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HIERARCHICAL COMPARISON OF GENETIC VARIANCE-COVARIANCE MATRICES. II.
COASTAL-INLAND DIVERGENCE IN THE GARTER SNAKE, THAMNOPHIS ELEGANS
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Abstract.—The time-scale for the evolution of additive genetic variance-covariance matrices (G-matrices) is a crucial
issue in evolutionary biology. If the evolution of G-matrices is slow enough, we can use standard multivariate equations
to model drift and selection response on evolutionary time scales. We compared the G-matrices for meristic traits in
two populations of garter snakes (Thamnophis elegans) with an apparent separation time of 2 million years. Despite
considerable divergence in the meristic traits, foraging habits, and diet, these populations show conservation of structure
in their G-matrices. Using Flury’s hierarchial approach to matrix comparisons, we found that the populations have
retained the principal components (eigenvectors) of their G-matrices, but their eigenvalues have diverged. In contrast,
we were unable to reject the hypothesis of equal environmental matrices (E-matrices) for these populations. We propose
that a conserved pattern of multivariate stabilizing selection may have contributed to conservation of G- and E-matrix

structure during the divergence of these populations.
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The additive genetic variance-covariance matrix (G-ma-
trix) plays a central role in evolutionary biology. This matrix
enables us to predict how a whole set of continuously dis-
tributed traits will evolve by drift in finite populations or in
response to selection in large populations (Lande 1979). The
G-matrix also summarizes the pattern and strength of genetic
constraints in a population (Lande 1979; Cheverud 1984;
Maynard Smith et al. 1985; Charlesworth 1990; Arnold
1992a).

The constancy of the G-matrix has emerged as a critical
issue in evolutionary biology. Constancy of the matrix in
phylogenetic time would permit us to reconstruct historical
patterns of selection (Lande 1979). This ability to reconstruct
selection has attracted attention because it constitutes one the
few bridges between the field of quantitative genetics and the
discipline of systematics. Some have argued that we should
abandon this bridge between time scales. The argument is
that fluctuations in the G-matrix from generation to gener-
ation might invalidate the usual procedures for reconstructing
selection (Turelli 1988). Nevertheless, it is not clear how
much fluctuation in G would be required for us to throw up
our hands. Fluctuations in G might be so minor that recon-
struction of selection is unaffected or so profound that re-
construction is pointless. The comparison of G-matrices is
crucial in deciding where we lie along this continuum. De-
spite their importance, however, only a few statistical com-
parisons of G-matrices have been accomplished (Lofsvold
1986; Billington et al. 1988; Kohn and Atchley 1988; Fong
1989; Wilkinson et al. 1990; Shaw and Billington 1991; Spi-
tze et al. 1991; Platenkamp and Shaw 1992; Brodie 1993;
Carr and Fenster 1994; Shaw et al. 1995; Paulsen 1996; Po-
dolsky et al. 1997; Pfrender 1998; Roff and Mouseau 1999;
Roff et al. 1999). The connection of the matrix to genetic
constraints also motivates interest in G-matrix constancy.
Comparison of G-matrices can be used to detect and localize
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evolutionary change in genetic constraints. Although change
in constraints is often invoked to explain evolutionary pat-
terns, such arguments are usually not bolstered—as they
could be—by demonstrating a difference in G-matrices.

The comparison of matrices is a difficult statistical problem
and many different approaches have been suggested over the
last few decades. There has been some controversy regarding
the appropriate statistic to use as well as the framework within
which that statistic is tested (Shaw 1987, 1991, 1992; Cowley
and Atchley 1992). Flury (1988) outlined a comprehensive
and elegant solution to the matrix comparison problem. This
solution rests on the realization that matrices can still share
similarities in structure even if they are not strictly equal to
one another. The companion paper (Phillips and Arnold 1999)
outlines the application of this approach to quantitative ge-
netic data in some detail. Here, we emphasize that this more
general view of matrix comparison provides a detailed di-
agnosis of steps in G-matrix evolution.

Our goal in this paper is to compare the G-matrices of two
populations of the garter snake, Thamnophis elegans, that are
separated by a distance of nearly 300 km in northern Cali-
fornia and have very different ecologies. Our coastal popu-
lation is terrestrial and feeds primarily on slugs. Our inland
population is aquatic and feeds primarily on aquatic prey
(fish, anurans, and leeches; Arnold 1981a,b,c, 1992b). Anal-
yses of the mitochondrial genome (which will be reported in
a later paper) suggest that these populations may have di-
verged nearly 2 million years ago. Furthermore, two of the
six meristic traits upon which our G-matrices are based show
substantial divergence in mean (Arnold 1988). These and
other results suggest that our populations have experienced
divergent selection for a considerable period of time (Kelley
et al. 1997). Thus, there are considerable grounds for ex-
pecting differences in G-matrices. In pursuit of our goal of
geographic comparison, we first compare the G-matrices of
males and females within our populations. We find detectable
differences between the sexes in G-matrices and so proceed
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Fic. 1. Counting conventions for three meristic traits on the head
of Thamnophis elegans (SJA 24300): number of scales on the upper
lip (SLAB), number on the lower lip (ILAB), and number behind
the eye (POST). The sum on counts on the right and left sides was
used in all analyses.

by doing separate geographic comparisons of males and fe-
males. The end result of these comparisons suggests evolu-
tionary conservation of the structure of both the genetic and
environmental variance-covariance matrices.

MATERIALS AND METHODS
Samples of Snakes and Scoring of Traits

Samples.—Newborn snakes were obtained from pregnant
females collected at two localities situated 282 km apart in
northern California; at the mouth of the Mad River, Humboldt
County (coastal), and Eagle Lake, Lassen County (inland;
Arnold 1988). Females were obtained at two collecting sta-
tions at each of these localities, but, for simplicity of analysis,
data were pooled for each locality after correcting for dif-
ferences in station means. The justification for this pooling
was that trait divergence between stations within localities
was trivial compared with the divergence among localities.
Thus, the two traits that differed most between stations (body
and tail vertebral numbers) showed an order of magnitude
less differentiation between stations within localities than
between localities (Arnold 1988). Despite the small magni-
tude of divergence between sampling stations, the trait means
were corrected for station differences so that those differences
would not inflate within-population estimates of genetic var-
iances and covariances.

After capture, females were transported to the laboratory,
where they were maintained under uniform conditions until
their litters were born (Arnold 1988). A total of 102 females,
yielding 911 offspring, were sampled from the coastal pop-
ulation, whereas 156 females, yielding 1505 offspring, were
sampled from the inland population.

Trait Scores.—The following scale counts were made on
ethanol-preserved mothers and their offspring (Fig. 1): num-
ber of ventral scales (VENT); number of subcaudal scales
(SUB); total number of infralabial (ILAB), supralabial
(SLAB), postocular (POST) scales on the left and right sides;
number of dorsal scale rows at midbody (MID). Conventions
for making these counts are described by Ruthven (1908),
Dowling (1951), and Peters (1964). The counts were made
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on stillborn animals (approximately 5% of the neonate sam-
ple), even when deformed, as well as on liveborn neonates.
Counts were treated as missing values under the following
circumstances: when the tail tip lacked the usual conical scale
due to developmental abnormality or amputation (SUB),
when eyes (POSTOC) or jaws (ILAB, SLAB) were missing
due to developmental abnormality (POSTOC); when sutures
between scales failed to form for at least half the length of
the jaw (ILAB, SLAB). VENT and SUB correspond, re-
spectively, to numbers of body and tail vertebrae (Alexander
and Gans 1966; Voris 1975). None of these counts change
during the postnatal life of an individual. Sex of neonates
was determined at the time of preservation by eversion of
hemipenes.

Parameter Estimation

Quantitative genetic parameters were estimated using a
female-offspring regression of the female value on the litter
average, with the number of offspring in the litter serving as
a weighting factor (Falconer and Mackay 1996). Additive
genetic variances (G;;) were calculated as twice the parent-
offspring covariance for the same trait across generations,
whereas the additive genetic covariances (Gj;) were calculated
as the average of the two cross-covariances across genera-
tions (i.e., trait 1 in parents on trait 2 in offspring and vice
versa). This averaging of the two cross-covariances assumes
that most loci affecting even sexually dimorphic characters
are autosomal rather than sex linked, an assumption sup-
ported by empirical work (Lande 1980c, Cowley and Atchley
1988). Because of the possibility of natural selection in the
parental generation and the much larger sample of individuals
in the offspring generation, phenotypic variances and co-
variances were estimated using the offspring rather than the
parents. The phenotypic variance components (P) were es-
timated as the sum of the within- and among-family variance
components from a one-way analysis of variance of the full-
sib families. The environmental variance and covariance
components were then calculated as the difference between
the phenotypic and additive genetic components (E = P —
G). Standard errors on these values were calculated using a
bootstrapping approach (Efron 1982; Efron and Tibshirani
1993) by repeatedly recalculating the quantitative genetic pa-
rameters after randomly resampling with replacement from
the population of full-sib families. Errors were calculated as
the variances of the empirically derived error distributions
after resampling 10,000 times. All covariance component es-
timation calculations were carried out using the software
package H2boot (Phillips 1998a).

Although covariance component analysis yields the correct
parameters for quantitative genetic analysis, the covariance
components themselves are often not statistically well be-
haved. In particular, the possibility of negative variances and
correlations that are greater than 1.0 or less than —1.0 can
make the analysis of variance-covariance matrices difficult
(for a discussion of the issues, see Phillips and Arnold 1999).
Some of these problems can be overcome by estimating the
parameters directly from the individual values or family
means rather than from the covariance components. For ex-
ample, the phenotypic variances and covariances were also
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estimated directly using the entire population of offspring
(i.e., individual values). Similarly, the additive genetic var-
iances and covariances can be estimated from the covariance
among-family means. In both of these cases, the variances
and covariances will be well behaved by the above criteria,
but they are unfortunately biased estimates. The phenotypic
estimates are biased by the among-family variance, whereas
the genetic estimates are biased by the within-family variance
(Via 1984; Lynch and Walsh 1998). The complications in-
troduced by this bias have to be weighed against the fact that
these parameters can be used in a well-established parametric
analysis (Flury 1988), whereas the covariance components
can only be tested using resampling methods (see below). In
the analysis presented below, both the covariance component
and the individual value estimates will be used where ap-
propriate so that the strengths and weaknesses of each type
of estimate can be used to balance against one another.
Multiple paternity does not complicate either approach to
genetic parameter estimation. Multiple paternity of broods
has been confirmed with molecular markers in several genera
of snakes, including Thamnophis (Schwartz et al. 1989; Barry
et al. 1992; Luiselli 1995). Such multiple paternity does not
affect estimates based on offspring-mother regressions. Mul-
tiple paternity could affect our estimates based on litter
means, which assume that the coefficient of relationship with-
in litters is 0.5 (littermates full-sibs). This assumption does
not appear to introduce any serious errors. In the one study
of multiple paternity in garter snakes, the coefficient of re-
lationship within litters was estimated to be 0.42-0.44, de-
pending on whether the estimate is based on the confirmed
or estimated incidence of multiple paternity (Schwartz et al.
1989). Thus, despite multiple paternity of 50-72% of litters,
littermates were on the average nearly full-sibs. An error in
either of our populations in the coefficient of relationship
within litters would merely have a proportional affect on the
G-matrix, and the Schwartz et al. (1989) study suggests that
such errors would be slight. A potentially more serious prob-
lem could arise if our populations differed in the coefficient
of relationship within litters. Even in this case, however, only
proportional differences in G-matrices would result. Com-
parative studies of paternity in snake populations could eval-
uate this possibility, but have as yet not been conducted.

Matrix Comparisons

Matrices were compared using a hierarchical approach de-
rived by Flury (1988) and applied to quantitative genetic
analysis in Phillips and Arnold (1999). The essential point
here is that matrix comparison is a multivariate problem with
many degrees of similarity being possible between the ex-
tremes of equality and inequality. The hierarchy follows a
progression from unrelated structure to partial common prin-
cipal components (PCPC) to common principal components
(CPC) to proportionality and finally to equality.

The testing procedure entails evaluating each pair of ma-
trices (as well as all matrices simultaneously) at each level
of the hierarchy. We use the jump-up approach (Phillips and
Arnold 1999) to evaluate at which level in the hierarchy the
two matrices could no longer be considered similar. Covari-
ance component matrices were compared using a randomi-
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TABLE 1. Trait means for male and female offspring from coastal
and inland populations of Thamnophis elegans. Population differ-
entiation (Diff.) is expressed as the average geographic difference
of males and females in units of average phenotypic standard de-
viation.

Coastal Inland
Male Female Male Female
Trait n = 406! n = 5052 n = 7623 n = 7434 Diff.
VENT 156.277 151.728 172.422 167.520  3.998
SUB 80.982 71.247 90.535 80.589 2.347
MID 18.776 18.920 20.151 20.486 1.967
ILAB 18.573 18.745 20.004 20.159 1.557
SLAB 14.665 15.080 15.879 15.876 1.181
POST 5.722 5.715 5.920 6.085 0.413

! Sample sizes for the six traits are, in order, 393, 389, 398, 405, 406, and
406.

2 Sample sizes for the six traits are, in order, 481, 493, 498, 502, 502, and
505

3 éample sizes for the six traits are, in order, 744, 739, 761, 760, 760, and
762.

4 Sample sizes for the six traits are, in order, 712, 708, 739, 740, 735, and
743.

zation approach (Phillips and Arnold 1999) with the program
CPCrand (Phillips 1998b). Parametric tests (Flury 1988)
were used to compare the product-moment-based matrices
(e.g., family mean covariances) with the program CPC (Phil-
lips 1998c). Because of the large number of tests involved,
we do not present results for the entire hierarchy of com-
parisons, but instead report the highest point in the hierarchy
for which the null model could not be rejected. An analysis
of the coastal-inland matrix comparison for females detailing
all statistical aspects of the comparisons is given in Phillips
and Arnold (1999).

RESULTS
Means

Differences between the Sexes.—The six traits varied great-
ly in degree of sexual dimorphism (Table 1). SUB was the
most sexually dimorphic trait, with males showing an average
of 10 more subcaudal scales than females, a 12—13% differ-
ence in means. VENT also showed appreciable sexual di-
morphism, with males showing an average of five more ven-
tral scales than females, a 3% difference in means (Arnold
1988). Sexual dimorphism in the other traits was less sub-
stantial (0—3%) and usually in the same direction, with fe-
males averaging higher counts than males. MANOVA
showed significant overall sexual dimorphism, and individual
ANOVAs showed sexual dimorphism was significant for each
of the six traits (Table 2). MID, SLAB, and POST showed a
significant geographic difference in sexual dimorphism and
all of the traits, except MID showed litter differences in de-
gree of sexual dimorphism (Table 2).

Geographic Comparisons.—The six traits also differed in
degree of differentiation between coastal and inland popu-
lations (Table 1). VENT and SUB showed the greatest dif-
ferentiation, with the inland population means exceeding the
coastal means by 4.0 and 2.3 phenotypic standard deviations,
respectively. The inland population showed higher means for
the other traits as well, with the degree of differentiation
ranging from 0.4 to 2.0 phenotypic standard deviations.
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TABLE 2. Multivariate analysis of variance testing for geographic differences (pop), litter differences (litter), and sexual dimorphism
(sex) in six traits of Thamnophis elegans offspring. Tabulated results give the ANOVA F-values for signal traits and an F-ratio based

on Wilk’s lambda for the MANOVA with all traits combined.

Source

df VENT SUB MID ILAB SLAB POST MANOVA

Pop! 1 1457.5 522.3 453.1 183.3 96.2 24.4 340.4
Kok sk sk Kok ok sk Kok sk sk koK ksk Kok sk ok Kk skk sfeskoskosk
Litter(pop)? 257 3.8 3.4 3.0 3.3 4.1 3.0 33
sksksksk 3Kk skok koK ksk ookosk ok ok ksk kokksk KoKk sk
Sex? 1 556.1 2116.3 21.9 10.0 10.7 13.4 403.0
Kok sk sk KoKk sk sesksksk &3k Kk %3k ok skeskeoskosk
Pop*sex? 1 0.7 0.0 11.3 0.0 23.1 7.9 7.4
ns ns & skosk ns sesksksk $k koK ksk
Litter*sex(pop) 246 1.2 1.5 1.1 1.3 1.5 1.2 1.3
*ok otk ns ok ok ko * *oHokk

Residual 1745

*rkk P < 0.0001; #*#* P < 0.001; ** P < 0.01; * P < 0.05; ns, nonsignificant.

1 Using Type III mean squares for litter(pop) as denominator in F-test.
2 Using Type III mean squares for litter*sex(pop) as denominator in F-test.

MANOVA showed that significant geographic differences for
all the traits, as well as significant differences among families
within populations (Table 2).

Variance-Covariance Matrices and Heritabilities

The phenotypic matrices (Table 3) were nearly diagonal in
structure, with average correlations in the range of 0.04—-0.10.
The genetic matrices (Table 4) showed more off-diagonal
structure, with average correlations in the range of 0.15-0.45.
In contrast, the environmental matrices (Table 5) are almost
diagonal in structure, with average correlations in the range
of —0.06-0.12.

All of the traits show some evidence of heritable variation
(Tables 2, 6). VENT and SUB show the highest heritabilities
(h? = 0.41-0.79) and POST shows the lowest (h2 = 0.00—
0.62). Geographic differences are apparent for some traits
(e.g., regression estimates for SLAB), but sexual differences
appear to be present for other traits (e.g., regression estimates
for POST). To evaluate these apparent differences and to take
account of all the traits at once, we will use a hierarchical
approach.

Matrix Comparisons

In general the G-matrices show common structure in all
of their principal components (Table 7). The exceptions to
this rule involve the G-matrix for the coastal males. The
regression estimates (covariance components) for coastal
males shares one to six principal components with the other
matrices, whereas the family-mean estimates (product-mo-
ment components) share three to six principal components.
The differences among these estimates are undoubtedly
caused by unusually high genetic correlations among some
of the trait combinations involving MID and ILAB. Here the
covariance component analyses, which should be more sen-
sitive to ill-behaved matrices, suggest less similarity than the
parametric, family-mean-based analyses, which should have
fewer difficulties with problematic matrix structure. It is cur-
rently not known which estimation procedure is best in this
case, because each has its own problems. The overall result

of some shared similarity is preserved across both analyses,
however, and in comparisons not involving the coastal males,
both methods yield the same answer.

In contrast to the results for the G-matrices, we cannot
reject the hypothesis of equality for any pair of E-matrices
(Table 7). Thus, not only do the E-matrices show common
principal components, as do the G-matrices, they also show
common eigenvalues. At least part of this similarity result is
caused by the sometimes large errors on the E-matrix ele-
ments (Table 5), so although we cannot rule out equality in
these data, it is likely that there are at least some true dif-
ferences among the matrices in particular elements. These
differences are small relative to the overall pattern of simi-
larity, however. Further, matrices that are nearly diagonal are
much more likely to be similar to one another than those
displaying more complex structure.

The results for the P-matrices are generally in-between
those for the G- and E-matrices, as might be expected. The
P-matrix is the sum of the G- and E-matrix and so we expect
the result of a P-matrix comparison to be close to the average
of G- and E-matrix comparisons. Thus, the comparisons show
either six common principal components (full CPC) or equal-
ity (covariance component estimates) or two to six common
principal components (individual estimates). In all six com-
parisons, those based on the covariance component estimates
indicated more similarity in matrices than comparisons based
on the individual estimates. This difference undoubtedly re-
flects the greater statistical power of the individual estimates
because within each sex there were approximately five times
as many individuals as families.

A comparison of the results in Table 7 with calculations
of matrix correlation reveals how much structural differen-
tiation can be concealed by the latter approach. For pheno-
typic matrices, the product moment matrix correlations for
the six comparisons shown in Table 7 ranged from 0.96 to
1.00. Clearly, the phenotypic matrices are highly correlated
across populations, but the simple correlation coefficients
give no indication that the matrices are neither equal nor
proportional or that they differ in extent of shared principal
components. Likewise, the matrix correlations for G vary
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TABLE 3. Phenotypic variance-covariance matrices (= SE) for male and female offspring from coastal and inland populations of
Thamnophis elegans. Indicated sample sizes are numbers of litters, which vary from element to element in the matrix because of missing
values.
Coastal Inland
Male Female Male Female
Trait(s) n = 75-102 n = 75-102 n=116-156 n = 116-156
VENT 11.095 * 1.360 15.706 * 2.137 22.967 = 5.555 15.140 * 1.342
VENT, SUB 0.999 = 1.883 4.440 = 3.019 4.875 £ 6.431 3.849 = 2.219
VENT, MID 0.020 + 0.997 0.073 = 1.454 0.079 * 3.940 —0.163 = 0.943
VENT, ILAB —0.168 = 0.967 0.286 * 1.501 0.283 * 3.986 0.129 * 0.953
VENT, SLAB 0.507 = 1.106 0.274 * 1.575 0.084 * 4.065 0.197 = 1.005
VENT, POST 0.079 = 0.947 0.238 £ 1.556 0.163 + 4.254 —0.049 = 0.971
SUB 13.919 = 1.609 13.272 = 1.552 21.174 = 2.181 17.051 = 1.744
SUB, MID 0.044 = 1.163 —0.296 = 1.038 —0.110 = 1.629 0.230 * 1.230
SUB, ILAB 0.400 = 1.199 0.403 * 1.134 0.085 = 1.549 0.133 + 1.248
SUB, SLAB —0.049 = 1.154 0.043 £ 1.150 —0.010 = 1.554 —0.263 = 1.227
SUB, POST 0.367 * 1.271 0.057 £ 1.119 0.109 * 1.566 0.101 * 1.234
MID 0.382 £ 0.058 0.218 £ 0.039 1.023 + 0.042 0.799 = 0.060
MID, ILAB —0.002 * 0.112 0.107 = 0.092 0.009 * 0.055 0.014 + 0.073
MID, SLAB 0.085 = 0.086 0.051 * 0.061 —0.018 = 0.083 0.039 * 0.154
MID, POST 0.023 = 0.074 0.016 = 0.058 —0.038 = 0.054 —0.055 = 0.063
ILAB 1.472 = 0.115 1.186 = 0.077 0.380 * 0.046 0.542 = 0.070
ILAB, SLAB 0.290 = 0.129 0.216 = 0.110 0.057 = 0.074 0.031 = 0.129
ILAB, POST 0.046 * 0.122 0.042 * 0.087 0.054 = 0.058 0.023 = 0.069
SLAB 0.948 + 0.082 0.913 £ 0.058 0.370 = 0.089 0.751 £ 0.177
SLAB, POST 0.044 = 0.090 0.060 = 0.082 0.033 £ 0.075 0.034 = 0.128
POST 0.452 = 0.070 0.445 * 0.061 0.450 *= 0.054 0.546 * 0.061
Average correlation (7p) 0.082 0.100 0.087 0.044

from 0.93 to 0.98 and those for E vary from 0.73 to 0.95.
Coefficients of matrix correlation bear no relationship to po-
sition in the Flury hierarchy.

The principal component (eigenvector) structure of the ma-
trices yields some insight into what CPC structure is main-

tained between the two populations. Table 8 shows the com-
bined common principal component solution for the G-ma-

trices of both sexes from the coastal and inland populations

(the principal components of the original matrices show sim-
ilar structure). (Results here are slightly different from those

TaBLE 4. Genetic variance-covariance matrices (= SE) for male and female offspring from coastal and inland populations of Thamnophis
elegans. Indicated sample sizes are numbers of litters, which vary from element to element in the matrix because of missing values.
Note: Pooled estimates in appendix 1 of Arnold (1988) involving VENT and SUB are in error by a factor of about four and should be

ignored.
Coastal Inland
Male Female Male Female
Trait(s) n = 175-102 n = 175-102 n = 116-156 n = 116-156

VENT 5.020 = 1.845 6.877 = 1.970 9.055 = 1.905 8.172 = 1.699
VENT, SUB 1.464 = 1.270 0.189 = 1.658 2.112 = 1.559 3.779 £ 1.668
VENT, MID 0.089 * 0.199 —0.035 = 0.252 0.382 *+ 0.368 0.088 = 0.293
VENT, ILAB 0.419 = 0.380 1.147 = 0.466 0.410 = 0.324 0.652 = 0.212
VENT, SLAB 0.745 = 0.334 0.296 = 0.354 0.105 = 0.161 0.066 = 0.175
VENT, POST 0.346 = 0.210 —0.037 = 0.197 —0.247 = 0.162 0.115 = 0.196
SUB 9.201 £ 2.326 7.800 = 2.655 9.500 = 2.095 8.159 = 1.727
SUB, MID —0.298 = 0.334 —0.022 = 0.300 0.211 = 0.393 0.284 *= 0.404
SUB, ILAB 0.848 *= 0.646 0.032 = 0.479 0.199 = 0.197 0.238 = 0.309
SUB, SLAB 0.767 = 0.441 0.117 = 0.348 —0.066 = 0.192 0.225 = 0.214
SUB, POST —0.118 = 0.235 —-0.113 = 0.252 —0.048 = 0.200 0.173 = 0.234
MID 0.044 = 0.056 0.007 = 0.033 0.510 = 0.104 0.271 = 0.097
MID, ILAB 0.078 *= 0.094 0.044 = 0.061 —0.025 = 0.055 0.079 £ 0.047
MID, SLAB 0.149 = 0.059 0.105 = 0.058 —0.004 = 0.047 0.046 = 0.061
MID, POST —0.049 * 0.033 0.026 = 0.039 —-0.076 = 0.049 —0.097 = 0.049
ILAB 0.264 *= 0.193 0.359 *+ 0.135 0.049 = 0.038 0.025 = 0.047
ILAB, SLAB 0.512 £ 0.124 0.468 = 0.110 —0.031 = 0.034 —0.016 = 0.038
ILAB, POST 0.085 = 0.073 —0.000 = 0.065 0.036 = 0.040 0.030 = 0.049
SLAB 0.427 = 0.131 0.366 = 0.118 0.027 = 0.019 0.024 = 0.027
SLAB, POST 0.046 = 0.075 0.049 = 0.055 0.027 = 0.026 0.021 = 0.029
POST —0.031 = 0.052 0.098 = 0.045 —0.015 = 0.032 0.088 = 0.047
Average correlation (rg) 0.455 0.372 0.152 0.384
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Environmental variance-covariance matrices (* SE) for male and female offspring from coastal and inland populations of

Thamnophis elegans. Indicated sample sizes are numbers of litters, which vary from element to element in the matrix because of missing

values.
Coastal Inland
Male Female Male Female
Trait(s) n = 75-102 n = 75-102 n = 116-156 n = 116-156

VENT 6.076 = 2.140 8.829 + 2.752 13912 + 5475 6.968 *= 1.457
VENT, SUB —0.465 = 1.932 4251 *= 3.479 2.763 * 6.489 0.070 = 2.509
VENT, MID —0.069 *= 0.988 0.108 = 1.503 —0.303 = 3.949 —-0.251 = 0.971
VENT, ILAB —0.587 = 1.033 —0.861 = 1.586 —0.127 = 4.021 —0.524 = 0.949
VENT, SLAB —0.238 = 1.096 —0.022 *= 1.643 —0.021 = 4.057 0.131 = 1.014
VENT, POST —0.266 = 0.980 0.275 = 1.594 0.410 = 4.302 —0.165 * 0.996
SUB 4718 = 2.434 5.473 + 2.456 11.673 £ 2.629 8.891 + 2.040
SUB, MID 0.342 + 1.255 —0.274 = 1.086 —-0.321 = 1.717 —0.054 = 1.276
SUB, ILAB —0.447 = 1.284 0.371 £ 1.220 -0.114 = 1.560 —0.106 = 1.269
SUB, SLAB —0.816 = 1.164 —-0.074 = 1.182 0.056 = 1.603 —0.488 = 1.252
SUB, POST 0.485 = 1.271 0.169 = 1.114 0.157 = 1.601 —-0.072 + 1.201
MID 0.339 *= 0.083 0.210 = 0.050 0.513 = 0.108 0.528 = 0.106
MID, ILAB —0.080 = 0.141 0.062 = 0.107 0.034 = 0.071 —-0.065 = 0.079
MID, SLAB —0.064 = 0.095 —0.054 = 0.080 —0.014 = 0.082 —0.007 = 0.141
MID, POST 0.072 = 0.086 —0.009 = 0.063 0.038 = 0.077 0.042 *= 0.075
ILAB 1.209 *= 0.216 0.827 = 0.149 0.331 = 0.059 0.516 = 0.086
ILAB, SLAB —-0.222 = 0.146 —0.252 = 0.128 0.088 *= 0.085 0.047 = 0.146
ILAB, POST —0.039 = 0.144 0.042 = 0.100 0.017 = 0.075 —0.003 = 0.083
SLAB 0.521 = 0.135 0.574 = 0.121 0.343 = 0.092 0.727 = 0.188
SLAB, POST —0.001 = 0.098 0.010 = 0.087 0.006 = 0.075 0.013 = 0.127
POST 0.484 = 0.089 0.347 = 0.071 0.465 = 0.059 0.458 *= 0.070
Average correlation (rg) —0.055 0.050 0.117 —0.029

presented in Phillips and Arnold [1999] because all four ma-
trices are evaluated simultaneously, rather than just the fe-
male matrices.) The first two principal components are the
correlated submatrix for the traits VENT and SUB. The third
and sixth principal components describe a correlated sub-
matrix for the traits ILAB and SLAB. The fourth and fifth
principal components describe a correlated submatrix for the
traits MID and POST. The main difference between these
coastal and inland G-matrices lies in their eigenvalues, which
are often strikingly different (Table 8). The E-matrices for
coastal and inland females share a principal component struc-
ture that is similar to the G-matrix structure. Unlike the G-
matrices, we cannot show that the eigenvalues of the E-matrix
are different.

The shared principal component structure can perhaps be
best visualized by graphically displaying the pattern of co-
variance structure using 95% confidence ellipses. Focusing
on the first two components, those dominated by the VENT/
SUB submatrix, it is clear that the G-matrices from all of the

populations and sexes have an overall similar orientation in
two-dimensional space, although the amount of variance
along any particular axis (the length and width of the ellipse)
varies from matrix to matrix (Fig. 2). The similarity of ori-
entation (eigenvectors) yields the CPC results, whereas the
difference in variances (eigenvalues) precludes the possibility
of this similarity leading to proportionality or equality. It is
also clear that the pattern of divergence between populations
is oriented along the primary axis of genetic variation (Schlu-
ter 1996).

DiscussioN
Parameters Estimated

Some of the technical aspects of parameter estimation
should be kept in mind in later discussions of sexual and
geographic comparisons. Because the traits are generally sex-
ual dimorphic, the estimates based on son-mother regressions
are across-sex covariances and will represent within-sex

TABLE 6. Heritability estimates (+ SE) for male and female offspring from coastal and inland populations of Thamnophis elegans based
on mother-offspring regressions. Indicated sample sizes are numbers of litters, which vary within populations because of missing trait

values. Significance levels are as given in Table 2.

Coastal Inland
Male Female Male Female
Trait(s) n = 75-102 n = 75-102 n = 116-156 n = 116-156
VENT 0.45 = 0.17** 0.44 = 0.14%** 0.41 = 0.11%** 0.54 = 0.10%**
SUB 0.66 = 0.16%** 0.59 + 0.18%** 0.45 x 0.10%** 0.48 + 0.10%**
MID 0.12 = 0.15 ns 0.04 £ 0.15 ns 0.50 + 0.10%** 0.34 £ (0.12%**
ILAB 0.18 = 0.13 ns 0.30 = 0.12** 0.13 = 0.10 ns 0.05 £ 0.09 ns
SLAB 0.45 = 0.13%** 0.40 = 0.13%** 0.08 = 0.06 ns 0.04 = 0.04 ns
POST —0.07 = 0.12 ns 0.22 + 0.10** —0.04 = 0.07 ns 0.16 = 0.08*
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(male) variances and covariances to the extent that genes are
expressed similarly in males and females. Estimates based
on daughter-mother regressions represent within-sex (female)
variances and covariances (Lynch and Walsh 1998). For sim-
plicity we refer to the former as ‘“male” estimates and the
latter as ‘“‘female’’ estimates.

All
together
Full CPC
CPC(2)!
CPC(2)?
CPC(4)?2
Equal

Common Principal Components in the G-Matrices

One of our most important findings is that the G-matrix
shows conservation of structure in the coastal-inland com-
parison. The theme that emerges from our geographic com-
parisons is that principal components of the G-matrix are
conserved but eigenvalues of the matrix vary (Table 7). Con-
servation of principal components can apply to only the first
principal component or the full set of principal components,
depending on which matrices are compared and on the meth-
od of estimating G. Thus, both methods of estimation agree
that the first principal component of the G-matrix is con-
served during the coastal-inland divergence. Comparison of
sequences for two mitochondrial genes (about 1600 base pairs
from cytochrome-b and ND2) revealed a sequence divergence
of 4.2% for our coastal and inland populations (M. Pfrender,
M. Alfaro, and S. Arnold, in prep.). Using an expected evo-
lutionary rate of about 2% sequence divergence per million
years based on mammalian mtDNA (Brown 1983), our pop-
ulations might have separated as long ago as 2 million years.
Such an estimate of expected divergence time is predicated
on multiple assumptions and is subject to a large error of
estimation (Hillis et al. 1996). Nevertheless, it is fair to say
that principal components were conserved on a time scale
much longer than local population divergence and approach-
ing—if not equaling—species-level divergence (note also the
large divergence in means for most of the traits; Table 1).
Thus, our geographic comparisons suggest conservation of
principal components for a considerable period of time. In
contrast, the eigenvalues of the G-matrix differ between
males and females and geographically. Thus, the eigenvalues
of the G-matrix seem prone to relatively rapid evolution.
Furthermore, differentiation in eigenvalues is not of the sim-
plest type. The eigenvalues for our ensemble of traits do not
differ by a single constant of proportionality. Instead, eigen-
values show a chaotic pattern in geographic comparisons;
some are larger in the inland population, others are larger in
the coastal population (Table 8). What might be the causes
of conservation of eigenstructure on the one hand and of
disruption of eigenvalues on the other?

Conserved patterns of selection and mutation are both ca-
pable of explaining phylogenetic persistence in G-eigenstruc-
ture. The G-matrix evolves in response to both mutation and
selection and the matrix at equilibrium is a compromise be-
tween the patterns imposed by those two forces (Lande
1980a). The easiest explanation for phylogenetic persistence
of G-eigenstructure is phylogenetic persistence in eigenstruc-
tures of the matrices describing multivariate stabilizing se-
lection and mutation-recombination. Alternatively, one of
these matrices might be conserved and swamp out fluctua-
tions in the other, or, the least likely explanation, both ma-
trices might vary but with fluctuations that cancel out each
other. Geographic divergence in the means of traits implies

inland female
Full CPC
CPC(4)
Full CPC
Full CPC

Inland male vs.
Equal

Coastal female
vs. inland female

Full CPC

CPC(@3)

Full CPC

Full CPC

Equal

Coastal female
vs. inland male
Full CPC
CPC(4)
Full CPC
Full CPC
Equal

inland female
Full CPC
CPC(4)
Full CPC
CPC(4)

Coastal male vs.
Equal

Coastal male
vs. inland male
Full CPC
CPC(2)
CPC(1)
CPC(3)
Equal

coastal female
Full CPC
CPC(2)
Full CPC
Equal

Coastal male vs.
Equal

1 CPC(4) when coastal males are excluded.
2 Full CPC when coastal males are excluded.

Cov. comp.
Individual
Family-mean

TaBLE 7. Results of hierarchical comparisons of matrices from male and female offspring from coastal and inland Thamnophis elegans populations. Two estimates of phenotypic
Regression

matrices were compared: an estimate derived from the within- and among-litter components of variance and covariance (cov. comp.) and an estimate derived using each
a resampling approach, whereas the point-estimate matrices were compared using a parametric approach. The environmental matrix was .estimat.ed as the diffqrence between
the cov. comp. estimate of the P-matrix and the regression estimate of the G-matrix. The first six columns show the results of all ppsmble pairwise comparisons. The last
column shows the results of simultaneous comparison of all four matrices. Table entries give the highest point in the hierarchy at which the listed null hypothesis could not

be rejected.

individual offspring as a datapoint (individual). Likewise, two estimates of genetic matrices were compared: an estimate derived from regression qf litter means on materpal
values (regression) and an estimate derived from the variances and covariances among litter means (family-mean). The covariance component matrices were compared using

Phenotypic:
Genetic:
Environmental:
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Common principal components for the genetic matrices of coastal and inland males and females. The eigenvectors represent

the solution for a model constrained to have common principal components.

Eigenvectors

Trait 1 2 3 4 5 6
VENT 0.615 0.777 —0.058 0.009 —0.055 -0.102
SUB 0.785 -0.618 -0.014 0.017 0.038 0.015
MID 0.012 0.077 0.165 0.692 0.635 0.288
ILAB 0.070 0.072 0.590 —0.248 -0.223 0.727
SLAB 0.002 —0.032 0.774 0.166 —-0.105 —0.601
POST 0.016 0.041 0.145 —0.657 0.728 -0.124
Eigenvalues:

Coastal males 7.609 3.423 0.880 0.325 0.081 0.126
Inland males 10.164 6.512 0.469 0.683 0.591 0.522
Coastal females 5.726 5.244 1.027 0.273 0.446 0.031
Inland females 5.850 5.271 1.005 0.373 0.249 0.001

that some aspects of selection have changed since descent
from a common ancestor. A plausible model is that the lo-
cation of adaptive peaks has changed, but the shape of the
selection surface (especially its eigenstructure) has remained
the same. Conservation of the eigenstructure of selection in
turn produces conservation of G-matrix eigenstructure.

The pattern of mutational input into the system should also
have an influence on the pattern of genetic covariance (Lande
1980a). Mutations with pleiotropic effects contribute to the
maintenance of genetic correlations between traits. If the var-
iance introduced by new mutations were constrained to fol-
low the same pathway of influence by, for example, the or-
ganisms developmental system, then the pattern of genetic
correlation might evolve to reflect these pathways (Cheverud
1984; Riska 1986; Slatkin 1987; Houle 1991). Alternatively,
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Fic. 2. Variance-covariance ellipses representing the first two
principal components (and associated eigenvalues) for the genetic
matrices of male and female offspring from coastal and inland pop-
ulations of Thamnophis elegans. Under the assumption of normality,
the scale of the ellipses encompasses 95% of the underlying genetic
variation in the population. The figure shows the projections of the
first two principal components onto the VENT and SUB axes. Be-
cause these are projections from a higher-dimensional space, the
actual regions are will not be completely elliptical, but are presented
as so here for clarity. Note the common principal component ori-
entation despite differences in variance along each axis.

changes in population size might explain eigenvalue fluc-
tuations. To model the effects of drift, we can consider a set
of populations that are all of the same finite size and de-
scended from the same ancestral population. Although the
modal population in this set should show proportionality in
eigenvalues compared to the ancestral population (Lande
1979; Lofsvold 1988; Roff and Mousseau 1999; Roff et al.
1999), the variation about this mode is likely to be huge.
Consequently, almost any pattern of eigenvalue differences
could be produced by drift (P. C. Phillips, M. C. Whitlock,
and K. Fowler, in prep.). However, drift cannot explain the
gender differences that we observed in G-eigenvalues within
populations. Assuming that our populations are at equilib-
rium under selection, the simplest explanation for differences
in eigenvalues is that males and females and our two pop-
ulations experience different strengths of multivariate sta-
bilizing selection. Continuing the model developed in the
preceding paragraph, the selection surface keeps its principal
components intact even though its curvature and the location
of its peaks change.

Equality of E-Matrices

Equality of E-matrices was an unanticipated but intriguing
result. Relative constancy of E might reflect phylogenetic
conservatism in both patterns of multivariate stabilizing se-
lection and polygenic mutation. Stabilizing selection should
favor genotypes near the optimum that have small environ-
mental deviations from their genotypic means. Over time,
this process should build up a zone of canalization in the
vicinity of the selective optimum (Fisher 1930; Schmalhau-
sen 1949; Waddington 1957; Lande 1980b). If the selection
surface is a multivariate hill (concave downward in all di-
mensions), as seems likely for the traits considered here, an
evolutionarily persistent surface should foster a correspond-
ing multivariate pattern of canalization (Wagner et al. 1997;
Rice 1998). Here we imagine that selection keeps its ori-
entation and curvature, even though the location of the op-
timum in character space may change in evolutionary time,
as the character mean tracks the position of the optimum. E
also reflects the nonadditive effects of new mutations each
generation, so constancy of E implies persistence in the mul-
tivariate pattern of mutation, perhaps because of conserva-
tism in developmental programs. Whether constancy of E-
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matrices arises from conservatism in multivariate stabilizing
selection or in developmental programs, tests for constancy
should be made in other taxa and for other character sets.

Steppan (1997a,b) has made the important point that to
understand matrix evolution we must move beyond pairwise
comparisons and take a phylogenetic perspective. The best
data for such comparative work are G-matrices estimated for
many populations for which there is a well-resolved phylog-
eny. Amassing such a dataset is a formidable undertaking.
In most taxa, however, P is substantially easier to estimate
than G because only data on individuals rather than on fam-
ilies are required. Thus, it will often be possible to obtain a
relatively large sample of P-matrices, even though G is dif-
ficult to estimate (e.g., Steppan 1997a). An observation of
constancy of E suggests a method for estimating G-matrices
in this situation. Suppose that a few estimates of G and E
are available and yield the result, as in our study, that E is
constant, although G varies. In that circumstance, the data
from all populations could be pooled to give a best estimate
of E, which could then be used to estimate G for each pop-
ulation in the larger set using the relationship G = P — E.
In our study a pooled estimate of E could be made across
both sexes using over 250 families. Such estimates of G
should take account of sampling variation in both P and G,
but that accounting will be straightforward. The method just
described seems preferable to using P as a simple surrogate
for G in comparative studies of the G-matrix (Cheverud 1988,
1995; Willis et al. 1991; Roff 1995, 1996; Lynch and Walsh
1998).

How general is the constancy of E? This question is dif-
ficult to answer from the available literature because the em-
pirical focus has been on the G-matrix. Kohn and Atchley
(1988) found that the E-matrices for two genera of murine
rodents were completely dissimilar. Our results suggest, how-
ever, that comparisons of E-matrices might be profitable.

Comparison of P-Matrices

Steppan (1997a,b) has made a compelling case for com-
parison of P-matrices. The present results reinforce some of
his suggestions. Steppan argues that the P-matrix comparison
is a valid enterprise for three reasons. First, studies of phe-
notypic variation should give insights into the evolution of
genetic variation. Because P-matrices can be estimated more
readily than G-matrices, dense phylogenetic sampling is fea-
sible. Such sampling may reveal patterns of matrix evolution
that apply to the evolution of G-matrices. A common pattern
has been detected in three comparative studies of P-matrices:
modest divergence among taxa within terminal clades, but
little or no higher-level patterning (Riska 1985; Goodin and
Johnson 1992; Steppan 1997a). (The present results vote
against one of the explanations that have put forward for this
pattern: variation in E-matrices.) A similar pattern has been
detected in the two studies that achieved relatively dense
sampling of G-matrices (Podalsky et al. 1997; Pfrender
1998). Thus, the phenotypic comparisons lend credence to
what may be an emerging empirical generalization about the
evolution of covariance matrices: decoupling of matrix di-
vergence from divergence in mean. The pattern might not
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have been appreciated if we relied solely on G-matrix com-
parisons.

Second, the evolution of P-matrices is an important issue
in its own right, regardless of whether patterns of P-matrix
evolution turn out to mirror patterns of G-matrix evolution.
The methodological transition from univariate to multivariate
analyses of geographic variation was made relatively recently
(Gould and Johnston 1972). It seems likely that new kinds
of phenomena will be uncovered as comparisons proceed
from the first to the second moments of phenotypic distri-
butions.

Finally, the P-matrix plays a separate role from the G-
matrix in dynamic equations for evolutionary change (Lande
1979). Thus, the P-matrix can be viewed as a transformation
that reveals targets of phenotypic selection (Lande and Ar-
nold 1983). The evolution of the P-matrix transformation can
tell us about the evolution of one feature of multivariate
selection. For all these reasons, the evolution of the P-matrix
is an important issue that deserves more study.

Morphological Integration

The result that phenotypic correlations tend to be lower
than genetic correlations (Tables 3, 4) has been found in many
other studies (Cheverud 1982). Olson and Miller (1958) ar-
gued that developmental and functional dependence among
characters would be reflected in their phenotypic correlations.
In their terminology, high correlation is a sign of morpho-
logical integration. Lande (1980a) has shown that the equi-
librium G-matrix will be a compromise between the pre-
vailing patterns of multivariate stabilizing selection and mu-
tation. Thus, ridges in the selection surface will enhance ge-
netic correlation and promote morphological integration
(Sokal 1978; Cheverud 1982, 1984). Because of its more
direct relation to functional interactions and selection, the G-
matrix is probably a better guide to morphological integration
than the P-matrix. The genetic correlations we observed for
our scalation traits were generally higher than genetic cor-
relations observed among functionally interacting traits in a
primate cranium (Cheverud 1982), but we have too few traits
to make meaningful comparisons within and among func-
tional sets. The best test for morphological integration would
be to compare the structure of the G-matrix with direct mea-
sures of multivariate stabilizing selection, a goal that has
eluded most workers thus far (but see Brodie 1992, 1993).

Implications for Systematics

The observation that scale counts are heritable and genet-
ically correlated in two populations of 7. elegans has impli-
cations for the conduct of systematics. Only a few other stud-
ies have documented heritable variation in snake scalation
(Beatson 1976; Arnold 1988; Dohm and Garland 1993; King
1997). The common observation in these studies and the
present one of genetic correlation between different scale
count traits suggests that these traits should not be treated as
independent entities in studies of evolutionary process or in
reconstructions of phylogeny. Our results with 7. elegans
identify two correlation pleiades (Berg 1960), one involving
VENT and SUB and the other involving ILAB and SLAB.
These two sets of traits appear to be almost genetically in-
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TABLE 9. Statistical comparisons of G-matrices and their results.
Reference Taxa Traits Statistic Result

Lofsvold 1986 mice morphometrics matrix correlation rv = 0.16-0.58
Billington et al. 1988; grasses morphometrics/meristics element X element! equal

Shaw and Billington 1991
Kohn and Atchley 1988 murines morphometrics matrix correlation v = 0.01
Fong 1989 amphipods morphometrics matrix correlation v = 0.25-0.77
Wilkinson et al. 1990; flies morphometrics maximum likelihood equal/nonequal?

Shaw et al. 1995
Spitze et al. 1991 cladocerans  life history matrix correlation equal
Platenkamp and Shaw 1992  grasses growth maximum likelihood equal
Brodie 1993 snakes behavior/color element X element? equal
Carr and Fenster 1994 flowers morphometrics matrix regression rv = 0.66-0.92
Paulson 1996 butterflies morphometrics likelihood-ratio test* equal
Podolsky et al. 1998 flowers morphometric/discrete likelihood-ratio test equal
Pfrender 1998 cladocerans  life history Flury hierarchy CPC/nonequal®
Roff and Mousseau 1999 crickets morphometrics element X element proportional
Roff et al. 1999 crickets behavior (calling) element X element, regression proportional/nonequal®
This study snakes meristics Flury hierarchy CPC

! Main diagonal only.

2 Result depends on which pair of populations is compared.
3 All elements.

4 Element X element tests reveal many differences.

5 CPC for comparisons within clades, nonequal for comparisons between clades.
6 Equal for comparisons within populations, proportional for comparisons between species, nonequal for comparisons with hybrids.

dependent of one another and also appear to be genetically
independent of MID and POST. Thus, in a systematics study
one could approach the ideal of genetically independent traits
by using the sum of VENT and SUB as one trait and the sum
(or average of ILAB and SLAB) as a second trait.

Other Statistical Comparisons of G-Matrices

It is hard to escape the conclusion that G can keep its
structure, at least on a microevolutionary time scale, when
one surveys the existing comparative results (Roff 1997; Roff
et al. 1999; Table 9). That is not to say that G-matrices have
been found equal in all comparisons. Most recent studies
employing multivariate tests have found equal matrices or
common principal components. The striking differences in
matrices documented in some of the earliest studies may
reflect the fact that they involved comparisons between gen-
era (e.g., Kohn and Atchley 1988), while recent studies have
compared congeneric species (Carr and Fenster 1994; Paul-
son 1996; Roff and Mouseau 1999; Roff et al. 1999) or con-
specific populations (Billington et al. 1988; Fong 1989; Wil-
kinson et al. 1990; Spitze et al. 1991; Platenkamp and Shaw
1992; Brodie 1993; Podolsky et al. 1997; Pfrender 1998; Roff
et al. 1999). One can argue that the constancy of G in the
comparative studies of natural populations is an illusion pro-
duced by the lack of power in data and tests (Shaw et al.
1995). However, this argument should not send us in re-
lentless pursuit of larger samples and more powerful tests.
We expect natural populations to differ in virtually all of
their statistical parameters, and with sufficient sample sizes
even trivial differences can be shown to be statistically sig-
nificant. The issue is not whether G-matrices differ—because
they are bound to—but rather how they differ and whether
the differences matter for evolutionary inferences. One con-
spicuous new issue raised by our results is the question of
whether the G-matrix differences in other studies reflect
mainly differences in eigenvalues, as in 7. elegans, or whether

they also involve eigenstructure. We need more theoretical
and empirical investigations into the evolutionary forces that
influence genetic covariance structure.
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