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Highest genetic diversity at the northern range limit
of the rare orchid Isotria medeoloides

JL Stone1, PA Crystal1, EE Devlin1, RH LeB Downer2 and DS Cameron3

Populations in previously glaciated regions are often genetically depauperate in comparison with populations at lower latitudes,
due either to bottlenecks experienced in post-glacial colonization or to contemporary genetic drift in small, peripheral
populations. Populations of the rare self-fertilizing North American orchid Isotria medeoloides are largest in the previously
glaciated region near the northern range limit, allowing us to examine the role of historical versus contemporary processes in
determining population genetic diversity and structure. If contemporary processes predominate, genetic diversity should
increase with increasing census size. In contrast, if sequential bottlenecks associated with colonization are paramount, diversity
should decrease with latitude and be relatively insensitive to census size. We genotyped 299 individuals from 20 populations at
four variable microsatellite loci to contrast genetic diversity and structure for populations in previously glaciated regions versus
previously unglaciated regions. Populations were highly inbred (F¼0.95) and highly differentiated (RST¼0.485). Across all
sampled populations, genetic diversity decreased and genetic differentiation increased with declining population size. Small
southern populations were especially differentiated and genetically depauperate. In the glaciated part of the range, genetic
diversity increased as populations approached the northern range limit, demonstrating the centrality of contemporary processes
for this post-glacial colonist.
Heredity (2012) 109, 215–221; doi:10.1038/hdy.2012.31; published online 13 June 2012

Keywords: genetic drift; inbreeding; leading edge; migration; orchid; population structure

INTRODUCTION

Species whose ranges span glaciated and unglaciated regions present a
valuable opportunity to examine the role of historical processes in
shaping the distribution of population genetic diversity. Populations
that occupy previously glaciated regions stem from colonization
events within the 18 000 years since the last glacial maximum
(Pielou, 1991). In contrast, populations at lower latitudes are
relatively ancient, although they may have expanded, contracted, or
shifted their range during Pleistocene climatic fluctuations. The
distribution of genetic diversity in such species will depend upon
numerous factors, including whether range expansion was accom-
panied by demographic expansion, patterns of gene flow during the
expansion, the occurrence of physical features constraining coloniza-
tion routes and the continued suitability of refugial habitats (Excoffier
et al., 2009; Knowles and Alvarado-Serrano, 2010). When post-glacial
colonization follows a stepping-stone pattern, genetic diversity is
expected to steadily decline along the axis of colonization, so that
recently colonized populations will show reduced genetic diversity
and structure (Austerlitz et al., 1997; Hewitt, 2000; Excoffier et al.,
2009). Numerous empirical studies have described declines in genetic
diversity accompanying post-glacial colonization from low to high
altitudes or latitudes (for example, Hewitt, 2004; Alsos et al., 2007).
Interpreting these data can be challenging, however, when expected
patterns of genetic diversity and structure owing to contemporary
processes coincide with those expected from historical processes
(Eckert et al., 2008). In particular, a problem in interpretation arises

because population size tends to decline toward range margins
(Sexton et al., 2009). When population size declines toward the
periphery, decreased genetic diversity near range limits could be either
due to historical population bottlenecks or contemporary genetic
drift, or a combination of the two. Studies that have disentangled the
effects of current population size and purported colonization history
have sometimes but not always found that historic processes have a
predominant role in population genetic diversity and structure
(reviewed by Eckert et al., 2008).
The geographic distribution of population sizes in the rare North

American orchid Isotria medeoloides (Pursh) Raf. permits us to
examine whether historical colonization processes may overshadow
contemporary population genetic processes. In contrast to the case
where populations in previously glaciated regions are smaller than
those in refugial areas, I. medeoloides populations of greater than 100
individuals are all in formerly glaciated New England, with popula-
tions in unglaciated areas of the southern Appalachians having fewer
than 20 individuals (USFWS, 2007). Thus, we can assess the relative
contributions of historical and contemporary processes. If the large
populations in New England are genetically depauperate, this would
suggest that colonization bottlenecks dictate population genetic
diversity, whereas if large populations have relatively high genetic
diversity, we can conclude that post-colonization population genetic
processes prevail.
In addition to their impact on population genetic diversity,

historical colonization processes can leave lasting imprints on
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population genetic structure. If colonization were to proceed accord-
ing to a stepping-stone or infinite island model across a homogenous
landscape, genetic structure would vary somewhat predictably as a
function of the migration rate, growth rate and carrying capacity
(reviewed by Excoffier et al., 2009). In contrast, leptokurtic dispersal
establishes strong genetic structuring that persists for many genera-
tions (Ibrahim et al., 1996). I. medeoloides should have strongly
leptokurtic dispersal, with an excess of both short and long dispersal
distances relative to a normal distribution. Tiny, dust-like orchid seeds
often land near the parent plant, but rare long-distance events can
carry them many kilometers (Arditti and Ghani, 2000; Murren, 2003;
Trapnell and Hamrick, 2004). Leptokurtosis of gene flow in
I. medeoloides is further increased by its mating system. Unlike most
orchids, which require insect pollination, gene flow by pollen is
negligible in I. medeoloides due to its highly selfing mating system
(Mehrhoff, 1983; Vitt and Campbell, 1997). Self-fertilizing species
generally have strong population genetic structure (Hamrick and
Godt, 1996). Therefore, both historical and contemporary processes
should generate strong genetic structure throughout the range of this
species, although refugial populations may be more distinct to the
extent that they are older and have been isolated longer than leading-
edge populations (Hampe and Petit, 2005).
The objective of this study was to examine the effects of post-glacial

colonization and contemporary processes on population genetic
diversity and structure of the rare orchid I. medeoloides. We obtained
genetic material from more than 10% of known individuals through-
out the species range. We used coalescent modeling and frequency-
based analyses on genotypes obtained from four variable microsa-
tellite loci to investigate the relationship between geographic location,
census population size, and genetic diversity and structure. Specifi-
cally, we (1) contrasted diversity and differentiation of populations in
glaciated versus unglaciated regions, and (2) asked whether distance
to northern range limit or census population size correlated with
genetic diversity and differentiation.

MATERIALS AND METHODS
Study species and sampling
I. medeoloides (Vanilloideae) is a non-clonal terrestrial orchid with 150 known

populations distributed from Maine to Georgia along the coastal plain and

nearby uplands of the eastern United States (USFWS, 2007). It is found in

deciduous or mixed forests, often with a fragipan soil (NatureServe, 2011).

Most populations contain fewer than 20 emergent stems (USFWS, 2007), with

typically only one-third of emergent stems flowering in a given season

(Mehrhoff, 1983). Individual plants may remain dormant under the ground

for up to 4 years (USFWS, 2007). Emergent stems produce a single whorl of

leaves and a solitary terminal flower that persists for 4�7 days (Mehrhoff,

1983). In contrast to its congener, I. verticillata, which has brightly colored and

fragrant flowers, the flowers of I. medeoloides are pale green and scentless

(Mehrhoff, 1983). Also in contrast to its congener, which is adapted for cross-

pollination, I. medeoloides possesses a mechanism for autonomous self-

pollination: as the flower develops, the anther drops downward and extrudes

mealy pollen until it contacts the stigmatic surface (Mehrhoff, 1983). It appears

that I. medeoloides routinely self-fertilizes in nature. During 70h of observation

in a large population in southern Maine, no insect visitors were seen (Vitt and

Campbell, 1997). A manipulative experiment showed that flowers excluded

from pollinator visits produced just as many seeds as control flowers or flowers

with supplemental pollen added (Vitt and Campbell, 1997). About 80% of

flowers initiate fruit production (Mehrhoff, 1983; Vitt and Campbell, 1997),

and the majority of those develop into ripe capsules, producing about 10 000

seeds each (Mehrhoff, 1983).

I. medeoloides was identified as endangered by the US Fish and Wildlife

Service (USFWS) in 1982, spurring the quest to locate additional populations

and safeguard known populations. Success of these efforts led to

reclassification of the species as threatened in 1994 (USFWS, 2007). Owing

to the extensive mapping efforts associated with conservation, the species has a

well-documented geographic range. We used the coordinates of the most

northeasterly population to define the northern range limit. Demographic

population size was estimated by complete census of emergent stems. We used

the most recent census data available, which ranged from 2008 to 2010.

Sampling for genetic analysis was concentrated in the northern part of the

range, where all large populations are found. Most of the 83 known

populations outside of Maine and New Hampshire contain fewer than 20

stems (USFWS, 2007). Exact locations of populations cannot be provided

because pressure from collectors is a leading threat to this species (USFWS,

2007). In Maine, we sampled 5 of the 18 known populations and in New

Hampshire, we sampled 11 of the 49 known populations. In both cases,

sampled populations reflect the statewide geographic distribution of the

species. We collected tissue from 1 of the 33 known populations in Virginia

and from 3 of the 19 known populations in Georgia. We were not able to

collect tissue from any other southern populations, due to extreme rarity in

this portion of the species range, or from very small populations in New

Hampshire or Maine. In populations having more than 20 stems, tissue was

obtained from 10 to 20 stems distributed throughout the population at a

spacing X0.5m, reaching a sampling intensity of at least 10% of the total

population. In populations having fewer than 20 stems, we collected tissue

from every individual. A total of 299 individuals were sampled from 20

populations (Figure 1).
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Figure 1 Locations of sampled populations of I. medeoloides. Inset shows

New England populations. Locations of Georgia populations are shown

overdispersed, for visibility.
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Genotyping
Leaf tissues were dried in silica gel and stored at �80 1C. DNA was extracted

using the Qiagen DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Seven

DNA samples from throughout the species range were sent to C Newton of

ATG Genetics (Comox, BC, Canada) for creation and screening of a

microsatellite-enriched library. Of the 46 loci screened, 7 polymorphic loci

were found; 4 of these could be amplified and scored consistently, and were

used in all subsequent analyses (Table 1). We chose to focus on polymorphic

loci because we were most interested in the distribution of genetic variation

within the species, rather than in comparison with other species.

PCR reactions were carried out in a 25-ml reaction volume containing

1.5mM MgCl2, 0.2mM of each dNTP, 0.5mM of each primer, 2U Taq

polymerase (New England Biolabs, Ipswich, MA, USA) and 10ng DNA. In

each reaction, the left primer was fluorescently tagged with 6-FAM (Operon,

Huntsville, AL, USA). A touchdown PCR program was used. The initial

denaturation was at 95 1C for 2.5min, followed by 35 cycles and a final

extension at 72 1C for 10min. Each cycle consisted of 95 1C for 20 s, annealing

for 30 s and extension at 72 1C for 30 s. The annealing temperature was

decreased from 60 to 50 1C by 0.5 1C each cycle for the first 20 cycles and kept

at 50 1C thereafter. PCR products were suspended in deinoized formamide

with ROX-500 size standard and run under standard conditions on an ABI

3130 genetic analyzer (Applied Biosystems, Carlsbad, CA, USA). Peaks were

visualized using Applied Biosystem’s GENEMAPPER 4.0 and scored manually.

Population genetic analyses
We used the computer program INEST to estimate the frequency of null alleles at

each of the four loci (Chybicki and Burczyk, 2009). Unlike other approaches,

which assume random mating to estimate the prevalence of null alleles, INEST

simultaneously estimates inbreeding coefficient and null-allele frequency. Null-

allele frequencies were estimated using 10 000 iterations of the Individual

Inbreeding Model on genotypes of individuals from New England populations.

Observed heterozygosity, expected heterozygosity and inbreeding coefficient

were obtained using the computer program GENALEX 6.4 (Peakall and Smouse,

2006). We used the computer program HP-RARE (Kalinowski, 2005), to estimate

allelic richness corrected for sample size. Population differentiation was

described by taking the average pairwise RST, calculated in ARLEQUIN 3.5.1.2

(Excoffier and Lischer, 2010) according to the method of Slatkin (1995). We

compared expected heterozygosity and population differentiation of northern

versus southern populations using a Mann–Whitney U-test, implemented in

STATA 10.1 (Stata Corporation, College Station, TX, USA). Spearman’s

correlation coefficients were used to evaluate the effects of distance from

northeastern range margin and census population size on genetic diversity and

differentiation.

The coalescent simulation model MIGRATE 3.1.10 with Bayesian inference was

used to estimate effective population sizes (y¼ 4Nem) and historical migration

rates (M¼m/m), where Ne¼ effective population size, m¼mutation rate, and

m¼ immigration rate (Beerli and Felsenstein, 2001; Beerli, 2006). For more

than 95.5% of alleles, allele sizes fell within a distribution that encompassed

each possible repeat length between the two extremes. We therefore used a

single-step microsatellite mutation model. Based on low values of M seen in

early runs, we reduced the prior of M from 1000 to 100 to speed convergence.

All other settings followed MIGRATE defaults. Estimates were combined from five

replicate runs. Each run began with a random genealogy and visited 500 000

genealogies, recording every 100 steps for a recorded chain length of 5000.

Most parameter estimates had effective sample sizes of greater than 1000.

We used BAYESASS 1.3 (Wilson and Rannala, 2003) to estimate recent gene

flow among populations. Unlike MIGRATE, which assumes random mating,

BAYESASS explicitly incorporates inbreeding into the model. Northern and

southern populations were analyzed separately, each for two replicates with

different random seeds. GENALEX 6.4 was used to conduct Mantel tests for

isolation by distance, separately for all populations and for the New England

populations only.

RESULTS

Genetic diversity and population structure
Genetic diversity is very low in I. medeoloides as revealed by the low
polymorphism of microsatellites in the 46 loci initially screened. At
the four variable loci analyzed, the mean number of alleles per locus
within populations ranged from 1 to 5.75, with genetic diversity
especially low in the southern populations (Table 2). When corrected
for sampling effort by rarefaction, estimates of allelic richness
decreased slightly, but the patterns of variation remained consistent
(Table 2; Spearman’s r¼ 0.98, df¼ 18). Genotyping confirmed field
observations of selfing, with observed heterozygosity ranging from
0.000 to 0.076 and an average inbreeding coefficient of F¼ 0.95. The

Table 1 Variable microsatellite loci identified in I. medeoloides

Locus Primer sequence (5 0–3 0) Tm

(1C)

Fragment

length

(bp)

Number

of

repeats

Number

of alleles

ISME33 TCTCATTGGATCTAGCACAGAG 60.1 396–432 14–31 8

TAGGGTAAGCCTATAACCCAAG 60.1

ISME35 CCTAGACCTAAAGTTATCAAC 55.4 270–280 44–50 7

ACTAGTGAGAGGAGAGTGGC 60.5

ISME36 GGGTTCTATAATAGTATTAGCTTC 58.3 218–238 27–37 11

GTTTGTCGTAATCACAGTATCC 58.4

ISME46 GTATATGTAGAGCAAACATGCTTC 60.3 235–249 39–46 8

AAGCTTCTCAAGAAATGCCTTC 58.4

Repeat motif is uninterrupted CT for all loci. Tm¼melting temperature.

Table 2 Demographic population size, genetic diversity, inbreeding

coefficient and effective population size of sampled I. medeoloides

populations, north to south

Population State Census

size

Sample

size

A As Ho He F y

1 ME 180 20 3.25 2.43 0.000 0.456 1.000 0.0140

2 NH 107 16 4.25 3.57 0.080 0.728 0.884 0.0807

3 NH 37 13 2.50 2.18 0.000 0.403 1.000 0.0007

4 ME 103 20 4.25 3.36 0.076 0.672 0.888 0.0540

5 ME 70 12 3.25 2.81 0.042 0.533 0.900 0.0007

6 ME 30 19 3.50 2.87 0.026 0.608 0.957 0.0193

7 NH 29 14 2.75 2.11 0.000 0.324 1.000 0.0007

8 NH 55 10 1.00 1.00 0.000 0.000 1.000 0.0007

9 NH 38 10 2.00 1.79 0.025 0.284 0.916 0.0007

10 NH 128 19 2.50 1.73 0.000 0.206 1.000 0.0007

11 NH 43 18 5.75 3.81 0.057 0.685 0.918 0.2273

12 ME 135 17 4.25 3.18 0.029 0.574 0.959 0.0833

13 NH 89 20 3.50 3.04 0.025 0.645 0.966 0.0153

14 NH 16 15 1.25 1.25 0.000 0.124 1.000 0.0007

15 NH 32 10 2.00 1.93 0.000 0.361 1.000 0.0007

16 NH 107 20 1.25 1.24 0.038 0.100 0.624 0.0007

17 VA 11 11 1.25 1.15 0.000 0.041 1.000 0.0007

18 GA 10 10 1.00 1.00 0.000 0.000 1.000 0.0007

19 GA 12 12 1.00 1.00 0.000 0.000 1.000 0.0007

20 GA 13 13 1.25 1.13 0.000 0.036 1.000 0.0007

Mean North 75.0 15.8 2.95 2.39 0.03 0.42 0.93 0.0313

Mean South 11.5 11.5 1.12 1.12 0.02 0.34 0.95 0.0007

Abbreviations: A, alleles per locus; As, alleles per locus corrected for sample size; F, inbreeding
coefficient; GA, Georgia; Ho, observed heterozygosity; He, expected heterozygosity; ME, Maine;
NH, New Hampshire; VA, Virginia. y¼4Nem. As the population genetic data were obtained from
unusually variable loci, these summary statistics overestimate genetic diversity, and should be
used for intra-specific comparisons only.
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high inbreeding coefficient cannot be attributed to undetected null
alleles. INEST estimated null-allele frequency to be 0.004–0.005 at each
locus and simultaneously estimated F¼ 0.96. Census population size
was positively correlated with expected heterozygosity (r¼ 0.58,
n¼ 20, P¼ 0.007).
Populations were highly differentiated, with species-wide

RST¼ 0.485 (Table 3, Figure 2). Two of the Georgia populations were
separated by only 6 km and were completely diverged, with pairwise
RST¼ 1.000 (Figure 2). Populations in previously glaciated regions
had significantly higher expected heterozygosity (Mann–Whitney
U¼ 197, n1¼ 16, n2¼ 4, P¼ 0.006) and lower mean pairwise RST

(Mann–Whitney U¼ 136, n1¼ 16, n2¼ 4, P¼ 0.003) than the
populations in southern, refugial regions (Table 2). For northern
populations, expected heterozygosity increased with proximity to the
northeastern range limit (r¼ �0.57, n¼ 16, P¼ 0.02; Figure 3).
Population differentiation in New England was strongly affected by
population size, with smaller populations having higher average
pairwise RST (r¼ �0.63, n¼ 16, P¼ 0.008). A Mantel test found
significant isolation-by-distance across the species range (r¼ 0.41,
n¼ 20, P¼ 0.01), but not among New England populations (r¼ 0.06,
n¼ 16, P¼ 0.23).

Effective population sizes and migration rates
Posterior distributions showed strong convergence on estimates of
effective population size for all but one population (Supplementary
Figure 1). Demographically small populations had miniscule effective
population sizes, with an estimated y¼ 0.0007, corresponding to
Ne¼ 1 for a mutation rate of mB2� 10�4 (Table 2). For populations
with greater than 20 stems, modal values of y ranged from 0.0007 to

0.23, corresponding to estimated effective population sizes ranging
from 1 to 378 individuals. According to the coalescent model
implemented in MIGRATE, mutation was much more important than
migration in introducing new alleles, with estimated m/m¼ 0.067 for
all but three of the pairwise migration rates considered. In every case,
the estimated immigration rate was fewer than one individual in ten
generations. According to output from BAYESASS, the nonimmigration
rate in the current generation averaged 95% across all populations,
with the upper confidence interval at 99–100% for 17 of the 20
populations (Table 3).

DISCUSSION

Population genetic analysis of microsatellite genotypes in I. medeoloides
confirmed field observations of predominant self-fertilization, with an
average F¼ 0.95 (Table 2). Genetic diversity increased with increasing

Table 3 Genetic differentiation and nonimmigration rates for

populations of I. medeoloides, north to south

Population State

Census

size

Mean pairwise

RST

Mean nonimmigra-

tion rate

Confidence

interval

1 ME 180 0.282 0.954 0.886–1.000

2 NH 107 0.268 0.974 0.906–1.000

3 NH 37 0.565 0.829 0.742–0.917

4 ME 103 0.328 0.772 0.692–0.893

5 ME 70 0.562 0.954 0.856–0.998

6 ME 30 0.382 0.979 0.927–0.999

7 NH 29 0.336 0.969 0.902–1.000

8 NH 55 0.549 0.973 0.909–0.999

9 NH 38 0.572 0.968 0.892–0.999

10 NH 128 0.225 0.981 0.934–1.000

11 NH 43 0.271 0.955 0.848–0.999

12 ME 135 0.397 0.976 0.917–0.999

13 NH 89 0.305 0.892 0.799–0.994

14 NH 16 0.613 0.981 0.936–1.000

15 NH 32 0.430 0.969 0.900–0.998

16 NH 107 0.422 0.986 0.944–0.999

17 VA 11 0.858 0.975 0.909–0.999

18 GA 10 0.887 0.975 0.905–0.999

19 GA 12 0.841 0.976 0.922–0.999

20 GA 13 0.824 0.978 0.922–0.999

Mean North 75.0 0.407 0.945 0.874–0.987

Mean South 11.5 0.852 0.976 0.914–0.999

Abbreviations: GA, Georgia; ME, Maine; NH, New Hampshire; VA, Virginia. Nonimmigration
rates estimated separately for southern and northern populations.
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census size and with proximity to the northeastern range limit.
Populations with small census sizes had small effective population
sizes, in some cases with an estimated Ne¼ 1, representing the single
selfing lineage populating the site. Gene flow between populations is
extremely limited in I. medeoloides, with an average RST¼ 0.485.
Coalescent analysis inferred that mutation was far more influential
than gene flow in introducing new alleles into populations.
Methods of inferring historical gene flow carry assumptions that

are violated in actual populations. The coalescent simulations
implemented in MIGRATE assume that the populations are at equili-
brium, which occurs on the order of 4Ne generations. This assump-
tion is suspect for most post-glacial colonists, although it may be
reasonably accurate for small populations of I. medeoloides. MIGRATE

also assumes random mating. A completely self-fertilizing lineage is
expected to coalesce in 2Ne rather than 4Ne generations (Schoen et al.,
1996; Nordborg, 2000), causing uncorrected coalescent models to
overestimate y in self-fertilizing populations. Our reported values of y
are therefore at least twice the actual values.
Population differentiation in I. medeoloides far surpasses the

average GST¼ 0.184 of orchids estimated from codominant markers
as found in a recent review (Forrest et al., 2004). Numerous
subsequent studies have also found low genetic differentiation among
orchid populations (for example, Chung et al., 2005; Esfeld et al.,
2008; Swarts et al., 2009). Self-fertilization may contribute to the high
differentiation of I. medeoloides populations (Hamrick and Godt,
1996), although Neotina maculata, another selfing orchid species, has
low population differentiation (Duffy et al., 2009). The tiny and
widely separated populations of I. medeoloides may also contribute to
its strong genetic structure. Small population sizes of orchid species
can cause restricted gene flow among populations, despite the great
dispersal capacity of the seeds (Tremblay et al., 2005). In the case of
I. medeoloides, the known 150 populations are distributed over an area
of about 75 000 km2. In the heart of the species range in northern
New England, populations reach an average density of approximately
one population per 58 km2. Given that a large population occupies an
area of about 0.01 km2, it is unsurprising that seed dispersal among
populations is exceedingly rare.
Populations of I. medeoloides in unglaciated regions are especially

genetically depauperate and divergent. Allele-frequency distributions
for the Georgia populations span the range of allele sizes found

throughout the species (Figure 2), and two populations separated by
only 6 km are completely differentiated. It would be unlikely for these
allele-frequency distributions to have arisen by independent long-
distance dispersal events because the extreme alleles are rarely found
in northern populations. It seems more probable that the southern-
most populations are remnants of larger populations in the southern
Appalachian or nearby refugial regions. Based on lower population
sizes and higher-altitude locations of southern populations
(600–700m above sea level compared with 100–200m above sea level
in the north), Holocene warming has presumably degraded habitats
in the southern portion of the range. The southernmost populations
of I. medeoloides therefore conform to expectations for relictual rear
edge populations, with their great divergence, apparent antiquity and
location in mountainous terrain that permits elevational migration in
response to climate change (Hampe and Petit, 2005).
Populations in the glaciated part of the species range stem from

relatively recent colonization events, probably within the past 6000
years, when mixed forests became established in northern New
England (Jacobson et al., 1986). In contrast to our expectation that
stepping-stone dispersal would cause successive bottlenecks, the best
predictor of genetic diversity in these populations is proximity to the
northern range limit (Figure 3). Simulation models show that the
mode of dispersal critically affects the distribution of genetic diversity
during species range expansions, such as those following glaciation
(Excoffier et al., 2009). By disseminating variants far from their place
of origin, long-distance dispersal can maintain diversity during
colonization (Bialozyt et al., 2006). Under this scenario, diversity is
maintained at the regional rather than population level, with high
differentiation among populations. Exponential population growth in
newly colonized sites can also preserve genetic diversity near the
leading edge, as rare alleles are less likely to be lost to drift (Excoffier
et al., 2009). This ‘surfing’ phenomenon is enhanced by small deme
size and low migration between demes (Klopfstein et al., 2006). The
lack of isolation-by-distance among New England populations of
I. medeoloides, together with exceedingly low estimated migration
rates, suggest that colonization for this species proceeded by rare long-
distance dispersal rather than by a diffusion or stepping-stone process.
Numerous studies have documented declines in genetic diversity

toward northern range limits in previously glaciated regions (Hewitt,
2004). In cases where census sizes are smaller at the periphery than in
the center of the range, decreased variation at the northern range limit
could be attributed either to founder effects or to the expected decline
in diversity associated with small census sizes (Leimu et al., 2006;
Eckert et al., 2008). Statistical modeling approaches can attempt to
disentangle the effects of census size and colonization history (for
example, Johansson et al., 2006). Another approach to separate the
impacts of colonization from more contemporary forces is to consider
species whose census population sizes do not decline toward the
northern range limit. For example, census size of the herbaceous
perennial Silene nutans is uncorrelated with latitude, allowing
investigators to conclude that its poleward decline in genetic diversity
is due to historical colonization processes rather than more con-
temporary ones (Van Rossum and Prentice, 2004). Increased genetic
diversity toward the northern range limit in previously glaciated
regions appears to be an unusual phenomenon. It has been
documented in Alnus rubra, where coastal refugia lie northward of
the present-day distribution (Hamann et al., 1998), and in Arabidopsis
lyrata, where genetically diverse outcrossing populations lie to the
north of selfing, ephemeral populations that establish in transient
sand dune and highly human impacted habitats (Mable and Adam,
2007). Enhanced genetic diversity in formerly glaciated regions has
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also been found in the North American orchids Cypripedium
parviflorum (Wallace and Case, 2000) and Cypripedium reginae
(Kennedy and Walker, 2007). Like I. medeoloides, these Cypripedium
orchids are much more abundant in the northern parts of their
ranges, where they are apparently better adapted to current conditions
(Wallace and Case, 2000; Kennedy and Walker, 2007). In addition,
C. parviflorum, like I. medeoloides, shows allelic distribution patterns
inconsistent with a stepping-stone model of colonization.
Our results are consistent with a scenario in which rare founder

events lay the foundation for low within-population variation and
high population genetic structure, and subsequent processes magnify
these initial tendencies. Gene flow among populations is practically
nonexistent, with populations continuing to diverge following initial
establishment. Populations consist of a collection of selfing lineages,
exacerbating genetic drift (Charlesworth and Pannell, 2001; Siol et al.,
2007). As environmental conditions are evidently most favorable near
the northern range limit, young populations near the leading edge
maintain relatively large census sizes, retaining an increasing number
of lineages generated by mutation, and forestalling the inevitable
loss of lineages due to genetic drift. Although colonization by
long-distance dispersal may have initiated genetic patterning of
I. medeoloides populations, subsequent demographic processes play
the determining role in population genetic diversity and structure.
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