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Abstract

Spatial structure and fine-scale genetic structure were analyzed for the medicinal plant American ginseng (Panax quinquefolius

L.) to more fully understand biological processes within wild populations. P. quinquefolius has been harvested for more than 250
years and is now considered threatened or rare throughout its range. Plants within four protected and four unprotected
populations were significantly clumped based on Ripley’s univariate analysis. Analysis with Ripley’s bivariate test determined
that juvenile plants were significantly clumped with adult plants at the shortest distance classes in all populations. Although
plants were highly clumped, we found that significant fine-scale genetic structure was restricted to the shortest distance classes
based on estimates of coancestry ( fij). In most cases, estimates of fij were more significant among juveniles than among adults,
especially at the shortest distance classes. The spatial structure of ginseng seems to result from the establishment and
persistence of plants in favorable microhabitats coupled with limited seed dispersal around maternal individuals. There were
no differences in patterns of fine-scale genetic structure between protected and unprotected populations.

Within a hierarchy of plant populations, subpopulations, and
patches, genetically distinct groups of individuals can develop
as a result of gene flow, drift, and/or selection. Among-
population genetic structure is interpreted as evidence for low
historical rates of gene flow with random changes in gene
frequencies, and/or differential selection across the land-
scape (Heywood and Levin 1985; Rowland et al. 2001).
Diminished gene flow throughout the species range is
expected to result in isolation by distance (IBD), with nearby
populations sharing more alleles at similar frequencies than
geographically more distant populations (Heywood 1991).
Levels of genetic structure also have been used to predict
other relationships, such as the degree of structure in
quantitative markers and divergence in genes coding
quantitative traits (Merila and Crnokrak 2001).

Factors expected to lead to IBD among populations of
plants are also predicted to produce genetic subdivision on
a local, within-population scale. Local genetic subdivision, or
‘‘kinship structuring,’’ results from the spatial clustering of
individuals that are more closely related than would be
expected if genotypes were distributed randomly (Heywood
1991). Kinship structuring can have evolutionary implica-

tions for the adaptive potential of the population (Wright
1970, 1977), as well as the development of breeding systems,
ecological interactions among close relatives, and structured
response to diseases, pollinators, and herbivores (Lande and
Schemske 1985; Schall and Levin 1978).

Fine-scale genetic structure within populations not only
impacts the evolutionary potential of a species, but it also
indicates the role of evolutionary and ecological factors that
shape plant populations. In some plant populations,
significant genetic structure over small distances results
from restricted seed dispersal, such that siblings or parents
and offspring grow close to one another, sometimes despite
long-distance pollen flow (Campbell and Dooley 1992;
Loiselle et al. 1995). Plant species at low densities with
discrete seed shadows are expected to develop a positive
fine-scale genetic structure (Hamrick and Nason 1996). In
contrast, plant species with overlapping seed shadows, high
outcrossing rates, rare seedling establishment, and/or
recruitment away from the maternal plant should have little
genetic structure within populations (Hamrick and Loveless
1986; Ueno et al. 2000). Molecular markers have made it
possible to discern genetic structure within and among
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populations that shed light on patterns of gene flow,
dispersal, and selection (Backmann 1994; Dow and Ashley
1996). Furthermore, studies of spatial genetic structure at
different life-history stages make it possible to tease out the
role of historical causes, seed dispersal, and local selection
within populations (Epperson and Alvarez-Buylla 1997;
Kalisz et al. 2001; Tonsor et al. 1993).

In natural environments, the spatial distribution of
individual plants within populations often depends on
environmental factors that influence seedling establishment,
such as light, moisture, and soil nitrogen levels, as well as
disturbance (Berlow et al. 2002; Parker et al. 1997). Spatial
patterning of individuals not only results from the
heterogeneous distribution of favorable microsites, but also
seed dispersal patterns (Loiselle et al. 1995; Ueno et al. 2000).
Among understory herbaceous species, sexual reproduction
is often limited by low seed output, limited dispersal, and low
germination rates, and can result in low population growth
rates for many forest herbs (Meier et al. 1995; Verheyen and
Hermy 2001). These factors can also produce high levels of
local genetic structure within populations.

In this study we analyze fine-scale genetic structure within
eight wild populations of the medicinal plant American
ginseng (Panax quinquefolius L.), hereafter ‘‘ginseng,’’ from the
Appalachian Mountains in the southeastern United States.
Ginseng roots have been harvested for export in the
medicinal trade since the early 1700’s (Carlson 1986). In
states where ginseng currently is harvested, the U.S. Fish and
Wildlife Service (USFWS) mandates that the oldest plants,
those with three and four leaves, should be collected after
mid-August. This sampling scheme is designed to give plants
a chance to reproduce, set seed, and replace themselves in the
population (Robbins 1998). Ginseng hunters are required to
plant seeds from collected plants at the population site, but
anecdotal information indicates that most harvesters remove
seeds to plant in more favorable sites closer to their homes
(Nazarea V, personal communication).

Ginseng plants are nonclonal, with a single stem, 20–60
cm high, arising in late April to early May from a short
rhizome with a whorl of one to four (or more) palmately
compound leaves. Ginseng reproduces exclusively by seed
after a prereproductive period of approximately 3 years
(Nantel et al. 1996; Schlessman 1985). Ginseng plants with
three or more leaves, or rarely two leaves, produce an umbel
of small white flowers between late May and July. Breeding
occurs by a mixed mating system (Carpenter and Cottam
1982; Schlessman 1985). Pollination is by generalists,
primarily by small bees of the Halictidae, and Syrphid flies
(Carpenter and Cottam 1982; Lewis and Zenger 1982).
Berries with one to three seeds are produced in July and
August, and then redden and mature from August through
October (Anderson et al. 1993; Lewis and Zenger 1982).
There is evidence for IBD among populations within the
southeastern Appalachian Mountains based on a survey of
allozyme diversity (Cruse-Sanders and Hamrick 2004).
Reproductive output in ginseng is positively related to
population size, with low fruit set in small populations likely
due to pollinator limitations (Hackney and McGraw 2001).

Ginseng populations should have a significant fine-scale
genetic structure as a result of the microhabitat requirements
of the plants as well as restricted seed movement. We also
expected to see different patterns of coancestry between
unprotected (populations where ginseng harvest is permitted)
and protected populations. Unprotected populations should
have less fine-scale genetic structure as a result of disturbance
by harvesters collecting the oldest (largest) plants from
populations. Epperson and Chung (2001) noted differences
in populations of Pinus strobus, where adults in undisturbed
populations had significant genetic structure attributed to
pollen and seed dispersal, whereas logged populations were
nearly randomly distributed. Our objectives were to map and
analyze the spatial distribution of plants within southern
Appalachian forests; compare spatial dispersion and patterns
of coancestry within populations and among age classes
within populations; and compare fine-scale genetic structure
within protected and unprotected populations.

Materials and Methods

Study Species and Site Description

Panax quinquefolius L. (Araliaceae) is a perennial herb native to
coves and hillsides in the understory of rich deciduous
woods of the Appalachian Mountains and adjacent areas
from Quebec, Canada, south to Georgia, and west to
Nebraska (Anderson et al. 1993; Robbins 1998). Wild plants
can be readily grouped into five size classes that reflect age
class stages: seedling, one leaf (1–3 years), two leaves (3–5
years), three leaves (5–9 years), four (or more) leaves (�9
years) (Anderson et al. 1993). For purposes of this study, we
categorized seedlings with one or two leaves as juveniles and
those with three or four leaves as adults.

Between 1999 and 2000 we recorded the number of
leaves and presence of fruits and flowers on plants in eight
populations at sites in Maryland, North Carolina, and
Georgia (Figure 1). More populations were studied in these
areas to analyze the among-population genetic structure
(Cruse-Sanders and Hamrick 2004). Sampling sites ranged
from 600 m2 to 21,000 m2, and every individual within each
patch was mapped. Four populations were protected from
harvest and four were unprotected (Table 1). Populations for
mapping studies were chosen based on our ability to identify
the entire population and population size (N . 15
individuals).

Spatial Analysis

Individual ginseng plants were labeled and their position
relative to other ginseng within the population was recorded.
All plants within the population were located by searching
the area and flagging all individuals (including stems affected
by herbivory) before mapping them. We mapped popula-
tions with one of twomethods: the first was to establish a grid
and locate plants along x and y axes; the second was to record
the distance and compass direction between plants. For one
population, NC15, x and y coordinates were determined
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from a scale drawing on graph paper. From these data we
determined the location of each plant, the area of each focal
population, and the density of individuals within populations.

Spatial analysis of P. quinquefolius within populations was
performed with Ripley’s K [Ripley 1977; analysis program
written by Richard Duncan (1995)], with

K ðtÞ ¼ A
Xn

i¼1

Xn

j¼1

wij Itði; jÞ=n
2;

where n is the sample size, A is the area of the plot, wij
corrects for edge effect, It is a value of one if the distance

between plants is less than or equal to t, otherwise it is zero
(Diggle 1983; Haase 1995). For this analysis, a circle of radius
t was centered on each individual and the number of
neighbors within the circle was determined for each
individual and for each value of t. Ripley’s K(t ) analysis
measured distances from each plant in our sample plots to
every other plant, and these empirical functions were
compared to hypothetical functions assuming spatial
randomness of plants in the plot. To plot the results,
generated values for K(t ) were square-root transformed into
an L(t ) function, where L(t ) ¼ t � [K(t )/p]1/2 and plotted
against t (t ¼ distance). The equation for L(t ) transforms the
expected K(t ) function under a Poisson distribution to a value
of zero, with regularly dispersed plants being positive and
clumped individuals negative. A bivariate measure, Ripley’s
K12(t ), was used to describe the distribution of adult and
juvenile plants relative to one another (Diggle 1983; Ripley
1977). The bivariate spatial function was transformed as
described for K(t ), resulting in L12(t ), which was then plotted
against t. Both the bivariate and univariate functions were
calculated for 2 m distance classes up to half the distance of
the shortest axis of the study sites. This corrected for bias
associated with edge effect.

The degree to which the observed values differed from
expected values determined the intensity of nonrandom
spatial distribution. Significance was tested using Monte
Carlo simulations that defined a 95% confidence interval (CI)
based on 19 simulations of random point distributions
(Stewart and Rose 1990). When the observed values, L(t ), lay
outside the CI at any spatial scale, the distribution of ginseng
was significantly different than random; values below the line
indicated clumping, otherwise they were overdispersed
relative to each other.

Figure 1. Map of the southeastern United States with the

location of P. quinquefolius sampling sites. Refer to Table 1 for

site descriptions.

Table 1. Sampling locations and descriptions of P. quinquefolius

ID
Protection
status N

Area
(m2) Density/m2

Altitude
(m)

Rainfall
(mm/year) Location

GA1 U 61 600 0.102 451 1583 Blue Ridge Mountains, GA,
Chattahoochee National Forest

GA3 U 66 2800 0.024 223 1336 Blue Ridge Mountains, GA,
Chattahoochee National Forest

GA4 U 104 4800 0.022 124 1194 Oconee National Forest, Piedmont
province, GA

MD21 U 94 21000 0.004 558 931 Savage River State Forest,
Appalachian plateau, MD

NC9 P 32 2400 0.013 1027 2122 Coweeta Long-Term Ecological
Research Site,
Blue Ridge Mountains, NC

NC15 P 106 4550 0.022 999 1489 Great Smoky Mountains National Park,
Blue Ridge Mountains, NC

NC17 P 96 2499 0.027 1217 2122 Joyce Kilmer-Slickrock Wilderness
Area, Blue Ridge Mountains, NC

NC22 P 48 3600 0.019 4250 2122 Natahala Wilderness Area, Blue Ridge
Mountains, NC

Protection status designates whether sites were protected from harvest (P) or if harvest was permitted (U).

The population size is indicated by N, which also refers to the sample size for that site.
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Electrophoretic Studies

To determine the multilocus genotypes of the plants, we
sampled one leaflet to an entire leaf from every mapped
individual for use in allozyme electrophoresis. Freshly
clipped leaves were placed in individually labeled plastic
bags and kept in a cooler or refrigerator until they were
brought back to the University of Georgia. Plant material was
crushed in a mortar within 48 h of sampling with
a phosphate-polyvinylpyrrolidone extraction (‘‘camellia’’)
buffer and a pinch of sea sand (Wendel and Parks 1982).
Enzyme extracts were then absorbed onto chromatography
paper wicks and stored at �708C until analysis.

Allozyme analysis followed procedures outlined in Cruse-
Sanders and Hamrick (2004). Briefly, electrophoresis was
conducted on 10% potato starch gels, and we consistently
resolved seven enzyme systems with 16 putative loci. We
used the following method for each gel and electrode buffer
system (abbreviation, number of loci): With a modification
of system 34 we ran florescent esterase (FE, 1), menedione
reductase (MNR, 2); using system 4, we ran isocitrate
dehydrogenase (IDH, 2), malate dehydrogenase (MDH, 2),
phosphoglucoisomerase (PGI, 4), triose phosphate isomer-
ase (TPI, 3), and uridine diphosphatase (UGPP, 2). The test
for significant differences in expected heterozygosity (He)
was performed on jackknifed values (Weir and Cockerham
1984). Inbreeding coefficients per population were estimated
from polymorphic loci, FIS ¼ 1 � Ho/He, and significance
was determined with bootstrap analysis over loci with 1000
replicates (Weir 1990, 1996). Similarly we tested for
significant differences in coancestry coefficients among
populations, h (Cockerham 1969), analogous to Wright’s
FST (1951), with bootstrap analysis over all loci.

Analysis of Coancestry

Within populations, the relationship between genetic re-
latedness and spatial distance can be examined by analyzing
the spatial autocorrelation for genotypes of mapped
individuals as a means of evaluating consequences of pollen
and seed dispersal within populations (Heywood 1991;
Kalisz et al. 2001; Loiselle et al. 1995). To identify differences
in fine-scale genetic structure among populations under
different types of management, individuals within the
mapped populations were analyzed using an index of spatial
autocorrelation developed by J. D. Nason (Kalisz et al. 2001;
Loiselle et al. 1995). For this analysis, multilocus allozyme
genotypes from the 16 polymorphic loci were used to
estimate coancestry between all possible pairs of individuals
within mapped populations. The coancestry estimator, fij,
measures the correlation in allele frequencies, pi and pj, at
a locus in pairs of mapped plants i and j, and therefore is an
estimate of relatedness between pairs of individuals (Kalisz et
al. 2001). The estimate of coancestry was calculated as fij ¼
[(
P

( pi � p)( pj � p))/kp(1 � p)] þ [1/2(N � 1)], (i . j ),
where p is the population sample allele frequency, k ¼ n(n �
1)/2 is the total number of pairwise connections between
individuals located a discrete number of map units from each

other, and 1/(2(N � 1)) adjusts for the bias of sampling all
possible pairs of individuals within a sample population
(Kalisz et al. 2001; Loiselle et al. 1995).

To obtain the multilocus estimator, results for fij are
combined over all loci by weighting by the polymorphic
index,

P
pa(1 � pa). If gene movement is restricted over

distance within the population, then it is expected that
estimates of coancestry should decline for pairs of plants
located increasing map units from each other. We chose to
analyze the data at the 2 m distance interval as a compromise
between resolution at the expected level of seed dispersal
within the population and increasing the number of pairs per
distance class (Nason JD, personal communication). The
power of the analysis depends on the number of polymorphic
loci included and the number of pairs for comparison within
each distance class. We only plotted those fij values that
included a minimum of 10 pairs per distance class, because
we wanted to maximize the number of independent samples
while maintaining resolution at the distance class scale.

Significant values for estimated fij were determined with
a randomization procedure (Kalisz et al. 2001; Loiselle et al.
1995). Map locations were randomly assigned multilocus
genotypes drawn at random with replacement from the
sample population. For each distance class, the results from
399 simulations were ordered and used to form a 95% CI
around the null hypothesis of no spatial genetic structure.
The null hypothesis of no genetic structure, fij ¼ 0, was
rejected when coancestry estimates were outside the 95% CI
based on the 399 simulations.

Results

Spatial Patterning

Densities within the mapped populations ranged from 4 to
100 individuals per 100 m2 (Table 1). The average proportion
of juvenile plants (one to two leaves) in the unprotected
populations was 0.65 (60.167) and in protected populations
it was 0.56 (60.158) (Figure 2). The percentage of adult
plants with fruits or flowers ranged between 10% and 56%,
whereas among juvenile plants, less than 10% had re-
productive structures (Figure 3). Based on visual inspection
of the scatter plot of spatial distribution within the
populations, the plants are highly clumped, with juvenile
plants clustering significantly with adults at the shortest
distance classes, as shown with the bivariate Ripley’s analysis
(Figure 4). Ginseng plants with reproductive structures were
scattered throughout populations with the same patchy
distribution as the entire population (data not shown).

Bivariate L12(t ) analyses determined that, in all popula-
tions but GA4, at short distances, juvenile plants were closer
to adults than expected by chance (Figure 4). The bivariate
distribution indicates significant clumping of adults and
juveniles, at the scale of 2–6 m in seven of the eight
populations (Figure 4). Population GA4 does not have
a significant relationship at the shortest distance class (95%
CI), but does show that ginseng adults and juveniles are
significantly more closely dispersed at 6 m.
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General spatial patterning of all plants in the populations
analyzed with univariate L(t ) indicated that ginseng plants
were significantly clumped at most spatial scales. Plants
within populations GA3, GA4, MD21, NC17, and NC22
were significantly clumped at all distance classes tested,
ranging from 20 m to 120 m depending on the area sampled
(Figure 5). Within population NC9, plants were randomly
dispersed within the 16 m to 20 m distances classes. Whereas
in population GA1, plants were significantly clumped in
distance classes 0 m to 4 m, but had a random spatial pattern
for the 6 m to 10 m distance class.

When adult and juvenile categories were separated for
univariate L(t ) analyses, there was slightly different spatial
patterning between the two age classes. Juvenile plants in
most populations were significantly clumped at the majority
of distance classes tested (Figure 5). Within populations GA1
and NC9, significant clumping of juvenile plants was
restricted to the first few distance classes, 6 m and 9 m,
respectively (data not shown). Adult plants were significantly
clumped at all distance intervals in NC22 (Figure 5a).
Populations GA3, MD21, and NC17 had a similar pattern.
Adult plants in GA4 were significantly clumped at 2–6 m,
10–12 m, and 18–24 m (Figure 5b). In population GA1,
adults were clumped at 2 m and 4 m, whereas in NC15 and
NC9, adult plants were significantly clumped beyond 30 m
and 12 m, respectively. We saw no clear pattern among
protected and unprotected populations.

Fine-Scale Genetic Structure

Analysis of fine-scale genetic structure indicated that
coancestry values ( fij) did not differ significantly (P , .05)
from zero in populations MD21 and NC22 (Figure 6). Within
populations GA1, GA4, GA3, NC9, NC15, and NC17,
plants were more closely related than expected with a random
distribution at the shortest distance class, 2 m. We also found
significant coancestry values for plants at further distance
classes within populations GA1, GA3, NC9, and NC17.
Populations GA1 and NC17 were the only populations with
significantly negative values for coancestry at 10–12 m and
24–26 m, respectively.

Fine-scale genetic structure differed among the age
classes (Figure 7). Five of the six populations with significant
estimates for coancestry at the shortest distance classes had
significant fine-scale genetic structure among juvenile plants
(GA1, GA3, GA4, NC9, NC15, and NC17) (Figure 7). Only
two populations had significant fine-scale genetic structure
among adult plants, but in one of these, NC9, it was
exclusively adults with significant coancestry estimates.

The inbreeding coefficient among all plants, FIS, was
significantly greater than zero in both protected and
unprotected populations (0.491 and 0.429, respectively;
95% CI, 1000 replicates). Genetic structure among pop-
ulations, h, was significantly different from zero in both
protected and unprotected populations (95% CI, 1000
replicates). Furthermore, genetic structure among unpro-
tected populations was significantly greater than among
protected populations (0.638 and 0.526, respectively). A
similar pattern was seen for h among young plants in
unprotected (0.807) versus protected (0.559) populations and
among old plants in unprotected (0.752) and protected
(0.462) populations (95% CI, 1000 replicates).

Discussion

Spatial Distribution

Overall P. quinquefolius exhibited a clumped spatial distribu-
tion in all populations. Juvenile plants were significantly
clumped at all distance classes, except in populations GA1
and NC9. Adult plants in populations GA1, GA4, and NC9
had a slightly different spatial pattern than juveniles in the
populations, with a random distribution at shorter distance
classes (6 m, 14 m, and 12 m, respectively). Otherwise adult
and juvenile plants had similar spatial clumping. There was

Figure 2. Proportion of juvenile (one- and two-leaf plants)

and adult (three- and four-leaf plants) P. quinquefolius in each

population.

Figure 3. Proportion of P. quinquefolius plants with flowers or

fruits in each age class within each population. The height of

the bar indicates the total proportion of reproductive

individuals in the population. The black portion of the bar is

the proportion of reproductive plants that were adults. The gray

portion of the bar refers to the proportion of total reproductive

plants classified as juveniles (one- and two-leaf plants). Data for

the presence of reproductive structures was not collected in

population GA3.
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significant bivariate clumping among adults and juveniles at
the shortest distance classes in all populations but GA4.
Significant spatial clumping within P. quinquefolius popula-
tions, especially at the shortest distance classes may result
from a combination of limited seed dispersal and spatial

heterogeneity in favorable germination niches. Seeds are
dispersed primarily by gravity and pollen is moved by small
insects, which should lead to a high degree of fine-scale
genetic diversity resulting from clusters of related seedlings
growing near the maternal plant and a high degree of shared

Figure 4. Maps of all P. quinquefolius in the study populations with bivariate L12(t ) analysis of adult and juvenile plants.

Both juvenile (þ) and adult (o) plants are mapped for each population. Below the map for each population is a correlogram for

bivariate L12(t ) results. The dashed lines indicate the 95% CI, data points that lie below the CI show significant clumping of

juvenile and adult plants; those points that lie above the CI are significantly hyperdispersed. Results are shown for population

(a) GA1, (b) GA3, (c) GA4, (d) MD21, (e) NC9, (f ) NC15, (g) NC17, and (h) NC22. See Table 1 for location descriptions.
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alleles among plants at short distances (Dutech et al. 2002;
Konuma and Terauchi 2001). Dispersal distances may be
greater than expected, however, if bird dispersal is more
prevalent than gravity dispersal and if humans play a large

role in seed movement. In fact, many ginseng plants are
found near turkey nests (Wilson M, personal communica-
tion) and people collect seeds and plant them in convenient
locations (Bonds H, personal communication). Both types of

Figure 4. Continued.
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dispersal could lead to a clumped distribution of mixed
genotypes.

Fine-Scale Genetic Structure

We found significant fine-scale genetic structure at the
shortest distance class (2 m) in six of the eight populations

examined. This finding is consistent with expectations if kin
structure was present in the population, particularly where
offspring were clustered around their parents. This spatial
pattern has been reported for self-compatible species and
plants with mixed mating systems, including Polygonum

thunbergii (Konuma and Terauchi 2001), Trillium grandiflora

(Irwin 2001; Kalisz et al. 2001), and the tropical tree

Figure 5. Correlogram for univariate L(t ) spatial analysis in two of the studied P. quinquefolius populations: (a) protected

population NC22 adults, juveniles, and all plants; (b) unprotected population GA4 adults, juveniles, and all plants. Dashed lines

are the 95% CI. Estimates of L(t ) that lie below the CI are significantly clumped; those that lie above the CI are significantly

uniformly dispersed.
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Figure 6. Spatial autocorrelation analysis of kinship, fij, for pairs of P. quinquefolius. (a) All plants within each unprotected

population. (b) All plants within each protected population. Distance intervals are 2 m in all populations. Certain distance intervals

within three populations did not contain enough pairs for valid coancestry estimation, therefore they were left out of the final

plot. These include in MD21, the 10 m distance class; in NC9, the 12 m, 16 m, and 18 m distance classes; and in NC22, the 6 m

distance class. The dashed lines represent upper and lower 95% CIs around zero relationship.
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Vouacapoua americana, which is pollinated by small insects and
dispersed by rodents in French Guiana (Dutech et al. 2002).
Significant fine-scale genetic structure has also been seen in
species with high outcrossing rates, such as Psychotria officinalis
in Costa Rica (Loiselle et al. 1995), Quercus rubra in temperate
forests (Sork et al. 1993), and Ipomopsis aggregata from alpine
herbaceous communities (Campbell and Dooley 1992).

Population NC9 had the highest proportion of adult
plants within the population (Figure 2) and the highest
proportion of reproductive adults (Figure 3). We found that
adult plants in this population demonstrated significant fine-
scale genetic structure, although juvenile plants did not. This
pattern has also been noted for T. grandiflora, where history
and selection were invoked to explain present fine-scale
genetic structure (Kalisz et al. 2001), and for Camelia japonica
(Ueno et al. 2002), in which fine-scale structure among adults
was attributed to microhabitat differences. Loiselle et al.
(1995) also determined that microgeographic selection was
responsible for the pattern of genetic structure seen among
subpopulations of Psychotria officinalis in Costa Rica. A similar
pattern was noted for Lupinus arboreus, whose seedlings did
not exhibit genetic structure as a result of high gene flow, but
juveniles did have significant fine-scale genetic diversity
attributed to microhabitat selection (Kittelson and Maron
2001).

In contrast, populations GA1, MD21, NC15, and NC17
had significant fine-scale genetic structure among juveniles,
but not among adults. This result is consistent with expected
patterns if there is some inbreeding and limited seed dispersal
in the population with subsequent random mortality (Ep-
person and Alvarez-Buylla 1997; Hamrick et al. 1993).

Estimates of coancestry among these four populations
ranged from 0.17 to 0.24, and were equivalent to expectations
for half and full sibs. Estimates of coancestry are equal to one
half relatedness, therefore a coancestry value of 0.25 indicates
a relatedness value of 0.5 (i.e., full sibs). In population GA1,
the average pairwise coancestry value among juvenile plants
at 2 m was 0.29, higher than expected for siblings and similar
to what we might expect with clonal plants, although
vegetative reproduction in ginseng is reportedly very rare
(Lewis and Zenger 1982) and we did not see any evidence for
clonality. Coancestry values greater than 0.25 among
juveniles could be due to selfing within the population, as
is suggested by significant FIS values in the populations, or
could result from low numbers of individuals or loci within
a distance class.

Although our analysis of spatial distribution indicated
that plants in all populations were significantly clumped at
almost all distance classes, patterns of fine-scale genetic
diversity varied among populations. As a result, it is difficult
to make broad predictions for fine-scale genetic diversity
within populations based on the spatial clumping of plants or
on coancestry patterns observed within a small subset of
populations. Unpredictable fine-scale structure among
populations has been found in other species. Combined
estimates of seed dispersal patterns and variations in fertility
were sufficient to describe the within-population genetic
structure of the tree Gleditsia triacanthos, however, Schnabel et
al. (1998) attributed differences in fine-scale genetic structure
among populations to unpredictable secondary seed dispers-
al. Similarly, in a study of the predominantly selfing plant
Medicago truncatula, Bonnin et al. (2001) found varying

Figure 7. Correlogram of estimated coancestry, fij, for age classes in one protected and one unprotected population. (a)

Protected population (NC17) adults and juveniles. (b) Unprotected population (GA1) adults and juveniles. Dashed lines represent

upper and lower 95% CIs around the null hypothesis of no genetic structure, fij ¼ 0.
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patterns of fine-scale genetic structure among subpopula-
tions, suggesting that different mechanisms may be acting at
different sites.

Year-to-year variability in seed production and dispersal
could reduce fine-scale genetic structure and lead to different
patterns among ginseng populations. Viability in the seed
bank is expected to be short and seedling mortality is always
high, thus the stability of populations is more sensitive to the
survival of adult individuals (Charron and Gagnon 1991). In
a 10-year study of P. quinquefolius, Dunwiddie and Anderson
(personal communication) found that yearly fruit production
varied considerably among adult plants, ranging from 0.5% to
33%. Such variation means that among ginseng populations
there can be a different proportion of individuals contrib-
uting to the observed genetic patterns. If fine-scale genetic
structure in this species primarily results from local seed
dispersal and is often lost among adult plants, patterns of
spatial genetic structure might be obscured after a period of
low seedling recruitment. This suggests that conclusions
about fine-scale genetic structure should be based on data
from several populations.

Fine-Scale Genetic Structure Within Protected and
Unprotected Populations

Among populations of P. quinquefolius subject to harvest
pressure, Cruse-Sanders and Hamrick (2004) found signif-
icant IBD and a high level of genetic structure among
populations. Approximately 50% of the total genetic
diversity was explained by differentiation among popula-
tions. Based on these estimates, at least five populations
throughout the southeastern range of P. quinquefolius would
need to be preserved to protect 95% of the genetic diversity
within the species. Human impact could reduce fine-scale
genetic structure within populations. Indeed, the degree of
fine-scale genetic structure observed was less than predic-
tions based on the significant clumping of individuals and
expectations for limited seed dispersal. In addition, there was
no clear pattern of spatial genetic structure between
protected and unprotected populations of P. quinquefolius.
Despite significant differences in levels of genetic diversity
and genetic structure among protected and unprotected
populations, we were unable to attribute differences in fine-
scale genetic structure to how these populations were
managed. This is in contrast with what was found for
populations of Pinus strobus in logged and old-growth forests,
where significant genetic structure was found in the latter
and randomly distributed genotypes in logged populations
(Epperson and Chung 2001).

Most state ginseng regulations mandate that seeds from
harvested ginseng plants be planted back into the population
(Robbins 2000). This could result in the mixing of genotypes
and blurring of genetic patterns, if harvesters bulk a collection
of seeds before planting. In Europe, Konig et al. (2002) found
a decrease in population genetic differentiation for Quercus
robur and Quercus petrea with increasing human impact as
a result of reforestation efforts and seed transfers. Further-
more, ginseng harvesters may create holes in natural

population genetic structure by collecting the oldest, pre-
sumably maternal plants from patches of individuals. Our
results were consistent with this expectation since adults
generally demonstrated less fine-scale genetic structure than
juveniles.

Conservation Implications

We found evidence for local seed dispersal in the majority of
ginseng populations studied. The pattern of fine-scale
genetic structure was seen in populations with significant
clustering of juvenile plants with adults at the same distance
intervals. This suggests that there are family-structured
groups of individuals within certain populations. Our results
indicate that spatial clumping of plants within populations is
probably also due to microhabitat heterogeneity, because
adult plants were spatially clumped but lacked significant
coancestry values. Therefore the spatial structure of ginseng
seems to result from the establishment and persistence of
plants in favorable microhabitats coupled with limited seed
dispersal around maternal individuals. In populations with
significant fine-scale genetic heterogeneity, harvesting pat-
terns that coarsely remove entire patches of plants may
eliminate significant portions of the genetic diversity within
ginseng populations.

Results from this study, along with high among-
population genetic structure and significant IBD foundwithin
this species (Cruse-Sanders and Hamrick 2004), suggest that
protection of genetic diversity within P. quinquefolius must
preserve not only populations throughout its range, but also
variation across an entire population. Similar measures have
been recommended for other species of rare plants exhibiting
fine-scale genetic structure (Chung et al. 2001). Finally,
variation in fine-scale genetic structure among populations in
this study, despite significant clumping of individuals in all
cases, indicates that spatial patterning may not be closely
associated with the distribution of genetic variation.
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