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ARTICLE INFO ABSTRACT

Article history: Populations of many orchids, especially terrestrial species, have been rapidly decreasing
Received 10 October 2006 due to mass collection by plant sellers and enthusiasts. Given the presumably negative
Received in revised form demographic and genetic consequences, such anthropogenic activity should be taken into
26 January 2007 consideration for predicting ecological and evolutionary dynamics and for planning

conservation strategies. To determine how recent human disturbance alters spatial
demographic and population genetic processes, populations of the terrestrial orchid

Keywords: Cymbidium goeringii located in South Korea were examined to quantify the spatial distri-
Allozymes butions of individuals and genotypes with respect to three levels of disturbance:
Conservation “disturbed” (four populations), “putatively disturbed” (two), and “undisturbed” (two).
Cymbidium goeringii Undisturbed and putatively disturbed populations were found to possess significantly
Human collection positive spatial clustering of individuals over a range of spatial scales. In contrast, dis-
Demographic structure turbed populations exhibited little or no spatial aggregation, consistent with the selective
Spatial genetic structure removal of plants by collectors from higher density areas within these populations.

Although overall genetic differentiation among populations was moderate and significant
(FsT =0.082), levels of genetic diversity within populations were similar despite the differ-
ent disturbance histories (mean H, = 0.257-0.324). Spatial genetic autocorrelation analyses
revealed that the undisturbed populations exhibited significant declines in kinship (F;)
with distance, that mean kinship at interplant distances of <4-6 m was significantly
greater than zero and between plants <0.5m apart was in the range expected for first
cousins to half-sibs. In contrast, only one putatively disturbed and one disturbed popula-
tion exhibited significant declines in kinship with distance. These differences between
disturbed versus putatively disturbed and undisturbed populations in the spatial distribu-
tion of individuals and genetic variation likely reflect the consequences of mass collec-
tions. Since these differences (and reduced population density) have important
implications for future ecological and evolutionary trajectories, conservation managers
of endangered terrestrial orchids may want to analyze the spatial distribution of individ-
uals and their genotypes to infer whether a population with few individuals represents a
natural state or the likely outcome of mass collection.
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1. Introduction

The spatial structuring of genetic variation within natural
plant populations reflects a complex interplay of ecological
and evolutionary processes (Slatkin and Arter, 1991; Sokal
and Jacquez, 1991; Hamrick and Nason, 1996; Epperson and
Li, 1997; Epperson, 1999, 2003, 2005; Kalisz et al., 2001). Fine-
scale genetic structure evolves in conjunction with the popu-
lation genetic processes of micro-environmental selection,
inbreeding, and inbreeding depression: genetic structure
influences the strength and scale at which these processes
operate within populations while their combined effect on fit-
ness influences the strength and scale of genetic structure in
adult plants (Epperson, 2003). The proximal causes of genetic
structure, however, are inherently ecological with the re-
stricted dispersal of offspring being of primary importance.
Restricted seed dispersal creates seed shadows localized
around the maternal plant, which, depending on patterns of
recruitment, may generate spatial clustering of full- and
half-sibling cohorts (Hamrick and Nason, 1996; Kalisz et al.,,
2001). If pollen dispersal is also spatially restricted within
populations, then this sibling structure will lead to biparental
inbreeding and rates of genetic drift will be enhanced. Re-
peated over generations, restricted dispersal of pollen and
seed will lead to the development of fine-scale genetic struc-
ture representing the spatial aggregation of complex pedigree
structures (Wright, 1943, 1946).

Another ecological factor important to the spatial struc-
turing of genetic variation is a population’s demographic
structure. Adult density influences the development of ge-
netic structure in two ways. First, at higher mean densities
(and within spatial aggregates) there will be greater overlap
of seed shadows, creating mixtures of pedigrees that de-
crease spatial genetic correlations among neighbors (Ham-
rick et al,, 1993; Bleher et al.,, 2002; Vekemans and Hardy,
2004; Troupin et al., 2006). Second, according to population
genetic theory (Wright, 1943; Malécot, 1948; Rousset, 1997,
2000; Vekemans and Hardy, 2004), genetic relatedness is ex-
pected to decrease with distance at a rate inversely propor-
tional to the effective population density, in essence
because the variance in effective pollen dispersal distance
is expected to be lower at higher mean densities (and within
spatial aggregates).

Although the theoretical relationship between density, dis-
persal, and genetic structure are well developed, the theory
assumes that the dispersion of adults (density) is uniform
within populations. In reality, populations often exhibit sig-
nificant spatial clustering of reproductive individuals (Sterner
et al., 1986; Pancer-Koteja et al., 1998; Dale, 1999) and formal
theory linking the interplay of such spatial demographics
with fine-scale genetic structure (and vice versa) is not well
developed. Generalizing from the theory for spatially uniform
populations, it is clear that spatial demographic structure can
influence spatial genetic structure, and that changes in the
former can impact the evolutionary trajectory of the latter.

Of principal interest in this paper are the effects of distur-
bance-mediated changes in the spatial demography on the
strength and scale of fine-scale genetic structure. What are
the proximal effects of disturbance on within population ge-
netic structure? Consider, for example, disturbance-mediated

mortality that is random with respect to the spatial demogra-
phy of a population. In this case it would be predicted that the
immediate population genetic impact would be to reduce the
effective population size (Ng); the major genetic implications
of reduced N, (increased inbreeding and loss of genetic vari-
ability) would be manifested over subsequent generations.
In contrast, as with disease or herbivore outbreaks, spatial
patterns of anthropogenic disturbance are often likely to be
highly non-random. Consider, for example, that when plants
of economic value for their medicinal, food, timber, or horti-
cultural properties are removed from natural populations,
they are typically selectively harvested from relatively high-
density patches (Nantel et al., 1996; Buchert et al., 1997; Rob-
bins, 2000; Cruse-Sanders et al., 2005; Degen et al., 2006). In
this case, given the existence of spatial demographic and ge-
netic structure prior to disturbance, several predictions can be
made concerning the immediate impacts of such disturbance
on the spatial distribution of plants and genetic variation.
First, because individuals growing closer together are likely
to be more closely related than ones growing further apart,
the selective removal of plants from high-density patches
should decrease the strength and spatial scale of both demo-
graphic and genetic structure. Second, because inter-mating
within patches generates inbred individuals, removal of indi-
viduals from patches should decrease mean inbreeding for
the population. Third, because relatives are more likely to
be homozygous for the same allele (autozygous) due to iden-
tity by descent, their selective removal from higher density
patches should increase population-level observed heterozy-
gosity. Other genetic effects (loss of allelic diversity) are also
expected with reduction in N but are not specific to spatially
structured, density dependent disturbance. Also, these are
predictions of the immediate impacts of spatially and density
dependent disturbance; if, following disturbance, population
growth is slow or absent, then the reduced N, will result in in-
creased inbreeding and loss of genetic variability.

Compared to other terrestrial orchids in South Korea, Cym-
bidium goeringii is relatively common with relatively large, and
continuously distributed populations. Since C. goeringii is
evergreen and large, however, individuals are easily detected
during the period from late Fall to early Spring and popula-
tions are increasingly subject to the harvest of entire plants
by plant sellers and orchid enthusiasts. As a consequence,
there exists a mixture of recently disturbed and undisturbed
populations of this species, making it ideal for investigating
the effects of selective harvesting on spatial demography
and genetics. This paper examines the spatial demographic
and genetic structure of South Korean C. goeringii, focusing
on four “disturbed”, two “putatively disturbed”, and two
“undisturbed” populations. Specifically, it is predicted that
in recently highly disturbed populations the spatial aggrega-
tion of plants, their fine-scale genetic structure, and inbreed-
ing should be lower, and observed heterozygosity higher, than
in putatively disturbed or undisturbed populations. To deter-
mine spatial demographic structure, the recently developed
O-ring statistic of Wiegand and Moloney (2004) was used. Like
genetic autocorrelation methods, the O-ring statistic is annu-
lus-based and non-accumulative (unlike the more commonly
used Ripley’s L function). To quantify the spatial scale and
magnitude of within population genetic structure, spatial
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autocorrelation techniques (Epperson, 2003; Vekemans and
Hardy, 2004) were used. In closing, the short- and long-term
implications of our results for the population biology and con-
servation of selectively harvested plants, and of terrestrial
orchids in particular, are considered.

2. Materials and methods
2.1.  Plant species

C. goeringii is distributed in deciduous forests of temperate
regions in southern China, Japan (Honshu, Shikoku, and
Kyushu), and the southern and southwestern Korean Penin-
sula (Kitamura et al., 1986). Most individuals do not exhibit
clonal growth and in only a few cases do older individuals
form clumps (10-20 cm diameter) connected by a short rhi-
zome (M.Y.C., unpublished observations). Yellowish-green,
nectarless flowers (3-3.5cm long) are typically borne one
per scape during March to April. The species is self-compat-
ible and exhibits extremely low fruit set in natural condi-
tions (0.4-0.6%), which increases following hand-pollination
(Chung and Chung, 2003). During field surveys in South Kor-
ea conducted since 1996, the first author has failed to ob-
serve any pollinators, suggesting that the very low fruit set
may be due to pollinator limitation. Typical of orchids, fruits
(5 cm long) contain large numbers of minute, wind-dispersed
seeds.

2.2.  Study area and history of disturbance

Since this study concerns the degree of disturbance (dis-
turbed vs. undisturbed) and its impacts on demographic and

genetic structure within populations of C. goeringii, brief site
specific descriptions of habitat disturbance/quality are neces-
sary. Based on a field survey of 20 sites in South Korea since
1996, eight study sites representing: “disturbed”, “putatively
disturbed”, and “undisturbed” populations were investigated
(Fig. 1). Although collection of terrestrial orchids is illegal, dis-
turbed populations nevertheless were identified, in which re-
cent mass collection has resulted in the removal of 70-90% of
plants. One population belonging to this category, HAG, was
from an east-facing hillside in Hakdong-ri, Dongbu-myeon
on Geojae Island, Province Gyeongsangnam-do (n=72, a
60 x 100 m area, altitude above sea level, 12 m, on a mixed for-
est of pines/oaks and broad-leaved evergreen trees). At this
site, of a total of 597 individuals that were recorded in Decem-
ber 1996, 525 were removed by collector(s) from January 1997
to January 1998. A second site, HAD, was located on an east-
facing slope of a broad-leaved evergreen forest hillside in
Yulrim-ri, located near Hangilam, a recreation area on Dolsan
Island, Province Jollanam-do (n = 48, a 50 x 50 m area, altitude
78 ma.s.l). At HAD, of a total of 182 individuals that were
censused in January 1997, 134 were removed by collector(s)
in January 1999, which were found dead in a pile on site
(the first author believes that the collector(s) failed to re-
locate the harvested C. goeringii in the dense broad-leaved
evergreen forest). Of note, a few additional C. goeringii plants
were observed in the vicinity of HAD at low densities that sug-
gest a previous mass collection. A third site, JB], was located
on a south-facing hillside in Jungpyeong-ri, Bukha-myeon,
Jangseong-gun, Province Jollanam-do (n=54, a 80x80m
area on a pine/deciduous oak forest, altitude 340 m a.s.l.).
At this site, of a total of 575 individuals that were identified
in January 1997, 521 were removed by collector(s) from

JAPAN

Fig. 1 - Range of Cymbidium goeringii in Korea (below dashed line) and locations of the eight populations examined in this
study. “Disturbed populations”: HAG, HAD, JBJ, and KKS; “undisturbed populations”: USH and WAN; and “putatively

disturbed populations”: KWA and SHI.
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December 1998 to January 1999. The fourth disturbed popula-
tion, KKS, was located on an east-facing slope of a pine/decid-
oak forest hillside in Seogye-ri, Gokseong-eup,
Gokseong-gun, Province Jollanam-do (n = 50, a 70 x 90 m area,
altitude 220 m a.s.l.). At KKS, of a total of 552 individuals that
were counted in January 1997, 502 were removed by collec-
tor(s) in January 1999. At JBJ and KKS, the first author found
obvious vestiges of mass collection (i.e., traces of digging
and presence of dead individuals).

In contrast, two populations were designated as “undis-
turbed” since no evidence of human-mediated disturbance
(e.g., selective harvesting, reforestation, fire, etc.) was de-
tected. These undisturbed populations, belonging to National
Parks or Natural Monuments in Korea, occur in old, continu-
ously distributed broad-leaved evergreen forest, and contain
relatively high densities of individuals. One study population
belonging to this category, USH, was located in the center of a
larger continuously distributed population occurring within
the Natural Reserve in Uishin-myeon on Jin Island, Province
Jollanam-do (n=133, a 20x20 m area, altitude 120 m a.s.l.).
The second study population, WAN, was also located in the
center of a larger continuously distributed population on a
north-facing hillside within Jollanam-do Provincial Arbore-
tum on Wan Island, Province Jollanam-do (n=150, a
20 x 20 m area, altitude 112 m a.s.1.). USH and WAN are similar
to each other in terms of associated plants (Camellia japonica,
Cinnamomum insularimontanum, Eurya japonica, Ligustrum ova-
tum, Neolitsea sericea, etc.) and density.

Finally, two populations that were suspected of having
been subject to human-mediated disturbance were included
(Fig. 1). These populations were designated “putatively dis-
turbed”, since they occur adjacent to cities, are easily accessi-
ble from these areas, and are suspected of being disturbed by
collection (an illegal collector was encountered at one site) or
reforestation. One such population, KWA, was located on a
south-facing hillside of a pine-oak forest adjacent to a town
in Kwangju-shi, Province Jollanam-do (n=91, a 20x40 m
area, altitude 220 m a.s.l.). The second population, SHI, was
located in recently reforested Pinus rigida stand on an east-
facing hillside from Shinjin-ri, Seungju-eup, Province Jolla-
nam-do (n=98, a 20x40 m area, altitude 360 m a.s.l.). Most
individuals of C. goeringii at this site were juveniles. For all
eight study populations the first author collected a half-leaf
per sample individual, which was kept on ice, transported
to the laboratory, and stored at 4 °C until protein extraction
for allozyme analysis (see below).

Three of the eight populations were previously studied
(HAG, Chung and Chung, 1999; KWA and SHI, Chung et al.,
1998). These population data sets were included here to pro-
vide replication for comparing demographic and genetic con-
sequences among the three disturbance categories.

uous

2.3.  Spatial distribution of individuals

Ripley’s L-function (Ripley, 1976, 1977, 1981) is commonly used
by ecologists as a method for point pattern analysis. Since the
Ripley’s L-function is based on the frequency distribution of
points within circles, it is cumulative and confounds effects
at larger distances with effects at smaller distances. Like Rip-
ley’s L-function, Wiegand and Moloney’s (2004) O-ring statistic

is a second-order summary statistic of point-to-point dis-
tances in a mapped area that is useful for detecting spatial
pattern. In contrast, however, the O-ring statistic is non-accu-
mulative as it uses rings to isolate specific distance classes.
Consequently, it provides a straightforward biological inter-
pretation of local neighborhood density that is more intuitive
than the accumulative measure (Stoyan and Penttinen, 2000).
Moreover, use of the O-ring statistic permits a more direct
comparison with the results of spatial autocorrelation analy-
ses of genetic structure since the latter also uses rings and is
non-accumulative.

To assess and visualize the spatial distribution of plants in
the eight C. goeringii populations, the univariate O-ring statis-
tic O(r) was calculated from the mean number of individuals
in an annulus of radius (r) around each plant and plotted
against the spatial scale r. Since the use of ring widths greater
than half the shortest plot side introduces bias due to edge ef-
fects, the maximal ring width was set less than half the short-
est plot side at starting ring width 1m with a 1 m lag. For
testing the significance of O(r) for each r, the common null
model, complete spatial randomness, was used. This model
is appropriate for this study given the prediction that selec-
tive removal of plants from spatial aggregates should erode
demographic structure towards spatial randomness. For ref-
erence to the point pattern expected under complete spatial
randomness the first order intensity, 1 was calculated.
Ninety-nine percent confidence envelopes about complete
spatial randomness (i.e., 1) were constructed from the highest
and lowest O(r) of 199 spatial randomizations by Monte Carlo
simulation for each study populations. An observed value of
O(r) outside of this envelope was judged a significant depar-
ture from complete spatial randomness, with an observed va-
lue above, within, or below the envelope indicating spatial
clustering, spatial randomness, or spatial repulsion (hyperdi-
spersion), respectively, at radius r. All calculations and simu-
lations were conducted using the program PROGRAMITA
(Wiegand, 2003).

2.4.  Enzyme extraction and electrophoresis

For extraction leaf samples from the eight study populations
were finely cut and then crushed with a mortar and pestle
in a phosphate—polyvinylpyrrolidone extraction buffer (Mit-
ton et al, 1979). Enzyme extracts were absorbed onto
4 x 6 mm wicks cut from Whatman 3MM chromatography pa-
per, which were then stored at —70 °C until needed. Levels of
allozyme variation were determined using horizontal starch-
gel (12%) electrophoresis. The 12 putative loci resolved from
the eight enzyme systems employed in this study were the
same as in Chung et al. (1998) and Chung and Chung (1999).
These were acid phosphatase (Acph), alcohol dehydrogenase
(Adh-1, Adh-2), diaphorase (Dia), fluorescent esterase (Fe-1,
Fe-2), leucine aminopeptidase (Lap), phosphoglucoisomerase
(Pgi-1, Pgi-2), phosphoglucomutase (Pgm), and triosephos-
phate isomerase (Tpi-1, Tpi-2), all of which were resolved
using a modification (Haufler, 1985) of Soltis et al.’s (1983) sys-
tem 6. Putative loci were designated sequentially, with the
most anodally migrating isozyme designated as “1”, the next
“2”, etc. Likewise, alleles were designated sequentially with
the most anodally migrating allele designated “a”.
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2.5.  Fine-scale genetic structure

To characterize fine-scale genetic structure within popula-
tions, spatial autocorrelation procedures and a kinship coeffi-
cient (Fj: Loiselle et al., 1995; Kalisz et al., 2001; Vekemans and
Hardy, 2004) were used. Like the O-ring statistic used to mea-
sure spatial demographic structure, these procedures are
annulus-based and non-cumulative, and so permit isolation
of the strength of genetic structure for specific distance clas-
ses. To visualize fine-scale genetic structure, mean values of
F;; for successive distance intervals (r) were calculated and
then plotted against distance. To strike an acceptable balance
between spatial resolution and statistical power, in all popu-
lations mean Fj; estimates were calculated at r =2 m distance
intervals (lags) with right-hand binning. Because the two
undisturbed populations (USH and WAN) had sufficiently
large sample sizes these were also analyzed at a finer scale:
for distances of <2 m, r=0.5 m lags were used. For each dis-
tance interval, 95% confidence intervals (CIs) were also con-
structed about the null hypothesis of no genetic structure
(F; = 0) with randomization procedures (Loiselle et al., 1995;
Kalisz et al.,, 2001; Hardy and Vekemans, 2002; Vekemans
and Hardy, 2004).

To test the overall pattern of genetic structure in each pop-
ulation, the regression slope (br) of Fj (the pairwise kinship
coefficient between individuals i and j) on the natural loga-
rithm of r; (the distance between i and j) was calculated. It
is expected that by will be negative in spatially structured
populations and its significance was evaluated using a Mantel
test (999 replicates) under the null hypothesis of no genetic
structure (bg=0) (Vekemans and Hardy, 2004). The distance
at which average kinship reaches zero is commonly inter-
preted as indicating the “genetic patch size” or scale of spatial
genetic structure (Smouse and Peakall, 1999; Diniz-Filho and
Telles, 2002; Epperson, 2003; Escudero et al., 2003). This dis-
tance is sensitive to the spatial scale of sampling, however,
and is not a characteristic of populations (Fenster et al.,
2003; Vekemans and Hardy, 2004). Consequently, because
populations in the three disturbance categories were sampled
at different scales formal comparisons of this distance were
not made between them.

Similarly, because by depends to some extent the sampling
scheme (Fenster et al., 2003), to make comparisons between
disturbance categories a statistic, Sp, which better reflects
the rate of decrease of pairwise kinship with distance was
used (Vekemans and Hardy, 2004; Hardy et al., 2006). The Sp
statistic measures the intensity of fine-scale genetic structure
and was calculated for each locus as —bg/(1 — F(y), where Fy, is
the kinship between neighboring plants and is typically esti-
mated by F( - 1), the mean Fj at the smallest distance interval
or lag (Vekemans and Hardy, 2004). A mean Sp (and standard
error) was also calculated for each population by averaging
over loci (Vekemans and Hardy, 2004). Estimation of all spatial
genetic autocorrelation statistics were conducted using the
program SPAGEDI (Hardy and Vekemans, 2002).

Given specific interest in differences in fine-scale genetic
structure among disturbance “treatments”, significant varia-
tion in the three treatment-level mean Sp values was tested
using a meta-analysis (Hedges and Olkin, 1985) in which each
population-level Sp value was weighted by its variance

(square of the standard error). Using the same approach dif-
ferences in mean Sp for pairs of treatments were tested
employing Bonferroni adjustment for multiple tests (three
tests total, adjusted «=0.0167). These weighted ANOVA and
t-test analogs were conducted using the program MetaWin
(Rosenberg et al., 2000).

2.6.  Analysis of genetic diversity and structure

In estimating genetic diversity, a locus was considered poly-
morphic if the frequency of the most common allele did not
exceed 0.95. The following genetic diversity parameters were
estimated using the program POPGENE (Yeh et al., 1999): per-
cent polymorphic loci (%P), mean number of alleles per locus
(A), observed heterozygosity (H,), and Nei’s unbiased gene
diversity (He). Assuming neutral genetic variation and link-
age equilibrium among loci, standard errors for H, and H.
were calculated over loci and populations within disturbance
categories. Differences in mean H, and H. between distur-
bance categories were considered to be significant if their
95% confidence intervals did not overlap. To measure devia-
tions from Hardy-Weinberg (H-W) equilibrium at each poly-
morphic locus, Wright’s (1965) F-statistics (Fis, Fir, and Fst)
were calculated for the complete set of populations follow-
ing Weir and Cockerham (1984). These fixation indices were
used to measure deviations from H-W equilibrium at the
level of individuals relative to their local populations (Fis),
local populations relative to the total population (Fst, also
a measure of differentiation among local populations), and
individuals relative to the total population (Frr). Ninty-five
percent bootstrap confidence intervals (1500 replicates) were
constructed around means of the F-statistics and the
observed F-statistics were considered to be significant when
confidence intervals did not overlap zero. Mean Fis and their
95% confidence intervals (1000 replicates) were calculated
over populations within disturbance category. These calcula-
tions were made using the program FSTAT [version 2.9.3.2
by Goudet (2002), see Goudet (1995)]. Finally, Mean F;s and
their 95% confidence intervals (1000 replicates) were also
calculated separately for each population using the program
GDA (Lewis and Zaykin, 2001).

3. Results
3.1.  Spatial distribution of individuals

Analyses of the four disturbed populations using the O-ring
function revealed a marginally significant positive spatial
aggregation of individuals over a range of spatial scales at
HAG and no deviation from random at HAD, JBJ, and KKS
(Fig. 2). The putatively disturbed and undisturbed popula-
tions, in contrast, exhibited highly significant positive aggre-
gation of individuals at almost all spatial scales and had
values of O(r) consistently higher than in the disturbed popu-
lations for comparable values of r.

3.2.  Fine-scale genetic structure

Among 12 allozyme loci, Acph, Adh-1, Pgi-1, and Pgi-2 were
monomorphic across all eight populations and excluded from
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Fig. 2 - Spatial aggregation of individuals within Cymbidium goeringii populations as measured using the O-ring statistic [O(r)].
Filled circles indicate the mean O(r) for an annulus of radius r with 1 m lags. Dashed lines indicate confidence envelopes
about the null hypothesis of random spatial structure. The solid line indicates the first-order intensity of the point pattern
within populations: 0.006 in HAG, 0.004 in HAD, 0.005 in JBJ, 0.004 in KKS, 0.014 in USH, 0.015 in WAN, 0.010 in SHI, and 0.010
in KWA. Note: the x-axis scale varies as a function of the spatial dimensions of the sample population.

analysis of fine-scale genetic structure. Subsequent inspec-
tion of multilocus genotypes failed to reveal clones in any
populations. Consequently, all genetic analyses describe the
population structure of genets.

Significant evidence of fine-scale genetic structure was de-
tected in four of eight populations (Table 1; Fig. 3). For both
undisturbed populations (USH and WAN), one putatively dis-

turbed population (SHI), and one disturbed population (HAD),
the slope (bg) of kinship on the natural logarithm of spatial
distance (r;) was significantly less than zero (Table 1). Com-
paring the strength of fine-scale genetic structure across dis-
turbance categories, two of the three highest Sp values were
found in the undisturbed populations while the three lowest
values were found among the disturbed populations (Table
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Table 1 - Comparison of spatial genetic autocorrelation among eight populations of Cymbidium goeringii®

Population/ Disturbed Undisturbed Putatively disturbed
IR HAG HAD JBJ KKS USH WAN SHI KWA
n 72 48 54 50 133 150 98 91
br —0.002 -0.031° —0.003 —0.004 —0.022° —0.036° -0.016° —0.006
Sp 0.0015 0.0363 0.0059 0.0049 0.0279 0.0324 0.0154 0.0063
(SE) 0.0060 0.0143 0.0051 0.0052 0.0050 0.0058 0.0058 0.0039
Mean F; 0.051 0.071 0.073 0.051 0.068° 0.084° 0.023 0.008
at <2m
95% CI (—0.051, 0.152) (—0.153, 0.294) (—0.080, 0.226) (—0.072, 0.175)  (0.023, 0.112) (—0.004, 0.173) (0.000, 0.046) (—0.040, 0.056)

a Abbreviations: n, sample size; by, slope estimated over 2 m distance intervals; Sp, intensity of FSGS; SE, standard error (SE); and F;;, mean
kinship coefficients calculated at <2 m; and 95% CI, jackknifed 95% confidence intervals.

b Denotes estimates significantly different from zero.

1). Variation in mean Sp values between disturbance “treat-
ments” was highly significant (P <0.00001), as were differ-
ences between undisturbed vs. disturbed (P <0.00001) and
undisturbed vs. putatively disturbed (P = 0.00003) sets of pop-
ulations (but not disturbed vs. putatively disturbed; P = 0.453).
In each of these significant tests, the undisturbed populations
had the highest mean Sp.

3.3. Genetic diversity and structure

Levels of allozyme diversity, as well as H,, were similar
among populations regardless of disturbance history. Popu-
lation-level Fis estimates calculated over eight polymorphic
loci ranged from 0.081 to 0.300 and were significant for all
disturbed and undisturbed, but no putatively disturbed pop-
ulations (Table 2). Mean Fig values for each disturbance cat-
egory were significantly greater than zero but were not
significantly different from each other (based on broadly
overlapping 95% confidence intervals) despite the disturbed
category having the three highest population-level Fis values.
Viewed over all eight populations, significant deficits of het-
erozygotes were found within populations (mean Fis = 0.169,
95% CI=0.100, 0.242) and for the population as a whole
(Frr=0.238, 95% CI=0.138, 0.338). Allele frequency differ-
ences among populations were also significant, both calcu-
lated over polymorphic loci (Fsr=0.082, 95% CI=0.034,
0.134) and individually for each of the eight polymorphic loci
(results not shown).

4, Discussion

Using C. goeringii as a study species, this study focused on the
comparison of disturbed, putatively disturbed, and undis-
turbed populations, testing a priori predictions of how a
specific form of anthropogenic disturbance, the selective har-
vest (removal) of plants, influences spatial demography and,
subsequently, diversity and spatial structure of genetic varia-
tion. In general, it was predicted that density dependent
selective harvest should have the proximal effects of decreas-
ing the spatial aggregation of plants and fine-scale genetic
structure while also decreasing within-population inbreed-
ing. Below these predictions are evaluated with respect to
data obtained and the implications of results are considered
for the conservation of C. goeringii, and terrestrial orchids as
a whole.

4.1.  Effects of disturbance on demographic structure

In the four disturbed populations of C. goeringii, the num-
bers of plants had recently been dramatically reduced by
orchid collectors (HAG: 597-72, HAD: 182-48, JBJ: 575-54,
and KKS: 552-50). Consistent with predictions, the spatial
aggregation of individual plants was much lower in these
as compared to putatively disturbed and undisturbed study
populations. Specifically, these latter populations exhibited
highly significant aggregation of individuals at all values
of r whereas spatial structure was marginally significant
and positive in one disturbed population (HAG) and entirely
absent in the others (Fig. 2). One possible explanation for
the apparently lower spatial structure in the disturbed
populations is that it is an artifact of their smaller sample
sizes (Table 1) and, consequently, reduced power to reject
the null hypothesis of complete spatial randomness. This
interpretation was rejected based on two observations.
First, the 99% confidence limits about complete spatial ran-
domness were similar in all populations (Fig. 2) indicating
that the power to reject the null was reduced little (if at
all) in the disturbed populations. Second, for every compa-
rable radius r, the measure of spatial aggregation O(r) was
consistently lower in the four disturbed populations than
in any undisturbed or putatively disturbed population
(Fig. 2).

The degree to which spatial structure is reduced by den-
sity dependent harvesting (or disturbance related mortality
in general) will depend on the intensity of disturbance. In
general, the smaller the fraction surviving, the greater the
expected loss of spatial demographic and genetic structure
(Degen et al., 2006). Of particular importance, however, is
the actual number of survivors because it is these individu-
als that determine the residual spatial structure. For exam-
ple, prior to disturbance, HAG had many more individuals
than HAD (597 vs. 182) though densities were similar (0.100
and 0.073 individuals per m?). Following disturbance the
fraction of survivors and their density in HAG was about half
that in HAD (HAG: 12% survivors at density 0.01 m~% HAD:
26% survivors at 0.02 m’z). Nevertheless, HAG had 50% more
net survivors (72) than did HAD (48). Thus, the difference be-
tween these two populations in the spatial aggregation of
individuals (weak in HAG, absent in HAD) is consistent with
differences in the number of plants surviving after distur-
bance. Similarly, like HAD, disturbed populations JB] and
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Fig. 3 - Correlograms of estimated kinship coefficients (F;;) over distance within Cymbidium goeringii populations. Filled circles
(®) indicate mean values of F;; for 2 m distance intervals. Open circles (O) at USH and WAN represent mean Fj; for 0.5 m lags at
distance intervals of <2 m. The dashed lines represent the upper and lower bounds of 95% confidence envelopes constructed
aboutthe null hypothesis of F;; = 0. Note: the x-axis scale varies as a function of the spatial dimensions of the sample population.

KKS had relatively few net survivors (54 and 50, respectively)
and exhibited no spatial aggregation of individuals (despite
having large numbers of individuals prior to disturbance,
like HAG).

4.2.  Effects of disturbance on spatial genetic structure

Parallel to the strong differences in spatial demographic
structure between disturbed and undisturbed populations,

the impact of disturbance on fine-scale genetic structure is
also clear. It was predicted that the removal of plants from
higher density patches should decrease both spatial demo-
graphic and genetic structure. Indeed, both undisturbed pop-
ulations, one of two putatively disturbed populations (SHI),
and one of four disturbed populations (HAD) exhibited signif-
icant evidence of fine-scale genetic structure (bg <0, Table 1).
The apparent lack of overall fine-scale genetic structure in
three of four disturbed populations is unlikely to be due to
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Table 2 - Summary of genetic diversity measures and mean fixation (F;s) values observed in eight populations of

Cymbidium goeringii*

Population %P A H, (SE) H. (SE) Fis (95% CI)
Disturbed

HAG 67 2.25 0.234 (0.057) 0.308 (0.066) 0.250 (0.012, 0.455)
HAD 67 242 0.252 (0.053) 0.321 (0.067) 0.225 (0.105, 0.321)
JBJ 67 1.92 0.230 (0.050) 0.324 (0.067) 0.300 (0.156, 0.465)
KKS 67 2.00 0.298 (0.064) 0.343 (0.071) 0.141 (0.008, 0.264)
Mean 67 2.15 0.254 (0.016) 0.324 (0.007) 0.233 (0.125, 0.331)°
Undisturbed

USH 67 1.92 0.248 (0.056) 0.296 (0.066) 0.166 (0.060, 0.283)
WAN 67 1.92 0.251 (0.053) 0.311 (0.068) 0.198 (0.051, 0.303)
Mean 67 1.92 0.250 (0.002) 0.304 (0.008) 0.177 (0.094, 0.243)P
Putatively disturbed

SHI 67 2.25 0.227 (0.051) 0.246 (0.054) 0.081 (~0.027, 0.197)
KWA 67 2.42 0.239 (0.057) 0.268 (0.057) 0.115 (~0.010, 0.240)
Mean 67 2.34 0.233 (0.006) 0.257 (0.011) 0.109 (0.023, 0.187)"
Mean across

Eight populations 67 2.14 0.247 (0.008) 0.302 (0.011) 0.169 (0.100, 0.242)°

a Abbreviations: %P, percentage of polymorphic loci; A, mean number of alleles per locus; H,, observed heterozygosity; He, Hardy-Weinberg

expected heterozygosity or genetic diversity; SE, standard error, and 95% CI, 95% confidence intervals.
b Means are Weir and Cockerham (1984) estimates of Fis over populations.

small sample sizes and low power to reject the null hypothe-
sis (br = 0). Consider that sample sizes for the three disturbed
populations in which b was not significantly less than zero
(HAG, JBJ, and KKS) were all larger than the one in which bg
was significantly less than zero (Table 1). Consider too that
small sample size is expected to inflate the variance but not
bias estimation of bg or Sp, the latter of which should be used
for comparing the strength of overall fine-scale genetic struc-
ture between populations. Nonetheless, among all eight pop-
ulations these three disturbed populations (HAG, JBJ, and KKS)
had the lowest estimated Sp values, again indicative of re-
duced fine-scale genetic structure in these populations and
not simply lack of statistical power to detect such structure.
Finally, in treatment-level contrasts (meta-analysis of Sp val-
ues), overall fine-scale genetic structure was significantly
greater for undisturbed than for both disturbed and putatively
disturbed sets of populations. Thus, undisturbed C. goeringii
populations would seem to possess significant fine-scale ge-
netic structure with some of this structure dissipating in
putatively disturbed and disturbed populations.

As noted above, reduction in sample size is expected to in-
crease the variance in estimates of fine-scale genetic struc-
ture and, indeed, a clear outcome of the relatively small
number of surviving individuals in the disturbed populations
(n=48-72) is an increase in the variance of F;; estimates across
distance intervals (r). Sample size effects are further exacer-
bated because, relative to undisturbed and putatively dis-
turbed populations, three of four disturbed populations
(HAG, JBJ, and KKS) were originally much larger and required
sampling over larger spatial scales, which decreased the
mean number of pairwise F;; estimates per distance interval.
Consequently, there is decreased statistical power to detect
subtle, distance-specific evidence of genetic structure in these

disturbed populations should such residual structure exist.
Consistent with the effects of smaller sample sizes, disturbed
populations exhibited larger 95% confidence intervals about
F;; at the smallest distance interval, increased variation in Fj
between successive distance intervals, and a broader 95%
confidence envelope about the null hypothesis of no genetic
structure (Fj; = 0; Table 1, Fig. 3). Thus a primary effect of selec-
tive harvesting is to greatly inflate the variance in distance-
specific estimates of fine-scale genetic structure. The larger
putatively disturbed populations (n=91 and 98) and espe-
cially the undisturbed populations (n =133 and 150), in con-
trast, exhibited much lower variance in the estimation of F;
(Table 1, Fig. 3). Of particular note, because of this lower var-
iance, we were able to detect significant fine-scale genetic
structure down to a distance interval of <0.5m in the two
undisturbed populations (0.097 in USH and 0.122 in WAN).
Taking into account population level inbreeding (Fis), these
values are in the range expected for first cousins to half-sibs.

Although studies on spatial demographic and genetic
structure comparable to that of C. goeringii are unavailable
for other terrestrial orchid species subject to selective har-
vest, Cruse-Sanders and Hamrick (2004) have examined spa-
tial structure in four protected and four unprotected
populations of the medicinal herb wild American ginseng
(Panax quinquefolius). Similar to our findings they found signif-
icant demographic and genetic structure within protected
ginseng populations. In contrast, however, there was no trend
of reductions in this structure in unprotected ginseng popula-
tions. Regarding the lack of apparent difference in spatial and
demographic structure between protected and unprotected
ginseng populations, it should be noted that population sizes
and densities were similar between treatments and the actual
intensity of disturbance in unprotected populations was not
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known. Compared to that for the four disturbed C. goeringii
populations, it may not have been particularly strong.

Results from the analysis of fine-scale genetic structure
and Fsr in C. goeringii could provide general insight into seed
dispersal in terrestrial orchids. On the one hand, the signif-
icant fine-scale genetic structure observed for undisturbed
populations may be the rule for C. goeringii as it has also
been detected for four neighboring undisturbed populations
on Oenaro Island, South Korea (Chung et al., unpublished
data). Significant fine-scale genetic structure has also been
observed in the nine other species of terrestrial orchids
examined to date (Caladenia tentaculata, Peakall and Beattie,
1996; Spiranthes spiralis, Machon et al., 2003; Cephalanthera
longibracteata, Chung et al.,, 2004a; Cremastra appendiculata,
Chung et al., 2004b; Orchis cyclochila, Chung et al., 2005a; Lip-
aris makinoana, Chung et al., 2005b; Orchis purpurea, Jacque-
myn et al, 2006; Platanthera aquilonis and P. dilatata,
Wallace, 2006). These results suggest that per generational
dispersal is sufficiently restricted to generate fine-scale ge-
netic structure within populations of terrestrial orchids
(but see Cozzolino and Widmer, 2005).

On the other hand, the modest Fsr (0.082) for C. goeringii is
in accord with the general expectation that significant frac-
tion of the minute wind-dispersed seeds of orchids disperse
far (Arditti and Ghani, 2000). Both the existence of fine-scale
genetic structure and modest Fsr are consistent with a lep-
tokurtic distribution of seed dispersal distances with a very
flat tail found in many plant species (reviewed in Cain et al.,
2000).

4.3.  Effects of disturbance on genetic structure and levels
of genetic diversity

Given fine-scale genetic structure in natural populations of
terrestrial orchid species, it was predicted that immediate ef-
fects of the removal of plants from high density patches
should be not only to reduce fine-scale genetic structure but
to decrease inbreeding (Fis) and increase observed heterozy-
gosity (Ho). The present results for C. goeringii do not strongly
support either of these predictions. Population-level Fis esti-
mates ranged from 0.081 to 0.300 and were significant in all
undisturbed and disturbed populations but not in either puta-
tively disturbed populations (Table 2). Although pairwise
comparisons of Fig calculated for disturbance categories were
not significant (Table 2), three of the four highest population-
level Fis values were from disturbed populations. Despite the
relatively high inbreeding, H, was also high (range 0.227-
0.298, mean 0.247) compared to other long-lived perennial
plants (Hamrick and Godt, 1990). Differences among distur-
bance categories for H, were not significant, though the two
highest estimates were from disturbed populations (HAD
and KKS). Other studies too have observed unpredictable var-
iation among conspecific populations in genetic variation and
fine-scale genetic structure (Schnabel et al, 1998; Bonnin
et al., 2001; Cruse-Sanders and Hamrick, 2004). Consequently,
future studies of the proximal genetic impacts of selective
harvesting should endeavor to sample relatively large num-
bers of populations within disturbance categories.

In spite of anthropogenic effects on disturbed populations,
C. goeringii as a whole harbors high levels of allozyme varia-

tion within populations in Korea and Japan (He = 0.260; Chung
and Chung, 2000). High levels of genetic variation maintained
by most populations suggest that disturbance-mediated de-
creases in the number of individuals are still too recent for
long-term effects of genetic drift on variation and inbreeding
to be manifested. In contrast, survivors of selective harvesting
or regeneration following extensive stand harvesting of forest
tree species typically exhibit significant reductions in genetic
diversity relative to pristine stands (Ledig, 1992; Buchert et al.,
1997; Rajora et al., 2000; Degen et al., 2006) and fine-scale ge-
netic structure (Epperson and Chung, 2001; Walter and Epper-
son, 2004, but see Cloutier et al.,, 2007). These contrasting
results suggest that the population genetic consequences of
disturbance may depend on history of disturbance (time) or
probably life-history traits (herbaceous vs. woody perennials,
generation time).

4.4. Conservation implications

Cymbidium goeringii is one of the most common terrestrial
orchid species in South Korea in terms of extent of occur-
rence, area of occupancy, and number of individuals within
populations (Chung and Chung, 2000). In Japan, in contrast,
the species is extremely rare (M.Y.C., unpublished observa-
tions in 1998) and listed as “Critically Endangered” (http://
www.biodiv.go.jp), a consequence of mass collection in past
decades (Yahara, Kyushu University, personal communica-
tion). Despite the better situation in Korea, however, it has
been observed that the number of individuals in many popu-
lations (HAG, HAD, JBJ, KKS, and others in the vicinity of cities
and near roads) has rapidly decreased, sometimes to near lo-
cal extinction, primarily due to mass collection by plant sell-
ers and enthusiasts (M.Y.C., unpublished data). Based on the
results of this study, it can be concluded that the harvest of
C. goeringii plants by orchid collectors has impacted demogra-
phy by reducing the density and spatial aggregation of indi-
viduals, as well as their number. While mass collection can
be a proximal cause of population extinction, recurrent har-
vesting from surviving populations too can pose significant
impediments to their survival. Long-term monitoring (1991
to present) of two sites in areas where C. goeringii was once
abundant (initially no individuals at one site and 11 adults
at the other) has revealed no new colonists from off-site seed
sources in the first location and no regeneration in the second
(Chung, Jinju National University, personal communication).
These observations suggest that population growth following
mass collection is likely to be very low or absent. By further
restricting the growth and recovery of small populations, har-
vesting increases sensitivity to stochastic demographic pro-
cesses with concomitant negative consequences for
population survival.

Populations reduced to small effective population size (Ne)
are more susceptible to the effects of random genetic drift
and associated losses of genetic diversity and increased
inbreeding over generations. Immediate impacts on genetic
diversity may be modest, however. Indeed, despite intense
collection in recent decades, levels of expected heterozygosity
within C. goeringii populations in Japan (mean H,=0.181-
0.230; Chung and Chung, 2000) are comparable those in South
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Korea (mean H, = 0.182-0.242; Chung and Chung, 2000), where
harvesting is believed to have been less intense. Similarly, this
study’s comparison of undisturbed versus recently disturbed
South Korean populations indicates that mass collection does
not result in strong, short-term reductions in genetic diver-
sity. Such collection of C. goeringii has, however, significantly
altered fine-scale genetic structure, eroding positive genetic
correlations among neighboring plants to levels indistin-
guishable from random. An unexpected immediate conse-
quence of mass collection is that it may decrease inbreeding
arising from the mating of closely related individuals. In the
long term, however, if mass collection and recurrent harvest-
ing enforce a low N, they will ultimately be responsible for
increases in inbreeding and loss of genetic variability due to
increased random genetic drift.

Considering the short- and long-term effects on popula-
tion-genetics aspects and the fate of remnant populations,
it is important to know the disturbance history of terrestrial
orchid populations. To do this, as clearly presented in this
study, the analyses of spatial demographic and fine-scale ge-
netic structure could be a tool for developing conservation
strategies. Since mass collection considerably reduces the
spatial aggregation of individuals and the intensity of spatial
genetic structure (Sp), when small populations of unknown
collection history are found to have random or near random
spatial demographic and genetic structure they may more
likely to be subjected to disturbance than are populations
with strong positive spatial demographic and genetic struc-
ture. These findings suggest that conservation managers
who are interested in endangered terrestrial orchids may
be able to analyze the spatial distribution of individuals
and their genotypes to infer whether a population with a
small number of individuals represents a natural state or is
likely to have been affected by mass collection. In addition,
the useful outcome of this study is that it also highlights
the utility of spatial analytical techniques for other species,
particularly in those in highly fragmented landscapes. How-
ever, a way of how to apply information generated from the
analyses of spatial demographic and genetic structure to
help conserve and manage extant populations need to be
developed through more studies with creative ideas. One
suggestive way is to be used for re-introductions. Since
understanding fine-scale genetic structure can provide an
indication of the disturbance history of a population, it is
possible to locate ‘undisturbed populations’. These with high
allelic richness could be used as source populations for re-
introductions to genetically depauperate or severely dis-
turbed populations because inbred individuals with low alle-
lic richness in ‘disturbed populations’ over generations will
be increased due to small N..

Acknowledgements

The authors thank Jordi Lépez-Pujol for reading earlier ver-
sions of the manuscript and making helpful suggestions. This
work was supported by the Post-doctoral Fellowship Program
(the first-term in 2004) of Korea Science and Engineering
Foundation (KOSEF) Grant [the program was transferred to
Korea Research Foundation (KRF) in 2005] to M.Y.C. who stud-
ied the population and conservation genetics of Cymbidium

goeringii at lowa State University, Ames, USA, from September
2004 to August 2005.

REFERENCES

Arditti, J., Ghani, A.K.A., 2000. Tansley review, 110. Numerical and
physical properties of orchid seeds and their biological
implications. New Phytologist 145, 367-421.

Bleher, B., Oberrath, R., Bohning-Gaese, K., 2002. Seed dispersal,
breeding system, tree density and the spatial patterns of
trees—a simulation approach. Basic and Applied Ecology 3,
115-123.

Bonnin, I., Ronfort, J., Wonzniak, F.,, Olivieri, I., 2001. Spatial effects
and rare outcrossing events in Medicago truncatula (Fabaceae).
Molecular Ecology 10, 1371-1384.

Buchert, G.P, Rajora, O.P.,, Hood, J.V., Dancik, B.P., 1997. Effects of
harvesting on genetic diversity in old-growth eastern white
pine in Ontario, Canada. Conservation Biology 11, 747-758.

Cain, M.L., Milligan, B.G., Strand, A.E., 2000. Long-distance seed
dispersal in plant populations. American Journal of Botany 87,
1217-1227.

Chung, M.Y., Chung, M.G., 1999. Notes on spatial genetic structure
in populations of Cymbidium goeringii (Orchidaceae). Annales
Botanici Fennici 36, 161-164.

Chung, M.Y., Chung, M.G., 2000. Allozyme diversity in populations
of Cymbidium goeringii (Orchidaceae). Plant Biology 2, 77-82.

Chung, M.Y., Chung, M.G., 2003. The breeding systems of
Cremastra appendiculata and Cymbidium goeringii: high levels of
annual fruit failure in two self-compatible orchids. Annales
Botanici Fennici 40, 81-85.

Chung, M.Y., Chung, G.M., Chung, M.G., Epperson, B.K., 1998.
Spatial genetic structure in populations of Cymbidium goeringii
(Orchidaceae). Genes & Genetic Systems 73, 281-285.

Chung, M.Y., Nason, J.D., Chung, M.G., 2004a. Spatial genetic
structure in populations of the terrestrial orchid Cephalanthera
longibracteata (Orchidaceae). American Journal of Botany 91,
52-57.

Chung, M.Y., Nason, ].D., Chung, M.G., 2004b. Implication of clonal
structure for effective population size and genetic drift in a
rare terrestrial orchid, Cremastra appendiculata. Conservation
Biology 18, 1515-1524.

Chung, M.Y., Nason, J.D., Chung, M.G., 2005a. Fine-scale genetic
structure in populations of the terrestrial orchid Orchis
cyclochila (Orchidaceae). Plant Systematics and Evolution 254,
209-219.

Chung, M.Y., Nason, J.D., Chung, M.G., 2005b. Patterns of
hybridization and population genetic structure in the
terrestrial orchids Liparis kumokiri and Liparis makinoana
(Orchidaceae) in sympatric populations. Molecular Ecology 14,
4389-4402.

Cloutier, D., Kanashiro, M., Ciamp, A.Y., Schoen, D.J., 2007. Impact
of selective logging on inbreeding and gene dispersal in an
Amazonian tree population of Carapa guianensis Aubl.
Molecular Ecology 16, 797-809.

Cozzolino, S., Widmer, A., 2005. Orchid diversity: an evolutionary
consequence of deception? Trends in Ecology and Evolution
20, 487-494.

Cruse-Sanders, J.M., Hamrick, J.L., 2004. Spatial and genetic
structure within populations of wild American ginseng (Panax
quinquefolius L., Araliaceae). Journal of Heredity 95, 309-321.

Cruse-Sanders, J.M., Hamrick, J.L., Ahumada, J.A., 2005.
Consequences of harvesting for genetic diversity in American
ginseng (Panax quinquefolius L.): a simulation study.
Biodiversity and Conservation 14, 493-504.

Dale, M.R.T,, 1999. Spatial Pattern Analysis in Plant Ecology.
Cambridge University Press, New York.



136 BIOLOGICAL CONSERVATION 137 (2007) 125-137

Degen, B,, Blanc, L., Caron, H., Maggia, L., Kremer, A.,
Gourlet-Fleury, S., 2006. Impact of selective logging on genetic
composition and demographic structure of four tropical tree
species. Biological Conservation 131, 386-401.

Diniz-Filho, J.A.F, Telles, M.P.D., 2002. Spatial autocorrelation
analysis and identification of operational units for
conservation in continuous populations. Conservation Biology
16, 924-935.

Epperson, B.K., 1999. Gene genealogies in geographically
structured populations. Genetics 152, 797-806.

Epperson, B.K., 2003. Geographical Genetics. Princeton University
Press, Princeton, NJ.

Epperson, B.K., 2005. Estimating dispersal from short distance
spatial autocorrelation. Heredity 95, 7-15.

Epperson, B.K., Chung, M.G., 2001. Spatial genetic structure of
allozyme polymorphisms within populations of Pinus strobus
(Pinaceae). American Journal of Botany 88, 1006-1010.

Epperson, B.K., Li, T.-Q., 1997. Gene dispersal and spatial genetic
structure. Evolution 51, 672-681.

Escudero, A., Iriondo, J.M., Torres, M.E., 2003. Spatial analysis of
genetic diversity as a tool for plant conservation. Biological
Conservation 113, 351-365.

Fenster, C.B., Vekemans, X., Hardy, O.J., 2003. Quantifying gene
flow from spatial genetic structure data in a metapopulation
of Chamaecrista fasciculata (Leguminosae). Evolution 57,
995-1007.

Goudet, J., 1995. FSTAT version 1.2: A computer program to
calculate F-statistics. Journal of Heredity 86, 485-488.

Goudet, J., 2002. FSTAT, a program to estimate and test gene
diversities and fixation indices, version 2.9.3.2. Computer
program and documentation distributed by the author.
Available from: http://www.unil.ch/izea/softwares/fstat.html.

Hamrick, J.L., Godt, M.J.W., 1990. Allozyme diversity in plant
species. In: Brown, A.H.D., Clegg, M.T., Kahler, A.L., Weir, B.S.
(Eds.), Plant Population Genetics, Breeding, and Genetic
Resources. Sinauer Associates, Sunderland, pp. 43-63.

Hamrick, J.L., Nason, J.D., 1996. Consequences of dispersal in
plants. In: Rhodess, O.E., Chesser, RK., Smith, M.H. (Eds.),
Population Dynamics in Ecological Space and Time. University
of Chicago Press, Chicago, pp. 203-236.

Hamrick, J.L., Murawski, D.A., Nason, J.D., 1993. The influence of
seed dispersal mechanisms on the genetic structure of
tropical tree populations. Vegetatio (107/108), 281-297.

Hardy, O.J., Vekemans, X., 2002. SPAGeDi: a versatile computer
program to analyze spatial genetic structure at the individual
or population levels. Molecular Ecology Notes 2, 618-620.

Hardy, O.J., Maggia, L., Bandou, E., Breyne, P., Caron, H., Chevallier,
M.-H., Doligez, A., Dutech, C., Kremer, A., Latouche-Hallé, C.,
Troispoux, V., Veron, V., Degen, B., 2006. Fine-scale genetic
structure and gene dispersal inferences in 10 neotropical tree
species. Molecular Ecology 15, 559-571.

Haufler, C.H., 1985. Enzyme variability and modes of evolution in
Bommeria (Pteridaceae). Systematic Botany 10, 92-104.

Hedges, L.V,, Olkin, 1., 1985. Statistical Methods for Meta-Analysis.
Academic Press, San Diego.

Jacquemyn, H., Brys, R., Vandepitte, K., Honnay, O., Roldan-Ruiz,
L., 2006. Fine-scale genetic structure of life history stages in the
food-deceptive orchid Orchis purpurea. Molecular Ecology 15,
2801-2808.

Kalisz, S., Nason, J.D., Hanzawa, F.A., Tonsor, S.J., 2001. Spatial
population genetic structure in Trillium grandiflorum: the roles
of dispersal, mating, history and selection. Evolution 55, 1560-
1568.

Kitamura, S., Murata, G., Koyama, T., 1986. Colored illustrations of
herbaceous plants of Japan. Hoikusha, Osaka, Japan [in
Japanese].

Ledig, FT.,, 1992. Human impacts on genetic diversity in forest
trees. Oikos 63, 87-108.

Lewis, P.O., Zaykin, D., 2001. Genetic data analysis: computer
program for the analysis of allelic data, version 1.0[d16c].
Computer program and documentation distributed by the
author. http://lewis.eeb.uconn.edu/lewishome/software.html
(accessed August 2005).

Loiselle, B.A., Sork, V.L., Nason, J.D., Graham, C., 1995. Spatial
genetic structure of a tropical understory shrub, Psychotria
officinalis (Rubiaceae). American Journal of Botany 82,
1420-1425.

Machon, N., Bardin, P., Mazer, S.J., Moret, J., Godelle, B., Austerlitz,
F., 2003. Relationship between genetic structure and seed and
pollen dispersal in the endangered orchid Spiranthes spiralis.
New Phytologist 157, 677-687.

Malécot, G., 1948. Les Mathématiques de I'Hérédité. Masson,
Paris, France.

Mitton, J.B., Linhart, Y.B.,, Sturgeon, K.B., Hamrick, JL.,
1979. Allozyme polymorphisms detected in mature
needle tissue of ponderosa pine. Journal of Heredity
70, 86-89.

Nantel, P., Gagnon, D., Nault, A., 1996. Population viability analysis
of American ginseng and wild leek harvested in stochastic
environments. Conservation Biology 10, 608-621.

Pancer-Koteja, E., Szwagrzyk, J., Bodziarczyk, J., 1998. Small-scale
spatial pattern and size structure of Rubus hirtus in a canopy
gap. Journal of Vegetative Science 9, 755-762.

Peakall, R., Beattie, A.J., 1996. Ecological and genetic
consequences of pollination by sexual deception in the orchid
Caladenia tentactulata. Evolution 50, 2207-2220.

Rajora, O.P,, Rahma, M.H., Buchert, G.P., Dancik, B.P., 2000.
Microsatellite DNA analysis of genetic effects of harvesting in
old-growth eastern white pine (Pinus strobus) in Ontario,
Canada. Molecular Ecology 9, 339-348.

Ripley, B.D., 1976. The second-order analysis of stationary point
processes. Journal of Applied Probability 13, 965-981.

Ripley, B.D., 1977. Modelling spatial patterns. Journal of the Royal
Statistical Society, Series B 39, 172-192.

Ripley, B.D., 1981. Spatial Statistics. Wiley, New York.

Robbins, C.S., 2000. Comparative analysis of management
regimes and medicinal plant trade monitoring mechanisms
for American ginseng and goldenseal. Conservation Biology
14, 1422-1434.

Rosenberg, M.S., Adams, D.C., Gurevitch, J., 2000. MetaWin:
statistical software for meta-analysis, version 2.0. Sinauer
Associates, Sunderland, Massachusetts, USA.

Rousset, F.,, 1997. Genetic differentiation and estimation of gene
flow from F-statistics under isolation by distance. Genetics
145, 1219-1228.

Rousset, F., 2000. Genetic differentiation between individuals.
Journal of Evolutionary Biology 13, 58-62.

Schnabel, A., Nason, J.D., Hamrick, J.L., 1998. Understanding the
population genetic structure of Gleditsia tricanthos L.: seed
dispersal and variation in female reproductive success.
Molecular Ecology 7, 819-832.

Slatkin, M., Arter, H.E., 1991. Spatial autocorrelation methods in
population genetics. American Naturalist 138, 499-517.

Smouse, P., Peakall, R., 1999. Spatial autocorrelation analysis of
individual multiallele and multilocus genetic structure.
Heredity 82, 561-573.

Sokal, R.R., Jacquez, G.M., 1991. Testing inferences about
microevolutionary processes by means of spatial
autocorrelation analysis. Evolution 45, 152-168.

Soltis, D.E., Haufler, C.H., Darrow, D.C., Gastony, G.J., 1983. Starch
gel electrophoresis of ferns: a compilation of grinding buffers,
gel and electrode buffers, and staining schedules. American
Fern Journal 73, 9-27.

Sterner, FJ., Ribic, C.A., Schatz, G.E., 1986. Testing for life history
changes in spatial patterns of tropical tree species. Journal of
Ecology 74, 621-633.


http://www.unil.ch/izea/softwares/fstat.html
http://lewis.eeb.uconn.edu/lewishome/software.html

BIOLOGICAL CONSERVATION 137 (2007) 125-137 137

Stoyan, D., Penttinen, A., 2000. Recent application of point process
methods in forest statistics. Statistical Science 15, 61-78.

Troupin, D., Nathan, R., Vendramin, G.G., 2006. Analysis of spatial
genetic structure in an expanding Pinus halepensis population
reveals development of fine-scale genetic structuring over
time. Molecular Ecology 15, 3617-3630.

Vekemans, X., Hardy, O.J., 2004. New insights from fine-scale
spatial genetic structure analyses in plant populations.
Molecular Ecology 13, 921-935.

Wallace, L.E., 2006. Spatial genetic structure and frequency of
interspecific hybridization in Platanthera aquilonis and P.
dilatata (Orchidaceae) occurring in sympatry. American
Journal of Botany 93, 1001-1009.

Walter, R., Epperson, B.K., 2004. Microsatellite analysis of spatial
structure among seedlings in populations of Pinus strobus
(Pinaceae). American Journal of Botany 91, 540-548.

Weir, B.S., Cockerham, C.C., 1984. Estimating F-statistics for the
analysis of population structure. Evolution 38, 1358-1370.

Wiegand, T., 2003. Programita, a software to perform point
pattern analysis with Ripley’s L and O-ring statistic. Available
from: <http://www.thorsten-wiegand.de/towi_download_
manual.html>.

Wiegand, T., Moloney, K.A., 2004. Rings, circles, and null-models
for point pattern analysis in ecology. Oikos 104, 209-229.

Wright, S., 1943. Isolation by distance. Genetics 28, 114-138.

Wright, S., 1946. Isolation by distance under diverse systems of
mating. Genetics 31, 39-59.

Wright, S., 1965. The interpretation of population structure by
F-statistics with special regard to systems of mating. Evolution
19, 395-420.

Yeh, F.C., Yang, R.C., Boyle, T.B.J., 1999. POPGENE version 1.32,
microsoft window-based free ware for population genetic
analysis. Computer program and documentation distributed
by University of Alberta and Centre for International Forestry
Research, Alberta, Canada. Available from: <http://www.
ualberta.ca/~fyeh/index.htm>.


http://www.thorsten-wiegand.de/towi_download_manual.html
http://www.thorsten-wiegand.de/towi_download_manual.html
http://www.ualberta.ca/~fyeh/index.htm
http://www.ualberta.ca/~fyeh/index.htm

	Spatial demographic and genetic consequences of harvesting within populations of the terrestrial orchid Cymbidium goeringii
	Introduction
	Materials and methods
	Plant species
	Study area and history of disturbance
	Spatial distribution of individuals
	Enzyme extraction and electrophoresis
	Fine-scale genetic structure
	Analysis of genetic diversity and structure

	Results
	Spatial distribution of individuals
	Fine-scale genetic structure
	Genetic diversity and structure

	Discussion
	Effects of disturbance on demographic structure
	Effects of disturbance on spatial genetic structure
	Effects of disturbance on genetic structure and levels of genetic diversity
	Conservation implications

	Acknowledgements
	References


