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INTRODUCTION

In the past two decades, the discipline of phylogeography has
been established by exploring the relationship between past
habitat connectivity and current distribution of genetic mark-
ers over large geographic scales (Avise et al. 1987; Schönswetter
et al. 2005; Provan & Bennett 2008). Such relationships arise
because genetic equilibrium is reached only after a considerable
time (e.g. Koch & Kiefer 2006; Soltis et al. 2006). Studies indi-
cate that signatures of large-scale past landscape structure can
be seen in genetic characteristics of populations much longer
than in, for example, species composition of communities (but
see Svenning et al. 2004; Svenning & Skov 2005).

Surprisingly, much less is known about the effects of past
habitat connectivity on genetic structure over smaller spatial
and temporal scales. Nevertheless, indirect evidence suggests
that such effects may be important. First, many studies have
demonstrated significant effects of current habitat connectiv-
ity on genetic similarity and diversity of populations (e.g.
Lienert et al. 2002; Lopez–Pujol et al. 2003; Hooftman et al.
2004; Fér & Hroudová 2009). Second, several recent studies
have indicated that habitat age can have a significant effect
on genetic diversity of populations (Jacquemyn et al. 2004;

Prentice et al. 2006). Lastly, past habitat connectivity has
been shown to influence species distribution and diversity in
fragmented landscapes (Lindborg & Eriksson 2004; Herben
et al. 2006; Lindborg 2007; Reitalu et al. 2010).

Based on such findings, it is reasonable to assume that past
landscape structure can also leave a signature in the distribu-
tion of genetic diversity of species across a landscape. Such a
signature may be evident as a correlation between past land-
scape structure and genetic diversity of individual subpopula-
tions, or between past landscape structure and deviation
from Hardy–Weinberg equilibrium. In particular, genetic
diversity is likely to increase with increasing connectivity of a
population in the past, also when accounting for present-day
landscape structure. Further, populations that were connected
in the past should be genetically more similar than popula-
tions that were always separated. Finally, populations with
evidence of recent contact with other habitats should show
heterozygote excess, while small populations isolated for a
long time should show evidence of inbreeding.

Until now, only two studies have explicitly explored the
relationship between past landscape structure and distribu-
tion of genetic diversity within a species (Jacquemyn et al.
2004; Prentice et al. 2006). They have shown legacies of past
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ABSTRACT

Many recent studies have explored the effects of present and past landscape struc-
ture on species distribution and diversity. However, we know little about the effects
of past landscape structure on distribution of genetic diversity within and between
populations of a single species. Here we describe the relationship between present
and past landscape structure (landscape connectivity and habitat size estimated
from historical maps) and current genetic structure in a perennial herb, Succisa
pratensis. We used allozymes as co-dominant markers to estimate genetic diversity
and deviation from Hardy–Weinberg equilibrium in 31 populations distributed
within a 5 km2 agricultural landscape. The results showed that current genetic
diversity of populations was related to habitat suitability, habitat age, habitat size
and habitat connectivity in the past. The effects of habitat age and past connectivity
on genetic diversity were in most cases also significant after taking the current land-
scape structure into account. Moreover, current genetic similarity between popula-
tions was affected by past connectivity after accounting for current landscape
structure. In both cases, the oldest time layer (1850) was the most informative.
Most populations showed heterozygote excess, indicating disequilibrium due to
recent gene flow or selection against homozygotes. These results suggest that habitat
age and past connectivity are important determinants of distribution of genetic
diversity between populations at a scale of a few kilometres. Landscape history may
significantly contribute to our understanding of distribution of current genetic
structure within species and the genetic structure may be used to better understand
landscape history, even at a small scale.
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habitat sizes, but have not used any information on past
landscape connectivity.

In the present study, we address effects of the past land-
scape structure on genetic diversity and structure, but explic-
itly include a much larger variety of past landscape
indicators, specifically including habitat connectivity in the
past. We work with a set of 31 local populations of a peren-
nial herb, Succisa pratensis, in a small (2.0 · 2.5 km) region
in southern Sweden, which have been the subject of earlier
studies (Münzbergová et al. 2005; Herben et al. 2006; Mildén
et al. 2006). These studies have provided detailed information
on the past habitat structure (four time layers beginning with
1850). They have also shown that past landscape structure
has important effects on the current distribution of the spe-
cies, indicating that the distribution is not in full equilibrium
with the landscape.

Specifically, we link the existing detailed data on current
and past landscape structure derived from historical maps
with data on genetic diversity and structure of these popula-
tions. We use eight allozyme loci that are known to be vari-
able in these populations. We take advantage of the fact that
allozyme markers are co-dominant and can be allelically
interpreted in diploids such as Succisa pratensis. These can
thus be used to estimate whether and how populations devi-
ate from Hardy–Weinberg equilibrium, in addition to infor-
mation on their allelic diversity.

To test existence of landscape legacies on genetic structure,
we used regression modelling to identify sources of variation in
allelic diversity (measured as Nei’s diversity) and in genetic
structure (measured as the inbreeding coefficient). We par-
tialled out information on current habitat characteristics and
current population parameters (such as population size) and
assessed whether habitat size and connectivity in the past sig-
nificantly contributed to explaining genetic diversity and struc-
ture of the populations. Furthermore, we examined the
relationship between genetic similarity of populations and their
connectivity in the past. A significant contribution of past
landscape structure indicators, after the information on current
landscape and population structure had been removed, was
interpreted as evidence of current distribution of genes within
populations not being in equilibrium with the present-day
landscape and partly reflecting landscape structure in the past.

MATERIAL AND METHODS

Studied species and area

Succisa pratensis Moench is a polycarpic herb with a maxi-
mum life span of at least 25 years (Hooftman et al. 2004). It
flowers in August and September, with one to six, sometimes
more, flower heads, on one to three stems of 20–80 cm high.
Each flower head contains up to 100 small pale violet flowers.
The flowers are self-compatible, but outcrossing enhances
seed set considerably. Vergeer et al. (2003) showed that
inbreeding affects small and isolated populations negatively.
Clonal propagation is rare in the study area (Mildén et al.
2006). In Sweden, S. pratensis is most commonly found in
dry to mesic semi-natural grasslands. It benefits from grazing
and the present distribution in the landscape largely depends
on the management history, i.e. is closely correlated with for-
mer grazing and mowing (Mildén et al. 2006). The species

forms a persistent seed bank (Mildén et al. 2006) and is dip-
loid (2n = 2x = 20).

The species is dispersed by exozoochory (Münzbergová
et al. 2005) of both domestic animals (in this region repre-
sented by cattle) and wild animals (mainly roe deer). The main
pollinators of S. pratensis are bees and bumblebees (Z. Münz-
bergová, unpublished observation), with dispersal usually
within a maximum 100 m. We thus assume that exozoochor-
ous dispersal on grazing animals is the main dispersal type.

The study area, Nynäs (58�50¢ N, 17�24¢ E), encompasses
5 km2 and is situated on the Baltic Sea coast. It is a tradi-
tional rural landscape with a grazing history of at least
4000 years (Cousins et al. 2002) and with many semi-natural
habitats, fairly small agricultural fields but also a lot of forest.
During the last 100 years many changes have occurred. Fields
have become larger and more open, wetlands have been
drained, forestry intensified, dry grasslands abandoned and
fertile moist grasslands have been cultivated (Cousins 2001).

In this study we used the same set of habitat patches as in
Herben et al. (2006), i.e. all habitat patches identified as suit-
able for S. pratensis within the study area. There are 36 cur-
rent populations of S. pratensis and 31 suitable unoccupied
habitat patches. Herben et al. (2006) provide maps of the
location of these patches in their Fig. 1.

Data on genetic diversity

We used allozyme markers to estimate genetic diversity of
the studied populations. We sampled 31 populations (all
populations for which complete habitat and historical infor-
mation was available) from the region for the genetic analy-
ses. We randomly selected ten adult individuals, no matter
whether vegetative or flowering, in each population. We
assumed that large vegetative plants are individuals that have
reproduced in the past or will reproduce in the near future,
thus being valid members of the adult population. This
assumption is supported by frequent observations of transi-
tions between flowering and vegetative stages in permanent
plots (Mildén et al. 2006). In some cases, a population con-
sisted of two or more separate patches of individuals (separated

Fig. 1. Relationship between Nei’s genetic diversity and habitat suitability

measured using Beals index. In the full model, the effect of habitat is sig-

nificant (P = 0.005). The pair-wise relationship shown here is not signifi-

cant (P = 0.19).

Genetic diversity and past landscape structure Münzbergová, Cousins, Herben, Plačková, Mildén & Ehrlén
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by 10–30 m). In that case, we selected several individuals
from each patch to represent the population. It should be
noted that units referred to as populations in this study may
not necessarily be populations in a genetic sense. Rather, the
populations in this study are patches of S. pratensis separated
by more than 100 m from another patch of S. pratensis.

The sample size of ten individuals was selected based on the
size of the smallest populations. To explore if this relatively
small sample size could affect the results, we used a rarefaction
technique to estimate the effect of sample size on number of
alleles sampled from the population. The rarefaction method
compares the number of species ⁄ alleles found in different sam-
ples with different sampling effort (Krebs 1989). We used the
implementation of J. Brzustowski (Rarefaction Calculator;
http://www.biology.ualberta.ca/jbrzusto/rarefact.php). The results
suggest that the sample size of ten covers the genetic diversity
of the populations relatively well, and the limited sample size
thus is not a major problem in our data. We assume that any
negative effects of the small sample size are likely to act in a
conservative manner as our data are less precise and we are
thus less likely to find any patterns.

From each selected individual, we took a sample of a fresh
leaf of approximately 10 cm2. The samples were kept on ice
after sampling and the isozymes were extracted within 3 days
after collection. Electrophoresis was performed on crude pro-
tein extracts of leaf material. All enzymes were resolved on
polyacrylamide gels using 8.16% separating gel and 4% stack-
ing gel. Eight enzyme systems were investigated in the first
step; four of them yielded clear patterns and were analysed
further: phosphoglucomutase (PGM, EC 5.4.2.2), leucine
aminopeptidase (LAP, EC 3.4.11.1), alcohol dehydrogenase
(ADH, EC 1.1.1.1) and aspartate aminotransferase (AAT, EC
2.6.1.1). For more details on the isozyme analyses see the
protocol in Münzbergová & Plačková (2010). One locus for
PGM, two loci for LAP and ADH, and three loci for AAT
were allelically interpreted, yielding eight independent alleli-
cally interpreted polymorphic loci. We used the data on
genetic constitution of each population to calculate Nei’s
(1973) measure of the average gene diversity per locus,
observed and expected heterozygosity and inbreeding coeffi-
cient using POPGENE version 1.31 (Yeh et al. 1997).

Habitat data

Habitat suitability for S. pratensis in the present landscape was
assessed using data on species composition. Specifically, we
used Beals index (Münzbergová & Herben 2004) to calculate
the probability of occurrence of S. pratensis based on presence
of other plant species on the habitat. Beals index uses informa-
tion on co-occurrence of the target species with all the other
species in the community to calculate the probability that the
target species can occur in each habitat. The probability of
occurrence of species j at a habitat i is defined as

pij¼ð1=SiÞ
X

k

Njk=Nk ð1Þ

where pij is probability of finding species j at habitat i, Si is
number of species at habitat i (minus 1 if species j is pres-
ent), Njk is the number of joint occurrences of species j and
k in the reference database, Nk is the number of occurrences
of species k in the reference database. Since we did not have

an independent reference data set, we used the data set col-
lected at the study sites as both the reference database and
the database for which the Beals index was calculated. A seed
addition experiment for a subset of these habitats demon-
strated a strong correlation between Beals index and recruit-
ment success in this system (see Mildén et al. 2006 for
details). It is thus reasonable to assume that habitat suitabil-
ity as defined by Beals index captures important variation on
the present growing conditions of the populations. As the
Beals index indicates a probability that a species will occur at
a given habitat, we suggest that habitats with higher probabil-
ity of occurrence are more suitable for S. pratensis, in terms
of individual growth and potential population size.

Habitat suitability in the past (suitable or non-suitable)
was assessed using information on habitat types from old
land-use maps from 1850 and 1900 and aerial photographs
from 1945 derived from Cousins (2001); see Herben et al.
2006 for details of the habitat classification. It is clear that
the classification in the past is much rougher. However, the
results of the estimation of habitat suitability using Beals
index largely correspond to the major habitat types in the
area and thus the two classifications should be comparable.

Habitat size in each time layer was calculated as the sum
of sizes of all habitats at least partly contributing to the cur-
rent habitat in the respective time layer. Habitat age was cal-
culated as the weighted mean of the time over which the
different parts of the current habitat patch were continuously
suitable for S. pratensis (weights represented the proportion
of the locality with the given age). We expected this value to
be correlated with the age of the population. Another alterna-
tive would be to use a maximum age of the habitat, i.e. the
age of the oldest part of the habitat. However, in our data
set, the maximum age of the habitats was 175 years in all but
three habitats. The maximum age was thus not used in the
further analyses.

Current habitat connectivity was calculated as hypothetical
number of seeds expected to arrive at each habitat from all
surrounding habitats, given a mean dispersal distance of the
seed (equal to 0.94 m; Herben et al. 2006). Hypothetical
number of seeds arriving at a habitat was thus defined as

n ¼
X

ijk

Ijkexpð�adijÞ ð2Þ

where a is dispersal shape parameter derived using mean dis-
persal distance of the seeds under the assumption of exponen-
tial dispersal, dij is the distance between centres of cells i and j
(the whole region was divided into 5 m · 5 m grid cells), Ijk

is 1 if cell j lies within the habitat k, and 0 otherwise; i repre-
sents indexing over all cells of the focus habitat, j represents
indexing over all cells in the grid, and k represents indexing
over all source habitats. Using this approach, the connectivity
measure incorporates the strength of all the surrounding
potential sources of seeds and distance to these sources.

For measures of past connectivity, i.e. connectivity in 1850,
1900, 1945, number of seeds expected to arrive from all the
surrounding populations to all patches at least partly contrib-
uting to a current habitat patch in the respective time layer
in the past were summed. In all cases, the habitat connectiv-
ity was calculated as connectivity between all suitable habi-
tats, i.e. not only the habitats currently occupied by the
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species because we had no information on the actual species
distribution in the past. Habitat suitability and habitat age
were uncorrelated with the other independent variables (not
shown). Habitat connectivity was also only weakly correlated
to habitat size. Habitat connectivities from the different time
layers were significantly correlated to each other, but the cor-
relations were rather weak. Habitat sizes from the different
time layers were, however, quite closely correlated to each
other (Appendix S1).

Finally, we used the total population size and the number
of flowering individuals (averaged over the period 2000–2002;
M. Mildén, unpublished observation) at each occupied habitat
as another predictor of genetic diversity of the populations, as
population size is considered the key determinant of genetic
status of populations (e.g. van Treuren et al. 1991; Prentice
et al. 2006; Dostálek et al. 2010; Šmı́dová et al. 2011).

Data analysis: genetic diversity

We examined the effects of habitat and population character-
istics on Nei’s (1973) estimate of average gene diversity over
loci, as a measure of genetic diversity of the population, and
on the inbreeding coefficient as a measure of the deviation of
the population from Hardy–Weinberg equilibrium. As pre-
dictor variables in regression models we used habitat suitabil-
ity, mean age of the habitat, current population size, number
of flowering individuals, habitat connectivity and habitat size
in the past (i.e. in 1945, 1900 and 1850). No transformation
of the dependent variables was necessary. We, however, trans-
formed values of some of the predictors to remove skew in
their values and to achieve reasonably uniform distribution.
Data on mean habitat age were log-transformed after being
subtracted from 200 years and data on habitat size and habi-
tat connectivity were log-transformed.

To account for the correlation between independent vari-
ables and to select the best subset of independent variables
explaining variation in genetic diversity and structure we
used bi-directional step-wise linear regression, as imple-
mented by the function step in (S-PLUS 2000; forward step-
wise regression combined with backward regression in each
step). Inclusion or exclusion of each term was decided using
Akaike information criterion (AIC), a form of penalised log-
likelihood analysis (Crawley 2005).

We used a hierarchical series of four step-wise procedures
for conservative testing of the potential effects of past habitat
size and connectivity. First, we ran a step-wise analysis as
described above with all predictors available for selection.
Second, we forced population size and number of flowering
individuals into the regression, and made only the remaining
predictors available for selection. In the third model, we
forced present-day habitat sizes and connectivities into the
model, with remaining predictors available for selection.
Finally, we forced both population size and number of flow-
ering individuals, and present-day habitat sizes and connec-
tivities into the model before the selection proper.

To test whether the selected models were significant, we
compared them with the appropriate baseline models (null
model or model with predictors forced into the equation)
using F statistics. The significance of the single terms in the
model was assessed by comparing models with and without
the tested term using F statistics.

Data analysis: genetic similarity

To explore the effect of current and past landscape structure
on genetic similarity of the populations, we calculated pair-
wise genetic distances between all populations using Nei’s
unbiased genetic distance (Nei 1978) with POPGENE version
1.31 (Yeh et al. 1997). We then expressed geographic distance
between each pair of populations by calculating Euclidean dis-
tance between the centroids of the current populations. We
also calculated edge-to-edge distances between populations.
The Euclidean distances between the centroids, however,
turned out to be better predictors of genetic similarity of the
populations and were thus used in the subsequent analyses.

To examine if genetic similarity was affected by physical
connections between past habitats, we created a matrix for
each time layer describing whether each pair of current pop-
ulations was a part of the same habitat patch at a given time
step in the past. This resulted into a square habitat · habitat
matrix of 0 and 1 for each time layer in the past (1850, 1900
and 1945). We refer to this matrix as information on com-
mon history of the sites in a given time period. We also cre-
ated a matrix of times since disconnection for each pair of
populations. We assumed that the populations separated
midway between the two time layers in which they were con-
nected and disconnected, respectively. For habitats not con-
nected in 1850 (the time of the oldest available map) we
assumed that they were connected up to 1800. This assump-
tion was based on the fact that the habitats before 1800
occurred in a mosaic where livestock grazed fallow fields
every second year and all fields after harvest in the whole
area, resulting in high functional connectivity between
patches (Cousins 2006; Dahlström et al. 2006).

We used Mantel tests to examine relationships between the
different dissimilarity matrices. Specifically, we tested for a
relationship between genetic and geographic distance,
between genetic similarity and the matrices describing if they
were part of the same habitat in the different time layers
(referred to as common history of the sites), and between the
genetic similarity and the time since disconnection. We then
used a partial Mantel test to estimate the relationship
between genetic similarity and the different measures of past
connectivity after removing the effect of current geographic
distance. Significance of the relationships was assessed using
9999 permutations of the data using the Vegan package in R
(R Development Core Team 2003).

RESULTS

There was large variation in the allelic diversity among popula-
tions and strong differences between individual populations
(mean Nei’s diversity was 0.41 ± 0.06 SD, mean expected het-
erozygosity 0.43 ± 0.07, n = 31, mean Fst among popula-
tions = 0.14). Allelic diversity (measured as Nei’s diversity) was
not significantly correlated with the population size (r = 0.16,
P = 0.39, n = 31), but was negatively correlated with the pro-
portion of individuals flowering (r = )0.35, P = 0.05, n = 31).

Step-wise regression modelling showed that allelic diversity
of a population increased with increasing habitat suitability
and decreased with increasing habitat size in 2000 (Table 1,
Fig. 1). It was also influenced by historical factors. It increased
with both increasing habitat age and with increasing habitat
connectivity in 1850 (Fig. 2). After accounting for habitat size,
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connectivity and suitability in 2000, habitat connectivity in
1850 was still included in the model selected using step-wise
selection, but its individual effect was not significant (Table 1).

Almost all populations showed an excess of heterozygotes,
as indicated by negative values of the inbreeding coefficient,
but the degree of heterozygote excess varied among popula-
tions (Fig. 3). Heterozygote excess was marginally signifi-
cantly correlated with allelic diversity (r = 0.33, P = 0.07,
n = 31) and with the proportion of individuals flowering
(r = )0.32, P = 0.08, n = 31), but not with population size
(r = 0.15, P = 0.43, n = 31). Results of step-wise regression
indicated that the excess of heterozygotes decreased with cur-
rent connectivity. It increased with the habitat connectivity in
1900 and 1945, but decreased with the connectivity in 1850
(Table 1). These effects were significant even after accounting
for habitat size, connectivity and suitability in 2000.

There was significant negative correlation between genetic
similarity and geographic distance between populations
(Mantel test, z = )0.17, P = 0.017). There was also a signifi-

Table 1. Effect of current and past landscape structure on genetic diversity of S. pratensis populations (Nei’s genetic diversity and inbreeding coefficient).

Models were identified using bi-directional step-wise regressions using penalised log-likelihood analysis (AIC criterion).

all effects

effects of 2000

removed

effects of population

size removed

effects of 2000 and

population size removed

Nei’s genetic diversity

Population size 0.01 n.s. (+) 0.01 n.s. (+) Inc. Inc.

Number of flowering plants 0.12 **()) 0.12 **()) Inc. Inc.

Habitat suitability 0.06 *(+) 0.06 *(+) 0.06 *(+) 0.06 �(+)

Habitat age 0.13 **(+) 0.09 *(+) 0.13 **(+) 0.09 *(+)

Habitat connectivity 1850 0.03 *(+) 0.03 �(+) 0.03 *(+) 0.03 n.s.(+)

1900

1945

2000 Inc. Inc.

Habitat size 1850 0.01())

1900

1945

2000 0.17 ** ()) Inc. 0.17 ** ()) Inc.

Model

R2 0.52 0.32 0.39 0.18

Model P 0.019 0.049 0.033 0.147

Inbreeding coefficient

Population size 0.02 n.s. (+) 0.01 n.s. (+) Inc. Inc.

Number of flowering plants 0.14 * ()) 0.14 * ()) Inc. Inc.

Habitat suitability

Habitat age

Habitat connectivity 1850 0.05 * (+) 0.05 * (+) 0.05 * (+) 0.05 * (+)

1900 0.18 ** ()) 0.18 ** ()) 0.18 ** ()) 0.18 ** ())

1945 0.09 * ()) 0.09 * ()) 0.09 * ()) 0.09 * ())

2000 Inc. Inc.

Habitat size 1850

1900

1945

2000 Inc. Inc.

Model

R2 0.48 0.47 0.32 0.32

Model P 0.015 0.014 0.019 0.018

The values in the table are R2 values for the single terms, followed by indication of significance of the single term (n.s. for P > 0.10, � for P £ 0.1, * for

P £ 0.05 and ** for P £ 0.01) and the signs of direction of the effect for the terms in brackets. The significance of the whole models was determined by

comparing a model with the respective baseline model (with only forced variables included). N = 31. Inc. indicates that the parameter was included in the

baseline model (to remove the effects of conditions in 2000 and population size).

Fig. 2. Relationship between habitat connectivity in 1850 and genetic

diversity. Genetic diversity is plotted as residuals after removing the effect

of habitat size, connectivity and suitability in 2000 (P = 0.050).
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cant positive correlation between genetic similarity and the
common history of the populations in the three time layers
in the past (z = 0.15, P = 0.004, z = 0.13, P = 0.004 and
z = 0.13, P = 0.006 for connection in 1850, 1900 and 1945,
respectively). Relationships between genetic similarity and
common history were marginally significant also after remov-
ing the effect of current geographic distance (z = 0.09,
P = 0.06, z = 0.07, P = 0.10 and z = 0.07, P = 0.10 for com-
mon history in 1850, 1900 and 1945, respectively). There was
a significant negative correlation between genetic similarity
and time since disconnection (z = )0.14, P = 0.005). This
relationship was also marginally significant after removing
the effect of geographic distance (z = )0.08, P = 0.08).

DISCUSSION

Our results suggest that the allelic diversity and inbreeding
coefficient of S. pratensis populations and their genetic similar-
ity are influenced not only by the contemporary landscape
structure but also by past landscape structure, namely habitat
connectivity. This indicates that the population structure of
S. pratensis in the study landscape is far from equilibrium, both
in terms of spatial distribution of individual alleles and in terms
of Hardy–Weinberg equilibrium of individual populations.

For the rest of the discussion, it is important to mention
that the differences in genetic diversity and inbreeding are
interpreted (with one exception below) assuming that allo-
zymes are neutral markers. Some of the patterns could, how-
ever, also be due to different selection pressure at different
localities in cases where the marker was under selection. We
consider strong divergent selection at the nearby localities in
such a small landscape fragment unlikely and thus mostly
retain the neutrality assumption. However, confirming or
rejecting neutrality of the marker is not possible based on
our data, and there is also no general consensus on this issue
in the literature (e.g. Hartl & Dykhuizen 1981; Hamrick &
Godt 1989; Skibinski & Ward 1998; Volis et al. 2003).

The genetic structure of populations is due to interplay of
both present-day and past influences. However, as S. pratensis
is a rather long-lived species with overlapping generations
(mean life span 22.2 years, mean age to first reproduction
5.0 years; estimated based on transition matrix models used in
Mildén et al. 2006), a persistent seed bank and not very fre-

quent seedling reproduction (Mildén et al. 2006), the popula-
tions are likely to change their genetic structure rather slowly
(see e.g. Emigh & Pollak 1979). This may result in effects of
past landscape structure that persist for many years, which in
our study is also supported by the generally negative values of
the inbreeding coefficient. No local population was isolated
long enough to show a detectable effect of inbreeding; in con-
trast, many of the populations showed disequilibrium due to
gene flow from other, genetically different, populations.

The potential for resilience in the genetic structure implies
that the effects of the present-day landscape indicators must
be interpreted with caution and must take into account pos-
sible time lags in the population genetic response to land-
scape structure.

Background: effects of present-day parameters of populations
and habitats

Genetic diversity of the populations was quite independent of
population size. The relationship between population size and
genetic diversity has been repeatedly demonstrated in other sys-
tems (e.g. van Treuren et al. 1991; Raijmann et al. 1994; Pre-
ntice et al. 2006; Dostálek et al. 2010; Šmı́dová et al. 2011; but
see e.g. Jacquemyn et al. 2004) and is due to higher genetic
drift, and thus loss of genetic diversity, in populations that have
been small for a long time. The absence of such a relationship
in our system suggests that landscape structure and population
sizes have changed rapidly relative to the generation time of the
study species. This is confirmed in the transition matrix analy-
ses of the population dynamics of the species, showing that
S. pratensis is able to expand rather fast if a habitat is suitable
(Mildén et al. 2006). Current population size thus need not be
very informative for the average population sizes in the past.
Larger populations are also typically closer to Hardy–Weinberg
equilibrium (effect of population size on inbreeding coefficient
is positive), indicating less (relative) influence of outside
migrants and more time to reach equilibrium.

In contrast to the lack of effects of population size, genetic
diversity was negatively correlated with the proportion of
flowering plants. This is likely related to a third factor, most
likely habitat suitability, which influences both genetic diver-
sity and the probability of flowering. In less suitable habitats
only a few really vigorous plants (which tend to flower)
remain in the population, but the overall allelic diversity is
low (for a similar pattern, see e.g. Luijten et al. 2000). These
populations also have larger heterozygote excess, most likely
due to large proportion of pollination from outside the pop-
ulation or to selection against homozygotes. In contrast, the
large populations often host a large proportion of vegetative
individuals and only a few plants flower each year.

Among the characteristics of current landscape structure,
both habitat suitability and habitat size affected the allelic
diversity, while present-day connectivity had no significant
effect. The positive effect of habitat suitability on genetic
diversity could possibly be attributed to the fact that more
suitable habitats support higher sexual reproduction in
S. pratensis (Mildén et al. 2006), as in other species (Münz-
bergová 2004). More frequent sexual reproduction has also
been shown to result in maintenance of high genetic diversity
in other systems (e.g. Alberto et al. 2006; Kjolner et al. 2006;
Mandák et al. 2006; Scarcelli et al. 2006; Tsyusko et al. 2006),

Fig. 3. Histogram of values of the inbreeding coefficient for each population.
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although the data from our system do not fully support this
contention (see above). We assume that the key effect of hab-
itat suitability in our system is related to the fact that it is
estimated from total species composition of the habitats,
which may also reflect past habitat characteristics (e.g. Peter-
ken & Game 1984; Bellemare et al. 2002; Jacquemyn et al.
2003; Ehrlén et al. 2006; Chýlová & Münzbergová 2008; Tájek
et al. 2011). It may thus be an indicator of the population
size in the past, or of the duration of the population at the
site. Present-day habitat size, in contrast, had a negative
effect. This was most likely caused by the structure of the
landscape, where larger habitats generally host less dense pop-
ulations, possibly leading to lower outcrossing rates and
lower genetic diversity. This is supported by numerically
lower inbreeding coefficients in larger habitats, indicating that
populations in such habitats are closer to equilibrium.

Effects of past landscape structure

Genetic diversity of populations increased with increasing hab-
itat connectivity in 1850, i.e. in the oldest time layer. This sug-
gests that spatial structure of the allelic diversity in S. pratensis
is still partly a result of landscape structure 150 years ago. Both
the effect of habitat age and of habitat connectivity in 1850
were also included in the final model after taking the current
landscape structure into account (although the separate effect
of connectivity in 1850 was not significant in the case of
genetic diversity), suggesting that past landscape structure
partly influences genetic diversity of the current populations.

The finding that genetic diversity of the populations is partly
determined by landscape structure in the past was also sup-
ported by the comparison of genetic similarity between popu-
lations. After accounting for current geographic distance
between populations, the effects of past connectivity of the
habitats were only marginally significant. Similar to the data
exploring the effect on genetic diversity of populations, this
analysis also suggested that the effect of connectivity in 1850
was stronger than the effect of connectivity in 1900 and 1945.

The good predictive power of the landscape structure in
1850 as compared to subsequent time layers may be linked to
the fact that the landscape structure occurring in 1850 is
likely to have been fairly static since AD 1000–1200 (Cousins
et al. 2002). This long-standing landscape structure was thus
the main driver, over time, of the genetic structure of plant
populations. The results thus suggest that this past landscape
structure could still be seen in the current distribution of
genetic diversity, despite the large changes in the landscape
over the last century (Cousins 2001; Cousins et al. 2007).
The effect of landscape structure in 1850 also corresponds to
results of our previous studies suggesting that colonisation–
extinction dynamics of S. pratensis are very slow (due to its
limited dispersal capacity and long life-span) and that past
landscape structure has strong effects on distribution of
S. pratensis (Münzbergová et al. 2005; Herben et al. 2006).

The signal of past landscape connectivity on spatial struc-
ture of allelic diversity goes back to 1850, with later changes
having less effect. In contrast, the inbreeding coefficient is,
rather as expected, more affected by more recent landscape
parameters. In particular, habitat connectivity in the past
(namely in the 1900 and 1945 layers) had a positive effect on
the absolute value of the inbreeding coefficient (i.e. heterozy-
gote excess). This means that habitats that were recently con-
nected to other habitats are further from the equilibrium
than habitats with no history of such contacts, and that the
effect could persist in local populations for 50–100 years.

In summary, this study provides the first direct demonstra-
tion of effects of past landscape connectivity on spatial struc-
ture of genetic diversity and on local genetic structure. This
adds to earlier studies that showed effects of habitat age on dis-
tribution of genetic diversity (Jacquemyn et al. 2004; Prentice
et al. 2006). Here we were able to show the absolute time scale
over which such effects persist. Our results suggest that land-
scape structure in 1850 is a stronger determinant of the distri-
bution of genes within the landscape than landscape structure
in the subsequent time periods. This indicates that genetic
properties of the populations are quite conserved and that we
cannot fully understand them without taking past landscape
structure into account.

These findings extend the list of ecological legacies of past
landscape structure (e.g. Peterken & Game 1984; Bellamare
et al. 2002; Jacquemyn et al. 2003; Lindborg & Eriksson 2004;
Dahlström et al. 2006). All of these legacies (including the
genetic ones) are due to transient state ⁄ disequilibrium of rap-
idly changing agricultural landscapes to which many species
of conservation interest are bound. On the other hand, this
disequilibrium due to landscape history makes phylogeo-
graphic reasoning applicable at small spatial and temporal
scales (see e.g. Kolseth & Lonn 2005; Fér & Hroudová 2009).
We suggest that our results may also hold for many other
poorly dispersed long-lived perennial herbs of habitats with
similar temporal dynamics.
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Reconstructing past land use and vegetation pat-

terns using palaeogeographical and archaeological

data A focus on grasslands in Nynäs by the Baltic

Sea in south-eastern Sweden. Landscape and Urban

Planning, 61, 1–18.

Cousins S.A.O., Ohlson H., Eriksson O. (2007) Effects

of historical and present fragmentation on plant

species diversity in semi-natural grasslands in Swedish

rural landscapes. Landscape Ecology, 22, 723–730.

Crawley M.J. (2005) Statistical computing. An introduc-

tion to data analysis using S-Plus. Wiley, Chichester.

Dahlström A., Cousins S.A.O., Eriksson O. (2006)

The history (1620–2003) of land use, people and

livestock, and the relationship to present plant spe-

cies diversity in a rural landscape in Sweden. Envi-

ronment and History, 12, 191–212.
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Münzbergová Z. (2004) Effect of spatial scale on fac-

tors limiting species distributions in dry grassland

fragments. Journal of Ecology, 92, 854–867.
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