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Genetic structure, diversity, and inbreeding of 
eastern white pine under different management 
conditions 

Paula E. Marquardt, Craig S. Echt, Bryan K. Epperson, and Dan M. Pubanz 

Abstract: Resource sustainability requires a thorough understanding of the influence of forest management programs on the 
conservation of genetic diversity in tree populations. To observe how differences in forest structure affect the genetic struc- 
ture of eastern white pine (Pinus strobus L.), we evaluated six eastern white pine sites across the 234 000 acre (1 acre = 
0.4046856 ha) Menominee Indian Reservation in northeastern Wisconsin (45'001N, 88'45'W). The six sites sampled for 
nuclear and chloroplast DNA microsatellite markers were of contrasting densities and managed by different manage- 
ment systems: shelterwood, pine release, plantation, and old growth. Three of the sites had natural regeneration, which 
was also sampled. Mean values of spatial genetic autocorrelation were positive in all mature populations and variable; 
the strongest spatial structuring of genes occurred in the least disturbed old-growth site (I - E(I) = 0.031). Genetic 
structuring at the historical old-growth site fit the isolation-by-distance model for a neighborhood size of 130 individu- 
als. Significant inbreeding occurred in five populations, but the seedling or sapling populations as a group (f = 0.088) 
are significantly less inbred than the local mature populations (f = 0.197). The increase in heterozygosity between 
generations was attributed to harvesting having reduced the spatial genetic structure of the mature trees. 

RCsumC : L'utilisation durable des ressources requiert une connaissance approfondie des effets des programmes d'amCna- 
gement forestier sur la conservation de la diversite gCnCtique des populations d'arbres. Afin d'Ctudier comment les diffkren- 
ces de structure de peuplement affectent la structure gCnCtique de pin blanc (Pinus strobus L.), les auteurs ont Cvaluk six 
forsts de pin blanc rkparties B travers la reserve indienne de Menominee, qui couvre 234 000 acres (1 acre = 0.4046856 ha) 
et qui est situCe dans le nord-est du Wisconsin (45"001N, 88'45'0). Les six sites CtudiCs avaient des densitis de peuplement 
contrastCes et Ctaient amCnagCs selon differents rCgimes : coupe progressive, coupe de dCgagement du pin, plantation et for6t 
ancienne. Trois des sites supportaient une rCgCnCration naturelle qui fut Cgalement CchantillonnCe. La diversit6 gCnCtique a 
CtC caractCrisCe B l'aide de marqueurs microsatellites de I'ADN nuclCaire et chloroplastique. Les valeurs moyennes d'auto- 
corrClation spatiale gCnCtique Ctaient positives pour toutes les populations d'arbres maturees et elles Ctaient variables : la plus 
forte structuration spatiale de la diversite gCnCtique a CtC observCe pour le site le moins perturb6 qui supportait une forst anci- 
enne (I - E(I) = 0,031). La structure gCnCtique de ce site s'ajustait au modkle d'isolement par la distance avec une taille de 
population de 130 individus. Une endogamie significative a CtC observCe pour cinq populations, mais les populations de 
semis ou de jeunes arbres pris dans leur ensemble (f= 0,088) Ctaient significativement moins consanguines que les popula- 
tions locales d'arbres matures (f = 0,197). L'augmentation en hCtCrozygotie d'une gCnCration B l'autre pouvait s'expliquer 
par la rCcolte des arbres qui a rCduit la structure gCnCtique spatiale des cohortes d'arbres matures. 

[Traduit par la Ridaction] 

Introduction natural selection). Forest management practices can alter 
these interactions and hence alter the partitioning of genetic 

A fundamental requirement for improved forest manage- variation within populations. Therefore, characterization of 
ment is an understanding of the dynamics of genetic varia- the changes in genetic diversity that result from forest 
tion within and among tree populations. The gene pools of management is essential for sustaining our forest resources 
natural populations are not static, but constantly changing (sensu lato, Lindenmayer and Franklin 2003). While easily 
through the interactions of site characteristics (e.g., density, measured phenotypes such as stem form, crown mass, and 
age structure, and dispersal distance) with the forces of evo- diameter growth are often used to evaluate the successful 
lution (mutation, mating system, gene flow, genetic drift, and management of the quality of crop trees, effects at the ge- 
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Table 1. Site conditions for nine populations of eastern white pine on the Menominee Indian Reservation. 

Management UTM, 16T NAD27 Site area Mature tree Seedling or sapling Adult tree and plantation 
Site system (Northing, Easting) (ha) age  year^)^ age (years)' sampling ratiob 
Camp 1 Shelterwood 4978456 53 165 3 1:20 

03571 17 
Minnow Creek Pine release 4977 170 33 130 40 1:2 

037 1648 
Oconto Line Shelterwood 4977568 39 165 9 1:20 

0382314 
Plantation Plantation 4968 153 24 - 12 1:20 

03805 12 
Potato Patch Shelterwood 4995071 18 160 - 1:20 

0373749 
School Pines Old growth 49935 14 24 240 - 1:1 

0368254 

"Age at sampling is the age of the even-aged pine population since its origination at the site and was determined from previously collected forest invento~y 
data. 

!Ratio of samples to census, the closest seedling or sapling from base of sampled mature tree was also sampled. 

netic level have largely been ignored and are rarely incorpo- 
rated into forest management programs (Ennos et al. 1998). 

Generally, the partial removal of a coniferous forest is ex- 
pected to decrease effective gene flow and increase inbreed- 
ing of naturally regenerating progeny (El-Kassaby et al. 2003). 
This is because, for wind-pollinated species, a low density 
population of mature trees is expected to increase the spa- 
tial genetic structure of the population by increasing the 
probability of pollination by spatially proximal relatives 
(Epperson 2003). Likewise, inbreeding should be limited 
in a high density forest because the pollen cloud for a tree 
in a dense population would contain a relatively small pro- 
portion of its own pollen; therefore, most seeds would be a 
product of outcrossing (Farris and Mitton 1984; Knowles et 
al. 1987; El-Kassaby et al. 2003). Hence, studying the effects 
of forest management on gene flow and spatial genetic struc- 
ture can help us better understand how changes in breeding 
neighborhoods affect the inbreeding levels and genetic di- 
versity of naturally regenerating progeny (Wright 1946). Pol- 
len and seed dispersal are key processes for determining the 
spatial genetic structure of plant populations. Powerful infer- 
ences can be made about the dispersal processes that generate 
spatial genetic patterns through spatial autocorrelation analy- 
sis, a robust method for indirectly measuring dispersal, which 
is the total variance of dispersal distances (Epperson 2005). 
Dispersal provides an estimate of the neighborhood size, or 
the number of breeding individuals in a population (Wright 
1946); thus, a good point estimate for Wright's neighborhood 
size (NE) can be based on Moran's I coefficient (Moran 
1950) for the first distance class (Epperson 2005). 

The Menominee Nation (Keshena, Wisconsin) has har- 
vested trees on their reservation for more than 140 years 
(Loew 2001). Forest-management goals balance growth 
with removals (from harvesting and natural losses), while 
maintaining tree vigor and the native species diversity 
(Landis 1992). The 234 000 acre (1 acre = 0.4046856 ha) 
reservation contains approximately 17 000 acres of eastern 
white pine (Pinus strobus L.). Resident populations consist 
predominantly of mature trees >50 cm diameter at breast 
height, most of which are managed for sustainable timber 
harvests. The current study was the first to compare the pop- 

ulation genetic structures of managed and naturally regener- 
ating populations of eastern white pine. We used f statistics 
as well as spatial autocorrelation analyses to examine the 
distribution of microsatellite markers in nine populations of 
eastern white pine and to estimate dispersal at the least dis- 
turbed site. Our goal was to determine whether forest man- 
agement practices were maintaining the genetic diversity of 
eastern white pine on the Menominee Indian Reservation. 
We were particularly interested in the genetic differences 
between local mature populations and the naturally regener- 
ating seedlings and saplings. Contrary to our hypothesis that 
inbreeding would be increased in the seedling and sapling 
populations of the harvested sites, we found significantly 
less inbreeding in the natural regeneration than the local ma- 
ture populations, most likely from harvesting having reduced 
the spatial genetic structure of the mature populations. 

Materials and methods 

Species, study sites, and sample populations 
Eastern white pine is a long-lived monecious conifer that 

is primarily outcrossed with wind-dispersed pollen and seed 
(Ledig 1998). The wind-dispersed pollen and seed of plant 
species are often deposited within a few metres of the 
source and are rarely transported beyond 1000 m for pollen 
and 200 m for seed (Levin 1981). Some of the longest dis- 
persal distances reported for pine are 762 m for slash pine 
(Pinus elliottii Engelm.) pollen (Wang et al. 1960) from an 
isolated tree, up to 60 m for eastern white pine seed within a 
stand, and over 200 m for eastern white pine seed in open 
areas (Wendel and Smith 1990). Generally, conifers have a 
high genetic load (Ledig 1998) and eastern white pine has 
been shown to suffer from severe inbreeding depression 
(Johnson 1945). It is a widespread species across northeast- 
ern USA and Canada and is quite genetically diverse among 
individual trees (Echt et a1.1996) and across its geographical 
range (Rajora et al. 2000; Marquardt and Epperson 2004; 
Nijensohn et al. 2005). Eastern white pine is an even-aged 
species that often coexists with a variety of other species. 
Six eastern white pine sites (Table I), separated by 5- 
28 km and other forest cover types, were evaluated across 
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the Menominee Indian Reservation in northeastern Wiscon- 
sin (45"00'N, 88'45'W). Forest cover type is a classification 
system based on trees that predominate in an area. The age 
of the eastern white pine was based on previously collected 
data from forest inventory databases. Five of the six sites 
were managed for pine-timber harvesting: three were under 
shelterwood management, one was a pine-release site, and 
one was regenerating as an eastern white pine plantation. 
Shelterwood management (Nyland 1996) is a natural regen- 
eration strategy in which new eastern white pine seedlings 
regenerate from seed dispersed from the overstory after 
50% crown cover removal. In pine-release management 
(Nyland 1996), existing young eastern white pine trees are 
released from competition with an undesirable overstory by 
100% crown removal. Three of the actively managed sites 
had mature and either seedling or sapling age classes 
(Table 1). The areas of study (six mature age classes and 
three juvenile) will be referred to as populations. 

Relatively low densities of mature eastern white pines 
characterized two sites and both were undisturbed by live 
pine timber harvest. School Pines was a mesic site where 
succession was naturally moving the composition to shade- 
tolerant hardwoods. While eastern white pine made up a 
substantial portion of the overstory composition 50 years 
prior to sampling, mortality had greatly reduced the density 
of eastern white pine to approximately <15 treesha. The 
only forest management at School Pines had been salvage 
logging and thinning of hardwoods. The other low density 
site, Minnow Creek, was a brushy savanna-like system that 
was maintained by periodic surface fires prior to 1930. The 
mature eastern white pine trees were scattered across the site 
at approximately <15 treeslha; there were no live eastern 
white pines harvested from Minnow Creek. With the advent 
of fire control in the 1930s, eastern white pine and other 
species developed beneath the fire survivors; thus, the 
younger eastern white pine regenerated from a rather re- 
stricted number of seed sources. Because the younger east- 
ern white pine originated under a suppressing overstory of 
aspen (Populus spp.) and pin oak (Quercus palustris 
Muenchh.), they were smaller than open-grown pine would 
have been at that age, and were of sapling size. Camp 1, 
Oconto Line, and Potato Patch were dense sites composed 
of approximately >50-100 treesha of mature eastern white 
pine at the time of sampling. Over the previous 30 years, 
these sites had been thinned from below at least twice at 
15 year intervals, selectively removing the least vigorous 
trees. (In contrast, sites thinned from above means the re- 
moval of the most vigorous trees). In the late 1980s, shelter- 
wood treatments were applied to Camp 1 and Oconto Line, 
which had regenerated eastern white pine in the understory. 
In 1995, Potato Patch was cut to leave 50% crown closure 
and had no pine regeneration. Plantation comprised eastern 
white pine seedlings planted in 1990 from 2-year-old nurs- 
ery stock originating from the Wisconsin State Nursery, at a 
density of approximately 1700 seedlingsha. The site compo- 
sition was originally a plantation of 70-year-old pole timber 
(i.e., oak and other hardwoods suitable for use in paper man- 
ufacturing) that was clear-cut in 1989. There were no pre- 
existing pines at Plantation. The area had been a savanna 
typically maintained by surface fires and only succeeded to 
trees with fire control in the early 1900s. 

Sampling and marker analysis 
Needle and bud tissues were collected from 50 overstory 

eastern white pine trees at six sites using a 0.22-250-caliber 
target rifle during late summer and fall of 1996. Fifty regen- 
erated seedlings or saplings were also sampled from each of 
three sites: Minnow Creek (saplings), Camp 1 (seedlings) and 
Oconto Line (seedlings). Sampling intensities of mature trees 
are listed in Table 1. Seedling and sapling samples were 
taken at the base of a sampled mature tree. All sample loca- 
tions were mapped using Universal Transverse-Mercator and 
North American Datum of 1927 (UTM-NAD27) coordinates 
obtained through global positioning system (GPS) data gath- 
ered at the field plots. Single-tree coordinates were ob- 
tained@ community base station (Trimble Navigation Ltd., 
Sunnyvale, California) was used to differentially correct 
the GPS data for accuracy to 5 m. Geographic distributions 
of mature trees sampled at the five sites used for spatial 
analyses are shown in Fig. 1. Fresh tissue was transported 
to the Rhinelander Forestry Sciences Laboratory (Rhine- 
lander, Wisconsin) and stored at -20 "C until DNA was 
extracted. 

Total DNA was purified from either bud or needle tissue 
using the method of Guillemaut and Markchal-Drouard 
(1992). Stock DNA solutions were diluted to 5.0 nglpl in 
TloEl (10 mmoVL Tris-Cl pH 8.0, 1 mmoVL EDTA) for 
amplification by polymerase chain reaction (PCR). We sur- 
veyed allele-length variation in 3 chloroplast microsatellite 
markers (Pt15169, Pt30204, Pt63718; Vendramin et al. 1996) 
and 10 nuclear microsatellite markers, but a detectable fre- 
quency of null alleles at three nuclear loci (data not 
shown) resulted in only seven loci being reported here 
(Rpslb, Rps2, Rps6, Rps39, Rps50, Rps84, and Rps127; 
Echt et al. 1996). Chloroplast and nuclear markers were 
used in the population genetic analyses. Only nuclear 
markers were used in the spatial genetic analyses. PCR 
was conducted separately for each primer pair. Reaction 
mixtures contained 1 ngIpL DNA template in 10 pL of re- 
action buffer. The reaction buffer consisted of 50 mmoVL 
Tris-C1 pH 9.0, 20 mmoVL (NH4)2S04, 3.5 mmoVL 
MgC12, 12% sucrose, 0.2 mmoVL cresol red (Routrnan and 
Cheverud 1994), 100 pg/mL gelatin, 200 pmol/L each 
dNTP, 200-800 nmom each primer (forward primer was 
fluorescent-dye labeled), and 0.04 UIpL AmpliTaq@ DNA 
polymerase (PE Biosystems, Foster City, California). A 
touchdown-amplification protocol (Echt et al. 1999) with a 
modified target-annealing temperature of 55 "C was per- 
formed using PTC-100 or PTC-200 thermocyclers (MJ Re- 
search Inc., Watertown, Massachusetts). PCR products 
were diluted in deionized water and two to three loci were 
pooled in one lane for electrophoresis with CXR fluores- 
cent ladder (Promega Corp., Madison, Wisconsin) as the 
internal size standard. Fragment separation and analysis 
were done with an ABI Prism@ 373 DNA analyzer and 
Genescan@ analysis software (PE Applied Biosystems, 
Foster City, California). PCR and gel electrophoresis were 
conducted at the Rhinelander Forestry Sciences Laboratory. 

Statistical analyses 
Each sample population was considered separately for 

most of the statistical analyses. For the population genetics 
analyses, nuclear and chloroplast loci were analyzed sepa- 
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Fig. 1. Distance plots of individual study sites used in the spatial analyses (A) and of individual mature trees sampled at the five sites (B-F). 
Plots B-F are drawn to the same scale. 
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rately for nine populations. Observed number of alleles and zygosity were measured for each population using Weir's 
expected heterozygosity (HE; Nei 1973) and allele frequency fixation index (f; Weir and Cockerham 1984) using Fstat 
(xi; Nei 1973) were used to measure genetic diversity using (Goudet 1995, 2002). Significant reductions in heterozygos- 
Genetic data analysis (GDA) (Lewis and Zaykin 2001) and ity from Hardy-Weinberg equilibrium were tested at the 
Popgene (Yeh et al. 1997), respectively. Deficits in hetero- 1% level using permutations (Manly 1997) to generate P 
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values for f (1260 randomizations). Permutation tests 
(10000 randomizations) were also used at the 5% level to 
test significant differences in f values between mature trees 
and naturally regenerated seedlings or saplings. Relative di- 
vergence of the nine populations combined (using Fstat) 
was estimated by Weir's 13 (Weir and Cockerham 1984), 
which is equivalent to FST (Wright 1943), which measures 
the correlation between random genes drawn from the sub- 
population relative to the total population. Significant dif- 
ferences in nuclear allele frequencies among populations 
were tested by bootstrapping over loci to provide 99% con- 
fidence intervals for 0 (Weir 1996). Bootstrapping could 
not be performed for samples with only one locus (i.e., 
chloroplast haplotypes). To measure significant differences 
in chloroplast allele frequencies between pairs of popula- 
tions (using Fstat), a log-likelihood test statistic (G statis- 
tic; Goudet et al. 1996) was formed by permuting 
multilocus genotypes ( a  = 0.01; 36000 randomizations) 
among samples to generate P values, as described in Petit 
et al. (2001), where a measures the difference between the 
desired confidence level and certainty. 

For the spatial analyses, five mature populations were 
evaluated; each allele at each nuclear locus was analyzed 
separately. For a given allele, the genotype for each tree 
was converted to an X value of 0, 0.5, or 1.0, according to 
the number (none, one, or two) of alleles carried in the gen- 
otype (Sokal and Oden 1978). For a locus that had more 
than two alleles, all alleles were used for spatial analyses. 
Only one allele was considered at diallelic loci, because in 
this case the second allele contributes identical information. 
Spatial analyses were not carried out for alleles that were 
represented in only one individual in a sample, because 
such cases are considered noninformative for spatial analysis 
(Epperson 2005). Distance classes were based on the Eucli- 
dean distances between pairs of trees. In all cases, five dis- 
tance classes were used. Because the sample sizes were 
relatively small, nearly all of the spatial autocorrelation was 
contained in the first distance class. As the first distance 
class usually obtains disproportionate statistical power when 
measuring spatial genetic structure caused by isolation-by- 
distance (Oden 1984) and avoids several unresolved statisti- 
cal problems (Epperson 2005), we present these values in 
detail. The upper bounds were chosen to include at least 
200 pairs of trees and to provide sufficient statistical power 
for detecting spatial autocorrelation within each population 
(Epperson et al. 1999; Epperson 2005); therefore, the first 
distance class had a lower bound of zero and upper bounds 
of 100 m for School Pines and 150 m for the other four pop- 
ulations. 

For each analysis, Moran's I (Sokal and Oden 1978) was 
calculated for each distance class using Saap (Wartenberg 
1989). Each I value was tested for significant deviations 
from the expected value, E(I) = -1 1 (n - I), under the null 
hypothesis of a spatially random distribution (Cliff and Ord 
1981). In all cases, the sample size was near 50; hence, the 
expected I value is approximately -0.02. A significant posi- 
tive I value indicates that pairs of individuals in a distance 
class have similar or correlated values of the trait, whereas 
a significant negative value indicates that they have dissim- 
ilar values. Each set of I values for mutually exclusive dis- 
tance classes, which is known as an I correlogram, was 

tested for statistical significance using Bonferroni's criteria 
(Sakai and Oden 1983). The mean I correlograms were cal- 
culated for all alleles at each locus separately, and further 
averaged over all loci. Epperson (2004) states such mean 
values are similar, but not necessarily identical, to the multi- 
variate approach used by Smouse and Peakall (1999). To ad- 
just for small sample sizes, we subtracted the means of the 
observed I values from the expected I values (I - E(0) ;  Wal- 
ter and Epperson 2004) for the first distance class. To cor- 
rect for sampling by taking porosity into account (i.e., the 
proportion of individuals sampled; Epperson et al. 1999), 
we adjusted the predicted I values by interpolating and ex- 
trapolating from the data presented by Epperson et al. (1999; 
see Table 4) and comparing these values to the I - E(I) val- 
ues in this experiment. Additionally, we calculated join- 
count statistics for the total number of unlike genotypes 
(Sokal and Oden 1978) for the same array of distance classes 
using Jcsp (Epperson 1993). A test statistic of standard nor- 
mal deviates (SND) was formed, which has an asymptoti- 
cally standard normal distribution under the null hypothesis 
of a random spatial distribution. A SND value <-1.96 indi- 
cates a statistically significant excess of pairs of identical 
single-locus genotypes (i.e., a deficit of pairs with non- 
identical single genotypes), in which pairs are separated 
by a given range of Euclidean distances (Epperson 1993). 

Results 

Genetic diversity 
The eastern white pine forest of the Menominee Reserva- 

tion is genetically diverse. A total of 65 nuclear alleles at 
seven variable rnicrosatellite loci with a mean of nine alleles 
per locus were detected in the nine populations combined. A 
mean of 51% of the nuclear alleles are rare (xi I 0.050) and 
25% are very rare (xi I 0.015). Allele frequencies were esti- 
mated separately for each population, and then mean percen- 
tages of rare and very rare alleles were calculated over 
populations. For the combined sampled populations, four al- 
leles were observed at each of the three variable chloroplast 
microsatellite loci for a total of 12 alleles. Nineteen chloro- 
plast haplotypes (multilocus haploid genotypes) were found 
for the three chloroplast loci, and when treated as single- 
locus alleles (i.e., chloroplast genome), the mean HE is 
very high (Table 2). HE was greatest for the chloroplast 
haplotypes, followed by the mean values for nuclear loci, 
and then by chloroplast loci. Nuclear HE is high in all pop- 
ulations, ranging from 46% in the Plantation to 51% in 
Camp 1 and School Pines. The mean HE f standard error 
for the mature populations of Camp 1, Minnow Creek, and 
Oconto Line combined (0.49 & 0.01) was identical to the 
mean for the associated seedling and sapling populations 
(0.49 2 0.00). 

Population genetic structure 
Five populations have highly significant f values, ranging 

from 16% in the old-growth population (School Pines) to 
21% in the mature pine-release population (Minnow Creek; 
Table 2). The Plantation population and the mature trees in 
the Potato Patch population were the only managed popula- 
tions with low f values, 8% and 4%, respectively. Also, sig- 
nificantly less inbreeding (P = 0.030; one-tailed test) occurs 
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Table 2. Genetic diversity as measured by expected heterozygosity (HE). 

Sample population HE (NUC) f P value for f HE (CP) HE (HAP) 
Camp 1 0.5 1 0.198 0.001 0.42 0.79 
Camp 11s 0.49 0.179 0.001 0.42 0.78 
Minnow Creek 0.48 0.207 0.001 0.44 0.82 
Minnow Creek/s 0.48 0.058 0.075 0.42 0.78 
Oconto Line 0.49 0.188 0.001 0.50 0.83 
Oconto Linels 0.49 0.027 0.254 0.46 0.74 
Plantation 0.46 0.075 0.034 0.44 0.80 
Potato Patch 0.50 0.037 0.178 0.46 0.82 
School Pines 0.5 1 0.157 0.002 0.46 0.76 
Mean 0.49 0.125 0.45 0.79 

Note: Inbreeding was measured by Weir's fixation index (f). Nine populations of eastern white pine 
were analyzed; seedling and sapling populations are designated with Is. Nuclear analyses were based 
on seven microsatellite loci, chloroplast analyses on three microsatellite loci, and the chloroplast hap- 
lotype analyses used three microsatellite loci. NUC, nuclear; CP, chloroplast; HAP, haplotype. 

Table 3. Mean Moran's I statistics for the first distance class (100 m for School Pines and 150 m for all other 
populations), calculated over alleles within loci. 

Rpslb  Rps2 Rps6 Rps39 Rps.50 Rps84 Rps127 Mean I - E(Qa 
Camp 1 -0.013 -0.043 -0.003 -0.083 -0.021 0.023 0.120 -0.003 0.017 
Minnow Creek 0.055 -0.075 -0.025 0.000 -0.043 -0.003 0.010 -0.012 0.008 
Oconto Line 0.003 -0.005 -0.047 -0.023 0.015 -0.015 -0.040 -0.016 0.004 
Potato Patch -0.007 -0.034 0.056 -0.078 -0.003 0.008 0.050 -0.001 0.019 
School Pines 0.047 0.008 -0.014 -0.030 -0.027 0.063 0.030 0.011 0.031 

Note: Seven nuclear microsatellite markers were sampled in five mature eastern white pine populations. 

"Mean observed I value minus expected I value of -0.02. 

on average in the seedling and sapling age classes for the 
Camp 1, Minnow Creek, and Oconto Line populations If = 
0.088) compared with the mature trees in these populations 
(f = 0.197). The seedling population at Camp 1 was the 
only juvenile population with significant inbreeding If = 
0.179). Differentiation at nuclear loci for all populations 
combined was minimal and is not significant at the 1% level 
(mean 6 = 0.001; confidence interval 0.000, 0.003) and was 
similar to the chloroplast haplotype analysis (6 = -0.001). 
Differentiation evaluated with pair-wise comparisons of the 
chloroplast haplotypes is significant at the 1% level for 2 of 
36 comparisons (less than one significant value is expected 
by chance). There are no significant differences in allele fre- 
quencies between individual seedling or sapling populations 
and their corresponding mature populations. 

Spatial genetic structure 
Spatial analyses were conducted on the five mature popu- 

lations using seven nuclear microsatellite markers (Tables 3 
and 4). We found that nearly all significant statistics were in 
the first distance class; hence, we focused on this class. This 
was not surprising because isolation-by-distance or any rea- 
sonable type of positive global autocokelation tends to have 
positive values for the first distance class (Epperson 1993). 
Moreover, the statistics for the first distance class are highly 
predictive of the amount of global autocorrelation under ge- 
netic isolation-by-distance processes (Epperson et al. 1999). 
The mean values of I (averaged over alleles within each lo- 
cus and then over all loci) are presented in Table 3. Based 
on these results, we determined that the degree of autocorre- 
lation is generally small. The strongest autocorrelation oc- 

curred at the least disturbed site of the School Pines 
population, followed by the Potato Patch, Camp 1, Minnow 
Creek, and Oconto Line populations. Proper statistical tests 
of significance for such mean values (i.e., averaged over al- 
leles within a locus) have been developed recently (Ep- 
person 2004). However, those methods assume normality 
and are not appropriate for the present data set, owing to 
the small sample size and large numbers of rare alleles. 
Moreover, the same trends were observed for SND values 
of the total number of joins between unlike genotypes 
(Table 4), to which significance tests can be applied (Cliff 
and Ord 1981). There was compelling evidence of the auto- 
correlation of genotypes for Rps2 and Rps5O in the Oconto 
Line population; Rps6 in the Potato Patch population; and 
Rpslb, Rps84, and Rps127 for the School Pines population, 
with autocorrelation meaning the correlation among geno- 
types (of individuals) within the sampled population. All 
statistically significant SND values are negative, indicating 
positive autocorrelations. Except for the Oconto Line popu- 
lation, the inverse rank order of the mean SND among pop- 
ulations reflected those based on I. 

Discussion 

Inbreeding 
HE values were lower than expected (i.e., inbreeding) in 

five of the nine sampled populations. Eastern white pine, 
like other conifers, can suffer from severe inbreeding de- 
pression, resulting in reduced yields, lower seed germination 
rates, lower survival rates, and slower seedling growth 
(Ledig 1998). Inbreeding is typically low in naturally regen- 
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Table 4. Standard normal deviates (SND) values for the total number of joins between unlike genotypes for the 
first distance class (100 m for School Pines, 150 m for all other populations). 

Rps lb  Rps2 Rps6 Rps39 Rps5O Rps84 Rps12 7 Mean 
Camp 1 -0.72 1.07 -0.89 0.83 0.58 -0.36 -1.06 -0.08 
Minnow Creek -1.37 1.31 0.07 0.24 0.5 1 0.70 -0.05 0.20 
Oconto Line -0.22 -2.42"" 0.13 -1.92* -3.62""" 0.66 0.42 -1 .OO 
Potato Patch 1.45 0.57 -2.10"" -1.12 -1.43 -1.82 -0.38 -0.69 
School Pines -2.27"" -1.20 -0.86 0.78 -0.23 -2.18"" -2.25** -1.17 
Mean -0.62 -0.13 -0.73 -0.24 -0.82 -0.60 -0.66 -0.54 

Note: Seven nuclear microsatellite markers were sampled in five mature eastern white pine populations. *, significant at the 
0.10 level, two-tailed test; **, significant at the 0.05 level, two-tailed test; ***, significant at the 0.01 level, two-tailed test. 

erating populations if they are not isolated or have large 
breeding populations, such as in P. strobus (Beaulieu and Si- 
mon 1994; Marquardt and Epperson 2004; Jones et al. 2006), 
and other pine species such as Pinus brutia Tenore (Pan- 
etsos et al. 1998), Pinus contorta Dougl. ex Loud. (Epperson 
and Allard 1984; Knowles 1984), and Pinus ponderosa 
Dougl. ex Laws. (Farris and Mitton 1984). In comparison, 
and similar to the results of this study, high inbreeding is 
reported in several conifer species, such as Abies arnabilis 
Dougl. ex J .  Forbes and Tsuga heterophylla (Raf.) Sarg. 
(El-Kassaby et al. 2003) and Pinus halepensis P. Mill. 
(Troupin et al. 2006). 

Populations in which Hardy-Weinberg expectations of 
random mating were observed were the Minnow Creek sap- 
ling and Oconto Line seedling populations, the Plantation 
population (which is a synthetic population originating from 
multiple stands), and the Potato Patch population. Possible 
explanations for the losses in heterozygosity observed in the 
remaining populations were the presence of null alleles, the 
Wahlund effect resulting from population admixture, spatial 
genetic structure, or a self-fertilization or biparental inbreed- 
ing mating system. The presence of null alleles is unlikely, 
because there is no evidence of their presence in a previous 
study of eastern white pine in Michigan that was evaluated 
with an identical set of nuclear markers (Marquardt and Ep- 
person 2004). A spatial Wahlund effect is expected if diver- 
gent subpopulations are pooled into a population sample. 
This type of spatial substructure is unlikely because all pop- 
ulations had the same gene frequencies; 8 measured little 
variance among them. A temporal Wahlund effect from 
pooling diverging generations within populations is also un- 
likely, because pairwise comparisons of chloroplast haplo- 
types indicated that a lack of significant differentiation had 
occurred between the seedling and sapling populations and 
their corresponding mature populations. Therefore, spatial 
genetic structure and mating system are the most plausible 
explanations for significant inbreeding within populations. 

Old-growth (sensu lato; Hunter and White 1997) popula- 
tions of eastern white pine may or may not have deficits in 
heterozygosity. For example, we found a decrease in hetero- 
zygosity from Hardy-Weinberg expectations for the School 
Pines population (f = 0.16), which was similar to the mean 
inbreeding coefficient estimated for two virgin old-growth 
populations of eastern white pine in Ontario studied by Ra- 
jora et al. (2000). Using the reported mean values of ob- 
served heterozygosity (Ho) and HE (Rajora et al. 2000), we 
calculated the mean f value for the two old-growth popula- 

tions of eastern white pine as f = 1 - (Ho 1 HE) = 0.14 (Nei 
1977). In comparison, minimal inbreeding (mean f = 0.01) is 
estimated in an old-growth eastern white pine population in 
Michigan (Marquardt and Epperson 2004), which is 16 
times lower than the value reported for the School Pines 
population in this study and 14 times lower than the mean 
value estimated in the Ontario study. Such comparisons 
among studies are possible because all three studies used 
largely similar sets of microsatellite markers developed for 
eastern white pine (Echt et al. 1996). The markers used in 
this study and in the Michigan study were identical, while 
the eastern white pine populations in Ontario were evaluated 
at 13 Rps loci, including five of the seven loci assayed in 
this study. Clearly, inbreeding can occur naturally in eastern 
white pine for long periods of time. 

Spatial genetic structure 
The spatial autocorrelation of nuclear DNA markers 

among the trees sampled within each mature population was 
weak. It was also variable, because the sites have been dis- 
turbed in various ways and were sampled at different inten- 
sities. It should be noted that "weak" spatial autocorrelation 
does not mean "unimportant". A small (i.e., weak) increase 
in the observed I value above expectations can impart sub- 
stantial spatial genetic structure. Because our sampling rates 
varied among populations, it was appropriate to correct for 
sampling by taking sample porosity into account (Epperson 
et al. 1999). Epperson (2005) reviews sample design in de- 
tail and the indirect effects of sample porosity on the pre- 
dicted amount of spatial autocorrelation. 

The School Pines population site had been disturbed the 
least, and it exhibited the largest mean measures of spatial 
autocorrelation. All trees within the study area were sampled 
at this site. Most of the trees were approximately 240 years 
old, but the population had been rapidly declining in recent 
decades. Since 1950, approximately 80% of the eastern 
white pines had died with no regeneration; thus, given the 
current density of 15 treesha, the density circa 1950 would 
have been 75 treesha. The survivors, if spatially random 
with respect to genetic structure, can be compared with sam- 
pling only one in five of the historical (pre-1950) popula- 
tion, which was equivalent to sampling on a larger spatial 
scale (Epperson 2005). Hence, to infer the spatial genetic 
structure of old-growth populations on the Menominee Res- 
ervation, we may consider that we in effect "sampled" the 
pre-1950 School Pines population (prior to losses from old 
age) on a porosity of 5.0. Because our sample size was 
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small, we compared the mean of the observed I value minus 
the expected I value (I - E(I); Walter and Epperson 2004). 
Indeed, the observed autocorrelation (adjusted for small 
sample size) falls in the range of values (I = 0.03-0.05) in- 
terpolated from Table 4 of Epperson et al. (1999), for a po- 
rosity of 5.0. Therefore, correcting for sampling by taking 
into account sample porosity, we inferred a mean spatial au- 
tocorrelation of approximately 0.04-0.05 for contiguous 
trees prior to 1950 (see porosity = 1.0 from Table 4; Epper- 
son et al. (1999)). 

The Minnow Creek population was the second least dis- 
turbed by human activities. The mature population had a 
density similar to that of the School Pines population, but it 
was sampled at a rate of one in two mature trees rather than 
contiguously. Note that for a wind-dispersed species, the in- 
crease in scale from sampling on a porosity of 2.0 rather 
than contiguously is not great enough to reduce the amount 
of autocorrelation expected for the first distance class for the 
former (interpolating from Table 4; Epperson et al. (1999)). 
Because both sites had been undisturbed by live-pine har- 
vests and the Minnow Creek population had not experienced 
a notable decline of mature trees, one could have expected 
about the same level of autocorrelation for the mature popu- 
lation as that inferred for the historical (pre-1950) School 
Pines population, a mean I value of approximately 0.04- 
0.05. In fact, the spatial distribution of genetic variation of 
the mature population was nearly random. One explanation 
for this observed randomness is that the spatial genetic 
structure among established trees reflects the immigration of 
seeds from offsite seed donors. It seems unlikely that the 
mature trees at the Minnow Creek site had been progeny of 
a relict forest population, because the study population con- 
sisted of mature pines that had survived low-intensity fires in 
the past and were scattered across the site, with very few old 
eastern white pine stumps present at the time of sampling. 

The other three sites had been highly disturbed by har- 
vesting activities. Prior to being sampled for study, the 
Camp 1 and Oconto Line populations were reduced to 70% 
crown closure in 1989. The Potato Patch population was re- 
peatedly thinned up until 1995, when the site was cut to 
50% crown closure. All three sites were sampled on a scale 
of 1 in 20 of the mature-sized trees, which corresponds to a 
porosity of at least 40 (0.5-I x 20) with respect to the pre- 
thinned populations. Even if the spatial autocorrelations in 
the mature populations before thinning and sampling had 
values similar to the inferred historical value for the School 
Pines population (0.04-0.05), the expected I value for the 
first distance class would be <0.01-0.02 when correcting for 
porosity (extrapolating from Table 4; Epperson et al. 1999). 
Indeed, on average the observed I value minus the ex- 
pected value for these three populations combined (I = 
0.01) was <0.02 and roughly consistent with expectations 
(of the removal of spatial structure) when logging is mod- 
eled as spatially random sampling. 

In summary, analyses of spatial genetic autocorrelation 
(for the mature populations) suggested weak positive struc- 
turing at the shortest distances; the strongest autocorrelation 
of genotypes occurred in the old-growth School Pines popu- 
lation, the least disturbed site. Spatial genetic structure can 
be influenced greatly by seed dispersal and mating system 
and is expected to be weak in natural tree populations that 

typically have continuous distributions, like eastern white 
pine and other conifers (Wright 1943, 1946), whose pollen 
and seed are widely dispersed by wind. The resulting high 
gene flow can disrupt the building of spatial genetic struc- 
ture, as shown by near randomly distributed genotypes of P. 
strobus (second-growth population; Marquardt and Epper- 
son 2004), P. contorta (Epperson and Allard 1989) and 
Picea mariana P. Mill. (BSP) (Knowles 1991). Nonethe- 
less, the structuring of genotypes and inbreeding can still 
occur over time, owing to limited seed dispersal and mat- 
ing between relatives, as reported for P. strobus (old- 
growth population; Marquardt and Epperson 2004; Jones 
et al. 2006) and for P. halepensis (Troupin et al. 2006), 
which is similar to the results reported for the old-growth 
population in this study. 

Effects of harvesting on spatial genetic structure and 
inbreeding 

The strongest spatial structuring of genes occurs in School 
Pines (the least disturbed site), followed by the mature 
Camp 1, Minnow Creek, Oconto Line, and Potato Patch 
populations, all of which are managed for pine-timber har- 
vest. Mean I - E(Z) statistics were largely in agreement with 
the inverse rank order of the mean SND values, for which 
significant autocorrelation exists within the Oconto Line, 
Potato Patch, and School Pines populations. In studies that 
evaluate the effects of logging on the spatial genetic struc- 
ture of forest trees, Knowles (1991) found random distribu- 
tions of genotypes for both clear-cut and undisturbed 
P. mariana stands. Takahashi et al. (2000) reported greater 
spatial autocorrelation for a cutover site than a control site 
for Fagus crenata Blume, attributing the increased spatial 
autocorrelation to founder effects caused by forest cutting. 
In contrast with Takahashi et al. (2000) and similar to the 
results of this study, Marquardt and Epperson (2004) re- 
ported less spatial autocorrelation for a second-growth site 
of P. strobus than for an old-growth site, suggesting that 
logging decreased the spatial genetic structure. Therefore, 
based on these results, we suggest that harvesting de- 
creased the spatial genetic structure in the three popula- 
tions under shelterwood management: Camp 1, Oconto Line, 
and Potato Patch. 

Significantly less inbreeding was found in two of the three 
juvenile populations than in their corresponding mature pop- 
ulations. The effects of forest management on genetic diver- 
sity have been studied more extensively and often the results 
contradict the results of this study. For example, enhanced 
inbreeding following harvest has been reported in Tsuga Can- 
adensis L. (Carr.) (Hawley et al. 2005), Scaphium macropo- 
durn (Miq.) Beumee ex K. Heyne (Lee et al. 2002), Shorea 
megistophylla Dipterocarpaceae (Muraw ski et al. 1994), and 
Pinus sylvestris L. (Yazdani et al. 1985). In comparison, 
Thomas et al. (1999) found that the breeding system of 
P. contorta was not affected by harvesting. More similar 
to the results for this study, Glaubitz et al. (2003) observed 
no significant increases in inbreeding for Eucalyptus consi- 
deniana following cutting, with f significantly reduced for 
one of four harvested sites. 

The forest management practices studied in the present ar- 
ticle are complementary to those in a previous paper (Mar- 
quardt and Epperson 2004) that indicated spatial genetic 
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structure is weak but positive in old-growth populations of 
eastern white pine, unless removed by logging. In concur- 
rence (as discussed above), the removal of spatial genetic 
structure by harvesting is a reasonable explanation for the 
observed reduction in positive spatial autocorrelation of the 
mature nuclear genotypes. Spatially caused biparental in- 
breeding would then be reduced for seedlings established 
postdisturbance. Therefore, these results suggest that Me- 
nominee Reservation forest management practices up to the 
time of sampling reduced inbreeding, that is, increased het- 
erozygosity, in naturally regenerating seedlings. 

Estimating dispersal 
Wright's (1946) NE, or the number of mating individuals 

drawn at random from within a circle of area 47ra2 and ra- 
dius 20, can be used to estimate total parent-offspring disper- 
sal (a2). To help ensure that genetic diversity is maintained 
in managed forests, a useful guide for the cutting of seed 
trees would be to anticipate how the influences of dispersal 
standardized by density (i.e., changes in breeding neighbor- 
hood size, NE) affect spatial genetic structure. For exam- 
ple, when seed dispersal is limited relative to the average 
spacing between maternal trees (i.e., low seed tree density), 
increased inbreeding in the regenerating seedlings (and in- 
creased autocorrelation) would be expected. However, the 
results of this study indicate that when seed dispersal is 
not limited relative to density and harvesting removes the 
spatial genetic structure of the reproducing mature trees, 
then inbreeding is reduced in the regenerating seedlings. 

To estimate dispersal for the historical School Pines popu- 
lation, a neighborhood size of 130 trees was approximated 
from an inferred I value of 0.05 (see Discussion above) using 
Epperson's (2005) estimator, NE = exp[(0.544 - I )  1 0.1021. 
When standardized for density, the total parent-offspring 
dispersal (a2), i.e., variance, and the combined seed and 
pollen dispersal distance (a), i.e., standard deviation, can 
be estimated using the neighborhood formula for a mone- 
cious population, NE = 47ra2d (eq. 6; Wright 1946), where 
d is the estimated pre-1950 population density. Thus, using 
a d value of 75 x 1 v  trees/m2 (i.e., 75 trees/ha) led to a 
predicted value of approximately 1393 m2 for a2 and 37 m 
for a .  Dispersal for seed (a2s) can be considerably shorter 
than dispersal for pollen (a2p), with a2 = 1/2(a2p) + a2s 
(Crawford 1984). Given that a2 is equal to 1393 m2, our 
results would correspond (for example) to a mean dispersal 
distance (a) of 43 and 21.6 m for pollen and seed, respec- 
tively. These a values were just one of many possible 
combinations and were in agreement with reported ranges 
of typical empirical measures: 17 (Wright 1952) to 69 m 
(Wang et al. 1960) for pine pollen, and 15 to 30 m for 
pine seed (Epperson and Allard 1984). In comparison, dis- 
persal for the historical School Pines population (a2 = 
1393 m2) was approximately 1.7 times larger than the dis- 
persal reported for one old-growth population of white pine 
in Michigan (a2 = 795 m2; Marquardt and Epperson 2004) 
that had an identical autocorrelation value (I - E(I) = 
0.05). Although both eastern white pine populations are 
minimally disturbed old-growth of similar ages, the density 
of the Michigan population is 25% greater than the density 
estimated for the historical School Pines population, result- 
ing in an increase in predicted dispersal in the latter. 

Conclusions 
Genetic diversity was high for all eastern white pine pop- 

ulations and evenly distributed among them. The spatial ge- 
netic structure of nuclear genes was variable in the managed 
mature populations and strongest at the least-disturbed old- 
growth site. Spatial autocorrelation at the historical old- 
growth site fit predictions for eastern white pine, based on 
pollen and seed dispersal and population density. HE values 
were lower than expected within five populations and this 
was attributed to the combined effects of spatial genetic 
structure and inbreeding. Contrary to our hypothesis that in- 
breeding would be increased in- the naturaly regenerating 
populations at the harvested sites, we found significantly 
less inbreeding on average in the young trees than in the lo- 
cal mature trees. The observed reduction in inbreeding 
among juveniles is most likely because of disturbance such 
as harvesting, which decreases the spatial genetic structure 
of the mature trees. Only with an increased understanding 
of the changes that occur as a result of forest management 
(e.g., changes in breeding neighborhood sizes as a result of 
the cutting of seed trees) will it be possible to conserve ge- 
netic diversity in tree populations-a crucial step for sus- 
tainable resource management. 
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