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Abstract.—L ong-term phenotypic evolution can be modeled using the response-to-selection equation of quantitative
genetics, which incorporates information about genetic constraints (the G matrix). However, little is known about the
evolution of G and about its long-term importance in constraining phenotypic evolution. We first investigated the
degree of conservation of the G matrix across three species of crickets and qualitatively compared the pattern of
variation of G to the phylogeny of the group. Second, we investigated the effect of G on phenotypic evolution by
comparing the direction of greatest quantitative genetic variation within species (gna) t0 the direction of phenotypic
divergence between species (Az). Each species, Gryllus veletis, G. firmus, and G. pennsylvanicus, was reared in the
laboratory using afull-sib breeding design to extract quantitative genetic information. Five morphological traits related
to size were measured. G matrices were compared using three statistical approaches: the T method, the Flury hierarchy,
and the MANOVA method. Results revealed that the differences between matrices were small and mostly caused by
differencesin the magnitude of the genetic variation, not by differencesin principal component structure. Thissuggested
that the G matrix structure of this group of species was preserved, despite significant phenotypic divergence across
species. The small observed differences in G matrices across species were qualitatively consistent with genetic
distances, whereas ecological information did not provide a good prediction of G matrix variation. The comparison
of gmax @nd AZ revealed that the angle between these two vectors was small in two of three species comparisons,
whereas the larger angle corresponding to the third species comparison was caused in large part by one of the five
traits. This suggests that multivariate phenotypic divergence occurred mostly in a direction predicted by the direction
of greatest genetic variation, although it was not possible to demonstrate the causal relationship from G to Az. Overall,
this study provided some support for the validity of the predictive power of quantitative genetics over evolutionary
time scales.
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The evolution of quantitative traits can be modeled using
the response-to-selection equation Az = G, where Az isthe
vector of multivariate change in mean trait values, G is the
matrix of additive genetic variances and covariances, and
is the vector of selection gradients (Lande 1979; Lande and
Arnold 1983). The capacity of this equation to predict the
response to natural selection in natural populations across
one generation has been verified in astudy of Darwin’ sfinch-
es by Grant and Grant (1995). However, it is still not known
if the response-to-selection equation is of any value for pre-
dicting long-term evolutionary change. Investigating this
question is crucial because the response to selection equation
and the family of models based on it are the main theoretical
links between microevolutionary processes and macroevo-
lutionary patterns (Arnold et al. 2001). Lande (1979) pos-
tulated that long-term evolutionary trajectories can be pre-
dicted, or reconstructed, given that the G matrix remains
approximately constant throughout evolution (i.e., changes
in phenotypic mean trait values caused by directional selec-
tion are not accompanied by changesin G). Lande used phe-
notypic data from the fossil record and from selection ex-
perimentsto argue that G may often be constant through time
(references within Lande 1976, 1979) and proposed that this
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constancy is the result of a balance between stabilizing se-
lection and pleiotropic mutations over time (Lande 1980).
The assumption of aconstant G could berelaxed if changes
in G through time could be modeled, but the current lack of
information on the evolution of G prevents this. Simulation
studies have shown that the long-term constancy of G is
unlikely, but possible under some specific assumptions (Tur-
elli 1988; Reeve 2000). However, ignorance of the distri-
bution of allelic effects in natural populations, a critical pa-
rameter of these models, prevents any conclusions. Empirical
comparisons of G matrices have shown that conservation of
the G matrix is frequent across natural populations or species
(reviewed in Arnold and Phillips 1999; Roff 2000; Steppan
et al. 2002), although the typically low power of these tests
may sometimes incorrectly prevent the rejection of the null
hypothesis of equality. The current view of the constancy of
the G matrix is that, although G may stay constant for some
unknown evolutionary time, it is bound to evolve at some
point during the evolution of a taxonomic group. A com-
parative framework is therefore needed to investigate the rate
and pattern of evolution of the G matrix (Steppan et al. 2002).
One possible approach is to test the hypothesis that G matrix
variation is phylogenetically structured. In other words, can
knowledge of the phylogeny of a taxonomic group be used
to predict changes in the G matrix? Based on this approach
itispredicted that recently separated populationsdo not differ
in their G matrices and that the degree of divergence of G
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increases with taxonomic distance. This pattern loosely cor-
responds to the conclusions of the recent reviews of G matrix
comparison (Arnold and Phillips 1999; Roff 2000; Steppan
et al. 2002). However, only one G matrix study has so far
used more than two taxonomic units (Lofsvold 1986; rean-
alyzed in Kohn and Atchley 1988), which is the minimum
requirement for testing the hypothesis of a phylogenetic
structure of G matrix variation. Many more comparative stud-
ies that include three or more species are needed to establish
generalities concerning G matrix evolution.

Determining an approximate upper taxonomic level under
which G matrices tend not to change would be an important
first step in validating the use of the response-to-selection
equation at these levels, therefore allowing the evolutionary
trajectory of a population to be modeled or past selection
gradients to be reconstructed. However, little is known about
the extent to which the G matrix, the representation of genetic
constraints (Arnold 1992), determines which phenotypes can
and cannot evolve. Theory predicts that if a single adaptive
peak exists in the vicinity of a population and if genetic
constraints are not absolute, the population will eventually
reach the peak regardiess of the genetic constraints, which
implies that the importance of the G matrix on long-term
evolution is very low (Lande 1979; Via and Lande 1985;
Zeng 1988). By contrast, the influence of G is thought to be
much more important and durable if the adaptive landscape
is complex or changing because small deviations in the di-
rection of evolution may lead to different adaptive peaks or
even to peak shifts (Lande 1979; Blrger 1986; Price et al.
1993). Given the typical absence of information on the to-
pography of adaptive landscapes, a possible method to in-
vestigate the influence of G on the outcome of phenotypic
evolution isto compare the direction of population or species
differentiation to the direction that is the least genetically
constrained in the ancestral population (Schluter 1996). Be-
cause ancestral populations are rarely available, it is possible
to substitute the ancestral G with the G matrix of adescendent
population if G is approximately equal among several de-
scendent populations, which can be assumed to mean that G
was relatively unchanged through time. However, this meth-
od of investigating the importance of G is only correlative
and cannot prove the role of the G matrix in determining
phenotypic evolution (see Discussion section). Schluter
(2000, pp. 224-231) presented evidence from several studies
on recently diverged populations or species and showed that
the phenotypic evolution of traits that are thought to be under
selection is often biased toward the direction of least genetic
constraints. He concluded that the influence of G on phe-
notypic evolution often spans evol utionary time scales. How-
ever, the studies reviewed by Schluter (2000, pp. 224-231)
estimated G for only one of the species or populations or
depended on nongenetic information. Much moreinformation
on the relation of G to phenotypic divergence is needed.

The objectives of this study were to, first, investigate the
constancy of the G matrix through species divergence and
qualitatively compare the pattern of G matrix variation to the
phylogeny of the group. Second, we investigated the impor-
tance of G in determining the direction of phenotypic evo-
lution, as measured by the angle between the direction of
least genetic constraints (gmax) and the direction of species
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TaBLE 1. Average genetic distances within and among species,
based on a mitochondrial sequence that includes the whole cyto-
chrome b gene and a 16S rRNA fragment. The units are average
numbers of substitutions per site between a pair of individuals or
species. Sequences were taken from one individual of Gryllus penn-
sylvanicus and two individuals of the two other species.

G. veletis G. firmus G. pennsylvanicus
G. veletis 0.005
G. firmus 0.126 0.003
G. pennsylvanicus 0.103 0.021 —

differentiation (Az). These issues were addressed using three
congeneric species of field crickets, Gryllus veletis, Gryllus
firmus, and Gryllus pennsylvanicus, for which quantitative
genetic variation in traits related to size was measured.

MATERIALS AND METHODS

Study Organism

Crickets of the genus Gryllus are wing dimorphic orthop-
terans. Gryllusveletisand G. pennsylvanicus are found mainly
in the northeastern United States and southern Canada,
whereas G. firmusis distributed mainly along the southeastern
coast of the United States (Alexander 1968). In this study,
G. veletis and G. pennsylvanicus were both sampled in afield
near Montreal, Quebec, Canada, and G. firmus was sampled
in Florida. In addition to sharing a large part of their geo-
graphical distribution, G. veletis and G. pennsylvanicus live
in the same microhabitats, are morphologically similar, and
havevirtually identical calling songs (Alexander and Bigel ow
1960). However, these two species do not interbreed because
of differences in the timing of reproduction and in devel-
opmental processes (Alexander and Bigelow 1960; Bigelow
1960), and they are in fact relatively distantly related (Table
1; Huang et al. 2000). Gryllus firmus and G. pennsylvanicus
are known to hybridize along a narrow hybrid zone located
in the Blue Ridge and A ppal achian M ountains, approximately
from Virginiato New York (Harrison and Arnold 1982). The
populations sampled for the present study were separated by
approximately 2500 km, however and hence gene flow be-
tween them is highly improbable. Gryllusveletisand G. firmus
do not produce hybrids (Alexander 1968).

The phylogeny of these three cricket species is based on
a mitochondrial sequence of 1536 base pairs including the
whole cytochrome b gene and a 16S rRNA fragment (Huang
et al. 2000). Genetic distances were estimated using maxi-
mum likelihood and the general time reversible model with
among-site rate heterogeneity (Huang et al. 2000). Distances
are calculated as the average number of substitutions per site
between a pair of species or individuals (Table 1). Sequences
were taken from two individuals of each species, except in
the case of G. pennsylvanicus, where only one individual was
used. Table 1 shows that G. firmus and G. pennsylvanicus are
closely related, and that G. veletisis the most distant relative.
Genetic distances between individuals of the same species
are also given in Table 1 and confirm that interspecific di-
vergence is greater than intraspecific variation.
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TaBLE 2. Summary of the rearing protocol for each species. The photoperiod is given in number of hours of light followed by the hours
of darkness; ‘““mac’’ refers to the macropterous (long-winged) morph and ““mic’’ to the micropterous (short-winged) morph.

Number of Number of Density Wing

Species families individuals Temperature Photoperiod per cage morph
Gryllus veletis 67 1096 28°C 15:9 40 mac
G. firmus 62 862 28°C 15:9 40 mac
G. pennsylvanicus 39 505 24°C 17:7 25 mic
G. veletis field — 57 field field — mic

Experimental Protocol

Gryllus veletis and G. firmus were reared in the laboratory
under identical conditions, and data for G. pennsylvanicus
were taken from another experiment (Simons and Roff 1994)
in which the rearing protocol differed (Table 2). The breeding
protocols for G. veletis and G. pennsylvanicus were initiated
immediately after sampling from the wild, whereasthe breed-
ing protocol for G. firmus was initiated after five generations
in the laboratory. This procedure thus minimizes the prob-
ability of adaptation to the laboratory environment. For each
species, the parental generation was reared in agrowth cham-
ber under constant temperature and photoperiod (Table 2).
Shortly before the final molt, the sexes were separated to
avoid uncontrolled matings. After emergence of most adults,
male-femal e pairs were randomly formed and put into plastic
containers with an unlimited amount of water and food (rabbit
chow) and a dish of moist earth for oviposition. Twelve to
14 days after pairing, the earth dish was removed and put
into a separate plastic container to facilitate the collection of
nymphs. A total of 80 (G. veletis and G. firmus) or 50 (G.
pennsylvanicus) newly hatched offspring were collected from
each family. The emerging nymphs were collected within 3
or 4 daysto avoid large differences in size between siblings.
The nymphs of each family were stored in two 4-L plastic
buckets, at a density of 40 (G. veletis and G. firmus) or 25
(G. pennsylvanicus) per bucket, with constant environmental
conditions (Table 2). Throughout this experiment, individuals
were killed and preserved within 3 days after reaching adult-
hood. The number of families and the number of individuals
per species are given in Table 2. In addition to these labo-
ratory-reared populations, adult G. veletis were sampled di-
rectly from the field (Table 2) and preserved immediately.

The different rearing protocol used for G. pennsylvanicus
(see above) may potentially bias comparisons with the two
other species, along with the fact that most G. pennsylvanicus
individuals were micropterous (short winged), as opposed to
the other two species, which produced mostly macropterous
individuals (long winged, Table 2). However, Bégin and Roff
(2001) showed that rearing G. pennsylvanicus in two very
different environments (laboratory vs. cages in the field) did
not cause a significant difference in the G matrix of this
species. In addition, a comparison of G across wing morphs
in G. firmus suggested that the G matrix of the two morphs
do not differ significantly in their principal component struc-
ture (M. Bégin and D. A. Roff unpubl. data).

Measurements

Five morphological measurements were taken from each
female: femur length (FEMUR), head width (HEAD), pro-

thorax length (PTHL), prothorax width (PTHW), and ovi-
positor length (OVIP). These five traits are all related to
overall size. An analysis of measurement error using a small
subsample of all five traits revealed that the repeatability of
the measurements was close to 98% for each trait. All mea-
surements were In-transformed to remove the correlation be-
tween trait mean and variance. The univariate normality of
the residuals of these variables was tested using the one-
sample Kolmogorov-Smirnov test, Lilliefors option in SYS-
TAT (Systat Software Inc., Richmond, CA). Results (not
shown) indicated that approximately a third of the trait dis-
tributions deviated significantly from normality. However,
every distribution was unimodal and apparently symmetric.
These deviations from normality were therefore small and
insufficient to invalidate the results of statistical tests aslong
as no outliers are present (Tabachnick and Fidell 2001, pp.
72, 329). We used Mahalanobis' distance to test for multi-
variate outliers and found outliers only in the variable OVIP
of G. pennsylvanicus. This problem could not be solved by
any transformation, especially because the distribution of this
trait in the other species was satisfactory. We removed some
of the most extreme outliers and compared the resulting G
matrices, but results were unchanged for two of the three
statistical approaches (see description below). Because no
simple solution was apparent, we chose not to further trans-
form the measurements of the trait OVIP in G. pennsylvan-
icus.

Quantitative Genetic Methodology

The estimation of quantitative genetic parameters was
based on a nested ANOVA/ANCOVA, with family and cage
nested within family as the two independent variables and
the five morphological traits as dependent variables. The ge-
netic (co)variances were estimated as twice the among-family
component of variance (Roff 1997, pp. 41-43). A jackknife
procedure (see description in the MANOV A method section)
was then implemented to estimate variances and covariances
and their standard errors. The (co)variances were therefore
estimated by the mean of all jackknife pseudovalues and their
standard error estimated as the standard error of the pseu-
dovalues. The number of jackknife iterations was equal to
the number of families in the case of genetic (co)variances
and to the number of individuals in the case of phenotypic
(co)variances. The jackknife has been shown through sim-
ulations to produce accurate estimates and standard errors of
heritabilities (Simons and Roff 1994) and genetic correlations
(Roff and Preziosi 1994).

By definition, the (co)variances estimated using a full-sib
family design include additive and nonadditive genetic com-
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ponents and may be contaminated by maternal effects and
common family environmental effects (Falconer and Mackay
1996; Roff 1997). We assumed that potential inbreeding had
anegligible effect. The common family environmental effects
were corrected for by our use of two cages per family but
all other effects could potentially inflate the elements of G.
However, a general review of the heritability of morpholog-
ical traits indicated that, for a given trait, heritabilities es-
timated from a full-sib design are generally similar to those
estimated from a parent-offspring regression (Mousseau and
Roff 1987), which implies that dominance variance is gen-
erally not important in this type of trait. Moreover, the im-
portance of dominance and maternal effects in femur length
was investigated in G. firmus by comparing estimates from
afull-sib, a half-sib, and a parent-offspring regression (Roff
1998). The results showed that these two sources of variation
are not important in this trait in this species (Roff 1998). In
the present study, it is therefore probable that genetic
(co)variances estimated using a full-sib design are good es-
timates of additive genetic (co)variances.

To obtain as much information as possible about differ-
ences between G matrices, we used three matrix comparison
methods: the T method, the Flury hierarchy, and the MAN-
OVA method.

The T Method

The T method was developed by Roff et al. (1999) and is
similar to the matrix disparity method suggested by Willis
et a. (1991). The T method is based on the sum of element-
by-element absolute differences between two matrices and
tests the hypothesis that two matrices are equal, by calcu-
lating T:

T:z“\/'il_ Mizl, D

where M;; and M,, are the estimates of the ith element of
each of the two matrices and c isthe number of nonredundant
elements in the matrix (sum of the number of diagonal ele-
ments plus the number of elements above the diagonal). Note
that squared differences can be used instead of absolute dif-
ferencesfor the calculation of the T statistic without changing
the outcome of thistest. The probability that the two matrices
come from the same statistical population is estimated by
randomization (4999 iterations), where families are randomly
assigned to one species or the other and quantitative genetic
parameters are estimated for each iteration. The probability
that two matrices are equal is based on the number of iter-
ations in which the randomized dataset produced a T statistic
larger than the observed T. The randomization procedure sets
the mean and standard deviation to zero and one, respectively,
for each trait in each randomized dataset.

Additionally the T method can be used to quantify the
difference between two matrices using the T% statistic:

Tlc

T = — = x
° T My + M2

100, )

where Ml and MZ are the averages of the elements of the
two matrices. This statistic measures the absolute difference
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between the elements of two matrices as a percentage of the
overall average size of the elements in these matrices.

The Flury Hierarchy

The Flury hierarchy is a principal components approach
to the comparison of matrices that has been applied to G
matrix comparisons by Phillips and Arnold (1999). This
method, based on maximum likelihood, determines which
model is the best descriptor of the structural differences be-
tween two or more matrices. The hierarchically nested models
are: (1) unrelated structure: matrices have no eigenvector in
common; (2) partial common principal components. matrices
share some eigenvectors; (3) common principal components:
matrices share all eigenvectors; (4) proportionality: matrices
share all eigenvectors, and eigenvalues all differ by the same
constant between matrices; and (5) equality: matrices share
eigenvectors and eigenvalues. For each model, the Flury hi-
erarchy calculates alog-likelihood statistic to quantify the fit
of that model to the observed matrices. A likelihood ratio is
then calculated for each model against the model of unrelated
structure C(‘‘jump-up’’ procedure, Phillips and Arnold
1999). To avoid the assumption of multivariate normality in
hypothesis testing and because the degrees of freedom are
unknown under the null hypothesis, randomization is used
to determine the probability that a model fits the data sig-
nificantly better than the unrelated structure model. In this
analysis, 4999 randomized datasets were created, each iter-
ation randomly assigning whole families to one species or
the other. The best fitting model (referred to as the verdict
in the Results section) is determined as the model immedi-
ately under the first significant probability, going from the
bottom (unrelated structure model) to the top (equality mod-
el) of the hierarchy (jump-up procedure, Phillips and Arnold
1999). For the purpose of comparison with the other methods,
only the probability of the equality model is given in the
Results section. The randomization procedure sets the mean
and standard deviation to zero and one, respectively, for each
trait in each randomized dataset. This analysiswas performed
using the program CPCrand (Phillips 1998a).

Note that because the CPCrand program does not include
the option of nesting cages within families, G matrix esti-
mations and comparisons by the Flury hierarchy were per-
formed by pooling the individuals of the two cages of a
family. The results may therefore be biased by common fam-
ily environmental effects. Because we have no way of directly
testing for the effect of nesting on the results of the Flury
hierarchy, we instead analyzed nonnested datawith the T and
MANOVA methods (see below) to determine if the results
remained the same. Results (not shown) indicated that not
correcting for common environmental effects produced no
qualitative changes in the probabilities of the G matrix com-
parisons, although it inflated genetic (co)varianceson average
by 1% for G. veletis, 20% for G. firmus, and 13% for G.
pennsylvanicus.

In the special case of the comparison of the field and lab-
oratory samples of G. veletis, the parametric version of the
Flury hierarchy (jump-up procedure, Phillips and Arnold
1999) was used to compare P matrices (program CPC, Phil-
lips 1998b). This version tests for the significance of each
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TABLE 3. Mean trait values (phenotypic standard deviations) are given for each species. Measurements are in millimeters and are not

In-transformed. Traits are defined in the text.

Species FEMUR HEAD PTHL PTHW ovIP

Gryllus veletis 10.48 (0.41) 5.14 (0.20) 3.69 (0.19) 5.80 (0.23) 14.07 (0.81)

G. firmus 13.46 (0.69) 6.06 (0.34) 4.40 (0.27) 6.79 (0.39) 18.08 (1.34)

G. pennsylvanicus 11.55 (0.59) 5.27 (0.29) 3.64 (0.27) 6.14 (0.35) 15.83 (1.65)

G. veletis field 9.42 (0.44) 4.76 (0.24) 3.23 (0.19) 5.11 (0.25) 12.27 (0.78)
model by using a likelihood-ratio test instead of a random- Az = Z— 2 @

ization procedure. This assumes multivariate normality of the
data and uses the number of individuals as the sample size.
The reason for the change of method is that, when we tried
the nonparametric version in this particular P matrix com-
parison, the likelihood algorithm very often did not converge,
presumably because of the small sample size of the field
population compared to the laboratory population.

The MANOVA Method

This method, recently developed by Roff (2002), makes
use of the jackknife procedure (Manly 1997, pp. 24-33) and
MANOVA approach. The jackknife is first used to produce
adistribution of pseudoval ues of matrix elementswithin each
species. A pseudovalue is calculated by estimating a matrix
element after deleting all individuals of one family, using the
formula:

dbij = nM; — (n — 1) My, (3)

where ¢;; is the pseudovalue of the ith matrix element cor-
responding to the deletion of family j, n is the number of
families, M; is the ith matrix element estimated for the whole
dataset, and M;_; is the matrix element estimated for the
whole dataset minus the jth family. The number of pseudov-
alues calculated for a species is equal to the number of fam-
iliesin the case of aG matrix and to the number of individuals
in the case of a P matrix. For a given family that has been
removed, the pseudovalues corresponding to each matrix el-
ements (15 elements in this case: five variances and 10 co-
variances) can be arranged in a row that will then constitute
the pseudovalue of the whole matrix. Two or more matrices
can then be compared by using the pseudovalues as data in
a multivariate analysis of variance (MANOVA). The jack-
knife has been shown through simulations to produce ac-
curate estimates and standard errors of heritabilities (Simons
and Roff 1994) and genetic correlations (Roff and Preziosi
1994).

Calculation of gy, 4z, and the Angle between These
Two Vectors

The methodology used to compare the direction of greatest
genetic variation (gmax) to the direction of phenotypic di-
vergence (Az) was developed by Schluter (1996). The vector
Omax IS Obtained by estimating the first eigenvector of a G
matrix through a principal component analysis and therefore
represents the multivariate direction that accounts for the
most genetic variation within a species. The vector AZ is
obtained using the equation:

(@ - )@ - )]
where z; and z, are vectors of mean trait values of the two
species, and T is the symbol for matrix transposition. The
vector Az is the standardized multivariate direction of phe-
notypic differences between the two species. The angle 6
between g,,.x and Az is calculated as:

6 = cos '[(gma) " AZ]. ©)

The angle 6 can also be used to calculate the correlation
between the two vectors (Cheverud and Leamy 1985): r, =
Cos 6.

It is possibleto test the null hypothesis that the two vectors
are parallel by using a test developed by Schluter (1996).
However, this test was incorrectly described in the original
paper (D. Schluter, University of British Columbia, pers.
comm.) and the correct methodology is as follows. A boot-
strap procedure (Manly 1997, pp. 34—68), which samples
whole families with replacement to create new populations,
is first used to obtain a distribution of g4 vectors for each
species. For each bootstrap run (4999), the angle 6 between
the bootstrapped g,hax @nd the observed g,,,a iS estimated (the
original paper incorrectly stated that the angle between g
and Az was repeatedly estimated). The probability corre-
sponding to the null hypothesis of parallelism of the two
vectors is calculated based on the number of times the boot-
strapped angleislarger than the observed angle between g,
and Az. This effectively tests whether the vector Az is con-
tained within the bootstrapped distribution of g4, and there-
fore assumes that Az is estimated without error.

REsULTS
Overview of the Data

The mean value of each trait was significantly different
among the three laboratory-reared species (five ANOVASs, P
< 0.001 in each case), and the five corresponding Tukey post
hoc tests yielded a P < 0.001 for all pairwise combinations
of species. Similarly, a MANOVA showed a highly signifi-
cant multivariate difference between the three species (Wilks’
N\ = 0.07; approximate F = 1336; df = 10, 4912; P < 0.001).
Despite these significant results, the difference in mean trait
values between G. pennsylvanicus and G. veletis were small,
as illustrated by the substantial overlap of four of their five
trait distributions (Table 3). By contrast, the trait distribution
of G. firmus generally did not overlap much with those of
the two other species. The comparison of the laboratory-
reared and field-caught populations of G. veletisrevealed that
wild individuals were significantly smaller than laboratory
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N w
1 1

Magnitude of the elements of G
1

0 p
G. veletis G. firmus G. penns.

Fic. 1. Comparison of the magnitude of the elements of G within
and among species Gryllus veletis, G. firmus, and G. pennsylvanicus.
Matrix elements were multiplied by 1000 for clarity. Each bar rep-
resents an additive genetic variance or an additive genetic covari-
ance. The tallest bar in each species is the variance of ovipositor
length (OVIP). Variation in bar color is for visual clarity only.
Parameters were estimated by a jackknife procedure on the results
of a nested ANOVA or ANCOVA.

individuals (all ANOVAs P < 0.001; MANOVA Wilks \
= 0.60; approximate F = 155; df = 5, 1147; P < 0.001).
We tested the significance of the genetic variation within
each species. Results from a MANOVA using family and
cage nested within family as independent variables revealed
that, within a species, the variation among familiesin al five
traits was highly significant (all univariate and multivariate
P < 0.001). Cage effects were generally significant (10 of
the 15 univariate, and two of the three multivariate P < 0.05),
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but generally explained an order of magnitude less variation
than the corresponding family effects. The average herita-
bility in each species was in the normal range for morpho-
logical traits (Mousseau and Roff 1987), as were the average
genetic correlations (Roff 1996; Table 4). There was less
genetic and phenotypic variation in G. veletis than in the two
other species (Tables 5, 6). Figure 1 compares the magnitude
of all G matrix elements across species and shows that the
variance of the trait OVIP (the last bar of each histogram)
wasthelargest element in all three G matrices. Thelaboratory
population of G. veletis was less phenotypically variable than
its wild counterpart (Table 6).

Average genetic correlations were very similar to average
phenotypic correlations within each species (Table 4). To
further compare these two types of correlation, we plotted
the individual genetic correlations against their correspond-
ing phenotypic correlations, using the estimates of all three
species in the same plot (Fig. 2A). This graph revealed that
these two types of parameters were highly correlated (r =
0.87). The same procedure was followed with the elements
of the G and P matrices (Fig. 2B), and a slightly weaker
correlation was apparent (r = 0.74). Note, however, that the
test of statistical significance of such a correlation was not
strictly valid because the correlations or (co)variances were
not independent of each other; thus, we provided no such
probability. All of the above suggested that patterns of ge-
netic and phenotypic variation were similar.

Matrix Comparisons

The T method and the related T% statistic indicated that
the G matrix of G. veletis was different from the G matrices
of the two other species (Table 7). This method is mainly
influenced by the magnitude of the G matrix elements and
the results were thus expected given the smaller variances
and covariances found in G. veletis (Fig. 1). The Flury hi-
erarchy yielded a pattern of probabilities slightly different
from the pattern found with the T method, the main difference

TaBLE 4. Heritabilities (h?, diagonal elements), genetic correlations (rg, elements above the diagonal), and phenotypic correlations (rp,
elements below the diagonal), followed by their standard error. The average of these parameters is given for each species. Parameters
were estimated by a jackknife procedure on the results of a nested ANOVA or ANCOVA, using In-transformed data.

Average  Average  Average
FEMUR HEAD PTHL PTHW oVIP h? re e
Gryllus veletis 0.41 0.59 0.59
FEMUR 0.44 (0.08) 0.73 (0.09) 0.48 (0.16) 0.72 (0.07) 0.46 (0.13)
HEAD 0.76 (0.02) 0.41 (0.07) 0.66 (0.12) 0.72 (0.10) 0.46 (0.14)
PTHL 0.49 (0.03) 0.54 (0.02) 0.26 (0.06) 0.69 (0.15) 0.46 (0.13)
PTHW 0.72 (0.02) 0.80 (0.02) 0.51 (0.03) 0.46 (0.10) 0.51 (0.14)
OVIP 0.56 (0.03) 0.56 (0.03) 0.41 (0.03) 0.57 (0.03) 0.49 (0.09)
G. firmus 0.52 0.73 0.77
FEMUR 0.48 (0.09) 0.81 (0.05) 0.83 (0.05) 0.78 (0.06) 0.57 (0.15)
HEAD 0.85 (0.01) 0.48 (0.09) 0.80 (0.07) 0.91 (0.03) 0.61 (0.14)
PTHL 0.81 (0.02) 0.81 (0.02) 0.59 (0.112) 0.86 (0.05) 0.57 (0.112)
PTHW 0.86 (0.01) 0.90 (0.01) 0.84 (0.02) 0.46 (0.09) 0.52 (0.17)
OVIP 0.66 (0.04) 0.71 (0.03) 0.64 (0.03) 0.67 (0.04) 0.56 (0.13)
G. pennsylvanicus 0.49 0.66 0.61
FEMUR 0.62 (0.16) 0.80 (0.08) 0.67 (0.14) 0.83 (0.08) 0.61 (0.21)
HEAD 0.77 (0.02) 0.65 (0.12) 0.73 (0.11) 0.86 (0.06) 0.53 (0.19)
PTHL 0.62 (0.05) 0.62 (0.04) 0.38 (0.10) 0.65 (0.13) 0.37 (0.18)
PTHW 0.78 (0.03) 0.82 (0.02) 0.63 (0.03) 0.61 (0.14) 0.53 (0.21)
OVIP 0.52 (0.03) 0.47 (0.04) 0.37 (0.03) 0.46 (0.03) 0.20 (0.09)
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TaBLE 5. Additive genetic (co)variance matrix (G) for each species, based on In-transformed data. Each matrix element is followed by
its standard error. Matrix elements and standard errors were multiplied by 1000 for clarity. Parameters were estimated by a jackknife

procedure on the results of a nested ANOVA or ANCOVA.

FEMUR HEAD PTHL PTHW oVIP
Gryllus veletis

FEMUR 0.68 (0.16)

HEAD 0.48 (0.13) 0.63 (0.14)

PTHL 0.32 (0.15) 0.43 (0.13) 0.69 (0.18)

PTHW 0.52 (0.14) 0.49 (0.15) 0.50 (0.16) 0.75 (0.19)

OVIP 0.48 (0.20) 0.46 (0.19) 0.49 (0.18) 0.56 (0.23) 1.65 (0.35)
G. firmus

FEMUR 1.29 (0.27)

HEAD 1.13 (0.27) 1.50 (0.33)

PTHL 1.42 (0.35) 1.47 (0.40) 2.28 (0.54)

PTHW 1.09 (0.28) 1.37 (0.33) 1.60 (0.41) 1.52 (0.35)

OVIP 1.12 (0.43) 1.29 (0.49) 1.49 (0.52) 1.10 (0.50) 3.10 (0.85)
G. pennsylvanicus

FEMUR 1.63 (0.53)

HEAD 1.41 (0.47) 1.93 (0.50)

PTHL 1.23 (0.52) 1.45 (0.56) 2.13 (0.64)

PTHW 1.51 (0.54) 1.70 (0.51) 1.35 (0.56) 2.06 (0.60)

OVIP 1.20 (0.70) 1.19 (0.63) 0.90 (0.50) 1.18 (0.74) 2.66 (1.19)

being that the comparison G. veletis—G. pennsylvanicus was
not significant with the Flury method. Exploration of the
verdicts of this method revealed that G. veletis and G. firmus
shared all of their eigenvectors but not their eigenvalues
(common principal components, or CPC model), and the oth-
er comparisons were best described by the equality model
(Table 7). When all three species were compared simulta-
neously with the Flury hierarchy, the model equality best
explained the similarities between the matrices (Pequaity =
0.06).

The results of the MANOVA method indicated that none
of the comparisons yielded a significant probability (results

not shown). However, an exploration of the univariate AN-
OVA probabilities corresponding to the 15 matrix elements
within each pairwise comparison of species (not shown) re-
vealed that, in the case of the G. veletis-G. firmus and G.
veletis-G. pennsylvanicus comparisons, many univariate
probabilities were significant (nine and eight of 15, respec-
tively), and most nonsignificant univariate probabilities were
between 0.05 and 0.10. This overall significant signal con-
trasted with the multivariate results and suggested a lack of
power at the multivariate level. This type of problem is fre-
guent in MANOV Aswhen the dependent variables are highly
positively correlated (Tabachnick and Fidell 2001, p. 329),

TaBLE 6. Phenotypic (co)variance matrix (P) for each species, based on In-transformed data. Each matrix element is followed by its
standard error. Matrix elements and standard errors were multiple by 1000 for clarity. Parameters were estimated by a jackknife procedure

on the results of a nested ANOVA or ANCOVA.

FEMUR HEAD PTHL PTHW ovIP

Gryllus veletis

FEMUR 1.56 (0.07)

HEAD 1.19 (0.06) 1.56 (0.07)

PTHL 0.99 (0.08) 1.10 (0.07) 2.61 (0.11)

PTHW 1.14 (0.06) 1.27 (0.08) 1.04 (0.07) 1.62 (0.07)

OVIP 1.28 (0.08) 1.27 (0.08) 1.22 (0.10) 1.34 (0.09) 3.35 (0.16)
G. firmus

FEMUR 2.69 (0.13)

HEAD 2.46 (0.12) 3.10 (0.14)

PTHL 2.59 (0.13) 2.81 (0.14) 3.85 (0.17)

PTHW 2.54 (0.13) 2.86 (0.13) 2.97 (0.14) 3.26 (0.15)

OVIP 2.56 (0.15) 2.95 (0.15) 2.93 (0.18) 2.85 (0.16) 5.52 (0.27)
G. pennsylvanicus

FEMUR 2.64 (0.18)

HEAD 2.15 (0.17) 2.97 (0.20)

PTHL 2.35 (0.23) 2.52 (0.25) 5.50 (0.41)

PTHW 2.33 (0.19) 2.58 (0.21) 2.70 (0.28) 3.35 (0.29)

OVIP 3.11 (0.36) 2.97 (0.35) 3.19 (0.42) 3.06 (0.38) 13.23 (1.86)
G. veletis field

FEMUR 2.27 (0.39)

HEAD 2.05 (0.39) 2.44 (0.42)

PTHL 1.94 (0.50) 2.01 (0.47) 3.47 (0.76)

PTHW 1.90 (0.40) 2.11 (0.38) 2.01 (0.51) 2.33 (0.40)

OVIP 1.56 (0.41) 1.74 (0.42) 0.98 (0.57) 1.60 (0.41) 4.10 (0.76)
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Fic. 2. Comparison of (A) genetic correlations with their corre-
sponding phenotypic correlations and (B) genetic (co)variances
with their corresponding phenotypic (co)variances. One datapoint
was omitted from panel (B) for clarity (the variance of the ovipositor
length, coordinates P: 13.2, G: 2.7). All (co)variances were mul-
tiplied by 1000. Triangles represent Gryllus veletis, squares rep-
resent G. firmus, and circles represent G. pennsylvanicus. The dotted
lineis the 1:1 line. Parameters were estimated by a jackknife pro-
cedure on the results of a nested ANOVA or ANCOVA.

as is the case with the G matrix pseudovalues. Additionally,
the distribution of the pseudovalues often was not normal
and several multivariate outliers were found with the Ma-
halanobis distance statistic (no transformation seemed to
make the distribution more adequate for statistical testing).
To solve this problem of low multivariate power, we reduced
the dimensionality of the dataset by using a principal com-
ponents analysis on the pseudovalues of the G matrix (Ta-
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bachnick and Fidell 2001, p. 357) and by only retaining the
scores of the first principal component as data. This first
principal component explained approximately 70% of the to-
tal variation in all three cases, which suggests that only a
minor portion of the differences between species would be
lost to the data reduction. This procedure was applied to each
of the pairwise comparisons (i.e., the principal component
analysis was performed on the pooled pseudovalue datafrom
the two species being compared). Results (referred to as
MANOVA first PC) were extremely similar to the ones of
the T method (Table 7), with G. veletis differing from the
two other species. The three species were compared simul-
taneously using this procedure and the results were margin-
ally significant (P = 0.04), which is consistent with the result
obtained using the Flury hierarchy.

Overall, the two main results that emerged from the com-
parison of G matrices are that: (1) the G matrix of G. veletis
differed from the G matrix of the two other species, which
is qualitatively consistent with the hypothesis of a phylo-
genetic structure of G matrix variation (Table 1); and (2) the
observed differences between species mainly reflected dif-
ferences in the magnitude of genetic variation, not in the
principal components structure. These results were un-
changed (not shown) when the trait OVIP, which is the most
variable trait (Table 5, Fig. 1), was removed from the anal-
ysis.

Comparisons of P matrices across laboratory-reared spe-
cies indicated that matrices generally differed highly signif-
icantly from each other (Table 7). The P matrices of thefield-
caught and laboratory-reared samples of G. veletis were also
found to differ significantly (Table 7). The power available
for P matrix comparisons appeared to be extremely high,
which implied that very small differences could be found to
be statistically significant. The two methods based on ran-
domization (the T method and the Flury hierarchy) generally
yielded probabilities of zero because no single randomized
dataset had a statistic larger than the one of the original
dataset. This has the disadvantage of preventing the com-
parison of probabilities across species comparisons, and
therefore prevents the assessment of which matrices are the
most different. To investigate relative differences between
matrices, we therefore relied only on the T% statistic and the
F statistic of the MANOV A approach, because these statistics
have no base limit. These statistics suggested that the P ma-
trix of G. veletis differed from the P matrices of the other
two species, whereas the two latter were relatively similar to
each other (Table 7), which isin accordance with the results
of G matrix comparisons. By contrast, the Flury hierarchy
yielded very different verdicts for the P and G analyses. This
result was probably not informative, however, because the
determination of the verdict by the Flury hierarchy is heavily
determined by degrees of freedom, a problem acknowledged
by Phillipsand Arnold (1999, p. 1513) and reported in several
other studies (Steppan 1997a; Ackermann and Cheverud
2000; Marroig and Cheverud 2001). Table 7 also revealed
that the P matrix of laboratory-reared G. veletisdiffered much
less from the P matrix of field-caught G. veletis than from
the P matrices of the two other species.
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TABLE 7. Comparisons of the G and P matrices of pairs of species using the T method, the Flury hierarchy, and the MANOVA method.
All probabilities correspond to the null hypothesis of no difference between matrices. The T% statistic is the absolute average percent
difference between two matrices; the higher the value of T%, the larger the difference. The verdict of the Flury hierarchy is the model
that best explains the difference between two matrices. The probabilities given for the Flury hierarchy correspond to the test of equality
of two matrices, not necessarily to the verdict. In the case of the comparison of laboratory and field individuals of Gryllus veletis, the
parametric version of the Flury hierarchy was used. The method MANOVA (first PC) refers to the results obtained by using the scores
of the first principal component of the pseudovalues of the G matrices. The numbers in parentheses for the MANOVA method correspond
to the F-statistic and are given to provide an idea of the magnitude of the differences between pairs of matrices when probabilities are
below 0.001. The results of the T and MANOVA methods were based on estimations of the G matrix that are not inflated by common
environmental effects, as opposed to the results of the Flury hierarchy.

Flury Flury MANOVA
T hierarchy hierarchy (first PC)
Comparison P T% P verdict P

G matrices
G. veletis—G. firmus 0.007 85.7 0.01 CPC 0.01
G. veletis—G. pennsylvanicus 0.007 88.2 0.13 equality 0.02
G. firmus—G. pennsylvanicus 0.89 18.3 0.39 equality 0.86
P matrices
G. veletis—G. firmus 0 68.3 0 PCPC 1 <0.001 (139)
G. veletis—G. pennsylvanicus 0 83.2 0 unrelated <0.001 (84)
G. firmus—G. pennsylvanicus 0.02 24.4 0 unrelated 0.94 (0.005)
G. veletis lab—G. veletis field 0.02 38.0 0.04 CPC 0.01 (7)

Comparison of g and Az differed depending on which g is bootstrapped, with G.
firmus being the least variable in itS gmay.

To illustrate the comparison of the direction of gy, and
AZ, the dataset had to be reduced in dimensionality from five
to two dimensions. All bivariate combinations of traits are
plotted in Figure 3, on which the mean phenotypic value and
the gmax Of €ach species are given for each combination of
traits. For Figure 3 only, the direction of g, for a pair of
traits was estimated with a principal component analysis on
the two genetic variances and the genetic covariance corre-
sponding to the two traits, not the whole G matrix. The slope

The vector g, for each species and the vector Az for each
pair of species are shown in Table 8. The values of 6 and of
ry corresponding to the comparison of the direction of the
VECLOrs gmax and Az in each pairwise comparison of species
are given in Table 9. Note that two values each of 6 and ry,
are given for each comparison of species, the reason being
that the calculation of 6 and ry, are based on a single gy ax-
We therefore estimated the angle between Az and each of
the two g Separately (one for each species). In Table 9,
each estimation of 6 and r,, were based on the g, of the

first specieslisted. Table 9 indicated that, for agiven pairwise
comparison of species, 6 and ry, were not greatly influenced
by the identity of the species from which g, Was taken,
which was to be expected given that the G matrices of all
species were found to share a common principal component
structure (see above). In the two comparisons that included
G. firmus, the direction of Az was similar to the direction of
Omax, athough sometimes statistically distinguishable from
it (Table 9). By contrast, the direction differed much more
in the case of the G. veletis—G. pennsylvanicus comparison.
Notice that the probability of rejecting the null hypothesis

of gmax 1S equal to the quotient of the eigenvector loading of
the two traits. Because this procedure uses only two traits at
atime, the direction of g,a, thus obtained does not correspond
exactly to the direction of the five-dimensional vector, but it
is arelatively close approximation. It can be seen from the
approximate parallelism of the direction of g, that the ori-
entation of this vector, and thus of G, was relatively similar
across species (Fig. 3), confirming the results of the com-
parison of G matrices (see above). Second, Figure 3 reveals
that, in most cases, there was some discrepancy between the
different bivariate g, and the bivariate direction of phe-

TABLE 8. Estimation of the vectors Az, the multivariate difference between the means of two species, and g,.x, the multivariate direction
of greatest quantitative genetic variation within a species. Each of the five numbers within the vector Az corresponds to a standardized
difference in the phenotypic mean of a trait between two species. Each of the five numbers within the vector g,,s corresponds to the
loading of atrait on the first eigenvector of the G matrix of a species. The vector g, Was estimated from a principal component analysis
on G, which was estimated by a jackknife procedure on the results of a nested ANOVA or ANCOVA.

FEMUR HEAD PTHL PTHW ovIP
AZ

G. veletis—G. firmus 0.549 0.361 0.386 0.344 0.549
G. veletis—G. pennsylvanicus 0.599 0.156 —0.096 0.344 0.699
G. firmus—G. pennsylvanicus 0.465 0.423 0.581 0.307 0.416
g9

G. veletis 0.374 0.375 0.368 0.430 0.632
G. firmus 0.370 0.413 0.510 0.408 0.516
G. pennsylvanicus 0.425 0.470 0.429 0.478 0.431
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TaBLE 9. Estimation of the angle 6 in degrees between the vectors
AZ and g and of the correlation between the two same vectors
for all pairwise comparisons of species. Two 6 and ry are given
for each species comparison because calculations are based on the
Omax Of the species that is listed first.

Comparison 0 ry
G. veletis—G. firmus 12.2 0.98
G. firmus—G. veletis 13.4* 0.97
G. veletis—G. pennsylvanicus 33.2%* 0.84
G. pennsylvanicus—G. veletis 41.2%** 0.75
G. firmus—G. pennsylvanicus 10.6* 0.98
G. pennsylvanicus—G. firmus 13.7 0.97

*0.05 > P > 0.01, ** 0.01 > P > 0.001, *** P < 0.001.

notypic divergence across species. It can also be observed
that the cases in which the direction of gy, ahd Az are the
less similar are the ones that included PTHL for G. veletis
and G. pennsylvanicus. This figure thus helped identify the
cause of the large 6 value obtained for the G. veletis-G.
pennsylvanicus comparison (Table 9).

Overall, the results of the comparison of the direction of
Omax @nd AZ suggested that these two vectors are similarly
oriented, except for one of the five dimensions of the G.
veletis—G. pennsylvanicus comparison.

DiscussionN

The conclusions of this study are dependent on the as-
sumption that the parameters estimated in the laboratory are
representative of natural population parameters. We have sev-
eral lines of evidence to support such an assumption. First,
the relative size of the three species of crickets reared in the
laboratory for the current study reflected their relative size
in nature (Alexander 1957): Gryllus firmus is the largest of
these species, and G. veletis and G. pennsylvanicus are of
similar size. Concerning the estimates of G, and therefore of
Omax, B€gin and Roff (2001) have shown for G. pennsylvan-
icus that the G matrix of individuals reared in the laboratory
was not different from the G matrix of the same families
reared in plastic buckets placed in the field. In the current
study, we showed that the P matrix of G. veletis reared in
the laboratory was more similar to the P matrix of wild-
caught G. veletis than to the P matrix of the other two species
(Table 7). Additionally, Weigensberg and Roff (1996)
showed that heritabilities estimated in the laboratory are often
similar to their natural counterpart. We therefore believe that
our laboratory estimates provide a good representation of
natural population parameters.

Matrix Comparisons

This study is only the second (after Lofsvold 1986) to use
more than two well-differentiated taxonomic groups (species
or subspecies) in a study of the variation of G. The first
important result obtained in the current study is that the G
matrix of G. veletis, which is the most distantly related of
the three species (Table 1), is different from the matrices of
G. pennsylvanicus and of G. firmus, whereas the two latter
are very similar. This result is qualitatively consistent with
the hypothesis that differences in G matrices increase with
genetic distance, that is, that the pattern of G matrix variation
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is phylogenetically structured. However, the material avail-
able in the present study does not allow great confidence in
the inference of a phylogenetic pattern because only three
species were sampled and because only one population was
used as arepresentative of its species. The observed structure
of the G matrix variation could have several possible causes.
It could indeed reflect a clocklike accumulation of changes
with time as expected by the phylogenetic hypothesis. Al-
ternatively, it could be the result of some event (selection or
drift) that caused an evolutionary episode in G. veletis and
made it diverge from the other two species. Finally, it could
result from a population effect such as inbreeding that may
have affected the genetic variances of the particular popu-
lation of G. veletis that was sampled for this study. Repli-
cation and denser phylogenetic investigation of G matrix
variation are needed to test these alternatives.

Using P as asurrogate for G isavery attractive alternative
(Cheverud 1988; Roff 1997) because it greatly reduces the
amount of work required and therefore allows the estimation
of the covariance matrix of more groups. Several studies have
tested the hypothesis of a phylogenetic structure of P ma-
trices, but no clear pattern yet emerges. A few studies have
shown evidence for some phylogenetic pattern (Goodin and
Johnson 1992; Steppan 1997b; Ackermann and Cheverud
2000), whereas others have found no pattern (Cheverud 1989;
Badyaev and Hill 2000; Marroig and Cheverud 2001). How-
ever, little is known about the general validity of replacing
G by P (Williset a. 1991). In the present study, we compared
the pattern of G matrix variation to the pattern of P matrix
variation and found similarities. This provides support for
the use of P instead of G in the case of morphological traits
in crickets.

An alternative framework for the study of G matrix var-
iation is to assume that changes in G are associated with
adaptation to some ecological variables (which may or may
not be compatible with a phylogenetic hypothesis). Only one
study has made such an investigation and showed, for two
populations of amphipods, that the effect of the adaptation
to habitat type on G matrices was larger than the effect of
phylogeny (Fong 1989; re-analyzed in Roff 2002). Addi-
tionally, afew studies have looked at the effect of adaptation
to environmental variables on P matrix variation. These stud-
ies found a correlation between P matrix variation and feed-
ing habits in new world monkeys (Marroig and Cheverud
2001), no geographical patterns of P matrix variation in
aphids (Riska 1985), and a geographical patternin mangroves
(Dodd et al. 2000). In the present study, if adaptation to
ecological variables had been important in shaping G matrix
differences in crickets, we would have expected G. firmus to
have a G matrix different from both G. veletis and G. penn-
sylvanicus because the latter two species are very similar
morphologically, are found in the same microhabitats (Al-
exander and Bigelow 1960; Alexander 1968), and are under
similar selective pressures for a phosphoglucose isomerase
electromorph (Harrison 1977; Katz and Harrison 1997). Be-
cause we did not observe a pattern consistent with ecol ogical
information, we rejected the hypothesis that G matrix vari-
ation is determined by an adaptation to the current ecology
of these species. The morphological similarity between G.
veletis and G. pennsylvanicus may result from character con-
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Fic. 3. Two-dimensional comparisons of the direction of greatest genetic variation within each species (gn.) to the direction of
phenotypic divergence between species (Az). Each graph plots the mean phenotypic value in millimeters (black dots) of a pair of traits
for each of the three species. In each plot, the first trait named is on the x-axis and the second trait is on the y-axis. The solid line
extending on each side of the species means corresponds to gnmax, Which was calculated from a principal component analysis on the two
corresponding traits only. The direction of Az (dotted line) isillustrated only in the case where its slope is negative, and therefore clearly
different from the direction of gna. The direction of Az in all other cases can be visualized by linking pairs of mean trait values. v,

Gryllus veletis; p, G. pennsylvanicus; and f, G. firmus.

vergence controlled by different genetic mechanisms. It
therefore appears that, for this study, knowledge of the phy-
logeny allows a better prediction of G matrix variation than
does knowledge of the current habitat and sel ection pressures.
More work is needed to see if this conclusion reflects a gen-
eral pattern in field crickets.

The second important result found in the current study is
that the observed differences in G across species were not
large and seemed to be mainly caused by a lower genetic
variation in G. veletis, not by important structural differences.

In particular the G matrices of the two most closely related
species, G. pennsylvanicus and G. firmus, were statistically
indistinguishable, which confirms a previous result (Bégin
and Roff 2001). The above evidence therefore suggests that
little differentiation has occurred in the quantitative genetic
architecture of size traits in these three congeneric species,
despite significant changes in mean trait values. Reviews of
the literature (Arnold and Phillips 1999; Roff 2000; Steppan
et al. 2002) indicated that G matrices are often conserved
across populations or closely related species. If thistrend is
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real, the assumption of a constant G matrix (Lande 1979)
could be valid at low taxonomic levels, and the predictive
power of quantitative genetics could potentially be realized
for these intermediate time scales. However, the reliability
of such predictions still needs to be verified because numer-
ous theoretical arguments have been advanced to suggest that
they may be misleading (e.g., Riska 1989; Shaw et al. 1995;
Agrawal et al. 2001).

Comparing G matrices is a central focus of quantitative
genetic research. However, the comparison of matrices is a
complex problem and the statistical tools currently available
are not ideal (Steppan et al. 2002). Using different methods
within a study was therefore important because no single
method is likely to provide all the relevant information. In
the present study, the resultsfrom the T and MANOV A meth-
ods were extremely similar and differed slightly from the
results of the Flury hierarchy. The only previous comparison
of the T method and Flury hierarchy (Bégin and Roff 2001)
empirically showed that the two methods provide sometimes
similar, sometimes different results for a given G matrix
comparison. The T method is mainly influenced by the mag-
nitude of the elements of the matrices, whereas the Flury
hierarchy uses a more complete approach that incorporates
both the magnitude and the structure of the variation (Bégin
and Roff 2001). Roff (2002) empirically compared the Flury
hierarchy with the results of the MANOV A method and con-
cluded that these two approaches provide qualitatively similar
probabilities for the test of matrix equality. The greatest
strength of the MANOV A method is that any type of variable
(e.g., latitude, time since divergence, population size, habitat
type nested within species) can be incorporated into an anal-
ysis of matrix variation, making this method ideal to answer
various ecological and evolutionary questions (Roff 2002).
In the present study, low power issues made the results of
the initial MANOVA uninteresting (low power may also be
aproblem with the two other approaches, but is more difficult
to investigate than with the MANOVA method). To get
around this power problem, we introduced an apparently suc-
cessful modification to the protocol of the MANOV A method.
The modification consists of using the scores of the first
principal component of the pseudovalues. Very little is
known about the properties of the various matrix comparison
methods (Steppan et al. 2002), and simulation studies are
needed (e.g., Houle et al. 2002).

Comparison of gy and Az

Because the G matrices of these three cricket species all
share a common principal component structure, and thus can
be assumed to be similar to the ancestral G matrix, the com-
parison of gma and Az may provide insight into the impor-
tance of quantitative genetic constraints during phenotypic
evolution (but see next paragraph). The present study is the
first one in which the direction of gy, and Az is compared
using the G matrix of each of the studied species. We found
that the angle between the two vectors was small in the cases
of the G. firmus-G. veletis and G. firmus-G. pennsylvanicus
comparisons, which means that most of the trait evolution
between these species has occurred in a direction approxi-
mately consistent with gn.. The larger angle corresponding
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to the G. veletis—G. pennsylvanicus was mostly caused by
only one of the five traits (prothorax length or PTHL) and
may therefore also provide support for the importance of gpax
in shaping phenotypic evolution. Moreover, it is predicted
that evolution in a direction not compatible with gy will
proceed more slowly than evolution along the genetic line
of least resistance (Lande 1979; Schluter 1996). In the current
study, the difference in the mean value of the trait prothorax
length between G. veletis and G. pennsylvanicusis small com-
pared to the difference corresponding to all other pairs of
traits (Table 8). This result suggests that the divergence of
the trait prothorax length between G. veletis and G. penn-
sylvanicus has occurred at a lower rate because this trait has
evolved in adirection that does not correspond to g« Over-
al, gnax Seems to provide a relatively good prediction of
phenotypic evolution in crickets. However, the characteriza-
tion of species differentiation and of the ancestral G matrix
is based on only three datapoints, which may or may not
provide an adequate picture of the evolution of this group.
A similar result of concordance of phenotypic evolution to
the covariance matrix has been found in some other studies
(Mitchell-Olds 1996; Badyaev and Foresman 2000; see re-
view in Schluter 2000), but the opposite pattern of no con-
cordance has also been found (Venable and Burquez 1990;
Mitchell-Olds 1996; Merila and Bjorklund 1999; Badyaev
and Hill 2000).

However, this type of analysisisonly correlative and does
not differentiate between several hypotheses that explain the
concordance of g and Az. The first possible explanation
is the classical quantitative genetic view of the G matrix as
a constraint that redirects and slows down the effect of se-
lection (Arnold 1992), a hypothesis that is sensible mostly
in the case of complex adaptive landscapes where small de-
viationsin the evolutionary trajectory can substantially affect
the outcome (Lande 1979; Birger 1986; Price et al. 1993).
The second possible hypothesis is that population differen-
tiation is caused by random genetic drift. The model corre-
sponding to this situation predicts that phenotypic evolution
will occur more frequently in the direction that is most ge-
netically variable (Lande 1979; Arnold et al. 2001). A third
possihility is that the concordance between G and Az results
from the evolutionary response of quasineutral traits that are
correlated to atrait under selection (Lande 1979). These three
general models posit that G acts as a genetic constraint. Al-
ternatively, if the G matrix is directly shaped by the long-
term pattern of correlational selection (Cheverud 1982, 1984,
Arnold 1992; Deng et al. 1999) and if phenotypic evolution
occurs mostly along the selective line of least resistance, that
is, peak shifts occur along the principal axis of the adaptive
landscape (Arnold et al. 2001), the similarity in the direction
of gmax and Az would not represent a causal relation between
the two, but rather two separate results of the same causal
factor: selection. Distinguishing between these explanations
is difficult because detailed information on the G matrix and
adaptive landscape are required. No investigation of thistype
has yet been published, but such studies could beinstrumental
in understanding the relative importance of selection and ge-
netic constraints in shaping phenotypic evolution.
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Conclusion

This study provided some support for the validity of the
predictive power of quantitative genetics over evolutionary
time scales. We have shown that the G matrix of three cricket
species is relatively conserved despite significant phenotypic
trait divergence. We have also shown that the small observed
G matrix differentiation between species appeared to be qual-
itatively consistent with a phylogenetic pattern, but is not
predictable using ecological information. Finally, we have
shown that the direction of phenotypic evolution can be partly
predicted from the G matrix, whether or not a causal relation
exists.
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