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Abstract The use of local provenances in restoration,

agriculture and forestry has been identified and widely

implemented as a measure for species and community con-

servation. In practice, provenances are often delineated

based on climate, geomorphology and correlated spatial

descriptors following the boundaries of larger natural

regions. They are thought to comprise genetically homoge-

nous plant material. Here we investigate genetic variation at

AFLP loci in 26 natural populations of the regionally com-

mon grassland species Geranium pratense, which is often

used in seed mixtures. Most studied populations are located

in one previously delineated provenance in Germany. We

assess within- and among provenance differentiation pat-

terns and aspects of gene flow by investigating the mating

system, the genetic structure at regional and local scale, gene

dispersal and potential selective mechanisms that may have

contributed to differentiation patterns found. Compared to

other herbaceous, insect-pollinated grassland species and

despite being outcrossed (mean tm = 0.88), G. pratense

showed low genetic diversity (mean HE = 0.15), consider-

able genetic differentiation among populations within

provenances (mean pairwise FST = 0.20) and a pronounced

within-population spatial genetic structure (mean Sp =

0.064). A genome scan approach identified three potentially

adaptive loci. However, their allelic frequencies were only

weakly related to climatic parameters thus providing little

evidence for adaptive divergence. Nevertheless, the distri-

bution of genetic diversity and derived gene dispersal esti-

mates indicate limited dispersal ability, suggesting that gene

flow at distances larger than 10 km is negligible. Our find-

ings may question the approach of delineating provenances

by general criteria, and highlight the importance of species-

specific studies on differentiation and adaptation patterns.
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Introduction

The introduction of seed and plant material from different

provenances into the local landscape by activities like

compensatory measures, sowing of grassland areas or

plantings in the course of restoration has been recognized

as a potential risk to regional genetic and species diversity

for several reasons (Vander Mijnsbrugge et al. 2010). First,

maladaption of alien genotypes to the local environment

may result in lower fitness compared to local genotypes

(Hereford 2009). Second, intraspecific hybridization

between alien and local genotypes can lead to outbreeding

depression and hence, lower fitness in subsequent genera-

tions (Edmands 2007; Leimu and Fischer 2010). Third,

alien genotypes can become invasive if they are superior to

the locals (Saltonstall 2002; Hufford and Mazer 2003).

Lastly, biotic interactions within a community might be

negatively affected by introduced plant material. For

example, differences in time of flushing or flowering

between alien and local genotypes could affect insect

species that are reproductively synchronized to these phe-

nological events (Yukawa 2000; Vitou et al. 2008). As a
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consequence and fundamental for species and community

conservation, it has been suggested to use locally adapted

plant material for e.g. ecological restoration activities

(Rogers and Montalvo 2004; Vander Mijnsbrugge et al.

2010). The implementation of this suggestion into practice

needs the clear delineation of local provenances as a

framework for commercial seed collectors, breeders and

suppliers.

The delineation of provenances has been done for a

number of countries using rather general criteria such as

climate or geomorphology and correlated spatial descrip-

tors and thus following the boundaries of larger natural

regions (e.g. Mortlock 2000; Ying and Yanchuk 2006).

However, whether a local population will suffer from

introduced plant material is likely to depend on species-

specific patterns of genetic differentiation and adaptation.

These, in turn, depend on species-specific trait combina-

tions and responses to selection, as well as to migration

history and habitat characteristics. For example, neutral

differentiation patterns are expected to be more pro-

nounced in species with a restricted ability for genetic

exchange among individuals and populations. Indeed, it is

well known that selfing species or species with short range

seed dispersal are in general more differentiated than out-

crossing species or species with wind dispersed seeds

(Hamrick and Godt 1996; Nybom 2004). However, strong

differentiation among populations can also be the result of

stochastic effects, i.e. drift because of fragmentation and

isolation of habitats (e.g. Aegisdottir et al. 2009). Lastly,

but of particular importance for the delineation of local

provenances, populations with differing environmental

conditions might be genetically differentiated because of

divergent selection regimes, which in turn can lead quite

rapidly to locally adapted genotypes (Jump et al. 2008). As

a consequence, the spatial genetic structure observed at

different scales, i.e. within or among population, can be the

result of different causal effects or of the same set of causes

acting with different intensities. Hence, the delineation of

local provenances using species-specific spatiogenetic dif-

ferentiation and adaptation patterns is challenging and

requires studies which provide in-depth knowledge about

single species (Kleinschmit et al. 2004; McKay et al.

2005).

AFLP markers (amplified fragment lengths polymor-

phisms) have helped to identify large scale differentiation

patterns (Michalski et al. 2010), to describe the spatial

genetic structure within populations (Eckstein et al. 2006),

to infer the mating system (Peters et al. 2009) and dispersal

distances (Hardy et al. 2006), and to demonstrate adaptive

differentiation (Herrera and Bazaga 2008). Hence, AFLPs

are a versatile tool for studying relevant patterns for the

delineation of local provenances (Krauss and Koch 2004;

Bussell et al. 2006).

Here we study genetic variation at AFLP loci in a regional

set of populations of Geranium pratense L., a perennial,

diploid herb (2n = 28) common in grasslands of continental

Eurasia. G. pratense, the Meadow cranesbill, reaches its

western limit in Western Europe. In central Europe it favors

groundwater free, nutrient-rich clay-soils of hilly countries

and forelands of higher mountains (Hundt 1975). According

to Hundt (1975) the distribution area of the species in central

Europe is currently in expansion, but limited by the inten-

sification of grassland management. This expansion may

have a starting point with the general increase in grassland

area in the second half of the nineteenth century, but suitable

habitats can be traced back in the literature to 1500 BC and

were likely to occur even before that time (Kauter 2002).

The species is large flowered, protandrous (Proctor et al.

1996) and highly attractive for bumble bees and honey bees

(Dlussky et al. 2000) suggesting an outcrossing mating

system (cf. Fryxell 1957). However, no formal assessment

of the mating system is known to the authors. The species is

frequently included in seed mixtures used for ornamental or

restoration purposes. In Germany, seeds of G. pratense

are commercially available from regionalized production,

based on 22 provenances that have been delineated based on

natural regions, climatic and geological criteria (http://

regionalisierte-pflanzenproduktion.de). Two larger suppli-

ers for localized seeds in Germany have a disposal of 30–70

and 20–50 kg seeds per year (Rieger-Hofman GmbH and

Saaten-Zeller e.K., respectively, pers. comm.) which can

amount to a sown area of up to 300 ha annually indicating a

considerable impact of regionalized seeds.

To test whether an already delineated provenance in

Germany reflects a natural pattern in a single species and to

provide a basis for a more detailed delineation in G. pra-

tense we investigate different aspects of gene flow within

and among a regional set of natural populations. In par-

ticular we (1) infer the mating system, (2) ask at which

spatial scale populations are genetically structured and how

within-provenance differentiation differs from among

provenance differentiation, (3) indirectly assess gene dis-

persal from spatial genetic structure within and among

populations, and (4) ask whether selective mechanisms

have contributed to differentiation patterns found.

Materials and methods

Sampling and genotyping

A population was defined as spatially delimited location

with more or less continuously distributed individuals of

the study species. Leaf tissue of individual plants was

sampled from 22 natural populations in Central Germany

(Table 1, Fig. 1). Sampled populations were all situated in
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one (‘Lowlands and Downs of Central Germany’) of the 22

local provenances in Germany (http://regionalisierte-

pflanzenproduktion.de). Mean spatial distance among

populations was 54 km, with minimal and maximal dis-

tances of 0.8 and 116 km, respectively. Sampling was done

arbitrarily across patches. Plant density was estimated by

averaging the number of individuals found in multiple

surveys of a one square meter area scattered across the

population randomly. To allow comparison between

within- and among- provenance genetic differentiation we

additionally sampled three populations from the prove-

nance ‘Swabian Alb’ and one from the provenance

‘Southwestern German Highlands’ (Table 1), both located

in Southern Germany. Mean spatial distance of these

populations to the populations in Central Germany is

333 km, with minimal and maximal distances of 201 and

393 km, respectively. Sampling sites were managed

grasslands or extensively managed road verges without

evidence for introduction of seed material.

For the estimation of outcrossing rates from progeny

arrays, open-pollinated seed families and maternal tissue

were collected from three populations (ELB, VAT and

CRA_I). Seeds were germinated and raised in a growth

chamber for 2 months and leaf material of seedlings was

sampled. For the analysis of small-scale spatial genetic

structure exact coordinates of individual plants were

recorded for populations BOES, ELB and GRO. For all

samples, total genomic DNA was extracted using the

DNeasy 96 Plant extraction kit (QIAGEN). AFLP analysis

was done as described in Michalski et al. (2010). After

primer screening the four following primer combinations

were selected: 50-FAM-GACTGCGTACCAATTCAAC-30

Table 1 Geographical position, elevation, area and census population density of sampled locations and expected heterozygosity Hj across 122

AFLP loci

Population Code Longitude

(E)

Latitude

(N)

Elevation

[m a.s.l.]

Area

[m2]

Mean number

of individuals

per m2

Estimated

number of

individuals

N Hj

(F = 0.209)

Bad Kösen1 BAD 11.684 51.131 264 3200 1.25 2000 25 0.151

Bösenburg1 BOES 11.668 51.587 150 6500 1.75 5688 28 0.155

Bräunrode1 BRA 11.409 51.637 306 2100 1.67 1750 15 0.165

Crawinkel I1 CRAI 10.789 50.779 483 3750 1.33 2500 37 0.159

Crawinkel II1 CRAII 10.772 50.771 556 48000 1.75 42000 21 0.149

Dornheim1 DOR 10.989 50.832 294 480 0.83 200 20 0.149

Elben1 ELB 11.675 51.592 120 15000 1.75 13125 32 0.156

Greifenhagen1 GFH 11.420 51.625 275 1560 2.67 2080 20 0.161

Gräfenstuhl1 GRAE 11.407 51.614 281 2200 0.67 733 10 0.169

Grockstädt1 GRO 11.576 51.327 150 2000 0.10 200 30 0.158

Hohenweiden1 HOH 11.937 51.424 79 900 3.33 1500 19 0.165

Kleinheringen1 KLE 11.671 51.106 118 2700 1.58 2138 23 0.134

Langenbogen1 LAN 11.792 51.485 88 624 0.75 234 16 0.108

Liebenstein1 LIE 10.859 50.770 373 300 0.33 50 15 0.150

Mansfeld1 MAN 11.457 51.607 175 1400 0.42 292 13 0.154

Neudorf1 NEU 11.128 51.610 411 230 1.00 115 13 0.118

Oeste1 OES 11.709 51.606 85 2000 1.67 1667 19 0.148

Osthausen1 OST 11.099 50.852 347 640 3.17 1013 19 0.156

Talstrasse1 TAL 11.948 51.504 77 6000 2.75 8250 21 0.136

Vatterode1 VAT 11.441 51.602 178 10000 1.08 5417 30 0.162

Weimar1 WEI 11.343 50.968 221 120 4.17 500 12 0.171

Wippra1 WIP 11.287 51.581 251 12 0.67 8 8 0.132

Seeburg2 SEE 9.460 48.459 710 28 0.202

Steingebronn2 STE 9.414 48.396 714 19 0.131

Dottingen2 DOT 9.446 48.419 719 18 0.189

Brambacher Hof3 BRO 9.308 49.229 198 24 0.123

Mean 1.58 21 0.152

N number of individuals genotyped. Superscript numbers indicate local provenances: 1Lowlands and Downs of Central Germany, 2Swabian Alb,
3Southwestern German Highlands
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and 50-GATGAGTCCTGAGTAACAG-30; 50-VIC-GACT

GCGTACCAATTCACA-30 and 50-GATGAGTCCTGAGT

AACTT-30; 50-NED-GACTGCGTACCAATTCAAG-30 and

50-GATGAGTCCTGAGTAACAG-30, and 50-PET-GACT

GCGTACCAATTCAGG-30 and 50-GATGAGTCCTGAG

TAACAG-30. Binning and scoring of fragments was done

manually with GeneMapper version 3.7 (Applied Biosys-

tems). The procedure was done first globally, including

adult samples from all populations. For error analysis in the

first data set, 66 (12%) of the samples were extracted and

analyzed twice. Only loci with \8% error rate were

retained in the data set resulting in an overall error rate of

2.6%. The four primer combinations resulted in a total of

122 loci, of which 118 (96.7%) were polymorphic and used

for the analyses. Second, for the outcrossing rate analysis

fragments for maternal and offspring samples were binned

and scored for each population individually to increase the

number of loci. Here, 5–19% of samples per population

were included as replicates and only loci free of error were

included in the final data sets, resulting in 36, 59 and 50

polymorphic loci for the three populations ELB, CRA_I

and VAT, respectively.

Outcrossing rate estimates

Binary matrices with marker information for seedlings and

mothers were analyzed with MLTR version 3.4 (Ritland

2002). Multilocus and single-locus outcrossing rates (tm
and ts, respectively) as well as parental inbreeding coeffi-

cients (F) were computed by running the program with

Fig. 1 a Sampled populations

of Geranium pratense in Central

(blue, orange, green) and

Southern Germany (red).

Colours represent clusters found

in the Bayesian structure

analysis. Shades of gray
represent altitude; solid lines
indicate borders of German

Federal States. b Hierarchical

spatial genetic structure as

identified by Structure
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default options. We computed the difference between

multilocus and single-locus outcrossing rates as a mini-

mum estimate of biparental inbreeding (Shaw et al. 1981).

Ninety-five per cent confidence intervals of mating system

parameters were calculated based on 1,000 bootstrap rep-

licates with families as units of resampling.

Genetic diversity and differentiation,

isolation-by-distance (IBD)

Expected heterozygosity per population (HE) and pairwise

genetic differentiation values (FST) were calculated as

implemented in AFLP-SURV (Vekemans 2002) using a

Bayesian method with non-uniform prior distribution of allele

frequencies to estimate allelic frequencies (Zhivotovsky

1999), following the treatment of Lynch and Milligan (1994).

HE and FST values were computed assuming an inbreeding

coefficient of F = 0.209, based on the average value obtained

from progeny arrays (see above). The effect of elevation,

population density and the estimated total number of indi-

viduals in the population on HE was assessed by Pearson’s

correlation. Sample sizes differed between populations due to

population size restrictions and different sampling intensity

(N = 8–32, mean = 20.5), however, estimates of genetic

variation were not correlated to sample size (P = 0.35). The

partitioning of genetic diversity according to the hierarchical

sampling design of provenances and populations was evalu-

ated by analysis of molecular variance (AMOVA) as imple-

mented in Arlequin 3.5.1.2 (Excoffier et al. 2005).

To test whether populations are in gene-flow—drift

equilibrium, pairwise genetic differentiation values (FST/

(1 - FST), Rousset 1997) were correlated against log-

transformed pairwise spatial distances. The null hypothesis

that populations are at equilibrium can be rejected if the

relationship fails to be monotonic and significantly positive

over all distances (Hutchison and Templeton 1999). Fur-

thermore, also the degree of scatter of the relationship is

expected to increase with increasing spatial distances

because of increased effects of genetic drift. To test these

expectations, the significance of a Pearson’s correlations of

genetic differentiation on spatial distances was evaluated

using a Mantel test running 10,000 permutations. Similarly,

absolute values of the residuals obtained from a standard

linear regression were correlated with spatial distances and

the relationship was tested for significance as just described.

Spatial genetic structure (SGS)

Population genetic structure and gene flow was assessed on

different scales. First, genetic structure on the regional scale

was inferred using a Bayesian approach implemented in

Structure v2.3.3 (Pritchard et al. 2000; Falush et al. 2003;

Falush et al. 2007). Using an admixture model with

correlated allelic frequencies and allowing recessive alleles

and without prior information on sampling origin, we esti-

mated the most likely number of genetic clusters (K) for all

sampled individuals. The log probability of data was calcu-

lated for K = 1 to K = N ? 3, with N the number of pop-

ulations sampled and 10 independent runs for each K. For

each run the Burnin period was 10,000 replications and the

log probability of data was calculated from additional 50,000

replications. As STRUCTURE detects only the upper hier-

archical structure, we repeated the analysis for each cluster

inferred in the first analysis. The most likely number of

genetic clusters (K) was estimated using the method of

Evanno et al. (2005). However, we took into account both,

whether DK showed a local maximum (peak) at a particular

K, and the absolute value of DK using DK = 20 as a lower

threshold for significant sub-structuring.

Second, small-scale genetic structure was investigated for

three populations (BOES, ELB and GRO). We tested for

spatial autocorrelation in the three populations by computing

kinship coefficients (Loiselle et al. 1995) between pairs of

individuals within given distance classes. Upper limits for

the distance classes were defined for all three populations

equally as 10, 20, 30, 50, 200 and 445 m, with the last dis-

tance class for population GRO only. Mean pairwise kinship

coefficients per distance class were tested against a null

distribution by permuting individual locations among all

individuals 1,000 times. We also computed the Sp statistic, a

measure of spatial genetic structure (SGS) independent of

the sampling scheme, which has been proposed for com-

parisons among species (Vekemans and Hardy 2004). The Sp

statistic was calculated as Sp = -b/(1 - F(1)) where b is the

slope of the linear regressions of pairwise kinship coeffi-

cients on log transformed pairwise spatial distances, and

F(1) is the mean multilocus kinship coefficient for the first

distance interval (Vekemans and Hardy 2004). Approximate

confidence intervals of Sp were computed as ±two times the

standard error of b estimated by jackknifing over loci. All

these computations were done assuming inbreeding coeffi-

cients deviating from zero using either the direct estimate

obtained from progeny arrays (ELB) or the mean parental

F values among all populations studied for the outcrossing

rate (F = 0.209 for BOES and GRO). All computations were

performed with SPAGeDi 1.3c (Hardy and Vekemans 2002).

To compare the SGS with that of other herbaceous species,

we extended the compilation of Sp values collected by

Vekemans and Hardy (2004) by a literature survey.

Indirect estimates of gene flow

Gene flow distances were estimated indirectly first on

regional scale and second for the local scale in populations

BOES, ELB and GRO. Both estimates assume that the

observed spatial genetic structure is representative of an
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isolation-by-distance pattern at dispersal-drift equilibrium.

First, according to Rousset (1997) and assuming the popula-

tion genetic structure following a stepping stone model, the

relationship between pairwise FST/1 - FST values among

populations and the logarithm of pairwise spatial distances in

the case of a two dimensional distribution of samples is

expected to be approximately linear. The slope of the

regression (b) can then be used to estimate the quantity

1/(4Dpr2), where D is the effective population density and

r2 is half the average squared axial parent–offspring distance.

To estimate r from regional genetic structure, D was esti-

mated as one-half to one-tenth the average density of indi-

viduals in the sampled populations (Frankham 1995). To

evaluate the effect of sampling on the obtained estimate we

report a 95% confidence interval obtained by jackknifing the

sampled populations (N - 1) 500 times. All computations

were done within the R environment (R Development Core

Team 2010). Second, the dispersal parameter r can be esti-

mated from the slope of a regression of pairwise Kinship

coefficients on spatial distances between individuals within a

continuous population using an iterative approach (Vekemans

and Hardy 2004). Here, 1/4Dpr2 is estimated from the Sp

value, computed as described above. D was estimated as one-

half to one-tenth the average density of individuals across all

sampled populations. Regression slopes were computed from

a restricted distance range between r and 20r (Vekemans and

Hardy 2004). Confidence intervals for r were computed

as ± two times the standard error of b estimated by jack-

knifing over loci. Intrapopulation estimates of gene flow were

computed with SPAGeDi 1.3c (Hardy and Vekemans 2002).

Adaptive differentiation

To detect a possible adaptive genetic divergence among

populations studied, environmental parameters were related

to allelic frequencies at single marker loci by logistic

regression analysis. Monthly sum of precipitation and the

monthly average of air temperature for the years 1978–2008

were provided for each sampled populations from the nearest

respective weather station by the German Meteorological

Service (DWD, Offenbach Germany). From these data we

extracted the average across years of sum, minimum and

maximum monthly precipitation in the total growing season

(March to September). Also, we extracted an average tem-

perature value across years, and average minimum and

maximum temperature. We also treated elevation as an

environmental factor. To reduce dimensions and eliminate

collinearity, we applied a principal component analysis

(PCA) using the package ADE4 (Dray and Dufour 2007) for

R. The two factors that accounted most for the variation in

the environmental parameters (91%) were used subsequently

in the regression analysis. Relating all AFLP loci individu-

ally to the two extracted factors might result in increased type

I error and inflated number of significant outcomes. Hence, a

preselection on all loci was accomplished by running the

DFDIST program (http://www.rubic.rdg.ac.uk/*mab/stuff/),

a modification for dominant markers of software developed

by Beaumont and Nichols (1996). This software identifies

loci that deviate from expectations of a neutral drift model.

The software was run by an iterative procedure as described

in Beaumont and Nichols (1996), i.e. the mean FST to be met

by the neutral simulation was adjusted after excluding out-

liers observed in a previous run. Loci outside a 95% confi-

dence interval of FST values obtained by the neutral

simulation were considered to behave non-neutrally and

were subjected to the regression analysis. For each pres-

elected locus, AFLP allelic frequencies per population were

explained by the two environmental factors (PCs) via sepa-

rate logistic regression models, weighted by the number of

included alleles per population, and with binomial error

distributions. To account for overdispersion, a quasi-likeli-

hood estimation approach was applied. Only those rela-

tionships were considered significant that remained so after

Bonferroni correction for multiple tests.

The test for adaptive differentiation was done for the 22

populations from the provenance ‘Lowlands and Downs of

Central Germany’ only, as the detection of outlier loci is

not recommended for comparisons showing FST values

larger than 0.2 (see results; Pérez-Figueroa et al. 2010).

Results

Outcrossing rates

Multilocus outcrossing rates assessed by progeny array

analyses were similarly high in all three populations (mean

tm = 0.884, Table 2) suggesting a predominantly out-

crossed mating system. Biparental inbreeding was sub-

stantial, exceeding 10% of the mating events. Parental

inbreeding coefficients were significantly larger than zero

(mean F = 0.209) indicating deviation from Hardy–

Weinberg assumptions. None of the assessed parameters

differed significantly among populations.

Genetic diversity and differentiation

Expected heterozygosity per population (HE) ranged from

0.108 to 0.202 (mean HE = 0.156, N = 26) and was

unrelated to elevation, population density and log10-

transformed total number of individuals in the population

(P [ 0.07). Within provenances genetic differentiation was

well pronounced with pairwise FST values ranging from

0.03 to 0.44 (mean FST = 0.20). However, among prove-

nance genetic differentiation was even higher with pairwise
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FST values between 0.16 and 0.61 (mean FST = 0.48). An

AMOVA summarizing these results is presented in

Table 3. We found significant isolation-by-distance pat-

terns for all sampled populations (r = 0.71, Mantel

P \ 0.001) as well as for populations within the prove-

nance ‘Lowlands and Downs of Central Germany’ only

(r = 0.22, Mantel P = 0.009, Fig. 2). However, the degree

of scatter of pairwise differentiation values was unrelated

to spatial distances in both cases (P [ 0.07).

Spatial genetic structure

According to the Bayesian cluster analysis, individuals

were most likely to cluster in two groups, i.e. all individ-

uals from Southern Germany in one and all individuals

from the Central German provenance in a second cluster

(K = 2, DK = 3764.5). In additional analyses the Southern

German cluster split further apart (K = 2, DK = 2887.7),

with populations being a mix of individuals from both

clusters (Fig. 1). The Central German individuals were

divided into two equally sized groups (K = 2,

DK = 325.3), representing individuals of the western/

northern and southern/eastern populations, respectively

(Fig. 1). For the western/northern populations a strong

further sub-structuring was evident, separating individuals

in the West from those in the East (K = 2, DK = 191.1).

However, for the southern/eastern populations we found

only little evidence for further significant structuring

(K = 5, DK = 15.5).

Within populations, spatial genetic autocorrelation was

found to be significant in all three populations studied (Fig. 3).

Mean kinship coefficients per distance intervals were very

similar for populations ELB and BOES, whereas for popula-

tion GRO mean Kinship coefficients were much higher for the

first distance intervals. Nevertheless, the Sp statistic indicated

a similar degree of spatial genetic structure for populations

BOES and GRO (Sp = 0.097, CI 0.058–0.136 and 0.067, CI

0.054–0.081, respectively), whereas population ELB showed

a significantly lower Sp value (Sp = 0.027 CI 0.015–0.040).

For comparison, we compiled Sp values and estimates of the

mating system (predominantly selfing, mixed mating, pre-

dominantly outcrossing) for in total 57 herbaceous species.

Selfing, mixed mating and outcrossing species had average Sp

values of 0.148 (SD 0.080, N = 11), 0.039 (0.032, N = 11)

and 0.024 (0.026, N = 34), respectively (data available as

Supplementary material).

Indirect estimates of gene flow

Indirect estimates of gene flow distances obtained from small

scale and regional genetic structure are displayed in Table 4.

Table 2 Parental inbreeding coefficient, multilocus outcrossing rate, and the difference between multilocus and single-locus outcrossing rate in

three populations of Geranium pratense (ELB, Elben; CRA_I, Crawinkel; VAT, Vatterode)

Population ID Sample size

N families/total

progeny

No. of loci Parental F
(95% CI)

Multilocus outcrossing

rate tm (95% CI)

Difference tm–ts
(95% CI)

ELB 15/121 36 0.159 (0.047–0.259) 0.885 (0.824–0.948) 0.101 (0.058–0.124)

CRA_I 15/112 59 0.266 (0.078–0.368) 0.930 (0.872–0.989) 0.127 (0.072–0.168)

VAT 15/104 50 0.203 (0.015–0.366) 0.837 (0.740–0.934) 0.182 (0.104–0.238)

Table 3 Analysis of molecular variance (AMOVA) displaying the

genetic variation partitioned between individuals, within and between

the three sampled provenances

Source of variation d.f. Sum of

squares

Percentage of

variation

among the three provenances 3 1225.3 38.60***

among populations within

provenances

23 1593.2 17.98***

within populations 511 3775.7 43.41***

Total 536 6594.3

*** P \ 0.001

Spatial distance [km]

1 10 100

F
S

T
/(

1-
F

S
T

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Central Germany
r = 0.22
Mantel P = 0.007

All
r = 0.71
Mantel P < 0.001

Fig. 2 Scatterplot of pairwise genetic differentiation values against

pairwise spatial distances for all populations of Geranium pratense
sampled. Open circles represent comparisons within the Central

German provenance. Open triangles represent all additional pairwise

comparisons
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Gene dispersal distances (r) among populations BOES and

ELB were similar in magnitude with partly overlapping

confidence intervals, slightly varying depending on the

estimate of the effective population size. Population GRO

showed significantly larger r values which is mainly based

on the lowest census population density (0.1 individuals per

m2) among all populations. r values obtained from regional

genetic structure based on Central German populations only

approximated the values from small scale genetic structure

within populations ELB and BOES (Table 4). Significant

lower estimates of r were derived from the genetic structure

including all sampled populations.

Loci putatively under selection

Three out of 122 AFLP loci showed a putatively non-neutral

differentiation pattern, i.e. they were more differentiated

than expected (P [ 0.984), and hence were included in the

logistic regression analysis. Also, one marginally signifi-

cant locus (AAC/CAG_239, P = 0.973) was included. Two

loci showed less differentiation than expected (P \ 0.025)

putatively indicating balancing selection.

The first two PCA axes explained 91% of the variation in

the environmental variables. Loadings of the environmental

variables on the two axes and location of populations in the

environmental space are displayed in Fig. 4. Of the four

loci, only the allelic frequencies at locus AAC/CAG_228

showed a significant negative relationship with the second

PCA factor after correction for multiple tests (Table 5).

Discussion

The main purpose of seed provenances for conservation

and restoration is the conservation of genetic resources and

the avoidance of harmful effects of introducing non-adap-

ted gene pools into local communities. Therefore, the

evaluation of spatial genetic differentiation patterns among

and within provenances and the underlying processes, i.e.

gene flow by pollen and seeds are fundamental. Our results

on the mating system and the spatial genetic structure of

G. pratense allow conclusions about the level of gene flow

within and among natural occurring populations.

Outcrossing rates

Our results show that G. pratense is highly outcrossed. This

is in concordance with findings on its pollinator spectrum

(Dlussky et al. 2000) and its floral morphological features.

For example, among congeneric species, the pollen/ovule

ratio (P/O) of G. pratense is in the upper range of values

reported by an extensive study on members of the Gera-

niaceae family (Fiz et al. 2008). Indeed, P/O ratios have
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Fig. 3 Genetic autocorrelation in three populations of Geranium
pratense. Significant deviation from zero expectations is indicated for

each distance interval (*** P \ 0.001, ** P \ 0.01, * P \ 0.05).

Also, the degree of spatial genetic structure is given for each

population by the Sp statistic

Table 4 Indirect estimates of gene dispersal distances (r) for

Geranium pratense based on (A) small scale genetic structure in

three populations and (B) the regional population genetic structure

estimated from populations of the Central German provenance

‘Lowlands and Downs of Central Germany’ only, and from all

sampled populations, respectively

Spatial scale Sample size N
(A: individuals,

B: populations)

r [m] with effective

population density

D = 1/2 of census

population density

r [m] with effective

population density

D = 1/10 of census

population density

A Population

BOES (F = 0.209) 28 1.67 (1.40–1.94) 3.01 (2.63–3.40)

ELB (F = 0.159) 30 2.09 (1.57–2.62) 5.76 (4.47–7.06)

GRO (F = 0.209) 30 5.80 (4.86–6.73) 11.36 (9.23–13.49)

B Regional scale

Central Germany (F = 0.209) 22 1.28 (1.18–1.38) 2.85 (2.63–3.09)

All populations (F = 0.209) 26 0.48 (0.47–0.52) 1.08 (1.06–1.15)

Confidence intervals in (A) were derived by jackknifing loci and in (B) by jackknifing populations
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been shown to correlate positively with the outcrossing rate

(Cruden 1977; Michalski and Durka 2009), a relationship

that has often more explanatory power within lineages of

closely related species. However, outcrossing rates have

not been quantified by molecular analysis of progeny

arrays in species of Geranium, except for unpublished

results for G. maculatum, a perennial species with large

showy flowers similar to G. pratense, showing similarly

high outcrossing rates (cited in Chang 2007).

Mean foraging distances of several hundreds meters,

reported for the main pollinators of G. pratense, honey

bees and bumble bees, should allow an effective pollen

transfer within and even among populations (e.g. Walther-

Hellwig and Frankl 2000; Wolf and Moritz 2008), which

might result in a low population genetic structure.

However, both the within-population spatial genetic

structure (SGS), and the differentiation among populations

indicate that gene pools are not effectively homogenized.

The within-population SGS can also account for the sub-

stantial levels of biparental inbreeding (10–18%) found in

our study (cf. Zhao et al. 2009).

Genetic diversity and differentiation

Generally, variation in the distribution of genetic diversity

within and among populations can be well explained by

life-history traits and historical processes affecting gene

exchange among individuals (Hamrick and Godt 1996;

Pannell and Dorken 2006). For example, outcrossing

perennials tend to exhibit higher genetic diversity and

larger genetic homogenization than selfing and short-lives

species. However, genetic diversity for G. pratense at

population level was low when compared to other species

studied with dominant markers (cf. Nybom 2004). This

becomes even more evident when genetic diversity for

G. pratense (mean HE = 0.15) is directly compared to

other species with similar life history traits. For example, a

number of perennial, insect pollinated herbs, mostly with

an outcrossing mating system and inhabiting grassland

ecosystems such as Sanguisorba officinalis (Musche et al.

2008), Anthyllis vulneraria (Honnay et al. 2006), Ranun-

culus acris (Odat et al. 2004) or Trollius europaeus

(Despres et al. 2002), exhibit higher values of within-

population genetic diversity (HE = 0.19–0.30, mean HE

across species = 0.27). Also, within sampled provenances,

among population differentiation is unexpectedly high in

G. pratense (mean pairwise FST = 0.20) when compared

to herbaceous grassland species studied at a similar spatial

scale: Sanguisorba officinalis (Musche et al. 2008),

Anthyllis vulneraria (Honnay et al. 2006), Ranunculus

acris (Odat et al. 2004) or Cirsium dissectum and Succisa

pratensis (Smulders et al. 2000), which all share quite low

differentiation values (FST (or analogues) \0.11, mean

value across species = 0.07). Hence, the observed distri-

bution of genetic diversity within and among populations

of G. pratense in Central and Southern Germany seems to

be shaped in particular by the local history of the species

and its populations, e.g. range edge effects, which possibly

masks the effects of life history traits.

Spatial genetic structure and gene flow

For G. pratense an overall increase of genetic differentia-

tion between populations with increasing distance was

found (Fig. 2). However, in a pattern of regional gene flow-

drift equilibrium, also the degree of scatter should increase

with distance (Hutchison and Templeton 1999), which was

not the case. Rather, the regional population structure is

Fig. 4 Biplot of a principal component analysis on environmental

parameters for the Central German populations of Geranium pratense
studied. The first two axes account for 71 and 20% of the total

variance, respectively. Arrows represent the loadings of the original

parameters on the two axes (sum, minimum and maximum monthly

precipitation in the total growing season—sumP, minP and maxP,

respectively; average temperature, average minimum and maximum

temperature—meanT, minT, maxT, respectively). Circles represent

populations in the environmental space

Table 5 Results of logistic regression analyses of allelic frequency

within populations at potentially adaptive loci on the two main factors

representing environmental parameters

PC 1 PC 2

t Value P t Value P

AAC/CAG_228 1.42 0.172 23.09 0.006

AAC/CAG_239 -1.62 0.121 2.03 0.056

ACA/CTT_435 -0.03 0.975 0.30 0.767

AAG/CAG_404 -0.62 0.540 -0.69 0.496

Loci are identified by the selective bases and fragment size (bp).

Significant results after Bonferroni correction are in bold

Conserv Genet (2012) 13:581–592 589

123



affected by gene flow and drift depending on scale with

populations still in genetic exchange at distances up to

10 km (Fig. 2). At larger distances the pattern seems to

result from genetic drift only.

Within-population spatial genetic structure was also

found to be very pronounced which is typical for isolation-

by-distance patterns because of restricted dispersal ability.

The Sp statistics obtained for the three populations (mean

Sp = 0.064) are higher than the average value reported

from other outcrossing herbs (mean Sp = 0.024) and rather

comparable with values found for selfing and mixed mating

species (mean Sp = 0.148 and 0.039, respectively) indi-

cating a quite small genetic patch size in G. pratense. Thus,

although the mating system analysis suggests that alleles

might be homogenized within-populations because of out-

crossing, the effective gene dispersal is indeed restricted.

This is further substantiated by the Structure analyses

which showed that genetic diversity is strongly hierarchi-

cally structured. Even the two clusters identified for the

subset of populations from the provenance ‘Lowlands and

Downs of Central Germany’ (Fig. 1) still showed a pro-

nounced within-cluster population differentiation (mean

FST = 0.154 and 0.191, for the southern/eastern cluster and

the northern/western cluster, respectively). As no obvious

geographical barriers between the well separated clusters

are apparent, causes for the structuring of genetic diversity,

e.g. historical land use differences or environmental gra-

dients remain speculative and deserve further study.

Indirect estimates of gene dispersal for G. pratense

(Table 4) are quite low, but well in the range reported for

other herbaceous species (Van Rossum and Triest 2007;

Llaurens et al. 2008; Rong et al. 2010). Low dispersal

ranges would fit to the mode of seed dispersal in Geranium.

Although seeds of Geranium species are dispersed by a

ballistic mechanism it has been described as relatively

inefficient for long distance dispersal with the majority of

seeds remaining in close vicinity to the mother plant

(\0.5 m, Hundt 1975; Herrera 1991).

Long distance dispersal events may occur by the

anthropogenic spread of the species, e.g. following hay

transports along roads (Hundt 1975), in the course of road

construction (Brennenstuhl 2007) or by introduction of

commercially available seed material. However, the sig-

nificant differentiation among populations within prove-

nances suggests that in our case anthropogenic dispersal

did not contribute substantially to effective seed dispersal

and genetic homogenization. To some extent this could be

expected because our sampled populations were far from

sites of restoration or ornamental activities.

Indirect estimates of gene flow critically depend on

the effective population density used in the calculations

(Vekemans and Hardy 2004). In low density populations the

ratio of effective population size to census population size

might be lower than in high density populations (Frankham

1995). Furthermore, pollinators have to move larger distances

between flowering individuals. Both facts may explain the

differences in within-population SGS found among the three

studied populations. It is possible that the effective population

density, the number of individuals that contribute genes to the

next generation, is even smaller for G. pratense in Central

Germany than estimated for our study. The grassland habitats

of G. pratense are frequently mown for hay production before

seed maturity. As a consequence, often only a fraction of

flowering individuals is able to shed seeds which might affect

within-population genetic structure.

Our indirect measures of gene dispersal based on the

SGS within populations fitted quite well to the estimate

obtained from the isolation-by-distance plots at the regio-

nal scales (Table 4). Hence, although a number of

assumptions are needed to obtain these estimates (Rousset

1997; Vekemans and Hardy 2004) and which are not

necessarily met in reality, the estimates can be seen as

independent replicates supporting each other. This further

suggests that the genetic structure at both spatial scales is

the result of similar processes acting with similar intensity.

Adaptive differentiation

The occurrence and detection of outlier loci from genome

scans (Beaumont and Nichols 1996; Foll and Gaggiotti

2008) is not necessarily a signature of selection, but can be

caused also by neutral processes, expressed in form of a

phylogeographical structure or by bottleneck effects

(Holderegger et al. 2008). To allow more specific insights

into a possible adaptive differentiation in G. pratense we

asked whether allelic frequencies at outlier loci may cor-

relate to climatic variables. However, with only one sig-

nificant out of eight correlations we found little evidence

for adaptive differentiation caused by climatic selection,

which has been identified as a driving force of population

differentiation on various scales (e.g. Michalski et al. 2010,

Shi et al. 2011). However, it cannot be excluded that other

environmental variables (e.g. soil type, pH-value) and thus

other selective mechanisms have shaped the observed

allelic frequency patterns at certain loci. Also, the overall

strong degree of genetic differentiation (mean FST = 0.20)

may lower the efficiency of the method used for identifying

outlier loci (Pérez-Figueroa et al. 2010). Whereas a com-

bination of methods has been suggested recently to control

the frequency of false positives found in such genome

scans (Pérez-Figueroa et al. 2010), only selection experi-

ments, e.g. a reciprocal transplant experiment, can provide

a final proof for adaptive differentiation (Holderegger et al.

2008; Leimu and Fischer 2008).
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Implications for conservation

Despite being an outcrossed, regionally common grassland

species, G. pratense harbors relatively low levels of genetic

diversity, is highly genetically differentiated at distances

larger than 10 km and shows a pronounced within- and

among population genetic structure, which partly reflects

spatial distribution. We found that the already high popula-

tion differentiation within provenances (maximum pairwise

FST = 0.44) can reach similar values as among provenance

comparisons (mean pariwise FST = 0.46). In contrast to

common practice for species and community conservation in

Germany, the results suggest spatially more narrowly

defined provenances for G. pratense. However, it needs to be

tested experimentally whether these large differentiation

values can imply harmful effects on local communities

because of outbreeding depression or maladaption when

seed or plant material of G. pratense is transferred between

populations and provenances. Our results differ from those

for other herbaceous, insect-pollinated grassland species that

display rather weak population differentiation which is

rather concordant to the existing provenance delineation.

However, our findings may question the approach of delin-

eating provenances by general criteria, and highlight the

importance of species-specific studies on differentiation and

adaptation patterns (cf. Miller et al. 2011).
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