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ASSOCIATION BETWEEN ENVIRONMENTAL AND GENETIC
HETEROGENEITY IN FOREST TREE POPULATIONS

WENDY K. GRAM!'AND VICTORIA L. SORK?

University of Missouri, Department of Biology, St. Louis, Missouri 63121 USA

Abstract. Within a plant species, environmental heterogeneity has the potential to
influence the distribution of genetic variation among populations through several evolu-
tionary processes, including natural selection, differential gene exchange, and chance as-
sociations caused by genetic drift or founder effects. We evaluated the relationship between
environmental characteristics and the distribution of genotypes for three common woody
species (Quercus alba, Carya tomentosa, and Sassafras albidum) in Missouri Ozark forests.
We measured the correlation between multivariate genotypes and forest structure variables,
and assessed the influence of physical landscape on multivariate genotypes. For all three
species, we found significant relationships between genetic variation and environmental
heterogeneity. We discovered that populations in local habitat patches with different forest
structures also differed in combinations of multivariate genotypes. In contrast, we did not
detect significant differences in multivariate genotypes among soil-type/aspect classes in
any of the three study species, suggesting that genotypic differentiation is operating on a
finer scale than soil or aspect differences. We conclude that natural selection, possibly
interacting with founder events, has influenced the population differentiation of these three
long-lived plant species. Such microgeographic variation in response to environmental
heterogeneity is expected for a broad range of species, even when extensive gene flow is
present.

Key words:  canonical correlation; Carya tomentosa; environmental heterogeneity; founder ef-
fects; Missouri Ozarks; multilocus genetic structure; multivariate genotypes; natural selection; pop-

ulation differentiation; Quercus alba; Sassafras albidum.

INTRODUCTION

Environmental heterogeneity across a landscape pro-
duces microenvironments that vary in plant species
composition. Within a plant species, environmental
heterogeneity has the potential to influence the distri-
bution of genetic variation among populations (Anto-
novics 1971, Linhart and Grant 1996, Mitton 1997).
Environmental heterogeneity can create genetic het-
erogeneity through several evolutionary processes
(Linhart and Grant 1996). First, natural selection can
cause populations to adapt to their local environment,
resulting in fine-scale microgeographical variation.
This process has been demonstrated for a variety of
traits (see reviews by Antonovics and Bradshaw 1970,
Linhart and Grant 1996, Mitton 1997), including single
or few locus traits (e.g., pathogen tolerance; Dirzo and
Harper 1982), quantitative traits (e.g., Dudley 19964,
b), single locus allozymes (e.g., allozymes and stomatal
size; Mitton et al. 1998), and multilocus allozymes
(e.g., soil moisture and temperature; Allard et al. 1972,
1993). Second, genetic heterogeneity may be the result
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of differential gene exchange, influenced by variation
in flowering phenology among local habitats. Several
studies have demonstrated ecological barriers that pre-
vent gene exchange among populations along-an ele-
vational gradient (Mitton et al. 1980). Within a region,
phenological differences in flowering time associated
with local habitat (e.g., Jackson 1966) may create ge-
netic barriers that, in turn, exacerbate local population
differences. Third, chance associations caused by ge-
netic drift or founder effects could also create genetic
heterogeneity, as founders colonize different sites but
gene flow is not sufficient to homogenize differences
(e.g., see Husband and Barrett 1996, Antonovics et al.
1997). Thus, microevolutionary processes have the po-
tential to create genetic patchiness across a heteroge-
neous landscape.

Theoretically, gene flow is expected to homogenize
the distribution of genetic variation unless selection is
quite strong (Endler 1973, Slatkin 1985). Thus, we can-
not assume that environmental heterogeneity will lead
to genetic heterogeneity for all traits or for all plant
species. Even when selection is strong enough within
the range of gene flow to create population differen-
tiation (e.g., selection for tolerance to toxic soils; An-
tonovics and Bradshaw 1970), other aspects of the ge-
nome may remain undifferentiated. It may be for this
reason that F statistics based on single, putatively neu-
tral loci, often reveal low levels of population differ-
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entiation (Latta 1998). However, F statistics, which as-
sume migration/drift equilibrium (Neigel 1997), may
not be a sensitive measure of population differentiation
(Westfall and Conkle 1992, Kremer and Zanetto 1997,
Sork et al., in press). To detect genetic differentiation,
it is preferable to examine multiple loci simultaneously
(Taylor and Mitton 1974, Westfall and Conkle 1992,
Kremer and Zanetto 1997). These measures will be able
to detect small differences in allelic state that accu-
mulate across loci (Smouse et al. 1982), and they can
detect the effects of linkage disequilibrium caused by
selection (Yang and Yeh 1993). While it is not clear
that multivariate analyses will effectively detect dif-
ferentiation associated with quantitative trait loci (Latta
1998), it is true that such analyses improve discrimi-
nation among populations (Westfall and Conkle 1992,
Latta 1998).

An effective way to test whether multilocus genetic
differentiation is associated with environmental het-
erogeneity is to summarize multivariate genotypes and
environments with multivariate statistics, such as prin-
cipal component analysis, canonical correlation anal-
ysis, or canonical discriminant analysis (Westfall and
Conkle 1992). Multivariate analyses are more efficient
than univariate analyses because only one analysis is
required for all variables. Even if one variable (e.g., a
single locus or environmental measure) is independent
of the others and is responsible for generating a pattern,
this relationship will be clearly shown in the structure
of a multivariate analysis. Furthermore, single loci are
not likely to reveal patterns of differentiation, even if
they are significant (Thorpe 1985, Westfall and Conkle
1992). Several studies have used multivariate geno-
types to describe macrogeographical patterns of genetic
differentiation within species by correlating genetic
variables with elevational or latitudinal gradients (Yeh
et al. 1986, Westfall and Conkle 1992, Aradhya et al.
1993). Other studies have focused on smaller geograph-
ic scales (Allard et al. 1972, 1993, Hamrick and Allard
1972) using multiallelic associations, which are anoth-
er way to look at multiple loci simultaneously. These
studies found nonrandom associations with patchily
distributed environmental variation.

Multilocus genotypes are appropriate genetic vari-
ables to test with environmental heterogeneity, but
choosing spatially and temporally relevant environ-
mental variables is more complicated. Evolutionary
processes work across many generations of a popula-
tion, so ideal environmental variables are measures of
other organisms or physical attributes that have ex-
perienced the same conditions through time and space
as the target organism. In this study, we were interested
in evaluating the effects of environmental variation on
the genetic differentiation of forest tree populations.
Forest structure measures, based on densities of trees
of different size classes, basal area, and canopy cover,
characterize the local environment of each sample tree
population. These measures may not be directly re-
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sponsible for genetic differentiation because forest
structure clearly changes through time, but forest struc-
ture variables are a good surrogate for unmeasured en-
vironmental factors, and thus reflect environmental
conditions through time. To complement these quan-
titative local environmental measures, we also classi-
fied populations based on broad, abiotic categories of
soil type and slope aspect. Other studies have dem-
onstrated ecological and genetic differences between
north and east-facing slope (NE) and south and west-
facing slope (SW) aspect classes (Kabrick et al. 1997,
Sork et al. 1997). Environmentally, the forest-structure
measures enabled us to evaluate associations with the
local environment whereas the soil-type/aspect classes
permitted assessment of the influence of the physical
landscape on genotypic distribution.

In this paper, we evaluated the relationship between
environmental characteristics and the distribution of
genotypes for three common woody species (Quercus
alba, Carya tomentosa, and Sassafras albidum) in Mis-
souri Ozark forests. These three species have signifi-
cant amounts of multilocus genetic differentiation
among populations (Koop 1996; Sork et al., in press)
in spite of nonsignificant single locus genetic structure
as measured by F statistics (Koop 1996, Sork et al.
1997). Given the topographical and local habitat di-
versity of the Ozark landscape (Brookshire and Shifley
1997), we tested whether extensive genetic differen-
tiation was associated with environmental heteroge-
neity. Our first objective was to assess the correlation
between forest structure variables and individual ge-
notypes for each species using composite variables
generated from a canonical correlation analysis. Our
second objective was to test the association between
the physical landscape and multivariate genotypes. Our
populations were sampled from one of two aspect clas-
ses (south and west-facing slopes, and north and east-
facing slopes) that were found in one of two soil types
(Alfisol or Ultisol; Brookshire and Shifley 1997). We
tested whether genotypes differ among four soil-type/
aspect classes with multivariate analysis of variance
(MANOVA), treating individual genotypes as depen-
dent variables.

METHODS
Study area

The study area was part of the Missouri Ozark Forest
Ecosystem Project (MOFEP), a multi-investigator eco-
system project administered by the Missouri Depart-
ment of Conservation, in southeastern Missouri
(Brookshire and Shifley 1997) (see Plate 1). In this
forest, Quercus alba shared the canopy with other spe-
cies of oaks, including Q. stellata, Q. velutina, Q. coc-
cinea, as well as with Pinus echinata and Carya to-
mentosa (Kurzejeski et al. 1993). The study area was
divided into nine sites (Fig. 1), ranging in size from
260 to 527 ha. The sites were contiguous tracts of forest
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PLATE 1.
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Oak-hickory forest in Missouri Ozarks, Missouri, USA. Left: View of the canopy illustrating topographic

heterogeneity. Right: Interior view of the forest. Photographs by Victoria Sork.

with minimal edge in close proximity to each other and
largely free from manipulation for at least 40 yr
(Brookshire and Shifley 1997). The MOFEP study area
includes 13 ecological land types (i.e., classes based
on landform, aspect, soil, and vegetation; Miller 1981,
Meinert et al. 1997); south and west-facing slope (SW),
north and east-facing slope (NE), and ridge-top eco-
logical land types account for 90% of the total study
area (Meinert et al. 1997). Each site was further divided
into ~5.0-ha forestry stands within an ecological land-
type. Sampled populations ranged in elevation from
182 to 275 m, and were between latitude 37°00’ N and
37°15' N, and between longitude 91°07’ W and 91°00’
W in the Current River and Peck Ranch Conservation
Areas. The minimum interpopulation distance was 200
m, while the two most extreme populations at each end
of the study area were 24 km apart.

Study species

We selected two canopy trees and one understory
shrub to be the focal study species: Carya tomentosa
Nuttell (Juglandaceae) (common name, mockernut
hickory); Quercus alba L. (Fagaceae) (common name,
white oak); and Sassafras albidum (Nuttell) Nees
(Lauraceae). Hereafter, these species will be referred
to as Carya, Quercus, and Sassafras, respectively.
Quercus and Sassafras are diploid, whereas Carya is
a tetraploid. These three species were chosen because

they are widely distributed among MOFEP study sites -

(Brookshire and Shifley 1997). These species differ in
pollen vector, seed dispersal vector, successional status,
canopy status, and abundance in the MOFEP sites
(Brookshire and Shifley 1997). Carya and Quercus are
wind pollinated and vertebrate dispersed, while Sas-
safras is insect pollinated and bird dispersed. In the
Ozarks, Sassafras is early successional and is usually
an understory tree (V. L. Sork, personal observation).
These three species differ in abundance in the MOFEP
sites. Mean Quercus density per site ranges from 185
to 337 individuals/ha across the study area, whereas
mean Carya density per site ranges from 83 to 140

individuals/ha, and mean Sassafras density per site
ranges from 27 to 83 individuals/ha (Missouri De-
partment of Conservation, unpublished data).

In earlier studies of the genetic structures of these
three study species using single-locus models, we
found that Carya and Sassafras had significant genetic
differentiation among populations (Fsr = 0.034, 0.139,
respectively; Sork et al., in press; Fgr represents a ge-
netic measure of differentiation), but Quercus did not
(Fgr = 0.009; Koop 1996). In contrast, the multivariate
genetic structures based on MANOVA revealed highly
significant population differentiation for all three spe-
cies. The percentage of genetic variation attributable
to populations was 30% for Carya and Sassafras (Sork
et al., in press), and 16% for Quercus (A. L. Koop and
V. L. Sork, unpublished manuscript). In fact, for all
three species, the differentiation among the nine MO-
FEP sites was much less than differentiation among
populations within a site. Thus, these species showed
a great deal of genetic heterogeneity across the Ozark
landscape.

Genetic sampling

The data for this study were collected as part of a
genetic survey of tree populations in the MOFEP study
area (for full details of sampling and electrophoretic
protocols, see Sork et al. 1997). We sampled 48 indi-
viduals within an area of 1.0 ha from four stands (i.e.,
populations) in each of the nine sites of the MOFEP
study area (Fig. 1), resulting in a total sample size of
36 populations per species. Stands sampled were lo-
cated on either south and west-facing slope (SW) or
north and east-facing slope (NE) ecological land types.
Leaves were collected and placed on ice until they
could be stored in an ultracold freezer (—70°C).

All leaf samples were analyzed using standard hor-
izontal starch gel electrophoresis procedures (see Ke-
phart 1990). For each species, we surveyed 20 enzymes
on several combinations of five gel-electrode buffer
systems (see Koop 1996, Sork et al. 1997). As a tet-
raploid species, Carya showed different banding pat-
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Fic. 1.

Map of the Missouri Ozark Forest Ecosystem Project study area with study sites 1-9. Forest stands where

populations of Carya tomentosa, Sassafras albidum, and Quercus alba were sampled are shaded in black.

terns from the other two study species, requiring special
interpretation. For homozygotes, we assigned four al-
leles to the same locus when only one band was ob-
served. For heterozygotes, we assigned the number of
alleles according to the intensity of the banding pattern
(for description of banding interpretation of tetraploid
genotypes, see Murawski et al. 1994). For analyses
used in this study, we used only polymorphic loci. We
were unable to obtain complete sample sizes for all
three species due to a freezer breakdown that allowed
degradation of some of the Carya samples, and diffi-
culties in obtaining clear enzyme expression across all
Sassafras individuals, a problem typical of species in
the Lauraceae (V. L. Sork, personal observation). For
multivariate statistics, if the genotype of one locus is
lost, the entire multilocus genotype must be removed
from the analysis. Fortunately, we had sufficient rep-
lication within populations that this loss of observa-
tions did not eliminate any populations from the Sas-

safras analysis. The final sample sizes for statistical
analysis were 1717 multivariate genotypes (i.e., indi-
viduals) from 36 populations across seven isozymes
for Quercus, 1077 multivariate genotypes from 31 pop-
ulations across five isozymes for Carya, and 1094 mul-
tivariate genotypes from 36 populations across five iso-
zymes for Sassafras.

Data analysis

The Missouri Department of Conservation provided
data from randomly assigned 0.2-ha vegetation plots
on density and basal area of all trees, percent canopy
cover, soil type, and mean stand aspect for each pop-
ulation sampled (Brookshire and Shifley 1997). We cal-
culated eight separate measures to represent forest
structure of each study population, including total basal
area, total tree density, small tree density (diameter at
breast height [dbh] = 4 cm and dbh < 11 cm), medium
tree density (dbh = 11 cm and dbh < 37 cm), large



2016

TABLE 1. Means, standard deviations, and ranges (Min.,
Max.) of the eight forest structure variables from the 36
sample stands. All tree densities are reported in units of
trees per hectare.

Forest structure

variable Mean 1sp Min. Max.
Total basal area (m?*ha) 176 19.6 137 244
Total density (trees/ha) 609 134.1 392 1007
Small tree density 264 107.1 45 620
Medium tree density 137 41.9 48 226
Large tree density 17 9.3 0 40
Large pine density 10 12.3 0 50
Small pine density 6 20.2 0 90
Canopy cover (%) 84 7.3 63 92

tree density (dbh = 37 cm), small pine density (dbh =
4 cm and dbh < 11 cm), large pine density (dbh = 11
cm), and percent canopy cover. We used densities of
small and large pine as separate variables, because
pines differ from angiosperm wood plants in tree ar-
chitecture, and they are known to be associated with
acidic soils. All forest structure variables showed con-
siderable variation among sample stands (Table 1).

To generate a multivariate genotype of each indi-
vidual in a population, we transformed all diploid and
tetraploid genotypes into linear combinations of traits,
by scoring each polyploid genotype into a score for
each allele minus one. This method was outlined by
Smouse and colleagues (Smouse and Williams 1982,
Smouse et al. 1982) and described in detail by Westfall
and Conkle (1992). For example, an allele at a locus
was assigned a value of 0.5 each time it was present
and 0.0 when it was absent. Thus, the individual score
for an allele at a homozygous locus would be 1.0 (i.e.,
0.5 + 0.5), while the score for the same allele at a
heterozygous locus would be 0.5 (i.e., 0.5 + 0.0). The
score of a tetraploid heterozygote could be either 0.25,
0.5, or 0.75 depending on whether the allele was rep-
resented one, two, or three times in the heterozygote.
This calculation was repeated for each allele at a locus
minus one allele. For a population, the score of an allele
was its total frequency (i.e., the sum of the individual
allele scores) for the population. Linear combinations
of these scores are usually normally distributed (Smouse
et al. 1982, Westfall and Conkle 1992), and we eval-
uated our data for normality by examining the residuals
from the canonical model.

To test for associations between multivariate geno-
types and environmental variation, we used canonical
correlation analyses (CCA) for each study species, gen-
erating new composite variables with maximal corre-
lation between individual genotypes and forest struc-
ture. We kept the model that best fit the data as deter-
mined by the overall canonical correlation, canonical
structure, and normality of the residuals (Table 2). The
best fit CCA model produced a set of univariate ca-
nonical variables (i.e., a genotypic vector and forest
structure vector, in this case) with maximal correlations

WENDY K. GRAM AND VICTORIA L. SORK

Ecology, Vol. 82, No. 7

that were standardized to a mean of zero and standard
deviation of one. Thus, each individual tree sampled
had a standardized genotypic canonical score and a
standardized forest structure canonical score that could
be used in further univariate analyses. Because we were
ultimately interested in population-level genotypic as-
sociations, we correlated mean genotypic canonical
scores per population with forest structure canonical
scores for each species (which only exist at the pop-
ulation level; Gram and Sork 1999), and we report these
Pearson correlations.

To examine whether broad physical characteristics
of the site were associated with multivariate genotypic
composition, we tested whether mean population ge-
notypes differed among soil-type/aspect classes. Our
populations were found in four different soil-type/as-
pect classes, including Ultisol soil/NE aspect, Alfisol
soil/NE aspect, Ultisol soil/SW aspect, and Alfisol soil/
SW aspect. We used a nested multivariate analysis of
variance (MANOVA) model, with individual geno-
types as dependent variables. The MANOVA model
was of the form

Y= C + P; + ¢,

where C; is soil/aspect class, P; is population within
soil/aspect class, and ey, is the residual effect.

We used population nested within soil-type/aspect
class (P) as the error term in the soil-type/aspect class
significance test, and the residual as the error term for
the population (soil/aspect class) significance test. We
report F values from Hotelling-Lawley statistics with
associated degrees of freedom and significance levels
(SAS 1996).

To test for the presence of spatial autocorrelation in
genotypic and forest structure data, we compared geo-
graphical distances between populations with genotyp-
ic and forest structure differences between populations,
with a series of Mantel tests (Mantel 1967), using a
permutation test with 999 iterations to test for signif-
icance. We calculated Mahalanobis genetic distances
(Mahalanobis 1948) between populations to construct
the genotypic distance matrices, and Euclidean dis-
tances between populations based on forest structure
variables to construct the forest structure distance ma-
trices.

RESULTS

Genotypic composition was associated with envi-
ronmental variation. Using the first canonical vectors,
we found significant correlations between the mean
population genotypic vector and the forest structure
vector for Quercus (r = 0.67, n = 36, P < 0.0001),
Carya (r = 0.85, n = 31, P < 0.0001), and Sassafras
(r=0.57,n = 36, P = 0.0003; Fig. 2). These canonical
vectors accounted for most of the variation in the ca-
nonical correlation analysis model for all three species
(Quercus, 68%; Carya, 33%; Sassafras, 46%), and ex-
hibited significant canonical correlations (Table 2). Al-
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TABLE 2. Canonical structure from the canonical correlation analyses (CCA) between genotypic and forest structure variables

for Quercus, Carya, and Sassafras.

Canonical

structure

(correlation
with genotypic

Forest structure

Canonical
structure
(correlation
with forest

Allozymes vector) variables structure vector)
Quercus albat (R = 0.17, P = 0.0024)
Pgi-23 (Phosphoglucoisomerase) —0.7703 Large tree density? 0.9056
Pgi-2? 0.6202 Medium tree density§ -0.5133
Pgi-24 0.5268 Small pine density|| 0.3234
Ces-14 (Colormetric esterase) —-0.3168 Total basal area (m?*/ha) 0.2439
Fes-13 (Fluorescent esterase) 0.2443
Fes-1? —0.2388
Per-1¢ (Peroxidase) 0.2055
Fes-44 0.1898
Per-12 -0.1752
Ces-13 0.1390
Carya tomentosa (R = 0.30, P = 0.0001)
Skdh? (Shikimate dehydrogenase) -0.5919 Total basal area (m?%ha) 0.9237
Skdh* 0.3959 Medium tree density§ —0.8563
Skdh? 0.3672 Total density 0.5657
Pgi-23 0.3446 Large pine density: —0.4319
Dia’ (Diaphorase) 0.2727 Small tree densityl|| -0.2984
Pgi-22 -0.2418 Small pine density|| -0.2014
Dia’ —0.2285 Large tree density —0.1422
Skdh! —0.1812 Canopy cover (%) 0.0896
Aat’ (Aspartate aminotransferase) —0.1802
Pgi-27 0.1653
Dia’ —0.1652
Aat® 0.1629
Pgi-2° —0.1299
Pgi-28 —0.0809
Pgi-2¢ 0.0662
Mnr¢ (Menadione reductase) 0.0646
Dia’ —0.0296
Pgi-2¢ —0.0286
Mnr? —0.0264
Mnr? —0.0108
Sassafras albidum (R = 0.36, P = 0.0001)
Mnr’ —0.6636 Canopy cover (%) 0.8046
Dia-23 0.5444 Large pine density# —0.4991
Dia-25 -0.4775 Total basal area (m?ha) —0.4345
Aat-2° -0.4169 Total density 0.1729
Aat-23 0.4165 Medium tree density§ 0.1638
Dia-1! —0.3988 Small tree density|| 0.0578
Dia-12 0.2842 Large tree density 0.0089
Aat-37 0.1860
 Aat-3° —0.1641
Dia-14 -0.1228
Aat-33 0.0773
Dia-13 0.0537

Notes: The correlation between each input variable included in the final CCA model (e.g., see Methods) and its canonical
vector are listed for the first genotypic and forest structure vectors of each species. Canonical correlation (R) and significance
for each model are presented after species name. Allozymes are listed with an abbreviation to indicate the enzyme (with full
name given at first usage), and locus number. The superscript represents allele number for that allozyme. All tree densities

are in trees per hectare.

T Per-3 (Peroxidase-3) and Mnr-1 (Menadione reductase) alleles were part of the analysis but were not included in the

best-fit model.

1 Density of trees with diameter at breast height (dbh) = 37 cm, except for large pines which includes trees with dbh >11

cm.

§ Density of trees with dbh = 11 cm and dbh < 37 cm.
|| Density of trees with dbh = 4 ¢cm and dbh < 11 cm.

lele patterns among the three species were not similar,
but all genotypic canonical vectors were multilocus as
indicated by relatively high correlations with several
alleles per species. The environmental canonical vector

was represented by four to eight forest structure vari-
ables, depending on species (Table 2).

Population genotypes did not differ among broad
physical site characteristics, but genotypic variation
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FiG. 2. Plots of the mean genotypic canonical variable
vs. the environmental canonical variable for: (a) Quercus
alba, (b) Carya tomentosa, and (c) Sassafras albidum. Ca-
nonical variables are composite variables produced with ca-
nonical correlation analysis and are expressed as standardized
values with a mean = 0 and sb = 1. Forest structure variables
that are most highly correlated (positively and negatively)
with the environmental canonical variable are identified on
the x-axis for each species (see Table 2). Populations (n =
36 for Sassafras and Quercus, n = 31 for Carya) are repre-
sented by their study site numbers (1-9).

among populations within a soil-type/aspect class was
substantial. We did not find significant differences
among different soil-type/aspect classes for Quercus
(Fis3 = 1.38, P = 0.14), Carya (Fg,; = 094, P =
0.60), and Sassafras (Fsso = 0.88, P = 0.65). We did,
however, find significant differentiation among popu-
lations within classes for Quercus (Fyg 51473 = 1.40, P
< 0.0001), Carya (Fs¢, 20452 = 2.47, P < 0.0001), and
Sassafras (Fgq, 12542 = 5.63, P < 0.0001).

The Mantel tests for spatial autocorrelation did not
show significant correlations for forest structure mea-
sures for Quercus (r = 0.07, n = 36, P = 0.22), Carya
(r =0.07, n = 31, P = 0.12), or Sassafras (r = 0.10,
n = 36, P = 0.51). Sassafras population genotypes
exhibited a trend towards spatial autocorrelation (r =
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0.12, n = 36, P = 0.06), but Quercus (r = —0.09, n
= 36, P = 0.19) and Carya (r = —0.06, n = 31, P =
0.22) were not spatially autocorrelated.

DiscuUsSION

Our results demonstrate significant genetic variation
in association with environmental heterogeneity for all
three species. The observed genetic heterogeneity oc-
curred in spite of supposedly extensive gene flow that
should have homogenized the populations. Based on
the genetic structure estimates for wind-pollinated spe-
cies (Loveless and Hamrick 1984), we expect the wind-
pollination systems of Carya and Quercus to promote
extensive gene flow. In fact, with F statistic analyses,
we find that the estimates of Fg; are sufficiently small
to conclude that historical gene flow in the wind-pol-
linated species has been extensive (Fgr = 0.034, 0.009,
and 0.139 for Carya, Quercus, and Sassafras, respec-
tively; Sork et al., in press; A. L. Koop and V. L. Sork,
unpublished manuscript). However, the association
with environmental heterogeneity implies that this gene
flow has not been sufficient to prevent the occurrence
of differentiation among populations.

Many biologists would propose that natural selection
is the most likely evolutionary process responsible for
genetic heterogeneity (Antonovics and Bradshaw 1970,
Linhart and Grant 1996, Mitton 1997). The genetic
mosaic observed in this heterogeneous Ozark land-
scape is consistent with a local selection hypothesis.
While we recognize that correlation does not demon-
strate cause and effect (Linhart and Grant 1996), iden-
tifying a pattern is the first step in demonstrating the
role of natural selection (Endler 1986). In our study,
Carya, Quercus, and Sassafras each exhibited an as-
sociation with a different set of forest-structure com-
ponents. Quercus and Carya genotypes varied with
large tree density or total basal area, respectively (Table
2, Fig. 2). Populations of Quercus in stands with many
large trees may have been established earlier than those
with lower densities of large trees. Older sites may
include less shade for a longer period of time, which,
in turn, may favor different genotypes. Similarly, Car-
ya genotypes may vary with successional status or local
habitat characteristics associated with basal area. Sas-
safras populations are known to be among the first
species to invade an abandoned agricultural land, which
may be related to our finding that Sassafras multivar-
iate genotypes varied mostly with canopy cover. It is
not surprising to find species-specific responses to eco-
logical factors, yet we cannot determine whether these
forest-structure variables are responsible for genotypic
differentiation, or that they are correlated with envi-
ronmental factors, such as microclimate, successional
status, or disturbance history, that influence the study
species.

The patterns that we observed indicate that popu-
lations found in local habitat patches with different
forest structure characteristics also differ in combina-
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tions of multivariate genotypes. Although our multi-
variate analyses produce gradients of genotypic and
environmental scores, the populations along these gra-
dients are not contiguous. In fact, we do not find any
spatial autocorrelation in our genetic or environmental
axes. Linhart and Grant (1996) proposed that genetic
differentiation produced by biotic agents such as par-
asites or herbivores are likely to create such a pattern.
Allard et al. (1993), who studied patterns of diploid
and tetraploid multiallelic associations in Avena hirtula
and Avena barbata in California and Spain, found a
mosaic of multivariate genotypes that mapped precisely
onto environmental patterns of moisture and temper-
ature variation. The Allard et al. study has an implied
causal mechanism for the genetic mosaic. In our case,
we are unable to identify which biotic or abiotic en-
vironmental factors are likely causal agents, but we
conclude that the forest structure variables, as bioas-
says of the environment, provide good evidence that
genetic heterogeneity is influenced by local selection
pressures.

Differential flowering times among microenviron-
ments could also cause genetic heterogeneity. Jackson
(1966) elegantly demonstrated that herbaceous plants
differ in their flowering phenology in response to local
microclimate. Overlap in flowering time is directly re-
lated to gene exchange; little overlap leads to a greater
potential for genetic differentiation among populations.
In Carya, Quercus, and Sassafras, we did not observe
the degree of temporal isolation in flowering that would
be required for genetic isolation. Furthermore, it is un-
likely that phenological differences would be sufficient
to create the observed genetic patterns for all three
species, even though differential gene exchange and
natural selection might work together to create genetic
mosaics (Linhart and Grant 1996).

We also point out that genetic drift via founder ef-
fects may contribute to genetic heterogeneity. In the
late 1880s, a large portion of Ozark forests was har-
vested extensively for timber, and then managed for
pasture through grazing and fire (Cunningham and
Hauser 1989). Since the 1920s, the Missouri Depart-
ment of Conservation has purchased large tracts of
land, suppressed fires, and managed the region for for-
est, allowing tree populations to become re-established
by stump sprouts, scattered saplings, and newly estab-
lished seedlings. Such colonization by different found-
ers could increase genetic differentiation among pop-
ulations, but it is difficult to explain how random
founder events would result in a correlation between
genetic and environmental variables. It is possible that
many of the founders of current populations were
stump sprouts from cut trees and saplings that had es-
caped removal (R. Jensen and D. Dey, personal com-
munication). If so, then these founders would actually
reflect the impact of selection on forest populations
before clear-cutting. To the extent that natural selection
has contributed to the heterogeneity that we observe,
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we cannot conclude whether it was natural selection
on the founders of current populations in predisturb-
ance forest, or natural selection on the individuals who
have established postdisturbance. Nonetheless, we con-
clude that founder effects have probably interacted syn-
ergistically with natural selection to create genetic het-
erogeneity.

We suggest that gene flow should homogenize ge-
netic variation rather than cause genetic structure, at
least in Carya and Quercus, because wind-pollinated
species are usually associated with high gene flow
(Loveless and Hamrick 1984, Hamrick et al. 1995).
However, we should point out that these forest stands
were established after the early 1900s, from trees that
were stump sprouts or escaped cutting. Thus, these tree
populations are not at genetic equilibrium and may not
have had a chance to establish a genetic structure that
reflects the outcome of all evolutionary forces. Under
these circumstances, founder effects, especially in
combination with natural selection, have tremendous
potential to influence the genetic mosaic without any
mitigating effects of extensive gene flow. Only time
will demonstrate whether selection will override gene
flow, if it is indeed extensive.

Finally, our analyses did not detect significant dif-
ferences in multivariate genotypes among soil-type/as-
pect classes in any of the three study species. Popu-
lations within each soil-type/aspect class differed sig-
nificantly, which demonstrates local genetic hetero-
geneity, but soil type and aspect alone were not the
primary factors associated with genotypic differentia-
tion. These broad, abiotic characteristics probably in-
teract with other local factors to create microenviron-
ments, which, in turn, may influence genetic compo-
sition. These findings are consistent with multivariate
analyses of genetic structure of these three species
(Koop 1996, Sork et al. 1999). They found significant
population differentiation within aspect class and site
(17-30% of total variation) but little of the total var-
iation was attributable to differences between the as-
pect classes (<3%). Thus, genotypic differentiation ap-
pears to be operating on a finer scale than soil or aspect
differences.

We conclude that natural selection, possibly inter-
acting with founder events, has influenced the popu-
lation differentiation of these three long-lived plant
species. Regardless of the evolutionary mechanisms
responsible for genetic differentiation, environmental
heterogeneity is likely to create genetic structure. Ecol-
ogists need to be aware of the extent to which plant
populations can be genetically different even for pop-
ulations within gene flow distance of each other. Just
as community ecologists recognize variation in species
composition across complex landscapes, we will ben-
efit from the notion that populations are a community
of genes with alleles that vary across heterogeneous
environments.
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