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Abstract

The long-term establishment success of founder plant populations has been commonly

assessed based on the measures of population genetic diversity and among population

genetic differentiation, with founder populations expected to carry sufficient genetic

diversity when population establishment is the result of many colonists from multiple

source populations (the ‘migrant pool’ colonization model). Theory, however, predicts

that, after initial colonization, rapid population expansion may result in a fast increase

in the extent of spatial genetic structure (SGS), independent of extant genetic diversity.

This SGS can reduce long-term population viability by increasing inbreeding. Using

12 microsatellite markers, we inferred colonization patterns in four recent populations

of the grassland specialist plant Anthyllis vulneraria and compared the extent of SGS

between recently established and old populations. Assignment analyses of the individ-

uals of recent population based on the genetic composition of nine adjacent putative

source populations suggested the occurrence of the ‘migrant pool’ colonization model,

further confirmed by high genetic diversity within and low genetic differentiation

among recent populations. Population establishment, however, resulted in the build-

up of strong SGS, most likely as a result of spatially restricted recruitment of the prog-

eny of initial colonists. Although reduced, significant SGS was nonetheless observed

to persist in old populations. The presence of SGS was in all populations associated

with elevated inbreeding coefficients, potentially affecting the long-term viability of

these populations. In conclusion, this study illustrates the importance of studying SGS

next to population genetic diversity and differentiation to adequately infer coloniza-

tion patterns and long-term establishment success of plant species.
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Introduction

Given the systematic increase in habitat turnover

caused by habitat destruction and land use change (Fo-

ley et al. 2005), the long-term survival of many plant

species increasingly relies on long-distance gene flow

and on the ability to successfully establish genetically

diverse populations in new, suitable habitats (Howe &

Smallwood 1982; Slatkin 1985). Colonization success of

newly established populations in terms of long-term

viability strongly relies on their genetic make-up (Lande

1988). Theory predicts that young founder populations

are expected to carry sufficiently high genetic diversity

when population establishment is the result of many

colonists that originate from multiple source popula-

tions [the ‘migrant pool’ colonization model described

by Slatkin (1977)]. If, on the other hand, population

establishment is the result of only a few colonists that

are drawn from a limited number of source popula-
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tions, newly founded populations are expected to suffer

from strong genetic founder effects or bottlenecks,

resulting in reduced genetic diversity and increased

among population genetic differentiation (the ‘propa-

gule pool’ colonization model) (Nei et al. 1975; Slatkin

1977; Whitlock & McCauley 1990). Genetic diversity

and ultimately population viability of colonizing popu-

lations may therefore be strongly related to a species’

capacity to disperse across the landscape.

Although species that possess specific adaptations

that facilitate long-distance seed dispersal clearly have

an advantage, most plant species lack such adaptations

and are characterized by leptokurtic seed dispersal, sug-

gesting the occurrence of relatively limited long-dis-

tance colonization events (however, see Nathan et al.

2008) (Howe & Smallwood 1982; Verkaar et al. 1983; Ell-

strand 1992; Ibrahim et al. 1996). This has led to the

expectation that genetic founder effects occur frequently

in naturally colonizing plant species. Surprisingly, how-

ever, most research performed on spontaneously colo-

nizing plant species has shown very limited or even no

observable imprints of founder effects on the genetic

make-up of founding populations, suggesting the prev-

alence of the ‘migrant pool’ model of colonization (e.g.

Antrobus & Lack 1993; Raffl et al. 2006; Helsen et al.

2013).

Apart from their effect on population genetic diver-

sity and on between population genetic differentiation,

colonization events can also generate strong small-scale

spatial genetic structure (SGS) within newly established

populations (Hossaert-McKey et al. 1996; Litrico et al.

2005; Trapnell et al. 2013). SGS can be defined as a local

pedigree structure, with higher genetic similarity

among neighbouring than among more distant individ-

uals within a population (McCauley 1997; Vekemans &

Hardy 2004). Theoretical modelling has shown that

when seed dispersal follows a leptokurtic pattern,

strong SGS is expected during population expansion

after foundation (Ibrahim et al. 1996). In this case, rare

long-distance migrants will result in a limited number

of initial colonists, which, in turn, act as nuclei for the

establishment of areas of similar genotypes within the

maturing population (Ibrahim et al. 1996). Interestingly,

population expansion following the ‘migrant pool’

model of colonization is likely to result in a strong SGS

signature under this scenario, as initial founders can be

expected to be genetically very distinct from one

another (Pardini & Hamrick 2008).

There is evidence that, for certain species, the initial

SGS formed during population foundation decays over

time (Hossaert-McKey et al. 1996; Tero et al. 2005; Jones

et al. 2006). This has been attributed to the combined

action of seed shadow overlap with increasing plant

densities and the effects of accumulated rare long-

distance seed dispersal events (Troupin et al. 2006;

Hamrick & Trapnell 2011). SGS can also quickly disap-

pear in maturing populations when high mortality rates

occur among the founder’s progeny (Premoli & Kitzber-

ger 2005). Long-distance pollen flow can furthermore

partly reduce the strength of the initial SGS (Ohsawa

et al. 1993; McCauley 1997; Tarayre et al. 1997; Trapnell

et al. 2013). Theoretical modelling, on the other hand,

suggests that SGS can persist up to 100 generations

after population establishment (Ibrahim et al. 1996).

Overall, as the persistence of SGS in maturing popula-

tion can be expected to depend on factors such as the

species’ mating system, plant density and seed and pol-

len dispersal agents, predictions regarding SGS persis-

tence through time remain difficult (Vekemans &

Hardy 2004; Jones et al. 2006).

Although the persistence of SGS in recent founder

populations is difficult to predict, it can have consider-

able negative consequences on population viability.

When assuming leptokurtic pollen dispersal, the close

proximity of related individuals may strongly increase

the chances of biparental inbreeding and associated

inbreeding depression in both self-compatible and self-

incompatible species (Heywood 1991; Jones et al. 2006).

In turn, these effects reduce effective population size

and decrease genetic diversity through genetic drift,

possibly jeopardizing the long-term viability of the pop-

ulation (Fuchs & Hamrick 2010). The high inbreeding

coefficients that have often been observed in genetically

diverse founder populations may support the idea that

strong SGS commonly occurs in nature (Wahlund effect,

e.g. Hossaert-McKey et al. 1996; Litrico et al. 2005; Hel-

sen et al. 2013). This suggests that long-term establish-

ment success of founder populations cannot be reliably

assessed based on the measures of genetic diversity and

differentiation alone, but that the extent of SGS within

these populations should be evaluated as well.

So far, only a limited number of studies have quanti-

fied the extent of SGS in founder populations, most of

which found a relatively strong kinship structure (Hos-

saert-McKey et al. 1996; Tero et al. 2005; Jones et al.

2006; Pardini & Hamrick 2008; Jacquemyn et al. 2009;

Trapnell et al. 2013). However, a direct comparison of

the extent of SGS between founder populations and

mature established populations has only rarely been

performed up to now (e.g. Chung et al. 2007; Chung

2008). To address this hiatus, we compared genetic

diversity and the extent of SGS between recently

founded and old populations of the grassland specialist

plant species A. vulneraria. We used 12 polymorphic

SSR markers to genotype 896 individuals across 13 pop-

ulations. More specifically, we sampled and mapped a

high number of individuals (>50) in four recently

founded populations (<13 years old), and in four
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established populations on ancient calcareous grassland,

allowing us to perform spatial genetic structure analysis

and spatial point-pattern analysis. Five additional popu-

lations that occurred on ancient grassland were partially

sampled (≤40 individuals) to allow assignment of indi-

viduals from recent populations to their putative source

populations. More specifically, we addressed the fol-

lowing questions:

1 Do recently founded populations of A. vulneraria suf-

fer from founder effects such as impoverished genetic

diversity or inflated genetic differentiation?

2 Are founder populations the result of multiple coloni-

zation events from various source populations or

rather of colonization from a limited number of

source populations?

3 Does colonization result in the build-up of strong

SGS structure in founder populations and is this

accompanied by the formation of a spatial subpopula-

tion structure?

4 To what extent does SGS persist in older (established)

populations? Or more generally, does the extent of

SGS differ between recent and old populations?

Materials and methods

Study species

Anthyllis vulneraria L. (Fabaceae) is a diploid (2n = 12),

rosette-forming perennial hemicryptophyte that mainly

occurs in grasslands on nutrient-poor, calcium-rich soils

across Europe (Klotz et al. 2002). Individual plants usu-

ally live no longer than 5 years and start flowering in

the second year after germination (Bastrenta et al. 1995).

Flowering usually occurs from late May to August,

when individual plants develop 1–20 flower stalks with

1–15 flower heads of 10–25 flowers each. The species

has been reported to be predominantly selfing in certain

populations (Sterk et al. 1982). More recent research has,

however, reported that the species has a mainly out-

crossing breeding system that is promoted by the occur-

rence of either protandry or gynodioecy in combination

with insect pollination (Navarro 1999; Klotz et al. 2002).

Each flower generally produces a one-seeded fruit

within a few weeks after flowering (mean weight

3.25 mg) (Kleyer et al. 2008). These seeds are not persis-

tent in the soil and are often dispersed through epizo-

ochory and hemerochory (Sterk et al. 1982; Honnay

et al. 2006; Kleyer et al. 2008). Vegetative reproduction

has not been reported in this species. Although this

species is known to be a taxonomic species aggregate,

consisting of several genetically distinct subspecies

(Nanni et al. 2004), previous research has indicated that

all populations in our study area consist of a single sub-

species (Honnay et al. 2006).

Study area

The study area is situated in southern Belgium (Viroin

valley) and consists of a large number of calcareous

grassland fragments that occur on stony hills, sur-

rounded by forests and cultivated land (Helsen et al.

2013). These grasslands became highly fragmented in

the last century due to the plantation of Pinus sylvestris

and Pinus nigra and the abandonment of grazing, which

often led to Buxus sempervirens encroachment. Restora-

tion practices between 2001 and 2007 resulted in the

restoration of c. 100 ha of historical calcareous grass-

land (Helsen et al. 2013). Most of these restored grass-

lands were adjacent to mature calcareous grassland,

from which spontaneous dispersal of plant species

occurred. Colonization of grassland species was facili-

tated through the movement of sheep (grazing manage-

ment), but seeds or seedlings were not deliberately

introduced. In this area, A. vulneraria is largely

restricted to calcareous grassland fragments, and sev-

eral new populations have established in recently

restored grasslands.

Sampling and laboratory procedures

Four recent populations of A. vulneraria were selected.

These populations occurred in recently restored calcare-

ous grasslands (10–12 years old) that were located in

the centre of the study area (Fig. 1). For two of these

four populations (N < 150), leaf material was sampled

from each individual, and each individual was mapped

to the nearest centimetre using a high-precision Trimble

RTK 5800 GPS. For the remaining two populations

(N > 250), we sampled and mapped all individuals of a

geographically isolated subpopulation within a 3500-m2

subplot (Fig. 2). Second, we sampled all known old

populations (present on ancient grasslands) within a

3.5 km radius from each of these four recent popula-

tions. This resulted in a set of nine old populations

(Fig. 1). Of these, the four populations (N < 150) closest

to the four recent populations were fully sampled, with

leaf material and geographical coordinates collected for

each individual (Fig. 2). The remaining five populations

were only partially sampled, with leaf material for up

to 40 randomly selected individuals and no geographi-

cal data (Table 1, Fig. 1). All leaf material of these 896

individual plants from 13 populations was collected in

June 2014, during flowering of these populations, and

dried on silica gel.

DNA was extracted from the leaf samples using the

Nucleospin DNA extraction kit (Macherey Nagel,
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Germany). For this study, we used twelve microsatel-

lites, five developed by Van Glabeke et al. (2007) (AV 3,

8, 10, 12 & 14) and seven developed by Kesselring et al.

(2013) (AV 000290, 002128, 004868, 005692, 015354,

020270 & 021223). DNA amplifications were carried out

in two multiplexes of six microsatellites in 10 lL reac-

tions containing 2.4 lL of one of the two multiplexed

primer combinations, 1 lL template DNA, 5 lL Qiagen

Multiplex PCR Master Mix and 1.6 lL RNase-free

water. The PCR cycling profile consisted of an initial

denaturation at 95 °C for 3 min, followed by 30 cycles

of 1 min at 95 °C, 1 min at 53 °C and 2 min at 72 °C,
with a final extension step of 10 min at 72 °C. PCR was

performed using a 2720 Thermal Cycler (Applied Bio-

systems, CA, USA). After PCR, 1 lL of the reaction was

added to a solution of 8.8 lL formamide and 0.2 lL of

the Applied Biosystems’ GeneScan 500 LIZ size stan-

dard. Fragments were subsequently sized on an ABI

Prism 3130 Genetic Analyzer (Applied Biosystems) and

scored with GENEMAPPER Software v4.0 (Applied Biosys-

tems).

Data analysis

Genetic diversity and differentiation. We calculated

expected heterozygosity (HE) and observed heterozy-

gosity (HO) for all sampled populations using GenAlEx

6.5 (Peakall & Smouse 2006). The inbreeding coefficient

(FIS) was estimated for all populations based on

Wright’s F-statistics with GenAlEx 6.5 (Peakall &

Smouse 2006). The mean proportional number of alleles

per population was calculated twice, once for all popu-

lations (A) and once with a correction for population

size for all recent populations and fully sampled old

populations (AC) using FSTAT 2.9.3 (Goudet 2001). A

and AC were calculated for each population by first

Fig. 1 Study area in the Viroin valley.

Figure visualizes the sampled recent

populations (black) and old populations

(grey) of Anthyllis vulneraria. Ancient

(white) and restored (dotted) calcareous

grasslands are also visualized. Popula-

tion codes correspond to those in

Table 1.

Fig. 2 Overview of all sampled individuals in eight populations of Anthyllis vulneraria. Plant clusters are visualized using a heath

maps with the radius corresponding to the highest distance for which significant clustering occurred following point-pattern analysis.

Heat map intensity was standardized, ranging from 0 (blue) to 1 (red). Population codes correspond to those in Table 1.
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dividing the observed number of alleles for each marker

in that population by the overall total number of alleles

observed for that marker and then calculating the mean

of these values over all markers.

Pairwise genetic differentiation among the four recent

and four fully sampled old populations was calculated

based on Wright’s F-statistics (FST). Pairwise genetic dif-

ferentiation (FST) was calculated, and its significance

was inferred based on 9999 permutations in GenAlEx

6.5 (Peakall & Smouse 2006). Genetic differentiation and

geographical distance among populations was com-

pared between recent and old populations based on a

t-test on pairwise FST-values and geographical distance

values, using a bootstrapping procedure of 9999 boot-

straps, as pairwise data are not independent (SPSS Statis-

tics 19.0). Total genetic diversity was partitioned

between recent and old populations (among groups),

among populations within groups and within popula-

tions by performing a hierarchical analysis of molecular

variance (AMOVA) on FST (999 permutations) with GenAl-

Ex 6.5 (Peakall & Smouse 2006).

Population assignment. To infer colonization patterns,

individual plants of recent populations were assigned

to all nine sampled old (putative source) populations

based on the multivariate analysis of allele frequency

data using discriminant analysis of principal compo-

nents (DAPC) (Jombart et al. 2010). We first performed

a PCA analysis on the allele frequencies of the nine old

populations to reduce data dimensionality and intercor-

relation. The resulting PCA axes were then subjected to

a discriminant analysis (DA), in this way overcoming

the specific limitations of DA. Next, the allele frequen-

cies of all individuals of the four sampled recent popu-

lations were transformed using the centring and scaling

of the old population data to predict the position of the

individuals of the new populations onto the discrimi-

nant functions. This, in turn, allows the assignment of

individual plants to their most likely parental (old) pop-

ulation (Jombart et al. 2010). DAPC analysis was per-

formed with the adegenet package (Jombart 2008) in R

3.1.2 (R Core Team 2014). To investigate the effects of

spatial configuration of the populations on gene flow,

we correlated the geographical distance between each

recent population and the different source populations,

with the logarithm of the number of plant individuals

assigned to each of these source populations. As these

data points were not independent, we performed a lin-

ear regression based on 10 000 bootstraps (SPSS Statistics

19.0).

Fine-scale spatial genetic structure. We assessed the extent

of fine-scale spatial genetic structure (SGS) in each of

the four recent and four fully sampled old populations

with spatial autocorrelation analyses based on the (mul-

tilocus) kinship coefficient Fij of Loiselle et al. (1995)

using independent reference populations. Average kin-

ship coefficients per distance interval were plotted

against geographical distance for each population sepa-

rately. For each population, we created twelve different

distance intervals. Significance of the average kinship

coefficient at each distance interval and 95% confidence

intervals were assessed by comparing the observed

mean Fij with those obtained after 10 000 permutations

of individuals among positions. Fij- and CI-values were

plotted against distance classes to generate spatial

genetic autocorrelograms and to visualize SGS. To allow

comparison of the extent of SGS among populations,

autocorrelation analyses were rerun over the same max-

imum distance range for each population (40 m, maxi-

mum distance of the smallest population) and using

similar distance intervals (1, 5, 10, 15, 20, 25, 30, 35 and

40 m) (Pardini & Hamrick 2008). To assess the signifi-

cance of the overall SGS, we compared the regression

slope (b) of the kinship coefficients (Fij) on the natural

logarithm of geographical distance (ln(rij)) with those

obtained after 10 000 permutations. For each popula-

tion, we also calculated the standardized regression

slope or Sp statistic as �b/(1�F1), where F1 is the aver-

age kinship among pairs of individuals in the first dis-

tance class (Vekemans & Hardy 2004). The regression

slope b and the Sp statistic were calculated twice, once

based on all pairwise distances and once based on pair-

wise distances up to 40 m. All spatial genetic analyses

were performed using SPAGeDi 1.4. (Hardy & Veke-

mans 2002).

A Bayesian clustering analysis was performed to

assign individual plants to distinct genetic clusters

using STRUCTURE 2.3.3 (Pritchard et al. 2000). Analy-

ses were performed for each population separately, to

look for distinct genetic clusters within each individual

population, independent of the genetic material of the

surrounding populations. We used the admixture

model with correlated alleles applying burn-ins of 105

and runs of 106 repetitions for each value of K (number

of population clusters). K varied between 1 and 11. We

performed 20 iterations for each tested value of K. The

true number of K for all eight models (one for each

population) was identified using Structure Harvester

(Earl & vonHoldt 2012).

Point-pattern analysis. We used spatial point-pattern

analysis to assess spatial aggregation patterns of A. vul-

neraria individuals in each of the four recent and four

fully sampled old populations. This analysis provides

insights into the geographical patterns of colonization

and population establishment and at the same time

allows the comparison of the extent of SGS with the

© 2015 John Wiley & Sons Ltd
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extent of geographical clustering (Escudero et al. 2003;

Jacquemyn et al. 2007). More specifically, we used the

pair-correlation function g(r), which is based on the dis-

tribution of distances of pairs of points and gives the

expected number of points on a circle with radius r

from an arbitrary geographical point, divided by the

intensity k (Wiegand & Moloney 2004). We used a

numerical approach to estimate g(r) for each of the

eight populations with a grid size of 0.2 m 9 0.2 m and

a ring width of 0.4 m, allowing for a sufficiently fine

resolution compared to the size of our study plots,

while preventing ring sizes smaller than the precision

of our data (c. 1 cm). As we were only interested in the

point patterns at small geographical scales, we ran

analyses for geographical distances up to 40 m (200

grids) in each population, irrespective of maximum geo-

graphical population extent.

To evaluate whether the observed point patterns (g(r)

function) indicated significant clustering of points at

certain geographical distances, we contrasted the

observed g(r) function with those expected under a

complete spatial randomness null model. More specifi-

cally, we used a Monte Carlo approach for construction

of simulation envelopes of the complete spatial random-

ness null model. The simulation envelopes with an

approximate a = 0.05 are calculated from the 25th high-

est and 25th lowest values of 999 simulations (Stoyan &

Stoyan 1994). All point-pattern analyses were per-

formed with the PROGRAMITA software (Wiegand & Molo-

ney 2014).

To visualize spatial point aggregation patterns, we

constructed heatmaps (density rasters) for each of the

eight populations, based on a kernel density estimation

and using a quartic (biweight) kernel function and a

radius equal to half the maximum distance at which

significant spatial aggregation occurred (following the

point-pattern analysis). Heatmaps were constructed in

QGIS 2.2 (QGIS Development Team 2014).

Results

Genetic diversity and differentiation

Sample sizes varied between 51 and 126 individuals

for recent populations and between 64 and 137 indi-

viduals for fully sampled old populations (Table 1). All

loci were polymorphic, with the number of alleles

ranging from 3 to 15 (mean: 6.3). The mean propor-

tional number of alleles per population corrected for

population size (AC) was, on average, smaller for

recent populations (mean: 0.70, SD: 0.045) than for old

populations (mean: 0.75, SD: 0.012) (Table 1). The aver-

age expected heterozygosity was similar for recent and

old populations (mean: 0.53), but both age groups

showed low levels of observed heterozygosity (recent

mean: 0.45, SD: 0.036; old mean: 0.43, SD: 0.044) result-

ing in moderate inbreeding coefficients (FIS) (recent

mean: 0.15, SD: 0.040; old mean: 0.18, SD: 0.049)

(Table 1). The overall FIS was furthermore observed to

be significant according to the AMOVA (FIS = 0.167,

P < 0.001). Although differences were minor, new pop-

ulations had on average a higher observed heterozy-

gosity and lower inbreeding coefficient than old

populations (Table 1). Differences in genetic diversity

(A, HO, HE & FIS) between recent and old populations

were not statistically tested because of the small sam-

ple size (N = 8). We did not include the partially sam-

pled old populations in the comparison of genetic

diversity, as the limited sample size (N ≤ 40) and small

population size of two of these populations (CTO &

MAO, N < 30) probably bias the calculated measures

for these populations.

Genetic differentiation among all recent and fully

sampled old populations (N = 8) was relatively low,

but significant according to the AMOVA (FSR = 0.050,

P < 0.001) (Table S1, Supporting information). How-

ever, there was no significant difference in genetic dif-

ferentiation between recent populations and old

populations (Table 2). The AMOVA results also indicated

that there was no significant genetic differentiation

between recent and old populations (among regions)

(FRT = �0.003, P = 0.99). AMOVA furthermore showed

significant genetic variation among individuals

(FST = 0.047, P < 0.001) and within individuals

(FIS = 0.167, P < 0.001). Data of the partially sampled

old populations were also excluded from the genetic

differentiation analyses.

Population assignment

Individuals in recent populations originated on average

from 6.5 populations based on DAPC, indicating

repeated colonization events from multiple populations.

The proportion of individuals assigned to a putative

source population, however, differed among old

(source) populations, with TDO (0 individuals), CTO (1

individual) and BOO (4 individuals) contributing very

few individuals, while the four old populations closest

to the recent populations contributed most of the

assigned individuals (CDO, LHO, MOO & SPO)

(Fig. 3A). There was a significantly negative correlation

between the geographical distance between a recent

population and different source populations and the

logarithm of the number of assigned plant individuals

to each of these source populations (b = �0.62,

P < 0.001) (Fig. 3B), indicating that nearby old popula-

tions contributed more colonizing individuals than

more distant ones.
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Fine-scale spatial genetic and geographical structure

The spatial autocorrelation analysis revealed significant

(P < 0.001) SGS in all four recent and all four fully sam-

pled old populations, both for the full distance range as

for the analysis restricted to the first 40 m (Table 1,

Fig. 4). Based on the restricted spatial autocorrelation

analysis, the mean Sp statistic was larger for the recent

populations (mean: 0.0334, SD: 0.0109) than for the old

populations (mean: 0.0210, SD: 0.0042). This was not

statistically tested because of the small sample size

(N = 8). All populations showed significantly positive

Fij estimates at geographical distances up to c. 5 m.

Although differences were minor, there was a tendency

to positive SGS over somewhat larger distances and a

higher mean Fij estimate at small spatial scales (<1 m,

F1) for recent populations compared to old populations

(Table 1, Fig. 4). Furthermore, significantly negative Fij
estimates were observed for three of the four recent

populations (MVN, SPN & TSN) over larger geographi-

cal distances (>10–20 m), indicating the presence of

strong subpopulation structure within these popula-

tions. Using the admixture model in STRUCTURE, we

observed a true value of K = 3 for three of the eight

populations (LHN, MVN & SPO) and K = 4 for the

remaining five populations (CDO, LHO, MOO, SPN &

TSN), as indicated by a maximum value of DK at these

values. Geographical clustering of these genetic groups

was visualized using pie diagrams (Fig. 5).

The point-pattern analysis indicated the presence of

significant geographical clustering of individuals in all

eight populations, but distances at which this clustering

occurred, differed strongly among populations (Figs 2

and 4). There was a reasonably good fit between the

distances at which geographical clustering occurred and

those at which genetic clustering occurred for the four

recent populations (Fig. 4). This probably resulted in

the relatively high geographical segregation of the dif-

ferent genetic groups delineated by the STRUCTURE

analysis and large differences in genetic make-up

among the geographical clusters for recent populations

(Fig. 5). Old populations, on the other hand, did not

show similar genetic and geographical clustering at the

same distances (Fig. 4). Here, geographical groups con-

sisted of both genetically similar and dissimilar individ-

uals according to the STRUCTURE analysis, resulting in

a relatively similar genetic make-up of the different geo-

Table 2 Parameter estimates of performed bootstrapping t-tests (9999 bootstraps) on differences in pairwise genetic and geographical

differentiation between recent populations and fully sampled old populations

Recent populations Old populations

T-test

Mean CI Mean CI Mean difference

FST 0.036 0.023–0.048 0.024 0.015–0.033 �0.012NS

Geographical distance (km) 2.476 1.762–3.270 2.898 1.873–3.945 0.422NS

CI: 95% confidence intervals, NS: not significant.

Fig. 3 Overview of the genetic assignment of individuals of recent populations. (A) Visualization of the number of individuals of

each of the four recent populations (columns) that was assigned to each of the nine old populations (rows). Square area responds to

the number of individuals. Population codes correspond to those in Table 1. (B) Correlation between (the logarithm of) the number

of individuals of recent populations assigned to a source population and the distance of the recent population to this source popula-

tion (b = �0.62, P < 0.001).
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Fig. 4 Correlograms of kinship coefficients (SGS) and pair-correlation functions (point-pattern analysis) for all recent (left) and fully

sampled old (right) populations of Anthyllis vulneraria. SGS: Kinship coefficient (Fij, black line) and 95% confidence intervals (black

dashed lines) given for each distance class (left y axis). Point-pattern analysis: Pair-correlation function (g11, blue line) and approxi-

mated confidence intervals (simulation envelopes from the 25th highest and 25th lowest values of 999 simulations) (blue dotted lines)

given for distances of 0 up to 40 metres (right y axis). Population codes correspond to those in Table 1.
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graphical clusters (Fig. 5). Three of the four old popula-

tions (CDO, LHO & SPO) showed a less strong geo-

graphical clustering of individuals, with several singlet

individuals occurring throughout the populations

(Figs 2 and 5).

Discussion

Colonization patterns

Restoration of calcareous grasslands in the Viroin valley

enabled rapid colonization and the foundation of sev-

eral new populations of A. vulneraria in less than thir-

teen years time. Our results indicate that founder

effects in genetic diversity and differentiation were lim-

ited. Indeed, although genetic diversity (mean propor-

tional number of alleles, AC) was on average somewhat

lower for recent populations compared to old popula-

tions, there was a large variability in genetic diversity

across the different recent populations. Genetic differen-

tiation was furthermore not significantly different

among recent populations compared to among old pop-

ulations. These results suggest that population coloniza-

tion of A. vulneraria more closely resembles the

theoretical ‘migrant pool’ colonization model rather

than de ‘propagule pool’ colonization model (Slatkin

1977; Whitlock & McCauley 1990). This is also sup-

ported by the low overall genetic differentiation. The

absence of strong founder effects was not very surpris-

ing and adds to the large number of studies that

observed the prevalence of the ‘migrant pool’ model

during plant colonization in natural systems (e.g.

Antrobus & Lack 1993; Raffl et al. 2006; Helsen et al.

2013).

These results were further confirmed by the assign-

ment analysis, which showed high levels of large dis-

tance gene flow among populations and a large number

(on average 6.5) of source populations contributing to

the gene pool of recent populations. Most of these long-

distance seed dispersal events probably occurred

through epizoochory on grazing and roaming livestock,

which are repeatedly transferred from one site to the

other throughout the year in the context of conservation

management in our study area (Honnay et al. 2006).

Nevertheless, there was a significant effect of spatial

grassland configuration on gene flow, with most indi-

viduals that were assigned to putative source popula-

tions originating from nearby source populations. This

is in agreement with other studies that looked into geo-

graphical effects on colonization patterns and suggest

that epizoochory (or endozoochory) through grazing

cattle is not fully responsible for population coloniza-

tion (Lian et al. 2003; Helsen et al. 2013).

Population expansion after colonization

The four studied recent populations showed strong

SGS, with significantly positive kinship structures up to

5 m, indicating that, once plants had colonized sites,

seed dispersal was mainly locally restricted (leptokurtic)

(Verkaar et al. 1983; Chung et al. 2007). The maximum

distances of genetic kinship clustering coincided with

geographical clustering of plants in these populations.

This suggests that after initial establishment of several

genetically distinct A. vulneraria individuals, population

expansion was mainly governed by in situ reproduction

and establishment of progeny of the original colonists

(Tarayre et al. 1997; Hamrick & Trapnell 2011; Trapnell

Fig. 5 Overview of the genetic composition of the geographical groups in eight populations of Anthyllis vulneraria. Each pie diagram

corresponds to a geographical cluster of individuals (based on Fig. 2). Pie size reflects the number of individuals in the geographical

cluster. Different colours represent the different genetic groups inferred from the STRUCTURE analysis performed separately for

each population. Population codes correspond to those in Table 1.
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et al. 2013). This view is further supported by the large

differences in genetic make-up among the geographical

clusters based on the STRUCTURE analysis (Fig. 5).

The presence of well-defined clusters within popula-

tions is in this scenario most likely the result of (ran-

dom) initial colonization, although constraints in plant

establishment might also have been partly governed by

local abiotic conditions, especially for the initial colo-

nists. Also the occurrence of significant negative kinship

across large distances (>10–20 m) can be explained by

this scenario. As each cluster consists of the progeny of

a random, independent colonization event, different

clusters are expected to be genetically dissimilar when

assuming the ‘migrant pool’ colonization model. Note

that similar genetic clusters within one population can

be formed by two colonization events of seeds originat-

ing from the same founder population or by secondary

foundation of a cluster through a dispersal event from

an earlier established cluster within the population.

This may explain the absence of a negative kinship

structure between 22 m and 31 m in the recent popula-

tion MVN. Indeed, this distance interval corresponds to

the distance between two genetically similar clusters

according to the STRUCTURE analysis (green clusters

in Fig. 5). In other words, our results support the theo-

retical population expansion model of Ibrahim et al.

(1996), which predicts that leptokurtic seed dispersal

results in the formation of distinct genetic subpopula-

tion structure during founder population expansion.

These results are also in accordance with the previous

research on relatively recent, expanding populations of

several herbaceous species, which suggested that coloni-

zation of these species followed a similar pattern of col-

onization and subsequent population expansion,

ultimately resulting in strong SGS (Chung et al. 2007;

Chung 2008; Trapnell et al. 2013).

Old populations showed significant, but on average

somewhat weaker SGS than recent populations. Positive

kinship values were observed across a smaller distance

range than in recent populations, and significant nega-

tive kinship coefficients (>30 m) were only observed for

one old population (SPO). Unlike for recent popula-

tions, the patterns of spatial clustering seemed indepen-

dent of those of genetic clustering for old populations.

Here, geographical groups consisted of genetically

diverse individuals that most likely originated from

overlapping family groups (Fig. 5). Moreover, spatial

clustering was less strong for old populations, suggest-

ing that the SGS that is established during population

formation is maintained as populations mature, but that

it is slowly eroded, probably through increased chances

of long-distance seed (and pollen) dispersal among

(sub)populations, the formation of new clusters and

increased chances of seed shadow overlap as subpopu-

lation cluster density increases (Troupin et al. 2006;

Hamrick & Trapnell 2011; Trapnell et al. 2013).

Our results furthermore suggest that A. vulneraria is

not mainly selfing in our study area, but that substan-

tial cross-pollination occurs, as was suggested by previ-

ous research in this area (cfr. Honnay et al. 2006; Van

Glabeke et al. 2007). Indeed, the observed extent of SGS

in the old populations corresponds more to that of spe-

cies with a mixed mating system (Sp = 0.037) than that

of autogamous species (Sp = 0.143) (Vekemans & Hardy

2004). This is further confirmed by the relatively low

maximum kinship coefficients (0.05–0.14) observed

among related progeny (Table 1). Insect pollination is

indeed expected to reduce the extent of population SGS

by increasing levels of pollen flow among (sub)popula-

tions. Research has indicated, however, that when plant

populations are perceived as fragmented by insect poll-

inators, foraging time spent within one population will

be increased, thus possibly resulting in higher levels of

selfing and biparental inbreeding in those plant popula-

tions (Goverde et al. 2002; Tscharntke & Brandl 2004).

The positive effects of insect pollination on SGS erosion

are, in other words, strongly dependent upon the pro-

portion of successful cross-pollination compared to sel-

fing within the populations and the degree of perceived

population fragmentation for the pollinating species

(Tscharntke & Brandl 2004). Notwithstanding the mixed

breeding system, we observed a significant overall

inbreeding coefficient, with even slightly higher

inbreeding coefficients for old populations. Taking into

account the significant SGS and subpopulation structure

in these populations, these FIS-values are most likely

caused by the Wahlund effect (Heywood 1991; Jones

et al. 2006). We believe that this Wahlund effect proba-

bly occurs frequently during plant colonization and

may explain the often observed high FIS-values in many

colonization studies (e.g. Hossaert-McKey et al. 1996;

Litrico et al. 2005; Helsen et al. 2013). These elevated

inbreeding coefficients can also become amplified in

certain species by an increased chance of biparental

inbreeding under a leptokurtic pollen dispersal pattern

in populations with strong SGS subpopulation structure

(Jones et al. 2006).

The SGS of recent population LHN more closely

resembles that of the studied old populations than that

of the three other recent populations. This population is

furthermore characterized by relatively high genetic

diversity. This discrepancy can be explained by two sce-

narios. First, it is possible that this population was

much quicker founded after grassland restoration than

the other three populations. This would have allowed

more time for population maturation, resulting in a

gradual decrease in SGS over time, towards comparable

levels of those observed in older populations. However,
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it is also possible that several relict individuals of

A. vulneraria were still present at the LHN site before

grassland restoration, as this population is adjacent to

two species-rich road verges. This would have resulted

in a quick recovery of the population and could explain

the relatively large genetic diversity present in this pop-

ulation. Our results nonetheless indicate that coloniza-

tion patterns might not be similar at each restoration

site.

Conclusion

This study demonstrated that, even in plant species

characterized by high levels of gene flow among popu-

lations, seemingly successful establishment of geneti-

cally rich founder populations does not prevent the

build-up of strong, rather persistent SGS within popula-

tions. This study more specifically showed that under

leptokurtic seed dispersal, high levels of long-distance

seed dispersal followed by local population expansion

resulted in rapid colonization (‘migrant pool’ coloniza-

tion model) of new habitats and prevented genetic dif-

ferentiation among local populations, but at the same

time resulted in significant spatial genetic structure

resulting from localized seed dispersal around maternal

plants. This effect is aggravated for A. vulneraria by the

fact that recent populations were the results of indepen-

dent colonization events followed by rapid population

expansion, effectively resulting in a clear geographical

subpopulation structure. When populations mature, the

extent of SGS decreases, but remains significant, which

in turn reduces panmixis within the whole population

(Wahlund effect). Ultimately, this may result in reduced

effective population sizes and potentially affect the

long-term viability of these A. vulneraria populations. In

conclusion, this study illustrates the importance of

studying small-scale spatial genetic patterns next to

population genetic measures to adequately infer

colonization patterns and to evaluate the long-term

establishment success of plant species. This recommen-

dation could be especially valuable for ecological resto-

ration projects, where the need for adequate genetic

methods has only recently been stressed (Mijangos et al.

2015).
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