  selection in  a Kansas population of Northern Water 
Snakes favored increases in  both dorsal and lateral blotches (Beatson, 
1976). Genetic correlations with ventral scutes, which experienced 
stabilizing selection, apparently retarded the evolutionary increase of 
the number of dorsal and lateral blotches. 

In a longitudinal study, Arnold (f988a) found some correlations 
between the combination of ventral and caudal scutes and growth 
rate in irhamnophis elegans. He further employed estimates of the G- 
matrix for scale counts to estimate the strength of selection that  
would have been necessary to account for phenotypic differences in 
scale counts between inland and coastal populations of T. elegans 
(Arnold, 1988a). His results suggest that both body and tail vertebrae 
experienced direct positive selection, but that nearly half of the diver- 
gence in tail vertebrae was due to a correlated response to selection 
acting directly on the number of body vertebrae. 
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Jayne and Bennett (1990b) scored three kinds of locomotor perfor- 
mance on several hundred T. sirtalis, marked the animals by scale- 
clipping, then released them back into nature. Of 275 cohort snakes 
tested within eight days of birth in 1985, 79 were recaptured in sub- 
sequent years; only birth snout-vent length was a statistically signifi- 
cant (positive) predictor of their probability of survival from 1985 to 
1986. However, separate tests of yearling and older snakes did show 
significant predictive value for both speed and distance crawled (with 
effects of body sized removed by computing residuals), but apparently 
not for residual endurance. 

Brodie (1992) documented significant correlational selection on 
stripedness and the tendency to reverse direction in the Tenmile pop- 
ulation of Thamnophis ordinoides. The direction of this correlated 
selection is the same as the genetic correlation between these two 
traits ,  suggesting tha t  previous selection may have shaped the 
genetic architecture. 

Correlating phenotypic and genetic correlations. As stressed elsewhere 
in this chapter, studies of heritabilities and genetic correlations can 
be crucial to microevolutionary analyses (see also Arnold, 1981c, 
1983, 1987, 1988a, 1990; Grant, 1986; Garland et al., 1990; Garland, 
1994; Brodie, 1992; Boake, 1994). Since phenotypic correlations are 
much easier to estimate than genetic correlations, it would expedite 
evolutionary analyses if we could use the former to approximate the 
latter. Cheverud (1988) reviewed the available data and concluded 
that phenotypic correlations were generally similar to genetic corre- 
lations and "may be substituted for their genetic counterparts in 
models of phenotypic evolution" (p. 966). However, problems with the 
data and the statistical analyses prompted Willis et  al. (1991) to dis- 
agree with this assertion. What do the available data for snakes indi- 
ca te? 

For the  behavioral and  physiological t r a i t s  measured i n  
Tharnrrophis sirtalis (Garland, 1988, 1994; Garland and Bennett, 
1990; Garland et ai., 1990) phenotypic correlations are similar to 
genetic correlations, but their relationship is not exceptionally tight 
(Fig. 8.6; r = 0.76, n = 76). Moreover, the phenotypic correlations tend 
to underestimate genetic correlations; the reduced major axis (RMA) 
slope is 1.23 (Fig. 8.6). A statistical comparison of phenotypic and 
genetic correlations estimated from the same data is problematical 
(estimates are nonindependent), but for a general comparison of their 
relative magnitude, consider the plot in Fig. 8.6. While the bulk of the 
genetic correlations are of similar sign and greater magnitude than 
the corresponding phenotypic correlations (as evidenced by the posi- 
tive RMA slope), some values (18 of 76 or 24%; all those in the upper 
left and lower right quadrants of Fig. 8.6) are of different sign. 
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Phenotypic Correlation 
Figure 8.6 Relationship between phenotypic and genetic (esti- 
mated as correlations of weighted litter means) correlations (n = 
78) for behavioral and physiological traits in Thamnophis sir- 
talis (from Garland, 1988; Garland and Bennett, 1990; Garland 
et al., 1990). Points falling on the dashed line a t  a 45" angle cor- 
respond perfectly in both sign and magnitude. For correlations 
falling in the positive-positive and negative-negative quad- 
rants, the genetic correlations tend to be stronger. 

For the eight scale characters measured in Tharnnophis sirtalis, 
phenotypic and additive genetic correlations (estimated by maximum 
likelihood) show a considerably weaker relationship ( r  = 0.40, n = 28), 
and the underestimation of genetic by phenotypic correlations is even 
more extreme (RMA slope = 3.79; data from Dohrn and Garland, 
1993). 

The phenotypic and genetic correlations for stripedness, reversals, 
speed, and distance crawled in two populations of Thamnophis ordi- 
noides reported by Brodie (1991, 1993b) also show rather strong cor- 
relations ( n  = 6, r = 0.97 for the Tenmile population and r = 0.87 for 
the CCQ population). Again, genetic correlations tend to be greater 
(RMA slope = 1.24 and 1.58, respectively). 

~ rno ld - ( l 98 l a )  presents and genetic (weighted-litter- 
mean) correlations for tongue-flick scores in response to 10 prey odors 
and two controls for both of two populations of T. elegans (his Tables 
1 and 2). The correlations between these two estimates (n = 66 corre- 
lations for each) are 0.62 and 0.70 for coastal and inland populations, 
respectively. In both cases, phenotypic correlations greatly underesti- 
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mate genetic correlations; reduced major axis slopes are 2.24 and 
2.45, respectively. 

In general then, the data from studies of snakes suggest that phe- 
notypic correlations underestimate genetic correlations, and the cor- 
relation between the two is positive (0.4-0.97), but not always strong. 
Some of the discrepancies may be related to small sample sizes 
t Cheverud (19881 found genetic and phenotypic correlations tend to 
be more similar when effective sample sizes are large), but real differ- 
ences in the two parameters cannot be ruled out. The use of pheno- 
typic correlations when genetic estimates are unavailable will likely 
lead to flawed conclusions about phenotypic evolution (see Willis et 
a1 . 1991). 

Summary and Future Research 

Quantitative genetics and related techniques can be profitable tools 
for studying a variety of problems in snake ecology. Understanding 
the sources and patterns of variation a t  different levels is integral to 
any study of evolutionary processes. The specific problems that can be 
addressed with quantitative genetics are virtually limitless (see above 
for- some examples) and the techniques are relatively simple. The nec- 
essary requisites for a quantitative genetic analysis amount to little 
more than individuals of known relationship, large samples, and 
some basic statistics. 

Although snakes have been the subjects of a large proportion of 
previous quantitative genetic studies of vertebrates, there has actu- 
ally been very little work in this area. Two perspectives may guide 
future quantitative genetics studies of snake populations: (1)  what 
can this approach tell us about snake ecology and evolution; and (2) 
what general problems can be particularly well addressed using 
snakes? 

Examples of problems in snake biology that can benefit from quan- 
titative genetics may be found in this chapter and throughout this 
volume. Mating systems, thermoregulatory ecology, endocrinology, 
and habitat preferences are all unstudied from a quantitative genetic 
perspective (see Duvall, Schuett, and Arnold, Chap. 5; Ford and 
Burghardt, Chap. 4; Peterson, Gibson, and Dorcas, Chap. 7; and 
Reinert, Chap. 6, all this volume). Perhaps the most important direc- 
tion is to study different taxa. With the exception of two studies on 
Nerodia, all quantitative genetic studies to date have been conducted 
on Thamnophis (and even these two genera are closely related; Table 
8.2). Other taxa are  common enough to obtain the large samples 
needed for quantitative genetics (see Parker and Plummer, 1987, for 
population estimates) and some may even be bred in captivity. It is 
time such taxa are examined. 

u x x  
- ~ m  



TABLE 8.2 Quantitat~ve Gene t~c  Studies of Snake Populations (Continued) 

Number 
' l ' r < 1 1 t \  5 1 , ~ ~  I ( * ,  I,ocullty o l  l;lnl~l~cbs~' I',~r,t~llctcri h?ethodl' 

- - - - - - -- - - -  - -- - - - --- - 
Study 

-- - 

Nu~iibcr of str.1hc3 I'  \ l t  t c ~ / t \  W~scorlsin - 5 f ~ f ,  1 Schwartz (1989) 

(various stimuli) Michigan 5 23 hi.\ 1 Schwartz (1989) 

Aggregative tendency T slrtulis Wisconsin 5 5  t, f*, 1 Schwartz (1989) 

Mlchigan 5 23 /l i-5 1 Schwartz (1989) 

Locomotor performance 
Speed, endurance T,  si r ta l is  California 

California 

Speed, distance 7' o~.ciit~oidrs Oregon 

Physiology 

Cold resistance T ,  sirtalis Wisconsin 

Michigan 

Tetrodotoxin resistance T. sirtalis Oregon 

Enzyme activities T,  sirtalis California 

Maximum oxygen T. sirtalis California 
consumption, 
blood hemoglobin, 
relative heart  and 
liver mass 

Feeding behavior 

Slug-eating tendency T. elegans 

46 h:~s, rt; 1,3,4 Garland (1988) 

3 4 h ;~s 1 Jayrle and Bennett (1990a) 

19-126 hi5s, r, 1,4 Brodie (1989a, 1991, 199%) 

5 5  hFs 1 Schwartz (1989) 

1 2 3  h$s 1 Schwartz (1989) 

23 h ; ~  1 Brodie and Brodie (1990) 

4 5 his, r, 1,4 Garland et al. (1990) 

45 hi.,, r<; 1,3,4 Garland and Bennett (1990); 
Garland et al. (1990) 

Inland, coastal California 56 ,68  1 

8-68 Dominance, 5 
maternal 
effects 

Arnold (1981~) ;  Ayres and 
Arnold (1983) 

Feeding preferences T. elegans Inland, coastal California 10,19 hEs, rG 1,4 Arnold (1981a,c) 
(tongue-flick score) T. sirtalis Wisconsin 5 5  h Es 1 Schwartz (1989) 

Michigan 523 his 1 Schwartz (1989) 

Integrative studies 
Scale counts, color N. sipedon Kansas . . . his, rG, 1,2,6 Beatson (1976) 

pattern selection 

Scale counts, locomotor T. elegans, California, Illinois 
. . . h i l  rG, 2,7 Arnold (1988a); Arnold 

performance T. radix selection and Bennett (1988) 

Antipredator behavior, T. ordinoides Oregon 
. . . his, rG, 1,4,7 Brodie (1989a, 1991, 1992, 

color pattern, locomotor selection 1993a,b) 

performance 

Scale counts, antipreda- T, sirtalis California 
. . .  hk, hi.s, r,, 1,2,3,4,7 Garland (1988); Garland 

tor behavior, locomotor selection and Bennett (1990); 

performance, physiology Garland et al. (1990); 
Jayne and Bennett (1990a,b); 
Garland (1993); Dohm and 
Garland (1993) 

Scale counts, antipreda- T. sirtalis Wisconsin, Michigan . . , h&, rG 1 Schwartz (1989) 

tor behavior, physiology, 
feeding behavior 

uNumber of families differs according to the population and specific trait in some studies. 
b l  = full-sib ANOVA; 2 = mother-offspring regression; 3 = maximum likelihood estimation; 4 = family mean correlation; 5 = population crosses; 6 = intensity of 

selection; 7 = selection gradient. 
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Ontogeny has been virtually unstudied from a quantitative genetic 
perspective in any taxon (Cheverud et al., 1983; Atchley, 1984; Riska 
et al., 1984; Price and Grant, 1985; Arnold, 1990). Techniques and 
theoretical frameworks for applying quantitative genetics to an onto- 
genetic dimension are rapidly becoming available (see references in 
Kirkpatrick et al., 1990a,b). Antipredator behavior of snakes is a 
model system to begin this avenue of research. A large body of litera- 
ture on the genetics of neonate behavior already exists, as well as 
studies of the phenotypic development of behavior, and predictions 
about the dynamics of the G-matrix for behaviors and color patterns 
have been offered (Brodie, 1993a). 

Maternal effects on phenotype are also largely unknown. Again, 
theory is outpacing empirical investigation. Oviparous reptiles are 
ideal subjects for studies of maternal effects, but only recently have 
studies of this kind been performed (Sinervo, 1990; Sinervo and 
Huey, 1990; for viviparous taxa, see Osgood, 1978; Arnold and 
Peterson, 1989; Ford and Seigel, 1989). Eggs allow manipulation of 
investment (i.e., yolk), temperature, and other prenatal environmen- 
tal components, and many species of snakes have large clutch sizes 
tha t  allow for families to be spli t  among several  t reatments .  
Empirical tests of the efficacy of statistical reduction of maternal 
effects through regression would be especially valuable. 

The approach of studying genotype-by-environment interactions is 
especially well suited to ectotherms, so many of whose traits depend 
on microenvironment (e-g., behavior and physiology as a function of 
temperature). A quantitative genetic approach promises to increase 
our understanding not only of snake ecology, but also of the evolution 
of reaction norms and phenotypic plasticity in general (de Jong, 1990; 
Gomulkiewicz and Kirkpatrick, 1992). Again, split-family designs 
could be incorporated to test for environmental affects, while provid- 
ing partial genetic controls. 

Finally, some of the greatest advances may come from the integra- 
tion of macro- and microevolutionary approaches. Comparative stud- 
ies may provide clues to interesting systems to study a t  the popula- 
tion level and vice versa (Brodie's (1989a, 1991, 1992, 1993a,b] study 
of the integration of color pattern and antipredator behavior was 
motivated by the species comparisons of Jackson e t  al. [1976]). 
Investigations of microevolutionary processes may help to explain 
patterns of diversity among taxa (Price et  al., 1984; Emerson and 
Arnold, 1989; Garland and Losos, 1994). Even hypotheses of genetic 
drift and selection as differentiating forces among populations or taxa 
can now be tested through quantitative genetic studies of multiple 
groups ( Lofsvold, 1988). 
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