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Abstract

Colonization is crucial to habitat restoration projects that rely on the spontaneous

regeneration of the original vegetation. However, as a previously declining plant species

spreads again, the likelihood of founder effects increases through recurrent population

founding and associated serial bottlenecks. We related Amplified Fragment Length

Polymorphism markers genetic variation and fitness to colonization history for all extant

populations of the outcrossing terrestrial orchid Dactylorhiza incarnata in an isolated

coastal dune complex. Around 1970, D. incarnata suffered a severe bottleneck yet

ultimately persisted and gradually spread throughout the spatially segregated dune

slacks, aided by the restoration of an open vegetation. Genetic assignment demonstrated

dispersal to vacant sites from few nearby extant populations and very limited inflow

from outside the spatially isolated reserve. Results further indicated that recurrent

founding from few local sources resulted in the loss of genetic diversity and promoted

genetic divergence (FST = 0.35) among populations, but did not influence population

fitness. The few source populations initially available and the limited inflow of genes

from outside the study reserve, as a consequence of habitat degradation and spatial

isolation, may have magnified the genetic effects of recurrent population founding.
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Introduction

Colonization is crucial to the success of conservation

actions that rely on the spontaneous regeneration of the

original vegetation after habitat restoration (Brudvig

2011). However, the founding of new plant populations

can be accompanied by major genetic changes and asso-

ciated fitness consequences. Population genetic models

and empirical work demonstrated that the bottlenecks

created by drawing small founding groups from a few

sources reduce the genetic diversity of newly founded
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populations and increase among-population genetic

divergence (Nei et al. 1975; Slatkin 1977; McCauley

et al. 1995; Sezen et al. 2005; Jacquemyn et al. 2009).

Low levels of genetic diversity and the higher likeli-

hood of inbreeding in these initially small founding

groups can then lead to reduced population fitness and

eventually hamper population persistence (Lande 1988;

Keller & Waller 2002). Severe losses of genetic diversity

can also limit the adaptive ability of newly founded

populations to respond to the selection pressures

imposed by changing environmental conditions,

because the alleles on which selection could act may

have been lost (Lande & Shannon 1996; Reed &

Frankham 2003; Reusch et al. 2005).



2 K. VANDEPITTE ET AL.
While the population genetic effects of a single

founding event can already be significant, recurrent

founding events can create serial bottlenecks (Clegg

et al. 2002). A simulation study of recurrent population

founding during spatial spread highlighted the impact

of colonist origin on the magnitude of founder effects

(Le Corre & Kremer 1998). The cumulative effect of

recurrent population founding was stronger in a step-

ping-stone model, in which vacant sites were colonized

from few neighbouring sources, than in an island model

where the admixture of founding propagules from

diverse sources minimized founder effects. The popula-

tion genetic impact of recurrent founding events is fur-

ther predicted to depend upon the magnitude of gene

flow following colonization events, relative to the mag-

nitude of the bottlenecks created during colonization

(Whitlock & McCauley 1990; Le Corre & Kremer 1998).

High levels of gene flow among populations are more

likely to rapidly neutralize the genetic signature of pop-

ulation founding.

When a previously declining plant species spreads

again throughout a greater restored habitat complex,

comprising suitable and unsuitable patches, recurrent

population founding could progressively dilute the

remaining population genetic variation, and shape pop-

ulation genetic structure. This situation can be expected

to be common during ecological restoration because

recolonization will occur from few remnant populations

and, as habitat degradation and habitat loss often coin-

cide (Sala et al. 2000), gene flow among restored habitat

patches is uncertain (Young et al. 1996; Aguilar et al.

2008). Yet, to our knowledge, the impact of recurrent

population founding following habitat restoration on

the genetic diversity and fitness in newly founded pop-

ulations has not been thoroughly investigated.

The well-documented spread of the dune slack orchid

Dactylorhiza incarnata (L., Dactylorhizae) in a dune com-

plex at the Belgian-French coast provides an unusual

opportunity to redress this lack of empirical evidence.

Most of this originally large dune complex has been

destroyed through urbanization (Bossuyt 2007). In the

remaining area, the cessation of grazing management

and eutrophication has resulted in the encroachment of

shrubs such as Sea buckthorn (Hippophae rhamnoides) in

the dune slacks (Grootjans et al. 2002). As a conse-

quence, D. incarnata went almost locally extinct in the

1970s but ultimately persisted and spread again

throughout the spatially segregated slacks of this

complex, aided by the removal of Sea buckthorn and

regular mowing in increasingly wider areas over the

last four decades.

We used Amplified Fragment Length Polymorphism

markers (AFLP; Vos et al. 1995), to genotype D. incar-

nata individuals from all dune slacks where the species
was present in 2008. To reconstruct colonization pat-

terns, the assignment of individuals to genetic groups

was overlaid by the species historical and current distri-

bution. This allowed us to investigate impacts of recur-

rent founding events on the genetic constitution of the

populations and on key plant fitness characteristics. We

tested the hypotheses that recurrent founding from few

local sources (i) reduced population genetic diversity

and fitness over the studied gradient of decreasing pop-

ulation age and (ii) resulted in strong genetic diver-

gence among populations.
Materials and methods

Study species

Dactylorhiza incarnata is an herbaceous, perennial, dip-

loid (2n = 2x = 40), food deceptive orchid species

(Hedrén 1996), characteristic of dune slacks, wet mead-

ows, reed-land and marshes. Bumblebees and occasion-

ally also other relatively large insects (Hymenoptera,

Coleoptera) support pollination (Lammi & Kuitunen

1995; Lammi et al. 2003). Autogamy is possible but rare

(De hert et al. 2011). The white to pink-purplish flowers

are relatively small and the labellum has reflexed lateral

lobes. Leaves of D. incarnata are lanceolate, and usually

have a hooded leaf tip. Different flowering time and

hybrid sterility seems to prevent introgression between

D. incarnata and other Dactylorhiza species in the study

area (De hert et al. 2012). Related Dactylorhiza species

do not form a persistent soil seed bank, as indicated by

the rapid in situ decay of seed viability, and the vegeta-

tive dormancy of tubers is very low (Øien et al. 2008;

Shefferson 2009).
Study area and colonization history

The study area is a sandy dune area along the western

Belgian and north-western French coast, once covering

c. 30 km2 that has largely been destroyed through

urbanization since the beginning of the twentieth cen-

tury. The remaining areas are now protected as nature

reserves. Our main study site is an isolated dune com-

plex at the Belgian-French border (Westhoek-Perroquet,

570 ha). This complex comprises a network of naturally

fragmented dune slacks, the damp low-lying areas

in-between sand dunes (Bossuyt 2007). In this area,

D. incarnata became almost extinct in the 1970s because

of succession in the dune slacks towards Sea buckthorn

scrubland. The presence of D. incarnata in the slacks

was accurately surveyed in 1984 and 1999, allowing us

to track the colonization of the species through time, fol-

lowing gradual dune slack restoration through removal

of shrubs, mowing and ⁄ or grazing. Field observations
� 2012 Blackwell Publishing Ltd
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over the last four decades learned that the presence of

the older D. incarnata populations was continuous

(M. Leten personal communication). The current 12 pop-

ulations of D. incarnata could thus be assigned to three

age categories: older than 24 years (old), between 9 and

24 years (intermediate) and <9 years (young). Within

our main study site, covering c. 6 km2, the centre-to-cen-

tre distance between populations ranged from 88 to

2249 m (Fig. 1). The mean interpopulation distance was

888 m.

In addition, we sampled a thirteenth D. incarnata

population (13_Outside), in the large neighbouring

dune complex Ter Yde (260 ha, 4–6 km from our main

study area). This large population (>2000 flowering

individuals) is probably more than 15 year old but

detailed information is not available.
Data collection

Slacks were visited in June 2008. In each population in

the main study area, the flowers and fruits of 25 ran-

domly chosen D. incarnata individuals were counted.

One fruit of each selected individual was harvested.

Fruits were pooled per sampling location and trans-

ferred to the laboratory to analyse seed viability using

tetrazolium staining (van Waes & Debergh 1986). Using

this method, only viable embryos are stained red.

For AFLP genotyping (Vos et al. 1995), we sampled

leaves of 25 individuals per slack (Fig. 1). In a single

population (5_Old), we took 25 additional samples to

investigate the impact of sampling size on the magnitude
500 m

N
5_Old

6_Old

7_

8_Inter

12_Inter

11_Inter

10_Young

Belgian–French

The North Sea

Fig. 1 Map of all Dactylorhiza incarnata populations in the studied

genetic composition based on the Bayesian assignment of individua

slices correspond to population membership to genetic groups for K

populations sized below 100 flowering individuals. Population age c

24 years ago; Inter, aged between 9 and 24 years and Young; <9 y

represents the distinct genetic composition of individuals sampled in
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of polymorphism detected by AFLP. Plant material was

dried on silica and DNA was extracted using the Nucleo-

spin DNA-extraction kit (Macherey Nagel, Germany).

The following four primer combinations were used:

EcoRI-AGG ⁄ MseI-CTAG, EcoRI-AGG ⁄ MseI-CTGG, Eco-

RI-ACAG ⁄ MseI-CTA and EcoRI-ACAG ⁄ MseI-GGT. Flu-

orescently labelled AFLP fragments were separated on

an ABI3130xl sequencer on 50 cm capillaries (Applied

Biosystems) and scored using GENEMAPPER 3.7 software

(Applied Biosystems). For each primer combination,

binsets were automatically generated in the size range

100–450 bp using a minimum detection threshold of 500

relative fluorescent units (RFUs) as to avoid artefact sig-

nals. AFLP fingerprints were then automatically scored

using a lower threshold of 50 RFUs and visually

inspected. Binsets for which marker peaks were not dis-

tinctly present or absent were removed from the data set.

The four primer combinations used rendered a total of

91 polymorphic loci.

Only the 298 samples for which high-quality profiles

were obtained with the four AFLP primer combinations

were retained for further analysis. Ten samples were

repeats from independent DNA extractions. After the

reproducibility of the applied procedure was confirmed,

replicates were randomly deleted. The average percent-

age of mismatches between replicate pairs was 3.2%.

Preliminary analysis verified the validity of the lowest

number of successfully genotyped samples per popula-

tion (n = 19). Ten independent draws of 19 individuals

from the more intensively sampled population 5_Old,

showed that the number of polymorphic loci was
4_Old

3_Young
2_Young

1_Inter

9_Old

Young

 border

13_Outside

coastal dune complex at the Belgian-French border and their

ls to genetic groups using Structure (Pritchard et al. 2000). Pie

= 8, the optimal minimal number of clusters. Small pies are

lasses are part of population IDs with Old, founded more than

ears old. The boxed pie in the lower right corner of the map

the neighbouring complex at 4–6 km distance (Ter Yde).
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between 0 and 3.3% lower than the estimate based on

42 individuals. In the final data set of 271 individuals,

this population was downsized to 25 randomly selected

individuals.
Data analysis

Genetic assignment. To infer colonization patterns and to

characterize overall genetic structure, a model-based

clustering method was applied using the software

STRUCTURE2.3.2. This Bayesian method identifies, loosely

speaking, subgroups that have distinctive allele fre-

quencies without making a priori groupings according

to sampling locations (Pritchard et al. 2000). Portions of

the genome of individuals are then probabilistically

assigned to the inferred genetic clusters for a given

value of K, the optimal number of clusters. We applied

the admixture model for dominant data with 105 burn-

ins 105 repetitions and five iterations for each value of

K, from K = 1 to 13 (the number of locations sampled).

The optimal number of clusters in our data set was

identified based on the evolution of the estimated log

probability of the data Pr(X|K) and the variance among

iterations vs. K (Evanno et al. 2005).

Structure results were then complemented by the

assignment of individuals from populations established

after 1999 (young) to the populations founded before

1999 (intermediate and old) using the allocation proce-

dure in AFLPOP (Duchesne & Bernatchez 2002). This

algorithm uses likelihood estimates to assign individu-

als to candidate source populations based on the fre-

quency of AFLP fragments in predefined populations.
Table 1 Population characteristics of all Dactylorhiza incarnata popul

border (Westhoek and Perroquet)

ID Age (years) N n A Hj

1_Inter 10–25 1600 20 1.47 0.190 (0.023)

2_Young <10 100 19 1.49 0.193 (0.024)

3_Young <10 50 19 1.48 0.170 (0.022)

4_Old >25 30 23 1.36 0.116 (0.019)

5_Old >25 550 42* 1.75 0.244 (0.020)

6_Old >25 400 20 1.66 0.223 (0.020)

7_Young <10 400 19 1.31 0.111 (0.019)

8_Inter 10–25 200 22 1.69 0.262 (0.022)

9_Old >25 28 20 1.42 0.167 (0.022)

10_Young <10 1000 20 1.44 0.144 (0.019)

11_Inter 10–25 600 23 1.49 0.183 (0.021)

12_Inter 10–25 100 20 1.65 0.230 (0.021)

Mean 1.52 0.188

N, the number of flowering individuals as an estimate of population s

number of alleles per population; Hj, the expected heterozygosity and

inbreeding coefficient.

*Downsized to 25 individuals for the calculation of population geneti
We first determined the most likely source population

for each individual and then repeated the procedure

with increased stringency using a log-likelihood differ-

ence (LLD) of 0.2 (2 · more likely—the log-likelihood

analogue of a 95% CI).

Population genetic diversity and fitness. The impact of

recurrent population founding, corrected for potential

biases owing to genetic drift and inbreeding in small

populations (Wright 1938), on the magnitude of popu-

lation genetic diversity and fitness was investigated

using general linear models (GLMs) in SPSS 17.0 (SPSS

Inc.). The independent variables were population age

(three classes) and population size. Population size

was defined as the number of flowering individuals in

2008 and log transformed. For each population, we cal-

culated the total number of alleles, A, the inbreeding

coefficient, FIS, and the expected heterozygosity, Hj (or

HE), as measures of population genetic diversity. FIS of

each population was calculated by averaging the

inbreeding coefficient of each individual, estimated

according to the method of Dasmahapatra et al. (2008)

implemented in FAFLPcalc. The estimated mean FIS

value of 0.08 was used to calculate Hj values. Hj and

A were calculated using POPGENE 1.32 (Yeh et al. 2000).

Fitness was quantified as plant size and two estimates

of reproductive success, the percentage of flowers that

set fruit and the percentage of viable seeds. Reproduc-

tive success is a key characteristic of fitness. Only pop-

ulations in the main study reserve were included in

the GLM analyses. Input variables are summarized in

Table 1.
ation present in 2008 in a dune complex at the Belgian-French

FIS Plant size (cm) Fruiting (%) Viability (%)

0.022 21.9 39.7 29.0

0.014 14.6 52.9 35.2

0.155 14.4 36.9 –

0.089 19.6 37.7 12.6

0.164 18.8 35.1 22.6

0.040 16.6 32.6 26.5

0.057 19.3 27.5 8.1

0.139 22.5 54.3 49.1

0.028 12.9 42.8 –

0.023 21.9 48.2 67.6

0.100 19.4 42.3 43.6

0.132 19.3 62.3 35.9

0.080 18.4 42.7 33.0

ize; n, the number of samples genotyped on all 91 loci; A, the

its standard error between brackets; and FIS, the approximated

c measures.

� 2012 Blackwell Publishing Ltd



Table 2 The number of Dactylorhiza incarnata individuals from

populations founded after 1999 (young) assigned to each of the

potential source population founded before 1999 (inter and

old) using AFLPOP

Sources 2_Young 3_Young 7_Young 10_Young

1_Inter 4 0 0 3

4_Old 1 0 0 0

5_Old 14 19 0 0

6_Old 0 0 5 0

8_Inter 0 0 16 0

9_Old 0 0 0 0

11_Inter 0 0 0 13

12_Inter 0 0 0 4

13_Outside 0 0 0 0

Individuals were assigned based on the highest likelihood.

Values in bold are the number of individuals assigned to the

two nearest populations founded before 1999.
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Genetic differentiation. The overall magnitude of genetic

differentiation among populations in different slacks

was based on Wright‘s F-statistics (FST) and calculated

using POPGENE 1.32 (Yeh et al. 2000). A FIS value of 0.08

was assumed to estimate the allele frequencies. The Ew-

ens–Watterson test of neutrality was applied to detect

loci deviating from the overall pattern of FST using

10 000 simulations (Manly 1985). An FST analogue, FPT,

was also calculated using the Analysis of Molecular

Variance (AMOVA; Excoffier et al. 1992; Huff et al. 1993)

method implemented in GENALEX 6.41 (Peakall & Smouse

2006). Here, the magnitude of genetic differentiation

among populations is based on the variance in Euclid-

ean distances between individuals within vs. among

populations instead of upon allele frequencies as for

FST. Significance of genetic differentiation was tested

using 10 000 permutations. Genetic differentiation was

further assessed using principal component analysis

(PCA) on the pairwise FPT matrix.
Results

Genetic assignment

The model likelihood in the structure analysis increased

until K = 8 and then evened out, while the variance

among runs increased for higher values. Portions of

individual genomes were therefore probabilistically

assigned to each of the eight clusters of a randomly

selected run for K = 8. Population genetic profiles based

on the sum of individual assignment results are

depicted in Fig. 1. In general, young and intermediately

aged populations were assigned to the genetic clusters

prevailing in neighbouring older populations. No inter-

mediately aged or young populations were allocated to

genetic clusters other than those constituting the four

oldest extant populations in our main study reserve;

yet, the two small old populations 4_Old and 9_Old

essentially comprised genetic clusters that were little

represented by the younger populations. The popula-

tion 13_Outside in the distinct neighbouring complex

was assigned to a clearly differentiated cluster (Fig. 1).

Independent runs for K = 8 and, for K = 7 and K = 9

rendered analogous results (not shown).

The allocation of individuals to the most likely source

population using AFLPOP rendered very similar pat-

terns. The vast majority of individuals collected from

the most recently established populations were assigned

to a nearby population founded before 1999. Only one

individual was assigned to population 4_Old and no

individuals were assigned to population 9_Old and

13_Outside (Table 2). When assignment was repeated

at a 95% confidence level (log-likelihood differ-

ence = 0.2), results were identical to those presented in
� 2012 Blackwell Publishing Ltd
Table 2 (LLD = 0), except that one individual of

10_Young could not be assigned because the difference

in LLD between 11_Inter and 12_Inter was not large

enough.
Population genetic diversity and fitness

The total number of alleles, A, ranged from 1.31 to 1.75

and the expected heterozygosity, Hj, from 1.11 to 2.26

(Table 1). GLMs detected significant main effects of pop-

ulation age on the genetic diversity expressed as A

(F = 12.10, P < 0.01) and Hj (F = 5.61, P < 0.05). The inter-

action between age and population size was also signifi-

cant for A (F = 14.17, P < 0.01) and Hj (F = 5.85,

P < 0.05). When corrected for population size effects,

genetic diversity was lower in the more recently estab-

lished populations. Population size did positively affect

the magnitude of genetic diversity within the oldest

extant populations but had no significant impact on the

young and intermediately aged populations (Fig. 2),

indicating the loss of genetic variation as a result of long-

term genetic drift in the small, old populations. The same

model, applied to the approximated inbreeding coeffi-

cients (FIS) and reproductive fitness estimates, rendered

no significant overall Type III effects (all P > 0.05).
Genetic differentiation

The magnitude of genetic differentiation among all

slacks within the main study area was very high

(FST = 0.35). The mean FST towards the distinct Ter Yde

slack (13_Outside) in the neighbouring complex was

0.54 (Table 3). Patterns of FST were consistent across

loci. Only three of 91 loci deviated from the overall

pattern at the 95% confidence level. AMOVA results



Fig. 2 Impact of population age and size on genetic diversity

as the number of alleles (a) Lines interconnect mean values per

age class for all small (<100 individuals) and large (>100 indi-

viduals) Dactylorhiza incarnata populations present in a coastal

dune complex at the Belgian-French border separately.
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confirmed significant genetic differentiation among the

populations in the main study area (FPT = 0.45,

P < 0.001). In the PCA plot, populations group accord-

ing to their geographical location. Neighbouring popu-

lations tend to cluster together, except the outlier

population 4_Old (Fig. 3).
Discussion

In the studied area, Dactylorhiza incarnata went from

near extinction to a more widespread distribution over
Table 3 Pairwise genetic differentiation among Dactylorhiza incarna

border (Westhoek and Perroquet; 1–12) and in the neighbouring Belgi

1_Inter 2_Young 3_Young 4_Old 5_Old 6_Old 7_Yo

1_Inter 0.00

2_Young 0.08 0.00

3_Young 0.18 0.03 0.00

4_Old 0.30 0.31 0.42 0.00

5_Old 0.10 0.02 0.04 0.27 0.00

6_Old 0.29 0.31 0.35 0.37 0.20 0.00

7_Young 0.57 0.60 0.64 0.67 0.48 0.32 0.00

8_Inter 0.36 0.34 0.37 0.44 0.24 0.13 0.25

9_Old 0.44 0.44 0.50 0.51 0.36 0.31 0.48

10_Young 0.22 0.34 0.44 0.39 0.26 0.24 0.49

11_Inter 0.21 0.34 0.43 0.34 0.26 0.21 0.43

12_Inter 0.14 0.25 0.35 0.31 0.18 0.16 0.42

13_Outside 0.51 0.51 0.53 0.62 0.43 0.45 0.72
a period of less than 40 years, following gradual habitat

restoration. Genetic assignment indicates that coloniza-

tion of the suitable slacks was achieved predominantly

by seeds sourced from nearby populations. Remarkably,

only two of the four oldest extant populations seem to

have contributed considerably to the current gene pool

(Fig. 1, Table 2). This pattern of low source diversity in

combination with short colonization distances must, in

line with theory (Le Corre & Kremer 1998), have cre-

ated opportunities for founder effects to develop during

the successive (re)colonization waves.

Indeed, when accounting for the confounding impact

of long-term small population size, the number of

alleles (A) dropped by a fourth along the chronose-

quence (large populations in Fig. 2). The impact of

recurrent founding on expected heterozygosity (Hj) was

less pronounced (lower P-values), as would be expected

because this parameter, which combines the frequency

and number of alleles, is less sensitive than allelic rich-

ness to the loss of rare alleles because of sampling

effects (Nei et al. 1975). This pattern seems to reflect a

moderate loss of molecular genetic diversity during

consecutive colonization steps. These losses were appar-

ently insufficiently counteracted by later gene exchange

among populations, as suggested by the observed long-

term genetic drift effects in the two smallest oldest

extant populations (Fig. 2) In addition to restricted

among-population gene flow within the complex, the

spatial isolation of the main study area may have con-

strained the dispersal of pollen and seed over longer

distances, as is supported by the distinct genetic profile

of individuals in the neighbouring complex (Fig. 1 and

Table 3).

In combination with little gene exchange among

extant populations, colonization likely promoted genetic

differentiation among populations within our main
ta populations (FST) in a dune complex at the Belgian-French

an complex (Ter Yde; 13)

ung 8_Inter 9_Old 10_Young 11_Inter 12_Inter 13_Outside

0.00

0.27 0.00

0.34 0.39 0.00

0.29 0.33 0.02 0.00

0.24 0.31 0.01 0.02 0.00

0.52 0.63 0.54 0.52 0.45 0.000

� 2012 Blackwell Publishing Ltd
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Fig. 3 Principal component analysis (PCA) plot based on pair-

wise genetic differentiation (FPT) among Dactylorhiza incarnata

population in a coastal dune complex at the Belgian-French

border. The percentage of total variance explained by each of

the first three PCA axes is given. Population age classes are

part of population IDs with O, founded more than 25 years

ago; I, aged between 10 and 25 years; and Y, <10 years old.
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study area (FST = 0.35 and FPT = 0.45) and generated

spatial genetic structure (Fig. 3). Metapopulation mod-

els have shown that colonization inflates FST when

founder propagules originate from few populations and

gene flow is in the same range or below colonization

rates (Whitlock and McCauley 1990; Le Corre & Kremer

1998). Other processes that enhance genetic differentia-

tion, as self-pollination, local adaption and enhanced

genetic drift in small populations (Wright 1965; Ham-

rick & Godt 1996), are unlikely to explain by themselves

the observed high FST values. First, pollination experi-

ments have demonstrated that autogamy is possible but

infrequent in D. incarnata (Lammi & Kuitunen 1995;

De hert et al. 2011), and the overall inbreeding coeffi-

cient was low (FIS = 0.08). Second, patterns of genetic

differentiation were genome wide, while adaptive pro-

cesses typically affect only a smaller portion of a species

genome (Luikart et al. 2003). Third, enhanced drift

effects probably increased the divergence of the two

oldest small populations (Fig. 3), but the lower number

of generations that have passed since establishment and

the perennial character of D. incarnata must have miti-

gated strong drift effects as a consequence of small pop-

ulation sizes in the younger small populations thus far.

Finally, when seeds are mostly dispersed to vacant sites

from nearby populations, colonization is predicted to

generate spatial genetic structure (Ibrahim et al. 1996),
� 2012 Blackwell Publishing Ltd
as seems supported by the genetic clustering of most

neighbouring populations in Fig. 3.

In general, these findings run counter to the frequent

observation of extensive gene mixing throughout plant

colonization episodes, paralleled by no significant pop-

ulation genetic consequences (e.g. Travis et al. 2002;

Tremetsberger et al. 2003; Erickson et al. 2004; Litrico

et al. 2005; Raffl et al. 2006; Vandepitte et al. 2007; Yang

et al. 2008; Honnay et al. 2009; Pluess 2011; but see also

López et al. 2010 and Ramakrishnan et al. 2010 for

examples of limited dispersal and concomitant

decreases of genetic variation). The small number of

sources initially available because of habitat degrada-

tion, the occurrence of recurrent founding events, the

predominantly short colonization distances and the

additional constraints imposed by habitat fragmentation

on long-distance propagule dispersal during and after

colonization (Young et al. 1996; Aguilar et al. 2008),

likely explain the disparity between most previously

reported results and the findings of the present study.

The resulting low source diversity and spatially

restricted patterns of gene flow likely created opportu-

nities for founder effects to accumulate during the grad-

ual spread of D. incarnata.

Spatially restricted dispersal seems counterintuitive

given the vast amounts of tiny dust-like seeds terrestrial

orchids, like D. incarnata, produce (Arditti & Ghani

2000) yet, it concurs with existing literature. The seed

rain density is typically a function of the distance from

the parent plant in terrestrial orchid species (Jersáková

& Malinová 2007). As a consequence, most seedlings

are recruited in suitable sites near the mother plant. For

instance, parentage analyses in Orchis purpurea revealed

median distances between parents and offspring below

10 m (Jacquemyn et al. 2007). Likewise, several genetic

studies investigating the spatial genetic structure of

terrestrial orchid populations, including a study in

D. incarnata (De hert et al. 2011), have found a signifi-

cant pattern, which was in most cases explained by spa-

tially restricted patterns of gene flow (e.g. Machon et al.

2003; Chung et al. 2004; De hert et al. 2011).

Together with the loss of genetic variation during

recolonization, inbreeding in small founding groups

could rapidly reduce individual and mean population

fitness (Keller & Waller 2002). Yet, there were no signs

of reduced fitness or higher inbreeding coefficients (FIS)

in recently founded D. incarnata populations, neither

did we detect a positive impact of population size on

fitness (Table 3). The lack of fitness effects likely partly

results from the rapid expansion of several populations

shortly after initial founding, which decreases the mag-

nitude of inbreeding and the likelihood of inbreeding

depression. For example, we estimated respectively

1000 and 400 flowering individuals in populations
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10_Young and 7_Young, each founded <9 years ago

(Table 1). A second nonmutually exclusive possibility is

that inbreeding did occur but, because the genetic load

had previously been purged, inbreeding did not signifi-

cantly affect fitness. If inbreeding depression is attrib-

uted to deleterious alleles, whose effect on fitness are

negative when in a homozygous state, then successive

generations of inbreeding can result in a rebound in fit-

ness because of the selective decrease in frequency of

deleterious alleles (Johnston & Schoen 1996; Crnokrak

& Barrett 2002). Previous bottlenecks, as when D. incar-

nata neared local extinction, may so have cushioned the

negative fitness consequences of inbreeding.

In the longer run, the erosion of genetic variation

may hamper local persistence because it decreases the

adaptive ability to respond to novel selection pressures.

The alleles selection would act on may already have

been lost (Lande & Shannon 1996; Reusch et al. 2005).

However, most phenotypic traits reside on many inter-

acting loci (cfr. quantitative traits). The variance in these

quantitative traits, which lies at the base of future pop-

ulation fitness, is therefore not as rapidly lost as the dis-

crete genetic variation measured using molecular

markers (e.g. Turelli & Barton 2006; Dlugosch & Parker

2008). This, together with the fact that recently founded

populations did not display signs of inbreeding depres-

sion, indicates that the relatively small losses of molecu-

lar marker diversity observed in this study are unlikely

to imperil the local persistence of D. incarnata, except

perhaps under extreme conditions. Additional manage-

ment actions such as the deliberate introduction of

genetically diverse material, therefore, seem unneeded

to conserve D. incarnata in the studied area.

Restoration actions aimed at creating suitable condi-

tions for reestablishment are increasingly applied to

promote biodiversity in many habitats (Brudvig 2011).

As these actions typically rely on passive dispersal and

given that many plant species, including terrestrial

orchid species, do not disperse their seed and pollen

widely (Hamrick & Godt 1996; Vekemans & Hardy

2004), our finding of decreasing molecular genetic varia-

tion during spatial spread may apply to a broader num-

ber of recolonizing plant species in the isolated

remnants of habitat complexes. Yet, comparable studies

in different plant species and habitat complexes are cer-

tainly needed to strengthen this view.
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