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QUANTITATIVE GENETICS OF SIZE, SHAPE, LIFE-HISTORY, AND
FRUIT CHARACTERISTICS OF THE SEED HETEROMORPHIC
COMPOSITE HETEROSPERMA PINNATUM.

II. CORRELATION STRUCTURE
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AND

ALBERTO BURQUEZ M.
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Abstract.—We have investigated phenotypic, environmental, within-population broad-sense ge-
netic correlations and among-population genetic correlations for 17 traits in six populations of
Heterosperma pinnatum Cav. (Compositae) grown in the greenhouse. The within-population ge-
netic, environmental, and phenotypic correlations were somewhat similar while the among-pop-
ulation genetic correlations showed little correspondence to these. The different correlation matrices
were compared to a hypothesis matrix, which predicted higher correlations for groups of functionally
and developmentally related traits. The groups were seed and head traits, size and shape traits,
and life history traits, with subgroups predicted to have still higher correlations. The phenotypic
and environmental matrices corresponded well to the hypothesis matrix, the within-population
broad-sense genetic matrix showed weaker, though still significant, correspondence, and the among-
population genetic correlations showed no correspondence. Genetic correlations did not differ
significantly among populations, though the power of these comparisons was low. Some particular
genetic correlations are discussed as possible examples of adaptive correlations (e.g., a negative
correlation between dispersal and dormancy) and as examples of developmental or physiological
constraints including life-history tradeoffs.
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It is widely recognized that traits do not
necessarily evolve independently (Lande,
1979, 1980; Falconer, 1981 Ch. 19). The
values of other traits may provide an im-
portant ecological or selective context de-
termining the fitness of a trait of interest.
Likewise, the occurrence of a trait in the
developmental or genetic context of others
may constrain or enhance evolutionary
change. Thus nonrandom shifts in the dis-
tribution of a given trait could be the result
of selection on a correlated trait rather than
of selection on the trait in question (i.e.,
selection of rather than selection for a trait,
sensu Sober, 1984). Even if selection is op-
erating on a trait, correlations can speed or
slow the pace of evolution depending upon
the correspondence between the direction
of selection pressures and the sign of the
correlation. Thus the importance of possi-
ble networks of character correlations, or
what Mayr called the “unity of the geno-
type,” is considerable (Mayr, 1975). Yet
most studies of adaptation and natural se-

lection have considered only single traits
(Endler, 1986).

To understand trait correlations in the
context of life history tradeoffs or other de-
velopmental constraints on evolution, peo-
ple have often studied the phenotypic cor-
relation structure of quantitative traits
(Olson and Miller, 1958; McNaughton,
1975; Grant et al., 1976). Since such an ap-
proach is useful only if phenotypic corre-
lations approximate underlying genetic cor-
relations, it is important to investigate the
similarity of phenotypic life history corre-
lations to their genetic counterparts (Cheve-
rud, 1982; Boag, 1983).

If many correlations can be studied, it
becomes meaningful to ask which ones we
expect to be higher. Olson and Miller (1958)
suggested that developmentally or function-
ally related traits should have higher than
average phenotypic integration and thus
statistical association. Cheverud (1982) has
extended this reasoning by hypothesizing
that developmentally and functionally re-
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lated traits might be highly integrated ge-
notypically as well. The work of both Olson
and Miller and of Cheverud indicates that
related traits show higher than average phe-
notypic correlations, though genetic corre-
lations of related traits were not higher than
average in Cheverud’s study.

The present study was motivated by an
interest in understanding natural selection
on the proportions of different seed morphs
expressed in the seed-heteromorphic spe-
cies Heterosperma pinnatum. Seed ratios
vary within and among populations, the dif-
ferent seed morphs differ in ecological func-
tion (notably in germination and dispersal),
and seed morph has measurable effects on
fitness in the field (Venable et al., 1987). We
have found genetic variation for seed ratios
both within and among populations (Ven-
able and Barquez, 1989). Yet for the reasons
cited above, we want to know how seed and
head traits are embedded in a broader ma-
trix of correlations and to what extent these
correlations are genetically controlled. We
measured a large number of seed and head,
life history, and plant size and shape traits
and calculated the phenotypic, environ-
mental, and genetic correlation structure for
17 of them using six populations of Heter-
osperma pinnatum.

The large number of traits permits us to
investigate the pattern of the correlation
structure. We have examined the average
magnitude of correlations for different sub-
sets of functionally or developmentally re-
lated traits: life history traits, achene and
head traits, and plant size and shape traits.
Life history traits may be more cohesive
because of life history tradeoffs, or because
they are integrated into adaptive syn-
dromes. Plant size and shape are likely to
be correlated by virtue of developmental
and functional relationships. Tighter inte-
gration should occur within certain sub-
groups of these traits as well. Within achene
and head traits, we expect higher correla-
tions for traits corresponding to central
achenes, peripheral achenes, or numbers of
each achene type per head. For example,
there could be tradeoffs in the numbers of
different achene types produced within an
individual fruiting head. Developmental in-
tegration of a single achene type might result
in higher than average correlations. Thus
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we hypothesize that tighter integration may
occur within these general groups of traits
than for trait pairs on average and that cer-
tain subgroups would have still higher cor-
relations.

MATERIALS AND METHODS

For a description of the experimental or-
ganism and the experimental design see
Venable and Birquez (1989). The traits uti-
lized in the correlation analysis were a sub-
set of those studied for variance (Table 1;
see also Venable and Buarquez, 1989; vari-
ation in achene morphology is illustrated in
Venable et al., 1987). Only traits with sub-
stantial within-population genetic variance
were used. Seventeen variables were cho-
sen, avoiding redundancy and insuring that
no variable was a linear combination of oth-
ers. Thus, the number of achenes of each
type were analyzed, but not their relative
proportions. An attempt was made to in-
clude as many different kinds of variables
as possible, so we eliminated seedling height
from the linearly dependent group seedling
height, width, and shape (height over width)
thus retaining a size and a shape variable.
Five traits were excluded from the among-
population analysis because they had no
among-population variance, or had a num-
ber of cases with missing data (see Venable
and Burquez, 1989 for details).

Analyses of covariance were performed
using the NESTED program of SAS (SAS
Institute, 1985). This program uses least
squares to calculate variance-component
correlations at the within- and among-fam-
ily and population levels and mean square
correlations (which we will subsequently call
“product-moment correlations”) for indi-
vidual values, family means, and popula-
tion means. For individuals, the mean
square correlation is the ordinary product-
moment correlation. At the family and pop-
ulation levels it is a weighted product-
moment correlation that takes into account
different sample sizes in the different fam-
ilies or populations.

To test the significance of covariance
components or variance component corre-
lations, some investigators have utilized re-
sampling methods (Mitchell-Olds, 1986).
Because of the very large number of cor-
relations, these calculation-intensive tech-



1750

TABLE 1.
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List of characters utilized in the correlation analyses.

Trait

Abbreviation

1) Length of awns on the longest central achene*

2) Length of longest central achene*
3) Number of central achenes per head
4) Number of awned achenes per head
5) Number of achenes per head
6) Number of peripheral achenes per head
7) Length of widest peripheral achene
8) Width of widest peripheral achene
9) Date that first flowering head opened
10) Number of heads per plant*
11) Date that first fruiting head opened*
12) Seedling width at 3 weeks of age
13) Seedling shape-H3WK/W3WK*
14) Adult height

15) Height above soil level of the first branch

16) Number of branches
17) Adult shape—L1BR/HADULT

LOAWN
LOC
NOC
NOAWN
NACH
NOP

LOP
WOP
DFLR
NHEADS
1FRUIT
W3WK
H/W3WK
HADULT
HI1BR
NOBR
BR/H

* These traits were omitted from the among-population genetic analysis.

niques were deemed impractical for the
present study. Currently available software
implementations of maximum-likelihood
techniques (Shaw, 1988) are also prohibi-
tively time consuming to be run on normal
mainframe computers for designs of the
magnitude investigated here (months of
CPU time would be required). Fortunately,
maximum likelihood programs do not ap-
pear to give any better estimates of corre-
lations; least square solutions often had
higher likelihoods than the solutions ob-
tained with some few variable runs using
Shaw’s recursive search algorithms on sin-
gle populations. Because we ran into serious
logistical difficulties with implementing
currently available maximum-likelihood
methods, we estimated correlations using
least squares and have followed Arnold
(1981) and Via (1984) in opting for a simple
approximation to test the significance of
these correlations. The covariance and vari-
ance of family means contain a fraction of
the within-family covariance or variance.
As family size increases, the product-mo-
ment correlation of family means approach-
es the variance-component correlation. The
weighted correlations of family or popula-
tion means corresponding to the appropri-
ate within- or among-population genetic
correlations are readily tested for difference
from zero with z-tests.

In addition to test-wise significance lev-
els, we report Bonferroni experiment-wise

significance levels. While the former are ap-
propriate for considering whether a partic-
ular correlation is significant, the latter are
appropriate for making aggregate state-
ments about correlations. Experiment-wise
significance levels represent the proportion
of repetitions of the whole experiment in
which any correlations would be scored as
significant by chance alone. Since in this
study this usually means any of 66—136 cor-
relations, this is a strict criterion for signif-
icance and, usually, many fewer correla-
tions are significant by experiment-wise than
by test-wise criteria.

We have assumed complete inbreeding to
calculate genetic correlations (see Venable
and Burquez, 1989 for the evidence for
inbreeding). Under inbreeding, the vari-
ance-component correlations estimate the
broad-sense genetic correlations (plus any
correlations due to maternal effects) at the
within-population level. To the extent that
the assumption of complete inbreeding is
violated, the estimates of correlations should
actually be higher. The error variance-com-
ponent correlations estimate the environ-
mental correlations, and the product-mo-
ment correlations for individual values
estimate the phenotypic correlations.

As with all clonal studies and all studies
not utilizing paternal half sibs or father-off-
spring regressions, our design does not
distinguish possible maternal-effect corre-
lations from genetic correlations. Emascu-
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TaBLE 3. Phenotypic correlations for size, shape, life history, achene, and head characteristics of Heterosperma

pinnatum.
Trait

Trait LOAWN LOC NOC NOAWN NACH NOP LOP
LOC 0.23b
NOC 0.49d* 0.57d*
NOAWN 0.33d 0.524d* 0.36d*
NACH 0.11 0.02 0.29d* 0.39d*
NOP —0.22a —0.24b —0.23d* 0.08 0.73d*
LOP 0.19a 0.524d* 0.234d* 0.41d* 0.184d* -0.01
WOP —0.06 0.03 -0.02 0.15¢ 0.404d* 0.36d* 0.344*
DFLR 0.62d* 0.09 0.31d* 0.264* 0.09 —0.14c 0.05
NHEADS —-0.32d —0.38d* —0.25b —0.24b —0.20a 0.01 -0.15
1FRUIT 0.58d* 0.17 0.46d* 0.19 0.04 —0.22a 0.10
W3WK 0.06 0.11 -0.09 -0.02 0.10a 0.17d* 0.04
H/W3WK -0.04 0.03 -0.05 0.23d* 0.02 —0.03 -0.07
HADULT 0.07 0.08 —0.11a 0.14c 0.37d* 0.384d* 0.18d*
H1BR -0.01 0.21a -0.05 0.23d* 0.21d* 0.19d* 0.16d
NOBR -0.11 0.02 0.06 -0.07 0.01 -0.01 -0.02
BR/H —0.26¢ 0.02 —0.11a -0.09 —0.23d* -0.07 —-0.08

a, P < 0.05;b, P < 0.02;¢, P < 0.01;d, P < 0.001 (probabilities for test-wise significances); *, P < 0.05 (probability for experiment-wise significances

using the Bonferroni test).

lating and crossing the small, self-compat-
ible florets and heads of Heterosperma
pinnatum is impractical on a large scale.
The more complex designs that would per-
mit the partitioning of additive variance and
maternal effects would necessitate much
larger sample sizes, further reducing the fea-
sibility of controlled crosses with H. pin-
natum.

Various matrices were compared using
permutation tests for association (Dietz,
1983; programs supplied by E. Jaquelin
Dietz and David E. Cowley). Conventional
correlation tests are not appropriate for
comparing two matrices because, by defi-
nition, the entries of a correlation matrix
are not independent. The correlations of
corresponding entries in each pair of ma-
trices were calculated with Mantel’s Z, R,
and Kc (Dietz, 1983), then permutations that
preserve the dependencies among the ele-
ments of each matrix were performed and
each statistic was recalculated 4,000 times
to generate a null distribution against which
the observed statistics were tested. When
these test statistics are normalized they give
the more standard correlation coefficients,
respectively, the Pearson product-moment
correlation between two matrices, Spear-
man’s rho, and a modified Kendall’s tau.

To evaluate the hierarchical structure of
the correlation matrices we tested their cor-

respondence to a hypothesis matrix (Table
2) consisting of 0’s (unrelated trait pairs),
1’s (life history, achene and head, and plant
size and shape trait pairs), and 2’s (sub-
groups of the trait pairs that were assigned
1’s which we hypothesize to be the most
tightly integrated). We use the absolute val-
ue of the observed correlations as an indi-
cation of cohesiveness or integration since
the sign of a correlation might be positive
or negative, depending on the nature of the
traits and their relationship. Correspon-
dence of observed correlation structures to
the hypothesis matrix was measured with
matrix correlations whose significance was
tested with Dietz’s permutation test.

RESULTS

Large proportions of the within-popula-
tion genetic, environmental, and phenotyp-
ic correlations were significant, though few
of the among-population genetic correla-
tions were (Tables 3-6). Though the among-
population genetic correlations may be ac-
curate, the power of the statistical tests is
low because only six populations were mea-
sured. Yet, interestingly, these among-pop-
ulation genetic correlations measured in the
greenhouse are very similar to among-pop-
ulation correlations in the field, suggesting
that the greenhouse correlations may be ac-
curate (and perhaps suggesting a partial ge-
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TaBLE 3. Extended.

Trait
WOP DFLR NHEADS 1FRUIT W3WK H/W3WK HADULT HIBR NOBR
0.02
—0.10 —0.35d
—0.11 0.83d* —0.35d
—0.12b —0.19d* —0.14 —0.03
0.08 —0.08 —0.02 —0.01 —0.29d*
0.24d*  —0.25d* —0.13 —0.06 0.43d* 0.17d*
0.12b —0.07 —0.28¢ 0.02 0.23d* 0.22d* 0.60d*
0.05 —0.09 0.32d -0.14 —0.04 —0.02 —0.21d* —0.41d*
—0.04 —0.10a —0.17 —0.24b  —0.20d* —0.05 —0.31d* —0.37d*  0.48d*

netic basis for the field correlations). Six of
the seed and head traits from Table 1 (num-
ber of central, peripheral, awned achenes
per head, the total number of achenes per
head, length of awns on central achenes, and
length of central achenes) were measured on
40 individuals in each of 35 populations for
a separate study (Venable et al., 1987) and
the correlations among their population
means were calculated (33% were significant
at P < 0.05). The among-population matrix
obtained from these field-grown plants has
a Pearson correlation of » = 0.70, P < 0.01,
with the among-population genetic corre-
lation matrix obtained from greenhouse-
grown plants in the present study. While
these two independently derived matrices
clearly differ in what they attempt to mea-
sure, the probability is very low that their
similarity is due to chance alone, rather than
due to correspondence in some shared un-
derlying biological property. The only prop-
erty common to both matrices is among-
population genetic correlation.

The among-population genetic correla-
tion matrix has a low and statistically in-
significant correspondence to the other ma-
trices in the present study (except the
phenotypic matrix, which includes among-
population genetic correlations and thus
cannot be compared statistically; Table 7).
The within-population broad-sense genetic
correlation matrix (which also correlates by

definition with the phenotypic matrix) is
significantly correlated with the environ-
mental matrix (Table 7). Thus the within-
population genetic, environmental, and
phenotypic matrices are the most similar
while the among-population genetic corre-
lation matrix shows the least correspon-
dence to the others.

We predicted a priori that the following
related traits would have higher than av-
erage integration: life-history traits, achene
and head traits, and size and shape traits.
Tighter integration should occur within cer-
tain subgroups of these traits as well, such
as traits pertaining to central achenes, pe-
ripheral achenes, or numbers of each achene
type per head (see the introduction for our
rationale as to why these groups and sub-
groups should be more cohesive). The en-
vironmental and phenotypic correlation
matrices showed highly significant corre-
spondence to the hierarchical hypothesis
matrix (Table 8). The mean magnitude of
correlations is usually higher for successive
subgroupings of traits (Table 8). The within-
population broad-sense genetic correlations
do not fit the predicted hierarchy of inte-
gration as well, though the correspondence
was still significant and related traits do tend
to have higher correlations than the average
correlation of all trait pairs (Table 8). The
predicted pattern of integration does not
hold at all for the among-population genetic
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TaBLE 4. Environmental correlations for size, shape, life history, achene, and head characteristics of Heter-

osperma pinnatum.

Trait

Trait LOAWN LOC NOC NOAWN NACH NOP LopP
LOC 0.16
NOC —0.04 0.33¢c
NOAWN —0.10 0.22¢ 0.57d*
NACH 0.02 0.28¢c 0.54d* 0.53d*
NOP 0.11 0.12 0.11b 0.25d* 0.75d*
LOP 0.22a 0.36d 0.04 0.15¢ 0.14c 0.01
WOP 0.10 0.17 0.11a 0.12b 0.32d* 0.29d* 0.04
DFLR 0.22a —0.12 —0.07 —0.11a —0.16d —0.14c 0.04
NHEADS —0.14 —0.16 0.12 —0.04 0.12 0.13 —0.11
1FRUIT 0.14 —0.15 —0.01 0.02 —0.25b —0.23a —0.21
W3WK 0.13 0.21a —0.05 —0.01 0.12b 0.16¢ 0.08
H/W3WK —0.11 0.03 0.02 0.05 0.03 0.02 —0.04
HADULT 0.18 0.34c 0.08 0.08 0.30d* 0.29d* 0.17d
HI1BR 0.05 0.10 0.02 0.00 0.01 0.00 0.21d*
NOBR —0.05 0.18 0.05 0.11a 0.05 0.15¢ 0.05
BR/H —0.07 —0.05 —0.03 0.03 0.00 0.02 —0.11a

a, P < 0.05;b, P < 0.02;¢,P < 0.01;d, P < 0.001 (probabilities for test-wise significances); *, P < 0.05 (probability for experiment-wise significances

using the Bonferroni test).

correlations. Some subgroups of traits had
higher and some lower than average among-
population genetic correlations, apparently
at random (Table 8). Within- and among-
population genetic correlations were gen-
erally higher than phenotypic and environ-
mental correlations though this may be in
large part due to the higher sampling vari-
ances of the former. Individual correlations
of particular interest are considered in the
discussion. We have decided not to present
the correlations for individual populations
here, since the results are copious, and there
was not much statistical power for genetic
correlations of individual populations. Cor-
relations could be high but not significant
and none of the genetic correlations differed
among populations using the Bonferroni ex-
periment-wise test.

DiscussioN

Many evolutionary investigations have
considered traits one at a time (Endler,
1986). It is clear from our results that to do
so for seed and head traits of H. pinnatum
would be a mistake since there are a number
of strong correlations among seed and head
traits and of seed and head traits with other
less related traits.

To understand life history tradeoffs or
other developmental constraints on evolu-
tion, people have often studied the corre-

lation structure of phenotypic traits (Olson
and Miller, 1958; Grant et al., 1976; Al-
berch, 1980). Yet we have seen that in H.
pinnatum, though the phenotypic correla-
tions are often similar to the broad-sense
genetic correlations, the matrix correlation,
r, between them is only 0.67 (statistics not
applicable) and the environmental correla-
tions are not very similar to the genetic cor-
relations (r = 0.37, P < 0.001). Further-
more, large correlations between unrelated
traits are more frequent for broad-sense ge-
netic than for phenotypic correlations. As
has been reported in other studies (e.g.,
Searle, 1961; Cheverud, 1982), the genetic
correlations tend to have higher magnitudes
than the corresponding phenotypic corre-
lations, though this may be a statistical ar-
tifact of smaller error covariance for the lat-
ter. The results emphasize the need for
genetic studies in evolutionary ecological
investigations if the true nature of evolu-
tionary tradeoffs and correlations is to be
understood.

When the magnitudes of the correlations
in different groups and subgroups of func-
tionally or developmentally related traits
were compared, the phenotypic and envi-
ronmental matrices were found to be the
most structured. Related traits such as plant
size and shape or life-history traits had high-
er than average phenotypic and environ-



QUANTITATIVE GENETICS OF HETEROSPERMA PINNATUM

1755

TABLE 4. Extended.

Trait
WOP DFLR NHEADS 1FRUIT W3WK H/W3WK HADULT H1BR NOBR

—0.09
—0.06 -0.17
—0.07 0.37d —0.09

0.07 —0.06 —0.22a —0.10

0.07 —0.06 0.17 —0.04 —0.30d*

0.26d* —0.17d —0.11 —0.15 0.41d* 0.00

0.05 —0.08 —0.19 0.12 0.18d 0.04 0.31d*

0.09 —0.07 0.08 —0.06 —0.05 0.15¢ —0.01 —0.17d
—0.02 0.03 0.25b 0.04 —0.17d 0.09 —0.24d* —0.19d 0.31d*

mental correlations, as did seed and head
traits. Related subgroupings of these traits
such as traits involving numbers of achenes
had still higher correlations. This hierar-
chical correlation structure of related traits
was not as strongly expressed for the within-
population broad-sense genetic correlations
(though this matrix did correlate signifi-
cantly with the hierarchical hypothesis ma-
trix) and was not apparent at all for among-
population correlations. The results parallel
those of Cheverud (1982) for rhesus mon-
keys, which showed good correspondence
of functionally and developmentally related
traits with phenotypic correlation structure,
but not with genetic correlation structure.
This pattern may imply some sort of phys-
iological cohesiveness of related traits at the
modular or organismic level that does not
represent an inherent genetic limitation to
new character combinations. Since this
structuring of correlations of related traits
is not at all apparent among populations,
under this interpretation, it clearly would
not represent a ‘““bauplan” constraining in-
traspecific evolution. An alternative possi-
bility is that the hierarchical pattern actually
does exist for within- and among-popula-
tion genetic correlations, but is obscured by
their greater error covariance. While we
think the evidence favors the former inter-
pretation, only larger designs with many
more populations could definitively distin-

guish between them. Cowley and Atchley
(1990) used a similar approach to ours to
see if phenotypic and genetic correlations
were higher in Drosophila melanogaster for
body parts arising from the same imaginal
disk than for traits arising from different
disks. Both genetic and phenotypic corre-
lations were higher for traits arising from
the same disks. While imaginal disks may
be meaningful units of integration for ho-
lometabolous insects, plants might be ex-
pected to have hierarchies of integration re-
flecting their modular construction. It has
long been known that whole plants exhibit
high degrees of plasticity in size and shape
based on differential repetition of repeated
units of structure (leaves, flowers, branch
systems), while the individual repeated units
are less variable and more highly integrated
(Watson and Casper, 1984; White, 1984).
It would be interesting to expand the kind
of analysis we have done here to more ex-
plicitly address the phenotypic and geno-
typic levels of integration implied by mod-
ular construction.

It does not appear that the genetic cor-
relations measured in this study have seri-
ously constrained character combinations
during population differentiation. If they
had, one would expect the among-popula-
tion genetic correlations to more closely re-
flect the within-population genetic con-
straints, since population divergence in one
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TaABLE 5. Within-population genetic correlations for size, shape, life history, achene, and head characteristics
of Heterosperma pinnatum. The upper number is the broad-sense genetic correlation (variance component
correlation) and the lower number is the weighted product-moment correlation of family means from which

statistics were calculated.
Trait
Trait LOAWN LOC NOC NOAWN NACH NOP LOP
LOC 0.53
0.47
NOC 0.89 0.85
0.72b 0.79¢
NOAWN 0.93 0.76 0.11
0.82¢ 0.74c 0.14
NACH 0.71 0.57 0.30 0.43
0.61a 0.54 0.32b 0.43d
NOP 0.55 0.40 -0.21 0.21 0.73
0.46 0.35 -0.17 0.21 0.73d*
LOP 0.09 0.76 0.20 0.50 0.35 0.06
0.11 0.72¢ 0.20 0.48d* 0.32b 0.06
WOP 0.06 0.56 0.07 0.26 0.51 0.47 0.69
0.07 0.50 0.07 0.25 0.48d* 0.444* 0.62d*
DFLR 0.26 0.53 0.37 —0.02 0.03 -0.09 0.01
0.25 0.43 0.33c —0.02 0.01 -0.10 0.02
NHEADS -0.72 —0.94 —1.09 -0.78 —0.68 —-0.37 —0.46
—0.61a —0.85d —0.894* -0.71b —-0.58 -0.27 —-0.41
1FRUIT 0.32 0.65 0.33 0.58 0.27 0.39 0.70
0.30 0.59 0.28 0.56 0.23 0.30 0.61a
W3WK 0.27 0.10 —0.20 0.14 0.27 0.31 0.14
0.24 0.11 -0.19 0.18 0.25 0.29a 0.13
H/W3WK 0.85 0.16 -0.11 0.17 -0.10 —0.16 —0.05
0.66a 0.14 -0.09 0.15 —0.08 —0.13 —-0.05
HADULT 0.73 0.57 0.00 0.58 0.58 0.35 0.36
0.66a 0.56 0.06 0.55d* 0.54d* 0.34c 0.35¢
HI1BR 0.91 0.59 0.10 0.58 0.35 0.08 0.44
0.79¢* 0.56 0.10 0.54d* 0.30a 0.07 0.40c
NOBR —-0.63 —-0.51 0.00 -0.28 0.00 0.10 -0.21
—-0.53 —-0.43 0.01 -0.23 0.03 0.11 -0.17
BR/H —-1.29 —-0.38 -0.27 -0.25 -0.32 —0.02 -0.22
—-0.77c -0.25 -0.23 -0.21 0.25 —0.01 —0.20

a,P < 0.05;b,P < 0.02;¢c,P < 0.01;d, P < 0.001 (probabilities for test-wise significances); *, P < 0.05 (probability for experiment-wise significances

using the Bonferroni test).

trait would result in divergence in a corre-
lated trait [most traits measured have di-
verged among populations (Venable and
Burquez, 1989)]. Yet we found that the
within- and among-population genetic ma-
trices have a very low, non-significant cor-
relation (but see below concerning some
specific groups of conservative traits). Again,
it is possible that the error covariance of the
among-population genetic correlations is so
high that it has swamped the true corre-
spondence of the within- and among-pop-
ulation matrices. However, this seems un-
likely to us, especially given the close
correspondence of the among-population

genetic correlations to an independent mea-
sure of among-population correlations.
One caveat should be emphasized. To in-
terpret our correlations as potential con-
straints on evolution we must assume that
additive covariance predominates in our
within-population correlations, since only
additive covariance constrains traits to co-
evolve. It is theoretically possible that ep-
istatic or maternal covariance predominates
since these cannot be distinguished from
additive covariance with our design. To dis-
tinguish additive covariance from any non-
additive genetic covariance and maternal-
effect covariance in naturally inbred species
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TABLE 5. Extended.

Trait

WOP DFLR NHEADS 1FRUIT W3WK H/W3WK HADULT HI1BR NOBR
~0.06
-0.07
-0.45 ~0.16
-0.38 -0.16

0.22 085  —0.20

0.18 0.75¢  —0.18
~0.08 -0.01 -0.15 0.20
~0.06 -0.01 -0.16 0.17

0.14  -008  —0.14 059  —0.44

0.12  —008  —0.08 0.50  —0.41c

0.29 010  —0.56 0.74 0.45 0.31

0.29a 007  —0.51 0.68a 0.44d* 0.27a

0.34 009  —0.54 0.60 0.19 0.46 0.80

0.31b 008  —0.50 0.57 0.19 0.40c 0.76d*
-0.11 -0.10 070  —0.24 0.05 -0.37  —0.48 -0.59
~0.07 0.09 0.60  —0.22 0.04 -0.25  —0.40c ~0.52d*
-0.20 0.01 061 —042  —0.26 ~0.34 0.56 ~0.54 0.73
-0.16 0.01 044  —025  —0.24 ~0.24  —0.49d*  —0.47d*  0.62d*

that are more amenable to controlled cross-
es than Heterosperma, we recommend using
electrophoresis to determine the level of in-
breeding in the population from which the
experimental parents are sampled (e.g., Cu-
rie-Cohen, 1982). Then a standard crossing
design, such as a factorial design, could be
applied to generate the progeny generation
(see Namkoong, 1979; Hallauer and Miran-
da, Fo., 1981; or Becker, 1984). The in-
breeding coeflicient of the parental genera-
tion can be used as a correction factor in
the calculations of the different biological
sources of variation and covariation (e.g.,
Mitchell-Olds, 1986).

Pollen is located on the inside of each tiny

floral tube of the disk florets of composite
heads, and the stigma acts as a piston to pre-
sent pollen at, or before, the time the stigma
is receptive to pollination. Thus it is very
difficult, if not impossible, to emasculate the
individual disk florets of H. pinnatum be-
fore they self-pollinate. It is technically pos-
sible to remove all disk florets from each
head prior to anthesis and utilize only the
two to four ray florets per head for out-
crossing [as we did to determine compati-
bility (Venable and Burquez, 1989)]. How-
ever, this rather painstaking procedure (each
floret yields one achene, at most) is not very
practical for large-scale experiments. This
difficulty of performing controlled crosses
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TaBLe7. Correlations among the phenotypic, environmental, within-population genetic, and among-population
genetic matrices for size, shape, life history, achene, and head characteristics of Heterosperma pinnatum. Pearson
product-moment correlations, r; Spearman’s rank correlation, rho and a modified Kendall’s correlation, tau are
presented. Probabilities were calculated by comparing observed correlations with a null distribution generated

by a permutation procedure (Dietz, 1983).

Type of correlation
Measure of Among-population Within-population
Type of correlation association genetic genetic Environmental
Within-population r 0.16
genetic rho 0.13
' tau 0.10
Environmental r 0.17 0.37*
rho 0.07 0.38*
tau 0.04 0.23*
Phenotypic r 0.48NA 0.67NA 0.64NA
rho 0.47NA 0.69NA 0.59NA
tau 0.37NA 0.48NA 0.41NA

* P < 0.001; NA, statistical test not applicable.

represents a shortcoming of H. pinnatum
for genetic studies. Indeed, we chose to work
with H. pinnatum despite these difficulties
because of its very interesting variation in
seed morphology and behavior.

Some subsets of traits have high within-
population broad-sense genetic correlations
and among-population correlations. This
suggests that the correlations are conser-
vative, since the traits are genetically cor-
related within populations and, during pop-
ulation differentiation, they have increased
or decreased in unison, giving rise to among-
population correlations. The number of
awned achenes is genetically correlated with
the length of peripheral achenes both within
and among populations. The length of pe-
ripheral achenes was the only achene length
trait analyzed for among-population cor-
relations. Yet judging from the high within-
population genetic correlations among
length of central achenes, length of periph-
eral achenes, length of awns on central
achenes, and number of achenes with awns,
there may be some general conservative
achene length factor which also results in
the production of more and longer awns.

Another set of seed and head correlations
that correspond at within- and among-pop-
ulation levels are those between the number
of peripheral achenes per head, the width
of peripheral achenes, and the total number
of achenes per head. This suggests that se-
lection for more peripheral achenes will re-
sultin (and has resulted in) wider peripheral

achenes on bigger (more-seeded) heads, or
vice versa under selection for more seeds
per head. Such genetic correlations may ei-
ther speed or delay the response to selection
depending on the relationship of the traits
to fitness and the signs of the correlations.
The present example could be argued either
way. It has been suggested elsewhere that
packaging more achenes into fewer heads
may increase the impact of predispersal seed
predation (Levin and Turner, 1977; cf.
Mitchell, 1977). If this were true in H. pin-
natum, then selection for more peripheral
achenes per head (perhaps due to selection
for more dormancy) would result in a cor-
related predation cost. An alternative sce-
nario is that it might be physiologically less
demanding of resources for a plant to supply
nutrients or photosynthate to a few many-
seeded heads, but the biomechanics of
adhesive dispersal by animals makes it de-
sirable to have many small, well-spaced
packets of seeds waiting for dispersal agents.
If dormancy has a negative selective cor-
relation with dispersal (Venable and Brown,
1988), then the genetic correlation between
the total number of achenes per head and
the number of peripheral achenes per head
should speed the response to selection (i.e.,
selection for less dormancy would inciden-
tally select for a seed arrangement facilitat-
ing dispersal).

Some plant architectural traits are genet-
ically correlated with seed and head traits
and with each other both within and among
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populations. Adult height is consistently
correlated with the number of peripheral
achenes per head and the height above soil
level of the first branch. The latter, in turn,
is genetically correlated with the total num-
ber of achenes per head. The number of
branches is uniformly negatively correlated
with the height above soil level of the first
branch. Adult shape (branch length/adult
height) is positively correlated with the
number of branches and negatively corre-
lated with the height above soil level of the
first branch. These correlations suggest that
there is a genetic allocational tradeoff ac-
cording to which vegetative soma is allo-
cated to vertical growth (the main axis) or
lateral growth (more and longer branches).

Several strong within-population corre-
lations that were not analyzed at the among-
population level supplement those men-
tioned above to provide an interpretation
of constraints on architecture and repro-
duction. The number of heads per plant is
genetically correlated with the number of
branches (because heads terminate branch-
es). This is a genetically based morpholog-
ical constraint, i.e., selection for more
branches should result in more heads and
vice versa. The number of heads per plant
is negatively correlated with the number of
achenes per head (a genetically based life
history tradeoff) and, from the previous
paragraph, allocation to vertical growth is
negatively correlated to the number and
length of branches. Thus, short, wide plants
with many branches produce many heads
with few seeds each. Selection on any part
of this pattern should tend to bring along
the other parts. These plant shape correla-
tions may be important with respect to the
conflicting selective pressures of competi-
tion and grazing. Whereas tall plants may
be favored in situations of competition for
light, grazing is likely to favor shorter plants
with a lower height of first branch and more
lateral growth (cf. Warwick and Briggs, 1978;
Solbrig and Simpson, 1974).

Some trait pairs have strong within-pop-
ulation genetic correlations and were either
not analyzed at the among-population level,
or had weak among-population correla-
tions. For example, the achene and head
correlations suggest a negative genetic cor-
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relation between dormancy and dispersal.
Central achenes are less dormant than pe-
ripheral achenes (Venable et al., 1987), thus
selection for less dormancy may favor more
central achenes per head. Likewise, the
number of awned achenes, and longer awns
promote greater dispersibility (Venable et
al., 1987). Since these traits are all geneti-
cally correlated, selection for more dispersal
should favor less dormancy and vice versa.
Various theoretical arguments (reviewed in
Venable, 1989) and some empirical data
(Venable and Lawlor, 1980) suggest that
natural selection may favor a negative cor-
relation between dispersal and dormancy.
If this is so, then the correlations reported
here should speed the response to selection
for correlated changes in dormancy and dis-
persal. Furthermore, this may be an ex-
ample of a genetic correlation shaped and
favored by natural selection (cf. Cheverud,
1984).

The numbers of achenes of each type have
high genetic variances (Venable and Bur-
quez, 1989) and seed morph proportions
vary considerably within and among pop-
ulations (Venable etal., 1987). Yet the num-
bers of different achene types have relatively
low and non-significant genetic correlations
with each other, with the exception of the
high correlation of the number of peripheral
achenes per head with the total number of
achenes per head. The average genetic cor-
relation of traits involving numbers of dif-
ferent achene types was lower than the over-
all average genetic correlation (Table 8). The
high genetic variances with comparatively
low covariances should permit relatively in-
dependent evolution of the numbers of each
achene type. This genetic system may ac-
count for the large variation in seed ratios
among populations.

While a number of these correlations ap-
pear to be adaptive or at least to facilitate
adaptation, others represent constraints of
physiology or development. For example,
while there might sometimes be selective
reasons to decouple flowering date from
fruiting date, these are strongly correlated
genetically and environmentally (for obvi-
ous developmental reasons). The correla-
tions mentioned above between branch
number and number of heads or between
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number of achenes per head and number of
heads per plant are other examples of con-
straints of physiology and development.
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