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Abstract

We evaluated the population genetic structure of seven microsatellite loci for old growth
and second growth populations of eastern white pine (Pinus strobus). From each popu-
lation, located within Hartwick Pines State Park, Grayling, Michigan, USA, 120–122 con-
tiguous trees were sampled for genetic analysis. Within each population, genetic diversity
was high and inbreeding low. When comparing these populations, there is a significant,
but small (less than 1%), genetic divergence between populations. Spatial distance between
populations or timber harvest at the second growth site were reasonable explanations for
the observed minor differences in allele frequencies between populations. Spatial auto-
correlation analysis suggested that, for the old growth population, weak positive structuring
at 15 m fits the isolation by distance model for a neighbourhood size of about 100 individuals.
In comparison, genotypes were randomly distributed in the second growth population.
Thus, logging may have decreased spatial structuring at the second growth site, suggesting
that management practices may be used to alter natural spatial patterns. In addition, the
amount of autocorrelation in the old growth population appears to be lower for some of the
microsatellites, suggesting higher numbers of rare alleles and that higher mutation rates
may have directly affected spatial statistics by reducing structure.
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genetics, spatial autocorrelation.

Received 1 April 2004; revision received 3 August 2004; accepted 3 August 2004

Introduction

Eastern white pine (Pinus strobus) is a widespread tree
species in the north-eastern USA and Canada, having both
historical and economic value. Despite its importance, little
is known about the mating system of white pine, its spatial
genetic structure (the degree of relatedness between
individuals separated by distance) and how its genetic
diversity is affected by changes in the forest ecosystem.
For example, it is largely unknown how management
treatments alter the population level spatial patterns of
genes, which in turn, influence other aspects of population
genetic structure, such as inbreeding.

Generally, conifers have a high genetic load (reviewed
by Ledig 1998) and can suffer from strong inbreeding

depression, resulting in lower survival and slower growth
( Johnson 1945; Fowler 1965; Wu et al. 1998). However,
inbreeding is typically low in pine if the populations are
not isolated. For example, inbreeding is close to zero for
eastern Mediterranean pine (Pinus brutia; Panetsos et al.
1998), lodgepole pine (Pinus contorta; Epperson & Allard
1984), and eastern white pine (Beaulieu & Simon 1995;
Epperson & Chung 2001). Although spatial genetic struc-
ture is expected to be weak in continuous populations
such as white pine, it can be the most important factor con-
trolling levels of inbreeding. For example, El-Kassaby
et al. (1993) reported a mean outcrossing rate (single locus)
of 94% for western white pine (Pinus monticola), indicating
possible spatial family structure.

Few studies examine the spatial genetic structure within
populations of tree species of temperate forests, which can
be influenced greatly by seed dispersal and mating system
(Wright 1943, 1946). Species in which seed dispersal is
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limited often form family groups. A typical tree species
with low seed dispersal is oak (Quercus), in which seeds are
primarily dispersed by gravity. Berg & Hamrick (1995)
reported individuals in a turkey oak (Quercus laevis)
population as more strongly related at 10 m or less, than at
greater distances, most likely owing to limited acorn
dispersal. In another example, low, but significant spatial
genetic structure at shorter distances is shown in white oak
(Quercus petraea and Quercus robur; Streiff et al. 1998, 1999).
By comparison, conifer seed is winged and more widely
dispersed by wind. Spatial genetic structure would be
expected to be weaker in conifers because the higher gene
flow of winged seed could disrupt the building of family
structure. For example, the absence of family structure in
the presence of high gene flow is suggested by near ran-
domly distributed genotypes of lodgepole pine (Epperson
& Allard 1989) and old-growth black spruce (Picea mariana;
Knowles 1991). Nonetheless, structuring of conifer geno-
types and inbreeding can still occur over time because of
limited seed dispersal and mating between relatives, as
shown by Epperson & Chung (2001) who provide evidence
for weak correlations of alleles at 15 m in old-growth and
seedling white pine populations.

Eastern white pine is quite genetically diverse among
individual trees and across its geographical range. High
heterozygosity is found for allozyme loci (Beaulieu &
Simon 1994; Buchert et al. 1997; Rajora et al. 1998; Epperson
& Chung 2001) and for DNA loci (Echt et al. 1996; Rajora
et al. 2000). Few studies examine how changes in the forest
ecosystem affect white pine genetic diversity. In one pair
of studies, the genetic effects of harvesting were evaluated
for two old-growth white pine populations in Ontario,
Canada. Changes in genetic diversity were measured using
microsatellite markers (Rajora et al. 2000) and allozyme
markers (Buchert et al. 1997). For both studies, allele rich-
ness was affected negatively by harvesting, with a 26%
decrease in allele richness from preharvest levels, but
expected heterozygosity (HE) showed less than a 3% reduc-
tion. Changes in diversity between harvested parental
populations and naturally regenerating progeny, have not
been studied in white pine.

This report is the first microsatellite study quantifying
spatial genetic structure within mature populations of
eastern white pine. Our objective was to learn more about
the mating system of white pine, its spatial structure, and
how white pine genetic diversity is affected by changes in
the ecosystem. We used Moran’s I-coefficient (Moran 1950)
to estimate Wright’s neighbourhood size (Wright 1943;
Epperson et al. 1999) for evaluating inbreeding of natural
populations of white pine and for estimating dispersal
distance (Epperson & Chung 2001). In support of our
hypothesis that spatial structure would be weak in both
populations, but different, spatial autocorrelation analysis
shows an absence of patch structure in the second growth

population, possibly owing to logging. In comparison, the
old growth population shows weak family structure fitting
the isolation by distance model predicted by wind dispersal
of pollen and seed in a continuous population. By evalu-
ating the spatial genetic structure with equivalent analyses
of allozymes and different classes of microsatellites, we
demonstrate that marker choice can significantly affect
both the magnitude of the structure measured, as well as
the indirect measure of dispersal distance.

Materials and methods

Study sites

In 1998, we selected two mature populations of eastern
white pine for genetic analysis from Hartwick Pines State
Park, Crawford County, Michigan (44°39′ N/84°42′ N)
(Epperson & Chung 2001; Marquardt 2002). Old growth
(sensu Hunter & White 1997) and second growth popu-
lations were evaluated. Hartwick Pines includes 16 ha of
virgin old growth established c. 250 years ago following a
wind disturbance (Wackerman 1924). Dominant trees were
primarily white pine with some red pine (Pinus resinosa).
Sampled trees at the old growth site had a mean diameter
at breast height and standard deviation of 62 cm ± 12 cm
(from 33 to 99 cm). No successful pine regeneration was
present in the understory. The 6 ha second-growth popu-
lation regenerated naturally after logging c. 100 years ago
and is located 2 km east of the old growth population.
Eastern white pine was the dominant species with red pine
also present in the upper canopy. We sampled trees larger
than 20 cm in diameter at breast height. This approach
allowed us to sample contiguous adult trees on the same
scale (i.e. size of area sampled and density) as the old
growth site, while avoiding smaller trees not contributing
pollen and seed. Mean diameter at breast height of the
trees sampled at the second growth population was 48 ±
18 cm (from 22 to 94 cm). Sampled areas are c. 1.2 ha for
the old-growth site (100 × 120 m) and second-growth site
(110 × 110 m), with densities of 100 adult trees/ha for both
populations.

Sampling and marker analysis

We chose sample size and porosity (i.e. proportion of
individuals sampled) to optimize statistical analyses of fine-
scale spatial structure for a wind-pollinated species with
limited seed dispersal (Epperson et al. 1999). Needle and
bud tissues were collected using a high powered rifle or
pole pruners during late August to November, 1998, from
contiguous adult trees, 122 old-growth and 120 second-
growth white pine trees, for a total of 242 individuals sampled.
Each sampled tree was mapped, and x and y coordinates
were used when quantifying spatial structure. Live tissue
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was transported on ice to the laboratory at Michigan State
University, and stored at −20 °C until DNA extraction.

Genomic DNA was purified from either 20–40 mg
bud tissue or 70 mg needle tissue, with Qiagen Plant
DNeasy isolation kits (Qiagen Inc., Valencia, CA, USA).
Yields ranged from 20 to 160 µg DNA; stocks were diluted
to 2.5 ng/µL in T10E1 (10 mm Tris-Cl pH 8.0, 1 mm ethylen-
ediaminetetraacetic acid (EDTA)) for amplification by the
polymerase chain reaction. We surveyed genomic simple
sequence repeat variation with seven-microsatellite mark-
ers (Rps1b, Rps2, Rps6, Rps39, Rps50, Rps84 and Rps127;
Echt et al. 1996). The amplification reaction for each primer
pair was conducted separately. Reaction mixtures con-
tained 2 ng/µL DNA template in 10 µL of reaction buffer.
The reaction buffer consisted of 20 mm Tris-Cl pH 8.75,
10 mm (NH4)2SO4, 10 mm KCL, 2 mm MgSO4, 0.1% Triton
X-100, 100 µg/mL bovine serum albumin (BSA), 6% sucrose,
0.1 mm cresol red (Routman & Cheverud 1994), 200 µm
each dNTP, 200–800 nm each primer, and 0.025 U/µL
AmpliTaq Gold DNA Polymerase (PE Biosystems, Foster
City, CA, USA). The final Mg concentration was adjusted
to 4.5 mm with 25 mm MgCl2. A touchdown amplification
protocol (Echt et al. 1999) with a modified target annealing
temperature of 55 °C was performed using PTC-100 or
PTC-200 thermocyclers (MJ Research Inc., Watertown,
MA, USA). Other minor adjustments to the protocol are
detailed in Marquardt (2002). Amplified products were
diluted in deionized water, and two to three loci were
pooled for multiplexing on polyacrylamide gels. Ampli-
fied fragments were resolved using standard denaturing
sequencing gels (Burst-Pac 6% sequencing gel; Owl Scien-
tific, Portsmouth, NH, USA), which consisted of 6%
acrylamide/bis-acrylamide (19 : 1), 8.3 m urea, and 1X TBE
(89 mm Tris, 89 mm Borate, 2 mm EDTA). Resolved frag-
ments were sized by genescan analysis software (PE
Applied Biosystems 1996); CXR fluorescent ladder (Promega
Corp., Madison, WI, USA) was used as the internal size
standard. In addition, 13% of the total single-locus geno-
typic scores were designated for random re-testing, and
there were zero errors of genotyping. Polymerase chain
reactions and gel electrophoresis were conducted at the
USDA Forest Service, Forestry Sciences Laboratory, Rhine-
lander, WI, USA.

Statistical analyses

Each population was considered separately for most
statistical analyses. popgene software, version 1.31 (Yeh
et al. 1997) was used to calculate diversity measures, fixa-
tion indices, and population divergence (FST). In addition,
population divergence (θ) was measured using gda
software version 1.1 (Lewis & Zaykin 2001). The spatial
structure indices were computed by the SAAP — Spatial
Autocorrelation Analysis Program (Wartenberg 1989).

Genetic diversity and population genetic structure

Six indices were used to measure genetic diversity:
observed number of alleles per locus, allele richness (per-
locus mean number of alleles), allele frequency (xi), Nei’s
(1973) genetic diversity or expected heterozygosity (HE),
observed heterozygosity, and the effective number of
alleles per locus (ne; Kimura & Crow 1964). Excesses or
deficits in genetic diversity were measured for each locus
by Wright’s (1921, 1922) fixation index (F ). These indices
were tested for significant differences from zero or Hardy–
Weinberg equilibrium by a χ2 statistic (Li & Horvitz 1953).
Relative divergence of the two populations was measured
by Wright’s FST statistic (Wright 1943, 1951, 1965). At each
locus, a χ2 test determined if there were significant differ-
ences in allele frequencies between populations (Workman
& Niswander 1970). In addition, divergence was measured
by Weir’s θ (Weir & Cockerham 1984; Weir 1996). Boot-
strapping over loci provided confidence intervals for θ.

Spatial genetic structure

Spatial autocorrelation was measured by calculating
Moran’s I-statistic (Sokal & Oden 1978; Cliff & Ord 1981)
separately for each allele. Individual genotypes were first
converted to allele frequencies (Dewey & Heywood 1988)
where 1.0 was assigned to homozygotes for the allele,
0.5 to heterozygotes for the allele and 0.0 to all other
genotypes. We measured the Euclidean distance between
trees, assigning all pairs or joins of individuals to one of 10
mutually exclusive distance classes. The upper bound of
the first distance class was set at 15 m, with upper bounds
increased by 10 m for each successive class. Spacing set
equal to the inverse of density (Epperson 1990) can be used
to estimate the typical distance between nearest-neighbour
individuals. To ensure that most pairs of nearest neighbours
were included in the particularly important first distance
class, we set its upper bound equal to approximately 1.5
times the square root of the inverse of the sample density
(Epperson & Chung 2001). The bounds for each of the nine
remaining distance classes were chosen so that each included
c. 10% of the total joins because this tends to make statistical
power similar for different distance classes (Epperson 1990).
The set of I-values for the 10 distance classes is a correlogram,
and correlograms were calculated for each allele.

After omitting individuals with missing genotypes, Moran’s
I indices were calculated for each allele in each distance
class. For each I-value, a standard normal deviate determined
if the study population differed significantly from the expected
value of I = −1/n − 1 under the null hypothesis of no spatial
structure (Cliff & Ord 1981), where n is the number of geno-
types remaining in the sample. Bonferroni’s approximation
was applied to the correlogram for an allele to adjust the
experiment-wise error rate (Sakai & Oden 1983). Alleles
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present in less than five copies were excluded from further
analysis because these contain insufficient information for
spatial analyses. Also excluded were correlograms for the
second allele of a biallelic locus because it contributes redund-
ant information. The remaining I-correlograms were aver-
aged over all alleles for each locus separately, and further
averaged over all loci. Such averages are similar but not
necessarily identical to related measures such as the multivari-
ate approach by Smouse & Peakall (1999; Epperson 2004).

There are correlations between distance classes for the
same allele, which may be strong and dependent on the
spatial distribution itself. Any test that assesses the signi-
ficance of an entire spatial correlogram must take into
account these correlations (Oden 1984). One example is the
Q-test developed by Oden (1984) for the significance of I-
correlograms, but the Q-test is conservative and prohibits
proper tests for I-correlograms averaged over alleles of
a locus. Therefore for locus-by-locus comparisons, addi-
tional statistical procedures (described in detail below)
can be applied to sets of I indices for a single distance class
(Epperson 2004). We focused on the first distance class
for two reasons: (1) it was the only distance class in which
we found substantial autocorrelations for more than a few
alleles; and (2) the first distance class is the best one as
a single indicator of global (correlogram) autocorrela-
tion, and it is in fact a remarkably powerful test of global
autocorrelation under isolation by distance processes
(Oden 1984). Moreover, pairwise statistics also provide an
efficient indirect estimator of gene flow.

In addition to correlations between distance classes for
an allele, there are also correlations among I-indices for
different alleles of a locus for the same distance class, but
recently these have been characterized (Epperson 2004).
Ignoring the correlations among alleles would underesti-
mate the variance of the average I over alleles of a locus,
but a simple correction can be made in most cases. Rather
than divide the sum of variances for individual alleles by
m2, where m is the number of alleles as would be appropri-
ate if they were independent, a remarkably close correction
can be made by dividing by m(m − 1) (Epperson 2004). We
calculated the approximated (corrected) variances of aver-
ages over alleles of a locus using this method and further
averaged over loci under the assumption that loci are inde-
pendent (i.e. little or no linkage disequilibrium). Standard
normal deviates were constructed to test the null hypo-
thesis of randomly distributed tree genotypes for each
locus and for all loci combined (Walter & Epperson 2004).

Results

Genetic diversity

All loci evaluated in the study were polymorphic (Table 1).
Two to 14 alleles were detected for the loci assayed for the

242 individual trees sampled, with an average of 7.7 ± 3.9
alleles per locus. The locus with the largest number of
alleles (14) was Rps50. In contrast, the Rps127 locus had
only two alleles. There were a total of 54 alleles for all loci
combined. The effective number of alleles ranged from 1.2
(Rps1b) to 5.7 (Rps50), with an average of 2.4 ± 1.5. Allele
sizes ranged from 144 to 213 bp. Locus Rps50 had the
largest range of allele sizes (32 bp) among the seven, micro-
satellite markers and Rps127 had the smallest (2 bp). An
eighth primer pair (Rps34b) was dropped from the final
analyses because it amplified the same microsatellite as
Rps6 and contained null alleles.

Diversity measures were similar for the two populations,
with 47 and 51 alleles detected in the old growth popu-
lation and second growth population, respectively. Aver-
age respective values for allele richness and the effective
number of alleles, are 6.7 ± 3.6 and 2.4 ± 1.5 for the old
growth population, and 7.3 ± 3.3 and 2.3 ± 1.4 for the
second growth population. Average heterozygosity was
moderately high with mean observed heterozygosities
2% to 6% lower than the probabilities expected under
Hardy–Weinberg equilibrium. Average respective values for
observed and expected heterozygosity are 0.47 ± 0.21 and
0.48 ± 0.20 for the old growth population and 0.46 ± 0.16
and 0.49 ± 0.18 for the second growth population.

Population genetic structure

The mean fixation indices are 0.01 ± 0.16 (old growth) and
0.05 ± 0.10 (second growth), indicating little inbreeding in
both populations (Table 2). For the old-growth genotype
frequencies, 29% differ significantly from Hardy–Weinberg
expectations. Locus Rps127 had an excess of heterozygotes
(F = −0.23; P = 0.05) while locus Rps39 showed a heterozygote

Table 1 Seven nuclear (CA)n microsatellite loci characterized for
two populations of mature eastern white pine (Pinus strobus)
combined (n = 242): repeat sequence, number of alleles per locus,
effective number of alleles (ne), and allele size
 

Rps locus
Repeat 
sequence

Number of 
alleles per 
locus ne

Allele size 
(bp)

1b (AC)11 8 1.2 193–213
2 (AC)15 10 2.2 151–173
6 (AC)14 9 2.0 159–186
39 (AC)13(TC)(AC)3 5 2.0 167–179
50 (AC)17 14 5.7 153–185
84 (CT)10(AC)11 6 1.8 144–162
127 (AC)10(AT)5 2 1.6 192–194
Total 54
Mean 7.7 2.4
SD 3.9 1.5



G E N E T I C  V A R I A T I O N  I N  W H I T E  P I N E 3309

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 3305–3315

deficit (F of 0.26; P = 0.05). Second growth population
genotype frequencies did not vary significantly from
expected values. Although statistically significant, there
is little divergence between the two populations (mean
FST = 0.0054; mean θ = 0.0065; P = 0.05). Differences in allele
frequencies between populations (as measured by FST) are
significant statistically for five of seven loci (P = 0.05).

Spatial genetic structure

Spatial genetic structure within both populations was weak.
For each of two populations, Moran’s spatial autocorrela-
tion coefficients (I) were calculated for each of 10 distance
classes (Table 3; mean indices for individual loci and the
overall mean values are shown). The theoretical expected
value under the null hypothesis of no spatial structure is
–0.008. Comparing the overall weighted (by numbers of
alleles) mean I-values for distance class one, the structure
at the old growth population (I = 0.015) is 15-fold greater
than that for the second growth population (I = 0.001). In
addition, inferences can be formed about a population’s
structural pattern through the shape of its correlogram.
The shape or pattern of spatial structure in the old growth
population differed from that in the second growth
population (Fig. 1). The old growth population had weak
positive genetic correlation or similarity between indi-
viduals separated by 15 m or less, followed by negative
correlations or dissimilarity at longer distances. This spatial
pattern was in contrast to the second growth distribution,
which appeared completely random.

The correlograms suggest that loci differ in the amount
of spatial autocorrelation at the old growth site, seen
almost exclusively in the first distance class (< 15 m). To
test this further, we calculated standard errors for the

Table 2 Population indices measured for two populations of
eastern white pine (Pinus strobus): inbreeding by fixation index (F)
and population divergence by FST and θ.
 

Population

FST θ
Old growth 
F

Second growth 
F

Rps1b −−−−0.06 0.16 0.0056* 0.0067
Rps2 0.15 −0.02 0.0156* 0.0268
Rps6 0.01 0.01 0.0011 −0.0019
Rps39 0.26* 0.17 0.0048* 0.0044
Rps50 −0.04 0.09 0.0033* 0.0024
Rps84 −0.04 0.05 0.0064* 0.0086
Rps127 −0.23* −0.11 0.0010 −0.0014
Mean 0.01 0.05 0.0054* 0.0065*
SD 0.16 0.10 0.0050 0.0097

*Significant from zero at P = 0.05.

Table 3 Mean spatial autocorrelation coefficients (Moran’s I) for microsatellite loci in two mature populations of eastern white pine (Pinus
strobus) for 10 distance classes
 

Distance bound* 

15 25 35 45 55 65 75 85 95 105

Distance class 1 2 3 4 5 6 7 8 9 10
Old growth
Rps1b† 0.050 −0.010 −0.080 −0.035 0.050 0.010 0.045 −0.040 −0.065 −0.015
Rps2 0.033 −0.008 0.010 −0.045 −0.055 0.018 −0.005 0.023 0.060 −0.038
Rps6 0.003 −0.003 −0.005 −0.015 −0.018 0.008 0.025 −0.058 0.003 −0.013
Rps39 0.060 −0.010 0.000 −0.023 −0.030 −0.057 −0.010 0.027 0.070 −0.020
Rps50 −0.010 0.018 −0.042 −0.020 0.000 −0.016 0.006 −0.008 0.018 −0.006
Rps84 −0.015 −0.020 0.003 −0.033 −0.008 −0.008 −0.005 −0.025 0.018 0.005
Rps127 0.030 −0.050 −0.010 0.040 −0.010 −0.020 0.020 −0.060 −0.050 0.000
Mean‡ 0.015 −0.006 −0.015 −0.025 −0.014 −0.008 0.007 −0.015 0.019 −0.013

Second growth
Rps1b −0.007 −0.007 −0.023 −0.027 0.017 −0.013 0.003 −0.010 −0.023 0.010
Rps2 0.013 0.003 −0.035 −0.030 0.010 0.023 −0.008 −0.045 0.008 −0.003
Rps6 0.010 0.020 0.025 −0.015 −0.020 −0.003 −0.043 −0.020 −0.043 −0.013
Rps39 −0.005 −0.023 −0.005 −0.045 0.018 −0.008 0.018 0.000 −0.040 0.010
Rps50 −0.001 −0.012 −0.003 0.009 0.008 −0.037 −0.016 −0.004 −0.006 −0.030
Rps84 −0.013 0.033 −0.008 −0.025 −0.030 −0.005 −0.030 0.000 −0.008 0.015
Rps127 0.030 0.050 0.050 −0.040 0.030 −0.030 −0.060 −0.050 −0.140 0.030
Mean 0.001 0.002 −0.005 −0.017 0.002 −0.013 −0.015 −0.013 −0.020 −0.006

Expected value of I = −0.008.
*Upper distance bound (meters). †Arithmetic mean over alleles. ‡Weighted mean over loci.
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per-locus mean I-values (i.e. averaged over alleles) for dis-
tance class one (Table 4). For the old growth population,
although only one locus (Rps39) showed statistical signi-
ficance, several others (Rps1b, Rps2 and Rps127) have similar
positive values and fairly large test-statistic values. The
unweighted average (0.022) over all seven loci is highly
significant (standard normal deviate, SND = 2.31; P-value
= 0.011). The average for Rps1b, Rps2, Rps39 and Rps127
(0.043) is also highly significant (SND = 2.60), whereas the
average (−0.007) for the other three loci, Rps6, Rps50 and
Rps84, is almost exactly equal to the expected value (−0.008)
under the randomization null hypothesis. Moreover, the

autocorrelation for the first group (Rps1b, Rps2, Rps39 and
Rps127) is statistically greater than the second group (Rps6,
Rps50 and Rps84). The difference in means (0.043–0.007
= 0.050) is twice the estimated standard error of the differ-
ence (SE = 0.025; SND = 2.00; P = 0.02). For reasons that are
detailed in the Discussion, Rps50 and possibly Rps84 may
have less structure, and averages excluding these also
are statistically significant (Table 4). In contrast, for the sec-
ond-growth population, none of the per-locus means are
significant (results not shown). The unweighted average
over loci (0.004) is not statistically different from random-
ization, and it is significantly lower than the old growth
average for Rps1b, Rps2, Rps39 and Rps127 (SND = 1.77,
P = 0.04).

Discussion

Genetic diversity and heterozygosity

Heavy logging occurred in the Hartwick region near
the beginning of the twentieth century. While the second
growth population was logged, the old growth population
was left undisturbed. There is little genetic difference
between populations, and the diversity measures (allele
richness, effective number of alleles, expected heterozygos-
ity and observed heterozygosity) are similar for the two
populations. Since logging reduces the population size, it
could be possible, under certain circumstances, for logging
to decrease the diversity of the regenerating seedlings. A
decrease in diversity would depend on many factors and
would not necessarily occur every time a forest is logged.
It seems reasonable that the logging-induced change in the
effective population size was not severe enough to cause a
decline in diversity of the second growth population. Many
conifers combine several life history traits that promote
high genetic diversity: large geographical range, long-
lived perennial, late successional species, high chromosome
number, sexual reproduction, high fecundity, outcrossing
breeding system and wind pollination (Hamrick et al. 1979;
Ledig 1998). As predicted, average expected heterozygo-
sity is high for the two populations combined (HE = 0.49)
and just 4% higher than the observed values (HO = 0.47),
suggesting little inbreeding. Similar genetic diversity values
were reported by Rajora et al. (2000), for two old-growth
white pine populations in Ontario, evaluated at 13 micro-
satellite loci, including five of the seven loci assayed in this
study.

Mean fixation indices (Wright 1965) indicated little
inbreeding in both the old growth and second growth popu-
lations, as expected for a wind pollinated, outcrossing
species. It is worth noting that, on average, for both popu-
lations, the mean microsatellite fixation index is 72% lower
than the allozyme analysis of the same tree populations
(Table 1; Epperson & Chung 2001). Mean fixation indices

Fig. 1 Moran’s I indices measured spatial structure in two mature
white pine populations. The mean I-values for the first three
distance classes were plotted.

Table 4 Old-growth population (Pinus strobus) single-locus values
 

Locus Ave. I I − EI SE SND

Rps1b 0.050 0.058 0.047 1.23
Rps2 0.033 0.041 0.027 1.52
Rps6 0.003 0.011 0.027 0.41
Rps39 0.060* 0.068 0.033 2.06
Rps50 −0.010 −0.002 0.024 −0.08
Rps84 −0.015 −0.007 0.027 −0.26
Rps127 0.030 0.038 0.047 0.81
Ave. 0.022* 0.030 0.013 2.31
Ave – Rps50 0.025* 0.033 0.015 2.27
Ave – Rps50-Rps84 0.035* 0.043 0.017 2.59
Rps1b, 2, 39, 127 0.043* 0.051 0.020 2.60
Rps6, 50, 84 −0.007 0.001 0.015 0.04

Ave. I, single-locus values for Moran’s I for the first distance class, 
averaged over all alleles of a locus; I − EI, the excess of the average 
over the expected value under the null hypothesis; SE, standard 
error for the average; SND, test statistic for deviation of the 
average from the null hypothesis, which has an asymptotic 
standard normal distribution. Also shown are unweighted 
averages over various sets of loci: all (Ave.); all excluding Rps50 
(Ave. – Rps50); all excluding Rps50 and Rps84 (Ave. – Rps50 – 
Rps84); only Rps1b, Rps2, Rps39 and Rps127; and only Rps6, Rps50 
and Rps84. Expected value of I = −0.008.
*Significant from zero at P = 0.01.
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are 0.03 and 0.11 for the simple sequence repeat (SSR)
and allozyme marker systems, respectively. This reduced
inbreeding measured for microsatellite analysis, compared
with allozyme analysis, is consistent with similar findings
in the Ontario white pine genetic study (Buchert et al. 1997;
Rajora et al. 2000). Using reported observed and expected
heterozygosity values, F = 1 − (HO/HE), leads to a micro-
satellite fixation index of 0.141 (Rajora et al. 2000), which is
21% lower than the corresponding allozyme value (0.179;
Buchert et al. 1997). On average, less inbreeding occurred
at the Michigan sites compared with the Canadian sites.
When averaging the mean fixation indices over both
marker sets (allozyme and microsatellite), the mean fixa-
tion index of 0.07 for Hartwick Pines is 56% lower than the
mean value for the Canadian studies (F = 0.16).

Twenty-nine per cent of the old growth loci differ signi-
ficantly from Hardy–Weinberg expectations. Inbreeding
from mating relatives or as a result of population subdivi-
sion from geographical or temporal isolation (Wahlund
effect), is an unlikely explanation for the observed hetero-
zygote deficiency for Rps39. In theory, inbreeding affects
all loci, but the observed significant deviation from Hardy–
Weinberg equilibrium for the old growth population
occurs at just 1 of 14 fixation indices, for the populations
combined. The presence of a null allele could account for
this decrease in heterozygosity. Null alleles result from
mutations in the sequence at the priming site; mispriming
prevents amplification of the target sequence (Callen et al.
1993). Therefore, alleles would no longer be visible through
gel electrophoresis, making it impossible to distinguish a
null allele heterozygote from a non-null allele homozygote.
Increases in reported homozygosity levels could result in
artificially significant inbreeding coefficients because the
population would appear to have more homozygotes than
expected at Hardy–Weinberg equilibrium. Moreover, null
homozygotes are one explanation for the failed amplifica-
tion reactions (Rps39) for two trees in the old growth popu-
lation. An individual with two null alleles would appear to
be a failed reaction. The frequency of the Rps39 null allele
can be estimated from the observed deficiency of hetero-
zygotes (Brookfield 1996). According to Brookfield (1996),
individuals with no visible bands are treated as observa-
tions with the null allele frequency (r) = (HE − HO)/(1 + HE).
The frequency of null alleles is estimated to be 0.07 in
both populations combined. If assuming the two failed
polymerase chain reaction (PCR) reactions were the result
of double null alleles, then the observed null homozygote
frequency is 0.008 with a null allele frequency of 0.09, which
is close to the frequency estimated using Brookfield’s
(1996) measure.

The observed population divergence at less than 1%
(mean FST = 0.0054, mean θ = 0.0065) is negligible and con-
sistent with values reported for the allozyme analysis of
the same populations (GST = 0.008; Epperson & Chung 2001),

and for other species with similar wind dispersed seed and
pollen. For example, the allozyme-derived mean GST values
reported for Gleditsia trianthos (Schnabel & Hamrick 1990),
and Q. laevis (Berg & Hamrick 1995) are 0.059 and 0.001,
respectively. Because statistical power is very high for this
study, the small differences in allele frequencies are statis-
tically significant for 71% of loci. Spatial distance between
populations or perhaps timber harvest at the SS, are reason-
able explanations for the observed minor differences in
allele frequencies between populations.

Spatial genetic structure

Barriers to gene flow are not always physical or temporal;
distance itself can be isolating (Wright 1946). Dispersal
is distance dependent with individuals proximal to one
another related more closely through local inbreeding, if
they are not removed by inbreeding depression (Wright
1943). Wright (1946) used the concept of neighbourhood
to describe how the isolating effects of distance increase
spatial genetic structure through inbreeding. We observed
c. 50 alleles for the seven loci analysed in this study, for a
total sample size of c. 6000 genes per population sample.
Statistical power is high for detecting spatial structure
at this level of sampling, with the total number of sample
genotypes being the main factor controlling experiment-
wise statistical power for spatial analysis (Epperson & Li
1996). We expected the spatial genetic structure for the
adults to be weak because white pine pollen and seed are
dispersed highly by wind. Although seed dispersal can be
much shorter than pollen dispersal, extensive pollen flow
or gene migration would limit clustering of related trees
from low seed dispersal and the development of neigh-
bourhood structure at short distances. In support of this
premise of weak spatial structure, Moran’s I-analysis
indicated weak positive spatial structure at short distances
for the old-growth population. The randomly distributed
second-growth population suggests that logging decreased
spatial structure. The same contrast was observed for the
isozyme analysis of the same two adult populations
(Epperson & Chung 2001).

The mean positive autocorrelation at 15 m for old growth
(I = 0.02) demonstrates that the first distance class is crucial
for detecting spatial structure (Epperson & Chung 2001).
Autocorrelation is consistent with values reported for
other species with similar wind dispersed pollen and seed,
i.e. 0.05 for Maclura pomifera (Schnabel et al. 1991), 0.06–0.09
for G. trianthos (Schnabel & Hamrick 1990; Schnabel et al.
1991), and 0.05 for Q. laevis (Berg & Hamrick 1995).

Contrast and spatial structure among markers

Although broadly consistent, the microsatellite spatial
autocorrelation value (I = 0.02) is only 30% of the isozyme
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value (I = 0.06) for the same old growth population
(Epperson & Chung 2001). It is possible that high mutation
rates, such as those found at microsatellite loci, directly
decrease spatial structure. Epperson (1990) simulated the
effects of random replacement of genes with opposite
alleles, e.g. through immigration or mutation, on the
spatial correlations of gene frequencies among quadrats.
Referring to Fig. 1, Epperson illustrated the effect of gene
replacement on spatial structure. Replacement genes intro-
duced at a lower rate (µ) of 0.001 reduces autocorrelation
by 33%, whereas a faster replacement rate of 0.01 causes
a greater decrease in spatial structure of 55%. Moreover,
new simulations by Epperson (forthcoming) showed that
by reducing identity by descent (e.g. correlations), a high
mutation rate of 10−2 causes a direct c. 40% reduction in
the Moran’s I for converted individual genotypes at the
shortest distance class. In contrast, a lower mutation rate
of 10−3 causes an average of only 7% reduction in auto-
correlation, which would not be noticeable in this study.
Since both of these values are within the mutation range of
microsatellites, the Moran’s I-values in Hartwick Pines
could have been directly reduced by mutation, especially
for the more variable loci such as Rps50.

Our results showed that Rps50 has significantly less spa-
tial structure than the other loci as a set. The same contrast
was found in the genotypes of seedlings at the old growth
site (Walter & Epperson 2004). In the seedlings, essentially
no structure was observed for Rps50, whereas the other
assayed microsatellites — Rps127, Rps1b, Rps2, Rps39 and
Rps34 (which amplified fragments overlapping with Rps6
but with fewer alleles) — as a set exhibited structure very
similar to isozymes analysed in the seedling and adult
populations (Epperson & Chung 2001; Walter & Epperson
2004). (It should be noted that the nominal microsatellite
fragment sizes for various alleles reported in Walter &
Epperson (2004) differ slightly from those listed in Table 1
because of slightly differing gel conditions.) In the adults,
if Rps50 is excluded, the average I-statistic for distance
class one increases to 0.025. Rps84 and Rps6 (which were
not scored in the seedlings) are also more variable and may
have higher mutation rates, and if excluded, the mean I-
statistic further increases to 0.043. This mean I-value is very
similar to that found in the seedlings for loci other than
Rps50 (I = 0.048; Walter & Epperson 2004), and in the
smaller number of alleles scored for isozymes in the seed-
lings (I = 0.04) and adults (I = 0.06) (Epperson & Chung
2001).

It appears that the microsatellite loci with greater num-
bers of alleles exhibit lesser spatial structure, and there are
two potential reasons for this. One explanation is based on
the fact that Rps6, Rps50 and Rps84 have many more low-
frequency alleles than the other loci (data not shown). Theor-
etical results have shown that although allele frequency
generally has little or no effect on spatial autocorrelation

measures, when an allele’s frequency is less than about
0.02–0.05, some reduction in short distance correlation
results, of the order of c. 15% for populations with dis-
persal similar to P. strobus (Epperson 2003). Several alleles
with such frequencies were retained in the spatial analyses
for these loci. However, this would explain only part of the
difference, and only for the rarest alleles retained; it does
not explain the reductions observed for higher-frequency
alleles.

The second explanation for Rps6, Rps50, and Rps84
exhibiting less spatial structure is higher mutation rate,
as explained earlier. In particular, Rps50 appears to have
higher mutation rates. Although the actual rates of muta-
tion of the microsatellites used in this study are not known,
we can approximate the relative differences expected in
mutation rate using the well-known relationship of effec-
tive number of alleles, ne, to the effective population size,
N, and Nµ = (ne − 1)/4, under the equilibrium genetic
drift–infinite alleles mutation model (Ewens 1979). For
Rps50 in both samples, the average effective number of
alleles was 5.7, compared with an average of 1.8 for the
remaining seven loci (Table 1). This leads to estimates of
Nµ of approximately six (5.9) times larger for Rps50 (1.175)
than for the remaining loci (0.200). In the seedlings sam-
pled at both sites, a similar contrast (6.7 greater estimated
Nµ) was observed between Rps50 and the other micro-
satellites (Walter & Epperson 2004). The effective popula-
tion size N should essentially be the same for all loci, and
these results imply that Rps50 mutates at a rate seven times
greater than the other SSRs. It is possible that Rps50
mutates at a rate of the order of 10−2 and the other SSRs and
the isozymes mutate at a rate an order of magnitude lower
(10−3), or more. Hence, differences in mutation rate could
be consistent with our observations.

Estimated dispersal

When using I-statistics to indirectly infer dispersal levels
by comparing them to theoretical values of autocorrelation
for different total amounts of dispersal, as measured by
Wright’s (1946) neighbourhood size (see Discussion below),
it appears to be more appropriate to compare the excess
of the average observed I-value over the expected value
(I − EI; Walter & Epperson 2004). Theoretical values are
measured in simulated large populations (n = 10 000;
Epperson et al. 1999), and the expected value under the null
hypothesis, −1/(n − 1), is very near zero. In comparison,
our sample sizes, n, are on the order of 100 with an expected
value of −0.008. The excess of the average I-value over all
alleles and loci is 0.030, corresponding to a neighbourhood
size of c. 230, using line 1 of Table 4 of Epperson et al. (1999).
However, it seems reasonable, given the potential biases
discussed above, to consider only the group of loci (Rps1b,
Rps2, Rps39 and Rps127) that do not have large numbers of
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rare alleles or evidence of higher mutation rates. Among
these loci, the excess of the average Moran’s I-values is
0.051, which is identical for similar loci in the seedlings
(I − EI = 0.051; Walter & Epperson 2004). This adjusted I-
value corresponds to a much smaller neighbourhood size
of c. 100 (discussed in detail below), which is identical to
the neighbourhood size estimated in the isozyme study in
the adults (Epperson & Chung 2001). It appears that choice
of markers, even among SSRs can affect I-statistics strongly
as indirect measures of dispersal.

Wright’s (1946) neighbourhood size, or the number of
mating individuals (N) drawn at random from within a
circle of area 4πσ2 and radius 2σ, can be used to estimate
total dispersal distance. Hence, referring to the above dis-
cussion, the overall average excess of Moran’s I-value
for all loci of c. 0.03 (Table 4) corresponds to a Wright’s
neighbourhood size of approximately 230 trees for the old
growth population (Epperson et al. 1999; Table 4, line 1). If
only the more reliable microsatellite loci (Rps1b, Rps2,
Rps39 and Rps127) are used, the average excess (0.05)
corresponds to a more reasonable neighbourhood size of
c. 100. Thus, standardized for density, the combined seed
and pollen dispersal distance (σ) can be estimated using
the neighbourhood formula for a monoecious population,
N = 4πσ2d (S. Wright 1946; J. Wright 1952), leading to a pre-
dicted value of approximately 795 m2 for σ2 and 28 m for
σ, using a population density (d) of 100 trees/ha. Seed dis-
persal distances can be considerably shorter than pollen
dispersal. Crawford (1984) showed that for plants with
seed dispersal (σ2s) and pollen dispersal (σ2p), the total
parent-offspring corresponds to σ2 = 1/2σ2p + σ2s. Typical
empirical measures of average dispersal distances for pine
pollen range from 17 m (Wright 1952) to 69 m (Wang et al.
1960), and for pine seed from 15 m to 30 m (Epperson &
Allard 1989). Estimating dispersal given the total parent
variance of 795 m2, our results would correspond (for
example) to an average pollen standard deviation of 30 m,
and an average seed dispersal distance of 15 m, which is in
agreement with typical empirical estimates.

Conclusions

In summary, gene flow is high both among and within
populations. Divergence between the populations is
negligible and levels of genetic diversity are similar for the
two populations. Spatial distance between populations
or timber harvest at the second growth site, are reasonable
explanations for the observed minor differences in allele
frequencies between populations. Within the old-growth
population, autocorrelation fits predicted levels for white
pine based on pollen and seed dispersal and density.
Autocorrelations for some microsatellites are lower than
those for other microsatellites and allozymes, and this
appears to be due to their having larger numbers of low

frequency alleles and possibly higher mutation rates. The
small positive autocorrelation values at short distances
observed for the old growth site are consistent with the
isolation by distance model for predicted genetic differ-
ences in a continuous population, with a Wright’s neigh-
bourhood size of c. 100 individuals. In contrast, the absence
of spatial structure at the second growth population
suggests that logging removed the natural level of spatial
genetic structure.
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