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Abstract

Pollen is the dominant vector of gamete exchange for most temperate tree species. Because
pollen movement influences the creation, maintenance and erosion of genetic structure in
adult populations, it is important to understand what factors influence the process of pollen
movement. Isolation by distance in pollen donor populations can create highly structured
pollen polls by increased sampling of local fathers. Extrinsic factors, such as the inter-
vening vegetative structure and local pollen donor densities, can also influence the genetic
composition of local pollen pools. Using paternally inherited chloroplast microsatellite
markers, we examined the structure and diversity of pollen pools in 

 

Pinus echinata

 

 Mill. in
southern Missouri, USA. Our analysis is based on a multivariate 

 

AMOVA

 

 analysis of stands
(

 

≈

 

 1 ha; six per region) nested within regions (

 

≈

 

 800 ha; four each). Significant multilocus
structure of the pollen pool within regions (

 

φ

 

SR

 

 = 0.095), but not among regions (

 

φ

 

RT

 

 = 0.010),
indicates that pollen movement is relatively restricted. Furthermore, the significant
correlation between pairwise genetic and physical distances (Mantel correlation; 

 

ρ

 

 

 

= 0.32)
provided support for the isolation by distance hypothesis. Our results indicated that
availability of pollen donors did not affect diversity of the pollen pool, measured by the
number of unique multilocus genotypes at each stand. However, pollen pool diversity was
negatively associated with vegetative structure, measured as total forest tree density. Our
findings indicated that on-going pollen movement within continuous forest is relatively
restricted as a result of both isolation by distance and vegetative structure.
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Introduction

 

Pollen, the dominant vector of gamete exchange for most
temperate tree species (Ennos 1994), determines the
distribution of genotypes within and between populations.
Restrictions in pollen movement can result in increasing
isolation by distance (IBD) among populations (e.g. Wright
1943; Malécot 1973; Turner 

 

et al

 

. 1982) with pollen pools
having increased proportions of gametes from local pollen
donors. Furthermore, extinction/recolonization events
may further promote the creation of genetic structure in
a pattern conforming to IBD (e.g. Slatkin 1977; Whitlock &
McCauley 1990). Conversely, extensive pollen move-
ment overcomes local genetic differentiation resulting in
populations that are in genetic equilibrium. Because pollen

movement influences the creation, maintenance and ero-
sion of genetic structure in adult populations, it is import-
ant to understand what factors influence the process of
pollen movement (Gregorius 1987). Only through direct
examination of the genetic structure of the pollen pool, can
we gain insight into the scale of and the factors that
influence pollen.

One factor that can modify the genetic structure of local
pollen pools is the physical structure of the surrounding
stand. Site-specific conditions such as total stand density
and/or basal area influence the movement of wind-
dispersed pollen by modifying the turbulence of the sur-
rounding air. Okubo & Levin (1989) outlined a theoretical
framework for pollen dispersal distances based upon
intervening turbulence with the prediction that increased
turbulence will significantly reduce the distance that pol-
len is dispersed. While the influence of air turbulence on
the genetic composition of the pollen pool has not been
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examined directly, it has been shown in 

 

Pinus pungens

 

 and

 

Picea sitchensis

 

 that the position of the cone along the vert-
ical axis of the tree influences the pollen allele frequencies
and outcrossing rates (Gibson & Hamrick 1991; Chaisurisri

 

et al

 

. 1994). We interpret these findings as being consistent
with the air turbulence framework provided by Okubo
& Levin (1989), wherein the physical structure of the canopy
increased air turbulence resulting in structured pollen
pools at the scale of a single tree. Furthermore, the removal
of intervening sources of turbulence may result in increased
pollen movement. For example, Young 

 

et al

 

. (1993) found
that seeds collected from fragmented patches of 

 

Acer
saccharum

 

 had higher genetic variation than did those from
sites within a continuous stand. Young 

 

et al

 

. suggested
that pollen movement is greater between fragments
because of the lack of interference caused by intervening
forest canopy. At this time, we lack empirical evidence for
the association between vegetation structure and pollen
movement in wind-pollinated trees.

A second factor that influences the genetic structure of
local pollen pools is the density of flowering conspecifics.
Higher densities of pollen donors create a more diverse
pollen pool. The influence of pollen donor densities has
repeatedly been shown to influence the outcrossing rates in
conifer species (e.g. Shea 1987; Murawski & Hamrick 1991;
Murawski 

 

et al

 

. 1994), in which low-density stands have
reduced outcrossing rates. It is suggested that in low-
density stands, each individual has a larger proportion of
their pollen in the local pollen pool, thereby increasing
the opportunity for selfing events. Conversely, in high-
density stands each individual has a smaller proportion of
their pollen in the local pollen pool resulting in increased
outcrossing.

Our central question regards the extent to which spatial
separation and local stand characteristics influence the
genetic structure and diversity of pollen pools. We invest-
igate the structure and diversity of the pollen pool by sam-
pling first-year seedlings in natural stands of shortleaf
pine, 

 

Pinus echinata

 

 Mill. using a multivariate analysis of
chloroplast microsatellite markers. 

 

P. echinata

 

 is an ideal
species to address our question because its pollen dispersal
mode is typical for many temperate tree species. Further-
more, the strictly paternal inheritance of the chloroplast
genome (e.g. Wagner 1992) provides an unambiguous rep-
resentation of the pollen donor haplotype in each seedling
assayed. Thus, the collections of seedlings provide esti-
mates of the genetic structure of the local pollen pool. In
this study, we assayed the pollen donor haplotypes to ask
two specific questions. First, are pollen pools genetically
differentiated and if so, does the pattern of differentiation
conform to the model of isolation by distance? Second,
assuming that pollen pool diversity reflects pollen move-
ment, is the diversity of sampled pollen pools influenced
by vegetative structure or pollen donor densities?

 

Materials and methods

 

Study organism and sampling

 

Shortleaf pine, 

 

Pinus echinata

 

 is widely dispersed throughout
the eastern US (Little & Critchfield 1969). Shortleaf pine
can grow in a variety of elevation and soil types that range
from dry, nutrient poor or eroded soils to moist, rich and
wet soils. The latitude in growing conditions results in a
much larger geographical distribution than other southern
pines (Wakeley 1954).

The genetic structure of 

 

P. echinata

 

 was recently surveyed
in 15 populations across much of the species’ natural range
by Raja 

 

et al

 

. (1997). Moderate levels of among population
genetic variation (

 

F

 

ST

 

 = 0.089) measured using allozymes
suggests that gene flow is extensive throughout much of
the species range (

 

Nm

 

 = 2.56). Furthermore, populations
along the western-most portion of the species’ range
(west of the Mississippi River) contained more genetic
variation than eastern populations.

Our study site is part of a larger, multidisciplinary
ecosystem-level study, the Missouri Ozark Forest Ecosys-
tem Project (MOFEP), being conducted by the Missouri
Department of Conservation (MDC; Brookshire & Shifley
1997). Shortleaf pine grows throughout the Missouri
Ozarks where it was once the dominant canopy tree
species (Guyette & Dey 1997). Within this landscape,
shortleaf pine currently ranks fourth in relative importance
behind 

 

Quercus velutina

 

, 

 

Q. coccinea

 

 and 

 

Q. alba

 

 (Brookshire

 

et al

 

. 1997). The forest structure is predominately
upland oak/hickory/pine forests (> 90%), with small
portions of lowland and wet lowland forest (Brookshire

 

et al

 

. 1997).
We sampled four regions, ranging in size from 750 ha

(region 3; Fig. 1) to 900 ha (region 1; Fig. 1). Within each
region, we randomly selected six stands (

 

≈

 

 1 ha each) from
all the sites that have shortleaf pine. At each stand, we
sampled needle tissue from 10

 

−

 

12 first-year seedlings. All
tissue was placed in drying silica gel and transported back
to the University of Missouri, St. Louis.

 

Laboratory methods

 

Total DNA was extracted from needle tissue from each
individual following the microprep variation of Doyle
& Doyle (1989) presented by Dellaporta 

 

et al

 

. (1983).
Following extraction, chloroplast microsatellite (cpSSR)
loci were surveyed following Vendramin 

 

et al

 

. (1996) and
Powell 

 

et al

 

. (1995) and all assayable loci were used for the
analysis. cpSSR primers were obtained from Research
Genetics (Huntsville, AL, USA). Loci used in this analysis
were multiplexed on a Perkin

 

−

 

Elmer thermocycler (Sigma
Products, St. Louis MO, USA) following the thermal
regime of Powell 

 

et al

 

. (1995). Haplotypes were assayed on
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a 4% MetaPhor high-density agarose (FMC Bioproducts,
Kaysville UT, USA) on a vertical gel rig (Sigma).

 

Data analysis

 

To evaluate the overall heterogeneity of the cpSSR loci
across the sampling landscape, we used a nested 

 

amova

 

with sampling sites nested within regions. The 

 

amova

 

analysis is similar in structure to the variance decomposition
proposed by Weir & Cockerham (1984). The 

 

amova

 

 analysis
does not rely upon allele frequencies for the decomposition
of genetic variance rather it uses a multilocus, pairwise
genetic distance matrix approach. Analysing all loci
simultaneously instead of averaging estimates across loci
accumulates small differences in allele state across the
loci providing a more powerful genetic discrimination
between populations (e.g. Smouse 

 

et al

 

. 1982).
The 

 

amova

 

 analysis requires multilocus genotypes to be
coded as a pairwise squared multivariate distance matrix
prior to analysis. The coding convention used follows
Smouse & Peakall (1999) in which the number of nonsimilar
alleles is the distance metric for each pair of individuals as:

(1)

where 

 

d

 

ij
2

 

 is the squared genetic distance between indi-
viduals 

 

i

 

 and 

 

j

 

. We used the multilocus 

 

amova

 

 model

because analysing loci jointly provides a more precise
estimate of population differentiation than averaging
differences across loci (Smouse 

 

et al

 

. 1982).
The overall model is a nested, random effect 

 

amova

 

(Excoffier 

 

et al

 

. 1992) in which we tested for differences
between sampling sites (nested within regions) and differ-
ences between regions. The statistic of differentiation, 

 

φ

 

, is
based upon the ratio of the appropriate variance com-
ponents for the strata being evaluated, similar to those
described in Cockerham (1969, 1973). While the 

 

φ

 

 statistic
is analogous to a multilocus, hierarchical 

 

F

 

-statistic, it is
free of the assumptions embedded in 

 

F

 

-statistic models
(see Neigel 1997 and Bossart & Prowell 1998 for review).
The strengths of this technique are that it is based upon a
multivariate distance metric and is constructed upon a
hierarchical partitioning of within vs. among variance
estimates. Significance testing is conducted by means of
permuting the individuals among the various hierarchical
levels and recalculating the null distribution of the test
statistic (Excoffier 

 

et al

 

. 1992). The observed test statistic is
then compared with the null distribution to determine
significance. In terms of a linear model, the 

 

amova

 

 analysis
can be denoted as:

 

x

 

jig

 

 = 

 

µ

 

 + 

 

γ

 

g

 

 + 

 

τ

 

ig

 

 + 

 

ε

 

jig

 

(2)

where 

 

x

 

ijg

 

 indexes the 

 

j

 

th individual, 

 

µ

 

 is the overall mean,

 

γ

 

 represents the group effect (regions in our model), 

 

τ

 

 is the
treatment effect (stands nested within regions) and 

 

ε

 

 is the
error term derived from the individuals within populations.
The genetic analyses were conducted in GeneticStudio
written by RJD (available at http://www.GeneticStudio.com).

To evaluate the sample sizes needed to test the treatment
effect (

 

τ

 

), we conducted a permutation analysis following
Chernick (1999). Multilocus genotypes were sampled 1000
times (with replacement) from the empirical data set with
increasing numbers of individuals allocated to each sam-
pling site. We started with two randomly selected indi-
viduals per stand and increased the sample size following
each set of permutations. The null distribution of the boot-
strap statistic  was estimated from the 1000 permuta-
tions. The mean and 95% confidence interval of the test
statistic  was determined for each sample size using the
percentile method after verifying that the permuted estimates
of the test statistic were 

 

≈

 

 N( , 

 

σ

 

2

 

) as defined in Efron &
Tibshirani (1986). The bias of the bootstrap estimates
(Chernick 1999) was evaluated to determine the adequacy
of the estimated null distribution, . The sample size
beyond which the mean and variance stabilize indicates
the sample sizes for each sampling site that are sufficient to
adequately describe the differentiation between pollen
pools and show the magnitude of the treatment effect.

We evaluated the power of the analysis as we genotyped
individuals. We randomly selected two individuals per

Fig. 1 Map of study area indicating the spatial arrangement of regions
1–4. Within each region, six populations were sampled (not shown).

dij
2 kl

2 k 1 if alleles are not the same=
k 0 otherwise=--------------------------------------------------------------------------------

 
 
 

l=1

n

∑=

φ̂SR

φ̂SR
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sampling site, assayed the multilocus genotypes and ana-
lysed the power of the analysis. We then randomly selected
another individual from each sampling site, assayed their
multilocus genotype and re-evaluated the power of our
analysis. This process was repeated until both the mean
and variance of the permuted null distribution were suffi-
ciently stabilized, at which time we stopped adding indi-
viduals. If the mean and variance of the null distribution
did not stabilize once we reached all the individuals
sampled, we concluded that we could not adequately
describe the among-population variation in pollen poll
diversity. However, if the both the mean and variance did
stabilize, we concluded that we had sufficient power to
describe the among-population component of genetic
variation in pollen pools (the 

 

τ

 

 term in eqn. 2).
We tested the hypothesis of isolation by distance using

the genetic distance matrix and the 

 

amova

 

 analysis. Under
the 

 

amova

 

 model, the genetic distance between two sam-
pling sites is half the among population component of
variation (

 

σ

 

2
A

 

). The association between the two squared
distance matrices (pairwise genetic distances between
stands and pairwise physical distances separating stands)
were then analysed via a Mantel test (Mantel 1967). These
pairwise genetic distances are presented as a function of
the log

 

5

 

 of the physical separation (in km) to visually
partition the data into spatial scales approximating the
within region (log

 

5

 

 

 

≤

 

 1.0) and between regions (log

 

5

 

 > 1.0)
components.

To assess the interaction of vegetative structure and
pollen donor density on haplotypic diversity, we used
stepwise regression (Draper & Smith 1981). The surrogate
measure of vegetative structure was estimated as total
stand density (

 

≤

 

 10 cm dbh and > 10 cm dbh) as well as total
basal area (m/ha). For each stand, we estimated density
of pollen donors as number of conspecifics 

 

≥

 

 10 cm dbh/ha.
These data were collected and provided by MDC (Brookshire

 

et al

 

. 1997). The haplotypic diversity at each sampling site
was determined by tallying the number of unique multi-
locus haplotypes. Significant regressions on any of the local
stand variables would suggest that pollen pool diversity is
influenced by local site-specific factors.

 

Results

 

Spatial heterogeneity

 

Ten cpSSR primer pairs were assayed, nine of which
produced product. However, reliable scoring of dinucleotide
repeat differences was difficult when the total fragment
size was below 

 

≈

 

 100 bp on MetaPhor agarose. Consequently,
for this analysis three cpSSR loci (with three to four alleles)
were used (Table 1): 

 

pt100783

 

, 

 

pt30204

 

 and 

 

pt100517

 

.
Permutations of the empirical data revealed that the sample

sizes required to describe the degree of differentiation

between stands were surprisingly small. The mean 
is relatively flat throughout the entire range of sample sizes
(Fig. 2). More importantly, the 95% confidence interval on
the mean were asymptotic beyond approximately five
individuals per sampling site. We therefore concluded that
seven individuals per sampling site would be adequate in
describing the among-population variation in pollen pools
and did not assay additional individuals. The bias of the
bootstrap estimates (Chernick 1999) were sufficient small
(range: 0.0006–0.0018) to suggest adequate estimates of the
null distribution, .

Analysis of molecular variance (

 

amova

 

) revealed sig-
nificant structure within the sampled pollen pools across

φ̂SR

Table 1 Allele frequencies, by region, for three chloroplast
microsatellite loci in Pinus echinata

Allele

Locus Region 1 2 3 4

Pt 100783 1 0.31 0.30 0.39
2 0.06 0.53 0.41
3 0.58 0.29 0.13
4 0.37 0.26 0.37

Pt 30204 1 0.91 0.09
2 0.72 0.28
3 0.59 0.26 0.15
4 0.71 0.29

Pt 100517 1 0.54 0.46
2 0.62 0.38
3 0.51 0.43 0.06
4 0.35 0.29 0.27 0.09

Fig. 2 Permutation analysis of the degree of differentiation  as
a function of individual site sample size. The mean and 95%
confidence intervals are based upon 1000 permutations of the
original data.

φ̂SR

φ̂SR
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the range of sampling sites (Table 2). Nested within a
region, sampling sites were significantly differentiated
(

 

φ

 

SR

 

 = 0.095; 

 

P 

 

< 0.01). Regions were not significantly differ-
entiated (

 

φ

 

RT

 

 = 0.010; 

 

P 

 

> 0.05). Variance decomposition
showed that the majority of the variation was contained
among sites nested within regions (10%) and within
sampling sites (89%) with little attributable to among
regions.

 

Isolation by distance

 

The overall correlation between the physical and genetic
distance matrices was 

 

ρ

 

 = 0.32 and significant at 

 

P 

 

< 0.001
(Mantel; 1000 permutations). A scatter plot of pairwise
genetic and physical distance illustrates the increase in
genetic distance between populations at increasing
physical distances (Fig. 3). Isolation by distance within
sampling regions, as indicated by pairwise contrasts
< log

 

5

 

 = 1 (Fig. 3), was also significant (

 

ρ

 

 = 0.22; Mantel;

 

P 

 

< 0.001; 1000 permutations).

 

Pollen pool diversity

 

The number of unique multilocus haplotypes in each stand
ranged from three to seven (mean five; mode four). We
found evidence that vegetative structure influences pollen
pool diversity. Total density of all individuals (> 10 cm dbh;
range 163–547 trees per ha) was significant when regressed
upon the number of unique multilocus haplotypes
(df = 1,24; 

 

F 

 

= 7.001; 

 

P 

 

= 0.014; 

 

R

 

2

 

 = 0.241). The negative
slope showed increases in total stand density associated
with a concomitant reduction in the number of unique multi-
locus genotypes (Fig. 4). In contrast, total stand density
(< 10 cm dbh) was not significant when regressed on
haplotypic diversity. Both total basal area and pollen donor
densities were not significant when regressed on the
number of unique multilocus genotypes.

 

Discussion

 

Hierarchical analysis of pollen pool variability in 

 

Pinus
echinata

 

 shows substantial variation among sampling sites
on a relatively small spatial scale. The magnitude of this
differentiation, 

 

φ

 

SR

 

 = 0.095, indicates that pollen dispersal
within a single reproductive bout is not homogenizing
spatially separated pollen pools. If pollen dispersal were as
extensive as suggested Raja 

 

et al

 

. (1997; 

 

Nm = 

 

2.56) for

 

P. echinata

 

 sampled from a much larger spatial scales, we
would not have found such high local differentiation.
Furthermore, because our markers are inherited exclusively
through the pollen, factors such as maternal effects or
selection on nuclear loci do not influence our estimates of
pollen pool structure.

Table 2 amova table for the evaluation of genetic differences
between sampling sites and regions. Significance was tested by
permuting the appropriate hierarchical level and recomputing the
test statistic 1000 times

Source df φ P

Regions 3 0.010 NS
Sites 20 0.095 < 0.01
Error 145

Fig. 3 Scatter plots of genetic distance as
a function of the log (base 5) of physical
separation (km) between sampling sites.
Overall correlation for all pairwise contrasts
is significant (Mantel test; ρ = 0.32; P < 0.001;
1000 permutations).
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The amount of pollen pool structure observed is similar
to that reported for Pinus resinosa (GST = 0.121) by Echt et al.
(1998), who also used cpSSR markers. They reported a
higher level of differentiation sampled from a much larger
spatial scale. However, because Echt et al. (1998) did not
sample at local spatial scales comparable with ours, it is
impossible to determine whether the genetic structure they
observed was due to pollen movement on a local scale such
as ours or on a larger scale. Results of a previous analysis
of population structure in P. echinata by Raja et al. (1997)
suggested that gene flow should be relatively extensive
throughout much of this species range. Our findings do not
support this interpretation, and instead suggest that con-
temporary pollen movement is relatively restricted.

Genetic differentiation is proportional to physical dis-
tance supporting the hypothesis of isolation by distance in
pollen pools (ρ = 0.32; P < 0.001; Fig. 3). The pattern of
isolation by distance (IBD; Fig. 3) can be partitioned into
within region and among region components, both of which
are significant (see Fig. 3 and above). The within-region IBD
most likely reflect the patterns of current pollen movement
during a single reproductive event. However, the between-
region components are most likely a mixture of historical
genetic differentiation in the adult pollen donor populations
as well as current pollen movement. We do not suggest that
the lack of regional differences in pollen pool composition
preclude occasional long-distance pollen dispersal events,
rather the impact of long-distance dispersal on pollen pool
structure is relatively insignificant when compared with
that of localized (within region) pollen movement.

Genetic dissimilarity, under the model of isolation by
distance, is asymptotic (e.g. Epperson 1995a,b; Epperson &
Li 1996) because there is a maximum degree of differenti-
ation possible given any set of populations. Therefore, if

sampling is conducted at distances beyond the asymptote,
as may have been the case when Raja et al. (1997) previ-
ously studied the genetic structure of P. echinata, no isola-
tion by distance will be detected. We conclude that
isolation by distance is prevalent within our sampling scale
and contributes to our highly structure pollen pools.

Local vegetative structure influences the genetic diver-
sity of sampled pollen pools. Total stand density may have
affected dispersing pollen by creating a more turbulent
dispersal environment. Under the assumption that local
stand density is an adequate surrogate for air turbulence,
our results support the theoretical framework provided by
Okubo & Levin (1989) describing the inverse relationship
between turbulence and pollen dispersal distances. While
the effects of vegetative structure on pollen pool diversity
have been examined at the individual tree level (e.g.
Gibson & Hamrick 1991; Chaisurisri et al. 1994), our study
is unique in demonstrating that vegetative structure,
including nonspecific species, may influence the lateral
movement of pollen in closed canopy forests. Our data
imply that dense vegetative structure impedes the move-
ment of pollen into the stand. Therefore, trees within
continuous forests may have alternate pollen dispersal
distances depending upon differences in intervening
vegetative structure. Inclusion of ecological variables, such
as vegetative structure, may provide additional insights
into pollen movement dynamics.

In this study, we did not find that the density of local pol-
len donors has an impact on pollen pool structure in this
system. An increase in the number of local pollen donors is
predicted to increase both pollen pool structure and diver-
sity because high-density stands contain gametes from
more potential donors (Mitton 1992). While density effects
on pollen pool structure have often been shown (e.g. Farris

Fig. 4 Number of multilocus haplotypes as
a function of total stand density (trees
> 11 cm dbh/ha). The dashed line is the
predicted value from the regression
equation (F = 7.001; P = 0.015; R2 = 0.241).
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& Mitton 1984; Knowles et al. 1987; Shea 1987), significant
relationships are not found consistently (e.g. El-Kassaby &
Jaquish 1996). In our analysis, there was a positive, albeit
nonsignificant, relationship between pollen donor density
and pollen pool diversity, which indicates that the effect
was weak if it was present at all.

Finally, we would like to comment on the benefits of
evaluating the sample sizes required to describe genetic
structure. Most population genetic statistics are tested by
means of permutation of the empirical data set (e.g. Weir &
Cockerham 1984; Excoffier et al. 1992) thereby preventing
the use of typical parametric power tests. By evaluating
the sample sizes using methods common to quantitative
genetics, we were able to determine the sample sizes suffi-
cient to describe the genetic structure of spatially separated
pollen pools. In our results, the significance test conducted
in the amova analysis showed that test statistic, φSR
describing the distribution of multilocus genotypes
nested within regions, is significantly large given the per-
muted null distribution provided by the amova analysis
(Excoffier et al. 1992). The addition of the permutation test
on increasing sample sizes clearly shows the asymptotic
behaviour of both the mean and 95% confidence interval
of the permuted test statistic, . We conclude that the
treatment effect (i.e. the spatial partitioning of multilocus
genotypes) is sufficiently large that a sample size of seven
individuals per site adequately describes the genetic
differentiation.

We recommend that sample sizes should be evaluated in
every study for two reasons. First, if the sample sizes col-
lected do not stabilize the mean and variance of the test
statistic, then the results must be interpreted with caution.
However, if a subset of individuals sufficiently describe the
genetic structure (Fig. 2) then the addition of individuals
provides little additional information on the degree of
genetic differentiation. In this latter case, the resources may
better be served by increasing the replication across popu-
lations rather than increasing the point estimates within
populations. Clearly, the sample sizes for any study
depend upon the degree of differentiation among popula-
tions, the genetic variation present in the study organism,
and the test statistic being used.

In conclusion, both IBD and vegetative structure within
stands contributed to highly structured pollen pools in
P. echinata in Missouri Ozark forests. Across generations,
these factors may be responsible for genetic structuring of
the adult populations. To effectively use genetic structure
information for studies of pollen movement, one must
sample on spatial scales that are sufficiently small to detect
current patterns of dispersal. Moreover, to understand
external factors that influence pollen movement, studies
should incorporate ecological variables, such as vegetative
structure and pollen donor availability, that are appropri-
ate to the dispersal vector.

Acknowledgements

We are grateful for support from the University of Missouri
Research Board and the Missouri Department of Conservation
through the Missouri Ozark Forest Ecosystem Project. VLS was
supported in part by a sabbatical fellowship at National Center for
Ecological Analysis and Synthesis at the University of California-
Santa Barbara, a Center funded by NSF grant DEB-92-21535, the
University of California at Santa Barbara, and the State of California.
We thank Bob Westfall and Peter Smouse as well as the anonymous
reviewers for discussion of ideas presented here. We wish to also
thank V. Apsit, K. Bailey, J. Fernandez, S. Hubbard and J. Wall and
the anonymous reviewers for comments on this manuscript.

References

Bossart JL, Prowell DP (1998) Genetic estimates of population
structure and gene flow: limitations, lessons and new directions.
Trends in Ecology and Evolution, 13, 202–206.

Brookshire BL, Jansen R, Dey DC (1997) The Missouri Ozark
Forest Ecosystem Project: past, present, and future. In: Proceedings
of the Missouri Ozark Forest Ecosystem Project Symposium: An
Experimental Approach to Landscape Research (eds Brookshire BL,
Shifley SR), pp. 1–25. North Central Forest Experimental
Station, Forest Service, General Technical Report NC193. USDA,
St. Paul, MO.

Brookshire BL, Shifley SR, eds (1997) Proceedings of the Missouri Ozark
Forest Ecosystem Project Symposium: An Experimental Approach to
Landscape Research. North Central Forest Experimental Station,
Forest Service, General Technical Report NC193. USDA, St.
Paul, MO.

Chaisurisri K, Mitton JB, Kassaby YAE (1994) Variation in the
mating system of Sitka spruce (Picea sitchensis): evidence for partial
assortative mating. American Journal of Botany, 81, 1410–1415.

Chernick MR (1999) Bootstrap Methods: A Practitioner’s Guide.
Wiley, New York.

Cockerham CC (1969) Variance of gene frequencies. Evolution, 23,
72–84.

Cockerham CC (1973) Analyses of gene frequencies. Genetics, 74,
679–700.

Dellaporta SL, Wood J, Hicks JB (1983) A plant DNA miniprepara-
tion, version 2. Plant Molecular Biology Reporter, 1, 19–22.

Doyle JJ, Doyle JL (1989) Isolation of plant DNA from fresh tissue.
Focus, 12, 13–15.

Draper NR, Smith H (1981) Applied Regression Analysis. Wiley,
New York.

Echt CS, Deverno LL, Anzidei M, Vendramin GG (1998) Chloro-
plast microsatellites reveal population genetic diversity in red
pine, Pinus resinosa Ait. Molecular Ecology, 7, 307–316.

Efron B, Tibshirani R (1986) Bootstrap methods for standard
errors: confidence intervals and other measures of statistical
accuracy. Statistical Science, 1, 54–77.

El-Kassaby YA, Jaquish B (1996) Population density and mating
pattern in western larch. Journal of Heredity, 87, 438–443.

Ennos RA (1994) Estimating the relative rates of pollen and seed
migration among plant populations. Heredity, 72, 250–259.

Epperson BK (1995a) Fine-scale spatial structure: correlations
for individual genotypes differ from those for local gene
frequencies. Evolution, 49, 1022–1026.

Epperson BK (1995b) Spatial distributions of genotypes under
isolation by distance. Genetics, 140, 1431–1440.

φ̂SR

MEC1251.fm  Page 865  Thursday, March 22, 2001  10:43 AM



866 R.  J .  D Y E R  and V.  L .  S O R K

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 859–866

Epperson BK, Li T (1996) Measurement of genetic structure within
populations using Moran’s spatial autocorrelation statistics.
Proceedings of the National Academy of Science of the USA, 93,
10528–10532.

Excoffier L, Smouse PE, Quattro JM (1992) Analysis of molecular
variance inferred from metric distances among DNA haplotypes:
application to human mitochondrial DNA restriction data.
Genetics, 131, 479–491.

Farris MA, Mitton JB (1984) Population density, outcrossing rate,
and heterozygote superiority in ponderosa pine. Evolution, 38,
1151–1154.

Gibson JP, Hamrick JL (1991) Heterogeneity in pollen allele fre-
quencies among cones, whorls, and trees of Table Mountain
pine, Pinus pungens. American Journal of Botany, 78, 1244–1251.

Gregorius HR (1987) Measurement of genetic differentiation in
plant populations. New Forests, 6, 276–285.

Guyette RP, Dey DC (1997) Historic shortleaf pine (Pinus echinata
Mill.) abundance and fire frequency in a mixed oak−pine forest
(MOFEP, Site 8). In: Proceedings of the Missouri Ozark Forest Eco-
system Project Symposium: An Experimental Approach to Landscape
Research (eds Brookshire BL, Shifley SR), pp. 136–149. North
Central Forest Experimental Station, Forest Service, General
Technical Report NC193. USDA, St. Paul, MO.

Knowles P, Furnier GR, Aleksiuk MA, Perry DJ (1987) Significant
levels of self-fertilization in natural populations of tamarack.
Canadian Journal of Botany, 65, 1087–1091.

Little EL Jr, Critchfield WB (1969) Subdivision of the genus Pinus
(pines). USDA Miscellaneous Publication, 1144, 1–51.

Malécot G (1973) Isolation by distance. In: Genetic Structure of
Populations (ed. Morton NE), pp. 72–75. University of Hawaii
Press, Honolulu.

Mantel NA (1967) The detection of disease clustering and a gener-
alized regression approach. Cancer Research, 27, 209–220.

Mitton JB (1992) The dynamic mating systems of conifers. New
Forests, 6, 197–216.

Murawski DA, Gunatilleke IAU, Bawa KS (1994) The effects of
selective logging on inbreeding in Shorea megistophylla (Diptero-
carpaceae) from Sri Lanka. Conservation Biology, 8, 997–1002.

Murawski DA, Hamrick JL (1991) The effect of the density of
flowering individuals on the mating systems of nine tropical
tree species. Heredity, 67, 167–174.

Neigel J (1997) A comparison of alternative strategies for estimating
gene flow from genetic markers. Annual Review of Ecology and
Systematics, 28, 105–128.

Okubo A, Levin SA (1989) A theoretical framework for data analysis
of wind dispersal of seed and pollen. Ecology, 70, 329–338.

Powell W, Morgante M, Andre C et al. (1995) Hypervariable micro-
satellites provide a general source of polymorphic DNA markers
for chloroplast genome. Current Biology, 5, 1023–1029.

Raja RG, Tauer CG, Witwer RF, Huang Y (1997) Isoenzyme
variation and genetic structure in natural populations of
shortleaf pine (Pinus echinata). Canadian Journal of Forest Research,
27, 740–749.

Shea KL (1987) Effects of population structure and cone produc-
tion on outcrossing rates in Englemann spruce and subalpine fir.
Evolution, 41, 124–136.

Slatkin M (1977) Gene flow and genetic drift in a species subject
to frequent local extinction. Theoretical Population Biology, 12,
253–262.

Smouse PE, Peakall R (1999) Spatial autocorrelation analysis of
individual multiallele and multilocus genetic structure. Heredity,
82, 561–573.

Smouse PE, Spielman RS, Park MH (1982) Multiple-locus allocation
of individuals to groups as a function of the genetic variation
within and differences among human populations. American
Naturalist, 119, 445–463.

Turner MC, Stephens JC, Anderson WW (1982) Homozygosity
and patch structure in plant populations as a result of nearest-
neighbor pollination. Proceedings of the National Academy of
Sciences of the USA, 79, 203–207.

Vendramin G, Lelli L, Rossi P, Morgante M (1996) A set of primers
for the amplification of 20 chloroplast microsatellites in Pinaceae.
Molecular Ecology, 5, 595–598.

Wagner DB (1992) Nuclear, chloroplast and mitochondrial DNA
polymorphisms as biochemical markers in population genetic
analyses of forest trees. New Forests, 6, 373–390.

Wakeley PC (1954) Planting the Southern Pines. Forest Service,
USDA, Washington, DC.

Weir BS, Cockerham CC (1984) Estimating F-statistics for the
analysis of population structure. Evolution, 38, 1358–1370.

Whitlock MC, McCauley DE (1990) Some population genetic
consequences of colony formation and extinction: genetic
correlations within founding groups. Evolution, 44, 1717–1724.

Wright S (1943) Isolation by distance. Genetics, 28, 114–138.
Young AG, Merriam HG, Warwick SI (1993) The effects of forest

fragmentation on genetic variation in Acer saccharum Marsh (sugar
maple) populations. Heredity, 71, 277–289.

This study is a pilot study for R. Dyer’s doctoral thesis and
contributes to V. Sork’s research programme on contemporary
genetic structure of tree populations in the Missouri Ozark Forest
Ecosystem Project, a multi-investigator study administered and
funded by the Missouri Department of Conservation. R. Dyer
and V. Sork study population genetic and ecological interactions
on a contemporary time scale to understand evolutionary and
conservation genetic processes in tree populations.

MEC1251.fm  Page 866  Thursday, March 22, 2001  10:43 AM


