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Abstract
• This study investigated the short-term changes in neutral genetic variation that would occur if
a mature, second-growth, black walnut (Juglans nigra L.) stand was harvested following either a
diameter-limited or value-limited cutting regime.
• This research tested whether or not the neutral genetic variation within a natural stand of black
walnut was disproportionately distributed within the larger or more valuable cohort of trees. To test
this hypothesis a complete census of 278 trees from a black walnut stand in Indiana was genotyped
using 12 highly polymorphic microsatellites.
• Two types of simulated harvests were performed: (1) diameter-limit cuts, where every tree above
a given diameter was removed; and (2) selective harvests based on value, where subsets of the most
valuable trees were removed. Allelic diversity of the remaining population after each simulated har-
vest was compared to a corresponding distribution of outcomes from 10 000 random harvests of equal
intensity.
• None of the simulated harvests resulted in a reduction of allelic diversity significantly greater than
that expected under random harvest, indicating that the allelic diversity of the population was evenly
distributed across the entire population.
• These results indicated that typical harvest scenarios do not per se lead to loss of allelic diversity
among trees for this species.

1. INTRODUCTION

Over the past 200 y, loss of habitat, over-harvesting, and in-
sufficient regeneration have dramatically altered populations
of some the most valuable tree species in the central hard-
wood region (Finkeldey and Ziehe, 2004; Glaubitz et al.,
2004; McGuire et al., 1999; Nyland, 2005). In the Midwestern
United States, intense land-clearing for agriculture and tim-
ber harvesting during the 1800 s and the early part of the 20th
century left a highly reduced and fragmented forest landscape.
For example, in pre-settlement Indiana, forests were estimated
to cover 85% of the state, but by the turn of the twentieth
century forest cover had dropped to 13% (Bratkovich et al.,
2004). Since this nadir, the trend has reversed to some extent,
with about 20% of the state now forested in mature, even-aged
stands (Tormoehlen et al., 2000). The small proportion that re-
mains of the once-vast Midwestern forest has been subjected
to repeated rounds of selective harvest.

* Corresponding author: rod@hartmannsplantcompany.com

Today, selective harvest remains widespread in this region.
The motive is short-term profit: high-grading (value-based har-
vests) and diameter-limit cuts (the removal of the largest size
classes of trees) generally provide the greatest short-term fi-
nancial gain to land owners, with minimal disturbance to their
forests. These selective harvest practices can degrade the for-
est and decrease the long term economic returns of the resid-
ual stand by preventing the release of understory trees, the re-
moval of culls, and natural regeneration (Clatterbuck, 2006;
Kenefic et al., 2005; Nyland, 2005).

Many stand and species level studies have focused on the
ecological and silvicultural impacts of forest management
practices (Angers et al., 2005; Kelty et al., 2003; Kenefic
et al., 2005; Nyland, 2005; Tritton and Sendak, 1995). Com-
parisons of before-and-after treatment, and of treated sites ad-
jacent to undisturbed “control” sites, have been the main ap-
proaches used to investigate these questions (Buchert et al.,
1997; Glaubitz et al., 2004; Lee et al., 2002). Studies in-
vestigating the genetic consequences of forest management
have concentrated on economically important gymnosperms
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(Buchert et al., 1997; Neale, 1985; Rajora, 1999) or tropical
tree species (Degen et al., 2006; Lee et al., 2002; Murawski
et al., 1994; Obayashi et al., 2002), but few have addressed
temperate or fine hardwoods (Glaubitz et al., 2003; Ziehe and
Hattemer, 2002). Black walnut was the focal species of this
study because it is one of the most valuable hardwood tree
species in the eastern and central hardwood regions of the
United States, and because it has been the center of a hard-
wood tree improvement program at Purdue University since
the mid-1960s (Victory et al., 2004). Black walnut is shade
intolerant, and generally occurs as widely dispersed individ-
uals or in small, spatially distinct groves (Rink et al., 1994).
The effect of management on the genetics of black walnut has
been the subject of speculation and controversy in the Central
Hardwood Region for some time (Beineke, 1974).

Studies investigating the genetic consequences of different
silvicultural methods have generally relied on neutral genetic
markers due to the difficulty of measuring genetic change in
multi-locus adaptive traits. Though neutral genetic markers
may not reflect evolutionary changes to loci that undergo se-
lection, they have been found to be useful tools in measuring
changes to forest genetic structure due to anthropogenic ef-
fects (Finkeldey and Ziehe, 2004). Some of the earliest stud-
ies of the genetic consequences of harvest practices utilized
allozymes to evaluate genetic change after simulated and ac-
tual harvests. In an allozyme study involving a simulated
diameter-limit harvest of beech (Fagus sylvatica) trees sam-
pled from a mature German forest, the simulated removal of
trees > 55 cm, roughly a 12% census reduction (n ≈ 900),
yielded no particular trends and only minor differences in ge-
netic diversity between the removed and remnant trees (Ziehe
and Hattemer, 2002). In a Douglas-fir (Pseudotsuga menziesii)
shelterwood regeneration study using ten allozyme markers,
an approximately 85% reduction of the parent cohorts led to
very little loss of allelic diversity in two post-harvested re-
generating populations; a result partly attributed to high lev-
els of effective pollen migration and large effective popula-
tion size (Neale, 1985). An examination of the consequences
of silvicultural treatment on the genetics of dogwood (Cornus
florida), a shade-tolerant, insect-pollinated, temperate decid-
uous hardwood tree, showed that “generic concern that silvi-
cultural treatment per se may negatively affect future genetic
diversity or increase reproductive isolation is contraindicated”
(Sork et al., 2005). Degen et al. (2006) investigated the im-
pact of selective logging on genetic composition and demo-
graphic structure of four tropical tree species, and found that
“the differences between the genetic parameters in the control
scenarios without logging and the logging scenarios were sur-
prisingly small”, mainly because of overlapping generations
and effective pollen dispersal, which guaranteed homogeneity
of genetic structures of different age classes.

In contrast, Buchert et al. (1997) found that logging re-
duced the genetic diversity and number of alleles in a white
pine (Pinus strobus) stand, and rare alleles were especially
reduced. Hawley et al. (2005), in a study of eastern hem-
lock (Tsuga canadensis), found that diameter-limit thinning
resulted in residual populations that had dramatically higher
genetic diversity and altered genetic structure. Differences

between treatments and controls in the frequencies of rare and
uncommon alleles were substantial and likely the underlying
cause of genetic diversity differences. They postulated an asso-
ciation between poor phenotypes and rare alleles, a conclusion
also supported by Nijensohn et al. (2005), who also observed
that removal of the oldest trees in a stand significantly reduced
observed heterozygosity. Local spatial genetic structure was
found to be essentially random in a second-growth white pine
forest, probably as a consequence of previous logging; patches
of low-level structure were only observed in an old-growth for-
est (Marquardt and Epperson, 2004).

Although numerous types of molecular markers have been
utilized to answer population genetic questions (Parker et al.,
1998), nuclear microsatellites have become the marker of
choice over the past decade due to their ease of use and their
discerning power. Nuclear microsatellites have been used for
the identification of bottlenecks (Aldrich and Hamrick, 1998),
to study the genetic consequences of fragmentation (Aldrich
et al., 2005; Collevatti et al., 2001), to study the genetic
impacts of management practices (Glaubitz et al., 2003), to
evaluate genetic structure (Victory et al., 2006), to determine
parentage and paternity (Jones and Ardren, 2003; Streiff et al.,
1999), to estimate mating success (Dow and Ashley, 1998) and
rates of hybridization (Aldrich et al., 2003), and for genetic
fingerprinting (Rajora and Rahman, 2003).

The purpose of this study was to examine the short-term
changes in neutral genetic variation that would result if a ma-
ture, second-growth black walnut stand was harvested follow-
ing either a diameter-limit or a value-limited cutting regime.
Our null hypothesis was that the removal of the largest, most
valuable trees (i.e. the founders of the study population) would
not significantly alter the stand level allelic richness relative to
random removal of the same number of trees. To test the null
hypothesis, population level allelic richness (Ar) and other ge-
netic parameters were assessed for a complete census of the
stand based on 12 highly polymorphic nuclear microsatellites,
and we compared the loss of allelic diversity that would oc-
cur under (simulated) selective harvests with the expected loss
if a harvest of the same number of stems was carried out at
random with respect to value or diameter. Allelic richness has
been shown to be the most sensitive measure of genetic ero-
sion resulting from habitat loss, fragmentation, or silvicultural
practices (Boshier, 2000; Buchert et al., 1997; Rajora et al.,
2000).

2. MATERIALS AND METHODS

2.1. Study site location and sampling techniques

The study was carried out in a stand known as Long Hollow, lo-
cated in the Hoosier National Forest, Crawford County, Indiana (38◦

14′ N latitude/−86◦ 29′ W longitude) (Fig. 1A). The site is a well-
drained bottomland that runs mostly in an east - west direction; it is
flanked on either side by relatively steep slopes rising about 100 m.
The forest is a mature second-growth, even-aged, mixed hardwood
stand. Historically, the site was privately owned and used for pasture
and timber production. The state of Indiana acquired the land in the
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Figure 1. (A) Map showing the Long Hollow study area in the
Hoosier National Forest HNF, southern Indiana, USA, (inset shows
larger view of the area). (B) Location of all 278 black walnut trees
sampled at the Long Hollow research site.

mid-1920s and donated it to the USDA Forest Service in 1936 (Dale
Weigel, personal communication). Every black walnut (n = 278)
within the approximately 97 ha study area was measured for diameter
at breast height (dbh) and mapped by geopositioning using a Garmin
GPS unit (Garmin, Olathe, KS)1. The raw GPS data were analyzed
using arcgis version 9.0 to create a detailed map of the entire black
walnut population (Fig. 1B). In addition, mature leaves were sam-
pled from every tree in the population by launching a line up into the
canopy by slingshot and pulling down a small branch. The leaf sam-
ples were bagged, labeled, and quickly placed on ice. Once in the lab,
the leaves were processed for DNA extraction and stored in a −80 ◦C
freezer, or freeze-dried for future DNA isolation.

2.2. DNA isolation

Samples were prepared for DNA isolation by grinding about
100 mg of leaf tissue in a 2-ml microcentrifuge tube containing a

1 The use of trade names is for the information and convenience of
the reader and does not imply official endorsement or approval by the
United States Department of Agriculture or the Forest Service of any
product to the exclusion of others that may be suitable.

1/4-inch cylindrical ceramic bead (BIO 101-Savant, Carlsbad, CA)1

and 1.0 ml of CTAB extraction buffer (Lefort and Douglas, 1999)
modified with 2X PVP, 2X CTAB, and 2.0% ß-mercaptoethanol.
Samples were homogenized in an FP 120 Fastprep machine (BIO
101-Savant) by grinding for 40 s and then cooling them on ice for
about one minute. This cycle was repeated a total of three times. Af-
ter grinding, the microcentrifuge tubes were placed into a 64 ◦C wa-
ter bath for at least 30 min and periodically shaken by hand. Next,
samples were centrifuged for 5 min at 12 500 × g using a tabletop
centrifuge. DNA was isolated from 500 μL of the supernatant us-
ing an NA-2000 automated nucleic acid extractor (Autogen, Fram-
ingham, MA) employing a modification of Autogen’s NA-2000 Plant
DNA, V 1.01 DNA isolation protocol. In this modification, potas-
sium acetate (Autogen reagent AG00317) was added first, followed
by SDS/N-lauroyl sarcosine (Autogen reagent AG00212), and then
chloroform (Autogen reagent AG00316). All the remaining reagents
and protocols were the same as designated in the Autogen protocol.
The extracted DNA was quantified using a FL 600 microplate fluo-
rescence reader (Bio-Tek, Winooski, VT) and a Hoechst dye 33258
assay solution. The quantified DNA was diluted with 10 mM Tris-
HCl (pH 8.0) and 1.0 mM EDTA (pH 8.0) buffer to a working stock
concentration of 10 ng/μL prior to PCR amplification.

2.3. Microsatellite loci and PCR amplification

Twelve nuclear microsatellites developed in our lab were used to
genotype the black walnut trees (Tab. I). Detailed information on the
twelve loci can found elsewhere (Victory et al., 2006). PCR ampli-
fication was performed using Sigma ReadyMix Taq (PCR reaction
mix with MgCl2). Each reaction contained 10 ng of DNA template,
5.0 μL ReadyMix Taq PCR reaction mix with MgCl2, 0.4 μL of
20 pmoles/μL working primer stock, and 4 μL of nanopure, sterile
water for a total volume of 10 μL. The PCR-amplification protocol
was 30 cycles of 92 ◦C for 30 s, individual annealing temperature for
30 s (see Tab. I), and 72 ◦C for 30 s, followed by a final incubation at
60 ◦C for 45 min, run on either a PTC-100TM or a PTC-200TM Peltier
Thermal Cycler (MJ Research, INC., San Francisco, CA).

2.4. Microsatellite analysis and whole population
estimates

In preparation for gel electrophoresis, 1.0 μL of the PCR product,
0.5 μL of CXR 400 bp Ladder Standard (Promega, Fitchburg Cen-
ter, WI) and 1.5 μL of blue dextran loading solution (Promega) were
combined, denatured for 2 min at 95 ◦C, snap cooled with ice, and
loaded onto CAL96 paper combs (The Gel Company, San Francisco,
CA). Four loci were run together in a single gel lane (multiplexed)
by using three differently-labeled fluorescent tags and by ensuring
that loci with the same colored tag had alleles with widely differing
electrophoretic mobility. For quality control, allelic size standards for
each locus were run in three locations, two lanes each, equidistant
across the gel to standardize allele calling among gels. Electrophore-
sis was in 5% polyacrylamide Long Ranger denaturing gels (BMA,
Rockland, ME) at 3000 V, 60 mA, 200 W, 51 ◦C for 3 h using an ABI
377 XL automated DNA sequencer (Perkin-Elmer) with 36-cm plates
and 0.2-mm spacers. The software programs genescan v 3.1 and
genotyper v 2.5 were used to aid in the assignment of genotypes.
The software program gda v 1.1 (Lewis and Zaykin, 2001) was used
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Table I. Properties of the 12 microsatellite markers employed in this study. Genbank accession* numbers are in parentheses under the locus
name. The number in parentheses under the allele size range is the number of alleles found for that locus in the Long Hollow black walnut
population. The FIS values for the black walnut population is based on a total census of the Long Hollow stand.

Annealing Allele size
Locus Primer sequences (5′ − 3′) temp. (◦C) range (bp) FIS

AAG01 F: GCTTTTGATCAATCGCCCAA 57 145–166 –0.0951
(AY694137)* R: ACCCCATTTTGTAGCTTGGA (8)

WGA06 F: CCATGAAACTTCATGCGTTG 57 134–172 0.0243
(AY333949) R: CATCCCAAGCGAAGGTTG (18)

WGA24 F: TCCCCCTGAAATCTTCTCCT 55 222–248 0.0119
(AY333950) R: TTCTCGTGGTGCTTGTTGAG (14)

WGA27 F: AACCCTACAACGCCTTGATG 55 199–245 0.0112
(AY333951) R: TGCTCAGGCTCCACTTCC (19)

WGA32 F: CTCGGTAAGCCACACCAATT 58 163–217 0.0208
(AY333952) R: ACGGGCAGTGTATGCATGTA (28)

WGA69 F: TTAGTTAGCAAACCCACCCG 50 164–188 0.0483
(AY333953) R: AGATGCACAGACCAACCCTC (10)

WGA72 F: AAACCACCTAAAACCCTGCA 55 135–159 0.1272
(AY333954) R: ACCCATCCATGATCTTCCAA (11)

WGA76 F: AGGGCACTCCCTTATGAGGT 58 148–166 –0.0019
(AY688266) R: CAGTCTCATTCCCTTTTTCC (10)

WGA82 F: TGCCGACACTCCTCACTTC 57 140–234 –0.0003
(AY333956) R: CGTGATGTACGACGGCTG (38)

WGA89 F: ACCCATCTTTCACGTGTGTG 57 179–233 0.0402
(AY352440) R: TGCCTAATTAGCAATTTCCA (25)

WGA90 F: CTTGTAATCGCCCTCTGCTC 55 142–178 0.0379
(AY352441) R: TACCTGCAACCCGTTACACA (19)

WGA97 F: GGAGAGGAAAGGAATCCAAA 57 149–189 0.0242
(AY352442) R: TTGAACAAAAGGCCGTTTTC (17)

to calculate the observed number of alleles per locus (allelic rich-
ness), the observed and expected heterozygosities, and the fixation
index (FIS) for individual loci and across the population based upon
the complete census of 278 trees. No exact test was run on the indi-
vidual loci to make sure they were in Hardy-Weinberg equilibrium
(HWE) because we made a complete census of the population. The
Long Hollow population estimate of FIS was recalculated by boot-
strapping across all loci 10 000 times to determine if it significantly
deviated from zero. The cumulative number of alleles across all loci
were counted and graphically displayed relative to sample size of co-
horts created based on size (dbh) and value, starting from the largest
diameter cohort (or most valuable trees) and proceeding to the small-
est diameter cohorts (or least valuable trees) to determine whether
levels of neutral genetic diversity within the population were concen-
trated in the oldest or most valuable individuals. All of the cohorts
based on diameter were subdivided by 5 cm increments, except for
the smallest diameter size class (the seedling cohort) which by con-
vention is defined as < 3 cm in diameter. A total of 15 size cohorts
was generated by the incremental division based on diameter for the
Long Hollow population. All of the cohorts based on value were sub-
divided by $100 (US dollars) increments. A total of 24 value cohorts
was generated by subdividing the Long Hollow population based on
the $100 increments.

2.5. Tree grading and value estimation

To simulate a value-based harvest, three experienced professional
foresters, skilled in grading forest stands in Indiana, graded every

black walnut tree in Long Hollow with a dbh ≥ 30 cm (202 trees)
on March 21, 2003. Each forester independently estimated the num-
ber of harvestable logs from each tree and assigned each log a grade
(not shown). Gross volume in board feet for each tree was calculated
using the tree’s dbh, the estimated number of harvestable logs, and
an international 1/4-inch rule volume chart. A dollar value was as-
signed to each tree based on its estimated volume and grade using the
2003 Forest Product Report for the state of Indiana (http://www.ces.
purdue.edu/extmedia/FNR/FNR-177-W.pdf). Based on the indepen-
dent results from each forester, an average value was calculated for
each of the 202 black walnut trees surveyed and the values summed
to determine an overall value for the population.

2.6. Simulated harvest and data analysis

To examine the effects of different harvest practices on the allelic
diversity of a mature, second growth black walnut stand, a series of
simulated harvests were performed, including (1) diameter-limit cuts,
with limits of 30, 40, 50 or 60 cm (Fig. 2), and (2) selective harvests
based on value, where the 10, 15, 25 or 33 percent most valuable trees
were removed (Fig. 3). After each simulated harvest, allelic diversity
was recalculated based on the genotypes of the residual black walnut
trees. The statistical significance of the resulting reduction in allelic
richness (one-tailed test) was then determined for the null hypothesis
of no relationship between diameter class and allelic richness (or be-
tween value class and allelic richness). For each selective harvest, a
corresponding null distribution of residual allelic richness (see Fig. 4
for an example) was obtained by performing 10 000 random harvests
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Figure 2. Diameter breast height class distribution of 278 black wal-
nut trees in Long Hollow. Four simulated diameter-limit harvests (30,
40, 50, 60 cm) were performed, removing all individuals to the right
of the arrows. Right axis indicates cumulative number of alleles in
the population.
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les found in the Long Hollow population.

of equal intensity (each with an equal number of “harvested” trees,
but chosen at random with respect to diameter or value).

Weir and Cockerham’s (1984) estimator of population differenti-
ation θ, as well as Nei’s 1972 (D) genetic distance were calculated
using gda v 1.1 to compare the levels of genetic divergence and re-
latedness between the residual trees after each simulated harvest and
the pre-harvested population. Significance testing in gda was con-
ducted by bootstrapping 1000 times over all loci. Fisher’s exact test
was used to test if the proportion of private alleles differed among
cohorts.
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Figure 4. An example null distribution of allelic richness (Ar) for
the simulated diameter-limit harvest of > 50 cm. The distribution
was generated by performing 10 000 random harvests of equal in-
tensity each with an equal number of “harvested” trees chosen at
random with respect to diameter. After each simulated harvest, al-
lelic diversity was recalculated based on the genotypes of the resid-
ual black walnuts, and the observed value for the > 50 cm harvest was
then compared to this null distribution to obtain its statistical signif-
icance (one-tail test). All other simulated diameter-limit and value-
based harvests generated similarly-shaped distributions and com-
parable P values, so only this example distribution is shown. The
shadowed part of the histogram represents the amount of allelic rich-
ness (Ar) of the residual trees after the > 50 cm harvest was con-
ducted.

3. RESULTS

A high level of genetic diversity was found within the pop-
ulation of 278 black walnuts at Long Hollow based on this set
of 12 microsatellites. Across all 12 loci, the overall observed
heterozygosity was 0.792, just slightly less than the expected
level 0.808, reflecting a slight but non-significant heterozygote
deficiency (FIS = 0.020). Analysis of the distribution of alleles
(using gda) showed that all loci were in HWE except WGA72
(FIS = 0.12) (Tab. I). The number of alleles per locus ranged
from 8 to 38, with an overall estimated allelic diversity of
18.08. The relationship between cumulative number of alleles
and sample size increased sharply as individuals were added
beginning with the largest diameter class cohort and proceed-
ing to the smaller size classes. This result indicated that there
were high levels of neutral genetic diversity at Long Hollow
that were not concentrated in a few highly heterozygous indi-
viduals, and that the alleles were shared across all size (Fig. 2)
and value (Fig. 3) cohorts.

The average dbh for the Long Hollow black walnut popula-
tion was 38.1 cm, with a range from less than 1.0 to 72.6 cm.
The distribution of dbh for the total population produced a
bell-shaped histogram, indicating an even-aged stand (Fig. 2).
None of the four simulated diameter-limit harvests produced a
reduction in overall allelic richness significantly different from
that expected under a random harvest of the same intensity
(Tab. II). While there was a 15% drop in the number of alle-
les under the most intense simulated treatment (> 30 cm cut),
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Table II. Effect of simulated diameter limit harvests on genetic diver-
sity and their level of significance. Before treatment level of allelic
richness for the Long Hollow walnut population was 18.08 across all
loci with a total 217 alleles.

Treatment intensity of diameter-limit harvests (cm)
> 60 > 50 > 40 > 30

Trees harvested (%) 7 23 44 70
Allelic richnessa 17.8b NS 17.5 NS 17.1NS 15.4NS

Alleles retained (%) 99 97 94 85
FST

c 0.0004 0.0006 0.0011 0.0007
Dd 0.0505 0.0238 0.0198 0.0211

a Allelic richness among the residual black walnuts after the simulated
removal of the treatment trees.
b NS = not significant (α = 0.05); one tailed T-test for the observed reduc-
tion in allelic richness under the null hypothesis that the diameter-limit
harvest did not differ from a random harvest of equal intensity (based
upon the distribution of outcomes from 10 000 random harvests).
c Estimated FST between the pre- and post-harvest populations.
d Nei’s 1972 genetic distance values between the pre- and post-harvest
populations.

Table III. Effect of simulated value-based harvest treatments on ge-
netic diversity and their level of significance. Before treatment level
of allelic richness for the Long Hollow walnut population was 18.08
across all loci with a total 217 alleles.

Treatment intensity of value-based
harvests (%)

10 15 25 33
Trees harvested 28 42 70 92
Allelic richnessa 17.2b NS 17.9 NS 17.7NS 17.6 NS

Alleles retained (%) 99 99 98 97
Fc

ST 0.0030 0.0021 0.0017 0.0016
Dd 0.0552 0.0388 0.0307 0.0268

a,b,c,d Comments as in Table II.

the change in Ar for that simulated harvest was not different
from what would be expected from a random harvest of the
same intensity. The estimated level of genetic differentiation
(FST) between the pre- and post-harvest populations was close
to zero and not significant, as was the genetic distance estimate
(D) for all treatment levels (Tab. II). Both of these population
parameter estimates indicate a high level of genetic similarity
between the pre- and post-harvest populations.

The average total dollar value of the 202 black walnut trees
as evaluated by three foresters was $64 867 and ranged from
$62 666 to $68 066 (using log market values from 2003). None
of the four simulated value-based (high grading) harvests pro-
duced a change in overall allelic richness different from that
of a random harvest of the same intensity. The most severe
simulated value-based treatment would have removed the most
valuable 33% of the trees. This would have resulted in only a
slight change in the allelic richness of the stand (Ar = 17.58
after treatment vs. Ar = 18.08 before) and would have pro-
duced a total loss of only 6 alleles (Tab. III). As in the sim-
ulated diameter-limit cuts, both differentiation statistics, FST

and Nei’s D, indicated a high level of genetic similarity be-
tween the pre- and post-harvest populations (Tab. III).

We found no association between cohort dbh and the num-
ber of alleles private to the cohort. For example, there were 79
trees in the 0 to 30 cm dbh cohort which contained eight pri-
vate alleles (alleles not found in any other cohort); the cohort
of trees larger than 60 cm contained 23 trees and two private
alleles. In every size cohort a private allele was encountered in
5 to 10% of the trees. The most valuable trees (top 33%, see
Fig. 3) had a significantly smaller proportion of private alleles
than the least valuable 67% of the trees (4.2% versus 16.3%
respectively, two-sided P < 0.0035). The average observed
heterozygosity for the size (dbh) cohorts was 0.796 ± 0.017,
only the largest (> 60 cm) and smallest (< 30 cm) cohorts had
an observed heterozygosity greater than the mean. Observed
heterozygosity increased slightly but continuously with cohort
value, from 0.786 (for the least valuable 67% of the trees) to
0.824 (for the most value 10% cohort).

4. DISCUSSION

Analyses of the microsatellite data indicate that the wal-
nuts in Long Hollow had high levels of genetic diversity
(Ar = 18.08; expected heterozygosity, HE = 0.808). Results
from studies of other black walnut populations have found
high levels of genetic diversity in black walnut seeds using
allozymes (HE = 0.22−0.34) (Busov et al., 2002; Rink et al.,
1989; Rink et al., 1994) and adult trees using microsatellites
(Robichaud et al., 2006; Victory et al., 2006). For example,
Victory et al. (2006) observed comparable levels of genetic di-
versity (Ar = 22.91; HE = 0.793) averaged across loci in a
range-wide survey of 43 populations of black walnut using the
same 12 microsatellites used in this study. Robichaud et al.
(2006) estimated similar levels of genetic diversity to those re-
ported here (Ar = 19.90, HE = 0.832) in a 40 year-old black
walnut provenance/progeny trial of 39 open-pollinated fam-
ilies representing a broad sampling from throughout the na-
tive range of black walnut. Estimates of Ar and HE based on
microsatellite data for other temperate hardwood tree species
were similar to those observed in the Long Hollow black wal-
nut population (Dow and Ashley, 1996; van der Schoot et al.,
2000).

In the present study, all loci were in HWE except WGA72
(FIS = 0.12). The fixation index estimate for WGA72 was
moderate. Although a significant heterozygote deficiency can
indicate assortative mating (inbreeding), low levels of pollen-
gene flow, or null alleles, since only one locus was out of
HWE, it is most likely that the observed deviation from HWE
was caused by the presence of null alleles. Over all loci, we
observed a small and non-significant heterozygote deficiency
(FIS = 0.020) in the Long Hollow black walnut population, in-
dicating that it is very close to HWE and therefore undergoing
random mating.

None of the simulated harvests for either the value-based
or diameter-limit cuts decreased levels of allelic richness sig-
nificantly more than would be expected after a random har-
vest of equal intensity. In fact, for both types of simulated
harvests investigated and across all treatments except one, the
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resulting reduction in allelic richness ranged from one to six
percent. Only the diameter-limit simulated harvest removing
all trees > 30 cm, a 70% reduction in population, substan-
tially decreased the overall number of alleles, a loss of 15%.
The decrease in allelic richness was not significantly different
from a random harvest of equal intensity, but it can be argued
that a reduction in allele numbers of 15% would be a biolog-
ically significant loss of diversity. To mitigate this loss of al-
lelic richness, timing the harvest to coincide after a good nut
crop would encourage natural regeneration and help insure a
smaller genetic impact to the remnant population.

Overall, it appears that for this population, the allelic di-
versity was not over-concentrated in the largest or most valu-
able trees, but instead was evenly distributed across the entire
population. We suggest several explanations of the observed
results. First, roughly 80 years ago, when the Long Hollow
site was first allowed to revert back to forest, it was a patch-
work of open fields interspersed with small, early successional
forest fragments. Black walnut, as a shade-intolerant species,
needs large open areas for its seeds to germinate and for suc-
cessful recruitment and establishment. The presence of open
areas at Long Hollow during the time the forest was regen-
erating produced abundant opportunities for recruitment and
establishment of the founder’s progeny. Second, no commer-
cial harvesting or thinning has been conducted on the study
site since it was acquired by the USDA Forest Service, allow-
ing roughly 60 y of undisturbed growth and reproduction. So
not only was there space for successful regeneration, but there
also was plenty of time for the founders to reproduce. Parent-
age data from a concurrent study of the Long Hollow black
walnut population support this hypothesis (unpublished data).

High levels of gene flow, specifically pollen-gene flow,
played a role in the observed results. Gene flow from nearby
but slightly differentiated populations can mitigate gene loss
caused by small effective population size, natural and arti-
ficial selection, or genetic drift (Hamrick and Nason, 2000;
Namkoong et al., 2000) by replacing lost genes or adding
new ones to a population. There is a growing body of ev-
idence in walnut (Busov et al., 2002; Polito et al., 2005;
Robichaud et al., 2006; Victory et al., 2006) and in other wind-
pollinated species (Bacles et al., 2005; Imbert and Lefevre,
2003; Valbuena-Carabana et al., 2005) that pollen gene disper-
sal occurs over hundreds to thousands of meters across varied
landscapes. Therefore the relatively homogeneous distribution
of genetic diversity across size cohorts observed in the Long
Hollow population probably derived from moderate to high
levels of pollen immigration. Victory et al. (2005) found that
even the lowest frequency alleles in black walnut were not pri-
vate to sub-populations but regionally distributed. Given the
high rates of gene flow predicted for black walnut, we expect
that alleles lost to harvest are often restored in the regenerating
cohorts by pollen immigration, as was observed for Douglas-
fir (Neale, 1985). Thus, long-term retention of genetic diver-
sity in black walnut, a shade intolerant species, may depend
on maintaining high levels of recruitment, as was observed by
Degen et al. (2006) in a study of four tropical species.

We did not observe an increase in heterozygosity with tree
size, as was reported by Nijensohn et al. (2005), nor did we

observe any differences among the size cohorts for numbers of
private alleles. The largest trees and smallest trees had about
the same level of heterozygosity and proportion of private al-
leles. A slightly different picture emerged, however, when the
Long Hollow population was divided into value cohorts. Al-
though not directly investigated by our study, our data could
support the observation by Nijensohn et al. (2005) that thin-
ning based on value removes more rare alleles than random
thinning. The genetic consequences of a loss of rare alleles
from a single population can be hard to predict because rare
alleles may be detrimental to adaptation in the short term or
locally, but advantageous in the long-term or regionally.

It appears that for this particular stand of black-walnut, al-
lelic richness was evenly distributed across the population. Re-
moval of the largest and most valuable trees would not be ex-
pected to reduce the level of neutral genetic variation within
the population to a greater degree than would a harvest of the
same number of trees at random. It is likely that the ecology of
black walnut and the stand history of Long Hollow interacted
to produce the observed results. More than 60 y has passed
since the last commercial harvests at Long Hollow, provid-
ing opportunities for the “founders” to successfully pass on
their alleles to the younger cohorts. Finally, pollen-mediated
gene flow most likely connected Long Hollow to other, dis-
tant populations, helping to maintain (or even increase) the
allelic richness of the Long Hollow black walnut population
over time. Ongoing investigation into realized and potential
pollen-mediated gene flow for black walnut will provide more
empirical support for this last hypothesis.

Although this study indicates that harvest scenarios are ex-
pected to have minimal impacts on the genetic diversity of
black walnut in locations such as Long Hollow, the simulation
in this study was for one cutting cycle only, and one popula-
tion on one site. One could speculate that several sequential
selective harvests of this site might eventually have strong de-
mographic effects, but the negative genetic consequences of a
small founder population on subsequent genetic diversity in a
stand would probably depend strongly on rates of pollen gene
flow. Previously published data support very low levels of ge-
netic structure at even regional scales in black walnut (Victory
et al., 2006). Because this study did not consider an actual har-
vest, we could not account for the stochastic processes and
evolutionary forces that might affect allele frequency as natu-
ral regeneration takes place. These results should therefore be
considered preliminary, and not readily generalizable. Studies
of the intergenerational genetic consequences of harvest prac-
tices would be especially useful for understanding how to
manage and maintain genetic diversity in forests over the long
term.
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