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Abstract
Litter meadows, historically established for litter production, are species-rich and diverse ecosystems. These meadows 
drastically declined during the last decades along with decreasing litter use in modern livestock housing. The aim of our 
study was to identify the drivers of genetic variation in litter meadow species. Therefore, we tested whether genetic diver-
sity and differentiation depend on habitat age, landscape structure, habitat quality, and/or population size. We analysed 892 
individuals of Angelica sylvestris, Filipendula ulmaria, and Succisa pratensis from 20 litter meadows across the Allgäu in 
Baden-Württemberg (Germany) using AFLP analyses. All study species showed moderate levels of genetic diversity, while 
genetic differentiation among populations was low. Neither genetic diversity nor differentiation were clearly driven by habitat 
age. However, landscape structure, habitat quality as well as population size revealed different impacts on the genetic diver-
sity of our study species. Past and present landscape structures shaped the genetic diversity patterns of A. sylvestris and F. 
ulmaria. The genetic diversity of F. ulmaria populations was, moreover, influenced by the local habitat quality. S. pratensis 
populations seemed to be affected only by population size. All explanatory variables represent past as well as present gene 
flow patterns by anthropogenic land use. Therefore, we assume that genetic diversity and differentiation were shaped by 
both historical creation of litter meadows via hay transfer and present mowing with agricultural machines. These land use 
practices caused and still cause gene flow among populations in the declining habitats.
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Introduction

Litter meadows constitute valuable habitats for many special-
ised, rare, and endangered plant and animal species (Wheeler 
1988). Therefore, these semi-natural grasslands belong to the 
most species-rich ecosystems in Central Europe (Kull and 
Zobel 1991) and represent key areas for biodiversity conser-
vation in agricultural landscapes, despite their comparably 
short land use history and limited spatial distribution.

According to Poschlod (2017), the construction of railway 
lines opened up the Alpine foreland region at the end of 

the nineteenth century. Agricultural goods were imported 
and subsistence farming efforts became redundant. Farming 
practices consequently changed from laborious cultivation 
of arable fields to more efficient grassland management for 
livestock farming. During this time, straw, used as bedding 
in stables, became scarce. Therefore, litter meadows were 
established, either on fodder meadows or large wetlands and 
peatlands. Whereas sowing and/or planting of litter plants 
were recommended for the establishment in drained ponds 
or peat-mined areas, Stebler (1898) described four manage-
ment treatments for the conversion of fodder meadows into 
litter meadows without ploughing: (i) late cutting over sev-
eral years, (ii) waiver of fertilization, (iii) irrigation, and 
(iv) resowing seeds or planting seedlings. Moreover, litter 
meadows were established by hayseed application (Müller 
1752). During the 1960s, litter meadow cultivation became 
redundant due to massive land use changes (Poschlod 
2017). Slatted floors gained more relevance in animal hus-
bandry and thus, liquid manure replaced solid manure as 
preferred fertilizer. Furthermore, mineral fertilizer became 
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comparably cheap, leading to a transformation of unproduc-
tive litter meadows into more productive fodder meadows.

Nowadays, remaining litter meadows are threatened by 
land use intensification, abandonment, and habitat frag-
mentation (Billeter et al. 2002). Habitat fragmentation lim-
its pollen and seed exchange, restricting gene flow among 
populations (Schmitt 1983; Steffan-Dewenter and Tscharn-
tke 1999; Willerding and Poschlod 2002; Honnay et al. 
2006) and increasing, therefore, the likelihood of inbreed-
ing depression, the accumulation of deleterious mutations, 
and the extent of genetic drift (Young et al. 1996; Picó and 
Van Groenendael 2007). Consequently increased genetic 
differentiation and reduced genetic diversity (Barrett and 
Kohn 1991; McKay et al. 2005), may lower individual plant 
fitness and thus, increase their extinction risk (Ellstrand 
and Elam 1993; Young et al. 1996). Hence, the knowledge 
about potential impact factors on genetic variation patterns 
becomes highly relevant to protect genetic variation, as a 
fundamental level of biodiversity (May 1994).

Due to an outstanding land use history, litter meadows 
could be found either on historically old (‘ancient’) or his-
torically young (‘recent’) sites. In this study, ancient sites 
were wet grasslands that have existed since at least the 
1800s, while recent sites were artificially created on drained 
ponds during the 1900s. High gene flow at the time of estab-
lishment and afterwards may lead to comparable levels of 
genetic variation among populations on sites with differ-
ent habitat age (Vandepitte et al. 2010). Nevertheless, the 
number and origin of colonists (Wade and McCauley 1988; 
Whitlock and McCauley 1990) as well as the rate of gene 
flow and selection after colonization (Dlugosch and Parker 
2008) drive genetic variation patterns of recent populations. 
These populations may, therefore, show both reduced genetic 
variation due to bottlenecks and increased divergence among 
populations by selection (Wade and McCauley 1988; Dlu-
gosch and Parker 2008). Previous studies observed already 
comparatively decreased genetic variation levels within and 
among populations on recent sites (Jacquemyn et al. 2004; 
Dlugosch and Parker 2008; Ramakrishnan et  al. 2010). 
Hence, we expect an impact of habitat age on the genetic 
variation of typical litter meadow species.

Over the past century, biodiversity decline was mainly 
induced by habitat loss at local, regional, and global scales 
(Balmford et al. 2005). Small populations, suffering from 
disrupted mutualistic interactions with pollinators or seed 
dispersers (Tscharntke and Brandl 2004), show enhanced 
extinction rates due to increased levels of inbreeding, loss 
of genetic variation through genetic erosion, fitness decline, 
and loss of evolutionary adaptation potential (Young et al. 
1996; Adriaens et al. 2006). Nevertheless, rescue effects may 
lead to increased colonisation and reduced extinction rates 
in highly connected sites (Brown and Kodric-Brown 1977). 
We hypothesize, therefore, an impact of habitat size and 

connectivity on genetic variation. Moreover, gene flow, seed 
dispersal, and establishment are influenced by land use pat-
terns (Reitalu et al. 2010; Purschke et al. 2012) representing 
further determinants for gene flow and genetic variation in 
today’s fragmented landscapes. Populations are sometimes 
affected more by historic than by present landscape configu-
rations due to a time lag in species response (Adriaens et al. 
2006; Reisch et al. 2017). Hence, we included past as well 
as present landscape structures in our analyses.

Abandonment and a lack of biomass removal led to dete-
riorated habitat conditions in litter meadows; moss and/or lit-
ter layers build up and act as seed traps (Ruprecht and Szabó 
2012), while increased vegetation height causes ground shad-
owing (Jensen and Gutekunst 2003). Germination as well as 
establishment of seedlings are consequently restrained (Maas 
1988; Špačková and Lepš 2004; Poschlod and Biewer 2005). 
Populations may decrease in size and a decline in genetic var-
iation becomes more likely (Billeter et al. 2002). Therefore, 
we hypothesized an impact of habitat quality on the genetic 
variation of common litter meadow species.

In modern fragmented landscapes, remaining litter mead-
ows are often small, fragmented, and isolated. Populations 
on these sites are comparatively small and more vulnerable 
to demographic and environmental stochasticity, despite 
intact vegetation structure (Hooftman et al. 2003). These 
populations may suffer from reduced probabilities of gene 
flow, increased genetic drift, and enhanced levels of inbreed-
ing (Van Treuren et al. 2005; Aguilar et al. 2008). They 
may, therefore, show lower genetic variability, reduced 
generative (Schmidt and Jensen 2000) as well as vegetative 
performance (de Jong and Klinkhamer 1994), and face a 
higher risk of extinction (Spielman et al. 2004; Ouborg et al. 
2006). Various studies observed already a positive relation-
ship between population size and genetic variation (Leimu 
et al. 2006). Therefore, we would expect a positive impact 
of population size on genetic variation as well.

A range of studies have investigated the impact of habitat 
age, past and present landscape structure, habitat quality, and 
population size on genetic variation in dry grassland habitats 
(e.g. Prentice et al. 2006; Schmidt et al. 2009; Baessler et al. 
2010; Rosengren et al. 2013; Reisch et al. 2017). Neverthe-
less, studies concerning wet grassland habitats, such as litter 
meadows, are still scarce.

Therefore, we analysed the genetic variation of three 
widespread litter meadow species using amplified fragment 
length polymorphism (AFLP) analyses. We chose the mainly 
insect-pollinated perennials Angelica sylvestris, Filipendula 
ulmaria, and Succisa pratensis (Kühn et al. 2004) as suitable 
study species. We ranked linear regression models accord-
ing to AICc values to shed light on the relative importance 
of environmental factors on genetic variation patterns of the 
studied litter meadow species. Hence, the land use history 
and thus, the habitat age of the studied litter meadows was 
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reconstructed using historical cadastral maps from different 
points in time. Moreover, past and present landscape struc-
tures including distance to the nearest settlement, area size, 
total area of surrounding wet grasslands, and connectivity 
were quantified on the basis of historic (1800s) and present 
(2018) cadastral maps. Local habitat quality was investigated 
with regards to vegetation cover data and population size. 
Applying these methods we aimed at answering the follow-
ing questions: (i) What is the impact of habitat age on genetic 
diversity? Are populations of different habitat age genetically 
differentiated? (ii) Is genetic diversity influenced by past and/
or present landscape structure? (iii) How is genetic diversity 
shaped by present habitat quality and/or population size?

Methods

Study design

In our study, we analysed the genetic variation of three typi-
cal litter meadow species: Angelica sylvestris (Apicaceae; 

2n = 22), Succisa pratensis (Dipsacaceae; 2n = 18), and 
Filipendula ulmaria (Rosaceae; 2n = 14). A. sylvestris and 
S. pratensis flower between July and September, while 
F. ulmaria is flowering from June to August. All study spe-
cies are perennials with a mixed mating system, showing 
insect (e.g. bees, syrphids, wasps, beetles) as well as self-
pollination (Kühn et al. 2004).

We selected 20 litter meadows distributed across the All-
gäu in south-west Germany to study the effect of various 
environmental factors on genetic variation (Fig. 1, Table S1). 
The study region is characterized by a temperate climate 
with precipitation between 900 and 1600 mm/year and 
annual temperatures from 5.5 to 7.5 °C.

The land use history of the litter meadows was recon-
structed with historical cadastral maps from three different 
points in time (1800s, 1910/1920s, and 1950s) to investigate 
the impact of habitat age on genetic variation (Table S2). We 
identified eleven sites as historically old (‘ancient’), which 
have been wet grasslands since before the 1800s, and nine 
sites as historically young (‘recent’), which developed from 

Fig. 1   Geographic position and habitat age of the analysed populations of A. sylvestris, F. ulmaria, and S. pratensis 
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ponds during the 1900s, applying the software ArcGIS® 
10.3.1 (Esri, Redlands, CA, USA).

In a next step, we digitized the oldest cadastral maps 
available for the area (1800s) as well as current topographi-
cal maps (2018) in a 3 km radius around each study site. 
Following landscape structures were chosen as potential 
explanatory variables for genetic diversity (Table  S3): 
past and present distance to the nearest settlement, past 
and present total area of wet grasslands within each circle, 
and size of each study site. Moreover, we calculated past 
and present connectivity according to Hanski (1994) as 
Si = ∑j≠I exp(− αdij)Aj, where Si is the connectivity of the 
patch i, dij is the distance (km) between patches i and j, Aj 
is the area (ha) of the patch j, and α is the parameter of the 
exponential distribution setting the influence of distance on 
connectivity (Helm et al. 2006). Following Lindborg and 
Eriksson (2004) and Reitalu et al. (2010) α was set to one 
and not weighted by the dispersal abilities of the plant spe-
cies in the community.

The cover of vascular plants, mosses, litter, and open 
soil were incorporated from vegetation surveys to examine 
the impact of the local habitat quality on genetic diversity 
(Table S4). Furthermore, we aimed to test the influence of 
the population size on genetic diversity. The population 
size of each species was, therefore, determined by counting 
the number of individuals in 10 to 15 1 m2 plots per study 
site. The average number of individuals per square meter 
was then multiplied with the present area size (Reisch et al. 
2018). For those study sites, where no individual could be 
found within investigated plots although plant material was 
collected, the total number of individuals was set from 0 to 
1 before multiplying (Table S4).

We sampled 16 individuals per population and species 
for molecular analyses to display more than 90% of the total 
genetic diversity (Leipold et al. 2018). The fresh leaf mate-
rial was frozen in plastic bags in liquid nitrogen and stored 
at − 20 °C until DNA extraction.

Molecular analyses

The DNA extraction was carried out following the CTAB 
protocol from Rogers and Bendich (1994) modified by 
Reisch (2007). The DNA quality and concentration were 
determined with a spectrophotometer. Afterwards, the DNA 
samples were diluted to the same level of 7.8 ng DNA per 
µl H2O. We chose the analysis of amplified fragment length 
polymorphism (AFLP; Vos et al. 1995) for the analysis of 
the genetic variation within populations. The AFLP analy-
ses were performed following the standardized protocol of 
Beckmann Coulter (Bylebyl et al. 2008). After screening 
36 primer combinations per species, three species specific 
primer combinations were chosen for the selective amplifica-
tion (Table S5). The automated sequencer GeXP (Beckmann 

Coulter) was used to separate the fluorescence-labelled 
DNA fragments by capillary gel electrophoresis. Virtual 
gels were analysed manually using the software Bionumer-
ics 4.6 (Applied Maths, Kortrijk, Belgium). Only strong and 
clearly defined fragments were taken into account for further 
analyses, while samples without clear banding pattern, due 
to unsuccessful AFLP, were repeated or ultimately excluded.

A genotyping error rate was determined to ensure the 
reproducibility of the AFLP analyses (Bonin et al. 2004). 
Therefore, 10% of all investigated samples were analysed 
twice. The percentage of fragments showing differences 
between original and replicate lay at 3.61% (A. sylvestris), 
5.36% (F. ulmaria), and 4.93% (S. pratensis).

Statistical analyses

The presence or absence of bands per particular fragment 
and individual was transformed into binary (0/1) matrices in 
Bionumerics 4.6. Based on these matrices we calculated the 
genetic diversity within each population in Popgene 32 (Yeh 
et al. 1997) as Nei’s gene diversity (GD) H = 1 − ∑(pi)2, 
with pi representing the allele frequency.

A Kruskal–Wallis test with a post-hoc-Dunn’s test (Dinno 
2015) and following Bonferroni p-adjustment (Bland and 
Altman 1995) was calculated in R to compare Nei’s gene 
diversity on species level (R Core Team 1978). We further 
tested the dependence of Nei’s gene diversity on habitat age.

Hierarchical analyses of molecular variance (AMOVA) 
based on pairwise Euclidian distances between samples were 
calculated using the software GenAlEx 6.41 (Peakall and 
Smouse 2012). Hence, we analysed the genetic variation 
within and among populations as well as among populations 
on ancient and recent sites.

We computed Mantel tests with 999 permutations (Man-
tel 1967) to display correlations of geographic and genetic 
distances (ΦPT values calculated in the AMOVA) among 
populations.

Bayesian cluster analyses were performed using Structure 
2.3.4 (Figure S1a–c) (Pritchard et al. 2000, 2010). Individu-
als from the data set are assigned randomly into groups, 
which are characterized by a set of allele frequencies at each 
locus. Hence, the number of groups was calculated using 
10,000 Markov Chain Monte Carlo simulations with a burn-
in period of 100,000 iterations. The analyses for the prede-
fined value of K were run 20 times per K = 1–40, since the 
data set consists of an unknown number of K groups (Falush 
et al. 2007). The results were summarized employing the 
program Structure Harvester (Earl and vonHoldt 2012). The 
groups were assigned calculating ΔK in an ad hoc quantity 
procedure (Evanno et al. 2005) and the estimate of K was 
defined after the model, which showed the most consistent 
results for multiple runs and the highest probability of data.
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Nei’s distance, the genetic distances among populations, 
was calculated with non-uniform prior distribution of allele 
frequencies in the program AFLPsurv, following Lynch and 
Milligan (1994). These Nei’s distances led to a consensus 
Neighbor-Net graph using the software SplitsTree 4.14.4 
(Figure S2a–c) (Huson and Bryant 2006).

Wilcoxon–Mann–Whitney tests displayed possible dif-
ferences between past and present landscape variables 
(Table S6). Correlation tests (Pearson correlation coef-
ficients) were conducted to show potential collinearity 
between the explanatory variables (ii–xiii) and to avoid, 
therefore, false interpretation of the linear regression mod-
els (Table S7).

We formulated full linear starting models for each spe-
cies in R (R Core Team 1978) describing the variation of 
Nei’s gene diversity in association to the scaled and cen-
tred explanatory variables: (i) habitat age (not scaled and 
centred), (ii) area size, (iii) past and (iv) present total area 
of wet meadows, (v) past and (vi) present distance to near-
est settlement, and (vii) past and (viii) present connectivity, 
which were described above. Further data about the coverage 
of (ix) vascular plants, (x) mosses, (xi) litter, (xii) open soil, 
and (xiii) population size were included in these models. 
We ranked all possible linear models according to AICc 
values (Akaike Information Criterion corrected for small 
sample sizes) to detect the models with the highest informa-
tion content (Burnham and Anderson 2002). Additionally, 
we performed a redundancy analysis (RDA) using the frag-
ment frequency per population of all three study species and 
the explanatory variables as described in the linear models 
(Figure S3).

Results

Genetic diversity and differentiation

All studied species revealed similar levels of genetic diver-
sity (Fig. 2). The mean genetic diversity of A. sylvestris 
populations was 0.216, ranging between 0.193 and 0.244. 
Similar values were found for F. ulmaria, whose mean 
genetic diversity was 0.216, with a minimum of 0.184 and 
a maximum of 0.248. Mean genetic diversity of S. pratensis 
was slightly lower with 0.210, varying from 0.167 to 0.242 
(Table 1).

Overall genetic differentiation among populations was 
low. The differentiation found among populations was 
estimated at 4% for A. sylvestris and at 5% for S. pratense. 
F. ulmaria showed the highest differentiation rate with 8% 
(Table 2). However, the AMOVAs showed no genetic differ-
entiation among populations from ancient and recent sites.

Mantel tests revealed no significant correlation between 
genetic and geographic distances in either species 

(A. sylvestris: r = 0.0527, p = 0.052; F. ulmaria: r = 0.0003, 
p = 0.423; S. pratense: r = 0.0026, p = 0.334). Therefore, the 
studied populations are not likely to be isolated by distance.

Linear regression models

The AICc model selection generated significant models for 
all studied species (Table 3a–c). The model for A. sylvestris 
only included a negative association with the present area 
size, indicating a decrease of genetic diversity with increas-
ing meadow area (Table 3a). Genetic diversity in S. praten-
sis was negatively affected by population size (Table 3c), 
explaining 21.51% of the observed variation. For F. ulma-
ria the model revealed more than one connection with the 
explanatory variables included (Table 3b). Present connec-
tivity was the most important variable negatively influencing 
current genetic diversity, while past connectivity was posi-
tively associated. Present distance to the next settlement and 
present total area of wet meadows were positively related to 
genetic diversity in this species. Habitat age was also a sig-
nificant predictor for genetic diversity, indicating a tendency 
for recent meadows to show higher genetic diversity levels. 
Both moss and vascular plant cover were positively associ-
ated with genetic diversity of F. ulmaria. Overall, the model 
accounted for 75.37% of the observed variation.

Discussion

Comprehensive biodiversity conservation should address 
genetic variation patterns representing the most funda-
mental level of biodiversity (May 1994). We aimed to 
identify the key drivers of genetic variation to ensure the 

Fig. 2   Boxplot showing Nei’s gene diversity of A.  sylvestris (As), 
F. ulmaria (Fu), and S. pratensis (Sp)
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development of applicable conservation methods and to pro-
tect the basis of biodiversity. Landscape structure, habitat 
quality, and population size revealed a significant impact on 
genetic diversity in the study species. More specifically, the 
surrounding landscape structure shaped genetic diversity 
patterns of A. sylvestris and F. ulmaria populations. Local 
habitat quality affected, moreover, the genetic diversity of 

F. ulmaria, whereas genetic diversity of S. pratensis popula-
tions was driven only by population size.

Genetic diversity and differentiation

We observed similar values of genetic variation within and 
among populations of all study species. The genetic diversity 

Table 1   Number (no.), name 
(population), and habitat age of 
the analysed populations

Also specified is the number of investigated individuals (N) and Nei’s gene diversity per population of 
A. sylvestris (As), F. ulmaria (Fu), and S. pratensis (Sp)

No Population Age N Nei’s gene diversity

As Fu Sp As Fu Sp

01 Arrisried Ancient 16 16 16 0.218 0.248 0.215
02 Schlier Ancient 16 16 16 0.203 0.187 0.205
03 Schwanden Ancient – 16 16 – 0.220 0.215
04 Ratzenried Ancient 16 15 16 0.216 0.220 0.242
05 Liebenried Ancient 16 16 16 0.226 0.205 0.209
06 Argen Ancient 16 16 16 0.212 0.193 0.188
07 Kißlegg Ancient 15 16 16 0.203 0.209 0.231
08 Rotheidlen Ancient 15 16 16 0.244 0.195 0.207
09 Bremberg Ancient 16 16 16 0.229 0.227 0.218
10 Nitzenweiler Ancient 16 16 16 0.193 0.198 0.179
11 Wolfegg Ancient 16 16 – 0.233 0.236 –
12 Wangen im Allgäu Recent 16 16 16 0.198 0.221 0.199
13 Hinteressach Recent 16 16 16 0.217 0.263 0.220
14 Wolfegg Recent 16 16 16 0.217 0.225 0.167
15 Rotenbach Recent 15 16 16 0.207 0.246 0.230
16 Hüttenweiler Recent 16 16 16 0.206 0.184 0.231
17 Vogt Recent 16 16 16 0.223 0.213 0.222
18 Gwigg Recent 16 16 16 0.213 0.216 0.194
19 Sigrazhofen Recent 16 16 – 0.223 0.190 –
20 Edensbach Recent 16 16 – 0.233 0.222 –
Mean 0.216 0.216 0.210
SD  ± 0.003  ± 0.005  ± 0.004

Table 2   Genetic variation per 
species among populations 
on ancient and recent sites 
(habitat age), among and within 
studied populations detected by 
AMOVA

Levels of significance are based on 999 iteration steps
df, degree of freedom, SS sum of squares, MS mean squares, Est. Var. estimated variation, % proportion of 
genetic variation, ΦPT indicator for genetic differentiation among populations
Signif. code: p ≤ 0.001***

Species AMOVA df SS MS Est. Var % ΦPT

A. sylvestris Among habitat ages 1 19.63 19.63 0.00 0 0.040***
Among populations 17 463.21 27.25 0.71 4
Within populations 282 4514.20 16.01 16.01 96

F. ulmaria Among habitat ages 1 53.73 53.73 0.04 0 0.077***
Among populations 18 866.09 48.12 1.71 8
Within populations 299 6242.00 20.88 20.88 92

S. pratensis Among habitat ages 1 26.27 26.27 0.00 0 0.053***
Among populations 15 393.22 26.21 0.77 5
Within populations 255 3539.81 13.88 13.88 95
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of these species slightly exceeded the values expected for 
insect pollinated species (Reisch and Bernhardt-Römermann 
2014). Genetic differentiation among populations was gener-
ally low, with F. ulmaria showing the greatest differentia-
tion. Spatial isolation did not play a major role for popula-
tion differentiation.

Previous studies have shown that seeds are well trans-
ported among meadows via mowing machines (Strykstra 
et al. 1997). The litter meadows investigated here are typi-
cally mown by only few conservation managers once in 
the autumn (personal communication), enhancing gene 
flow by seed exchange among sites. Additionally, the 
occurrence of the study species is not strictly limited to 
litter meadows (Oberdorfer et al. 2001) and they are pol-
linated by a diverse group of insects (Kühn et al. 2004), 
providing many opportunities for gene flow by pollinators 
among sites, leading to an increase in genetic diversity 
and a decrease of genetic differentiation.

Other studies on genetic diversity and differentiation 
of the species analysed here are scarce. Only the effect of 
inbreeding and population size on the genetic variation of 
S. pratensis was studied previously using allozyme electro-
phoresis (Vergeer et al. 2003). Therefore, the genetic vari-
ation observed in these species is not directly comparable 
with other studies.

Effects of habitat age on genetic variation

Levels of genetic diversity in all three study species were 
similar among populations on ancient and recent sites. Addi-
tionally, habitat age revealed no significant impact on genetic 
diversity in A. sylvestris and S. pratensis in the linear regres-
sion models. This result stands in contrast to the studies of 
Jacquemyn et al. (2004) and Rosengren et al. (2013), who 
observed a comparatively lower genetic diversity on recent 
sites, e.g. in the moss species Homalothecium lutescens. 

Table 3   Linear models explaining genetic diversity of A. sylvestris (a), F. ulmaria (b) and S. pratensis (c) populations in litter meadows

The effect size of the association with the response variable (Estimate), the standard error (SE), and the p-value are given for each of the vari-
ables within the models. (a) Residual standard error: 0.01155 on 17 degrees of freedom. Multiple R-squared: 0.283, Adjusted R-squared: 0.2408. 
F-statistic: 6.71 on 1 and 17 DF, p-value: 0.01905. (b) Residual standard error: 0.01074 on 12 degrees of freedom. Multiple R-squared: 0.8444, 
Adjusted R-squared: 0.7537. F-statistic: 9.304 on 7 and 12 DF, p-value: 0.0004949. (c) Residual standard error: 0.01768 on 15 degrees of free-
dom. Multiple R-squared: 0.2642, Adjusted R-squared: 0.2151. F-statistic: 5.385 on 1 and 15 DF, p-value: 0.03481
AREA_S area size, AREA_2018 present total area of wet meadows (ha), DIST_2018 present distances to the nearest settlement (km), CON_1800/
CON_2018 past and present connectivity, MOSS moss cover (%), VASC vascular plant cover (%)
Signif. codes: p ≤ 0.001***; 0.001 < p ≤ 0.01**; 0.01 < p ≤ 0.05*; p > 0.05n.s.

(a) A. sylvestris
Estimate SE p-value

(Intercept) 0.216 0.003  < 0.001***

Response variable Explanatory variable

Nei’s gene diversity AREA_S  − 0.007 0.003 0.019*

(b) F. ulmaria
Estimate SE p-value

(Intercept) 0.208 0.003  < 0.001***

Response variable Explanatory variable

Nei’s gene diversity Age_recent 0.019 0.005 0.004**
AREA_2018 0.023 0.005  < 0.001***
CON_2018  − 0.029 0.005  < 0.001***
DIST_2018 0.011 0.003 0.002**
CON_1800 0.010 0.003 0.005**
MOSS 0.010 0.003 0.009**
VASC 0.006 0.003 0.042*

(c) S. pratensis
Estimate SE p-value

(Intercept) 0.210 0.004  < 0.001***

Response variable Explanatory variable

Nei’s gene diversity Population size  − 0.010 0.004 0.035*
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However, historic management practices of sowing, hay and 
seedling transfer for the establishment and maintenance of 
litter meadows (Poschlod and Fischer 2016; Poschlod 2017) 
likely supported high levels of gene flow among ancient and 
recent sites. Moreover, all study species are pollinated by 
numerous different insects (Kühn et al. 2004), increasing 
the levels of gene flow among closely located sites. Thus, 
gene flow by pollinators and seed dispersal at the time of 
founding and afterwards might reduce the effects of habitat 
age (Vandepitte et al. 2010).

Habitat age was a significant predictor for genetic diver-
sity patterns of F. ulmaria, revealing a tendency of more 
recent sites to show greater diversity values. However, the 
variable ‘habitat age’ was possibly included by the model 
selection algorithm to correct for the overestimation of past 
connectivity, which is significantly lower today. Therefore, 
we conclude that habitat age generally had little impact on 
genetic diversity of our study species.

Furthermore, we observed no significant differentiation 
among populations concerning habitat age. The practice 
of litter meadow establishment and traditional manage-
ment practices ensured high levels of gene flow in the past. 
Today, seeds are still comparatively well transported via 
mowing machines among litter meadows (Strykstra et al. 
1997). These land use practices supported and still support 
relatively high levels of gene flow, preventing genetic dif-
ferentiation among populations on ancient and recent sites.

Effects of landscape structure on genetic diversity

Genetic diversity in A. sylvestris was negatively associated 
with the area of the respective litter meadow, indicating that 
larger meadows have lower genetic diversity. Larger habitats 
are expected to sustain larger populations and thus, also 
higher genetic diversity (Ouborg et al. 2006). In the case of 
A. sylvestris neither genetic diversity nor habitat size cor-
related with population size. A. sylvestris might colonize 
microsites instead of whole meadows due to variable local 
habitat conditions and is also not limited to litter meadows 
as habitat, which might falsify the impact of population 
size. Furthermore, habitat size was determined via topo-
graphic maps leading to a potential over- or underestimation 
of litter meadows’ habitat size. Therefore, we assume no or 
only a weak impact of habitat size on the genetic diversity 
of A. sylvestris populations.

Past and present landscape structures revealed the great-
est impact on the genetic diversity of F. ulmaria popula-
tions. The total present area of wet meadows, past and 
present connectivity, and the present distance to the next 
settlement were associated with genetic diversity levels. 
All these factors have previously been shown to influence 
genetic diversity in grassland species (Jacquemyn et al. 
2004; Reitalu et al. 2010; Münzbergová et al. 2013).

Genetic diversity in F. ulmaria increased with the pre-
sent area of wet meadows around the studied populations. 
A large patch size and a high proportion of habitats within 
a geographic region is frequently found to increase genetic 
diversity by improving patch connectivity via pollinators 
or other gene flow vectors (Ouborg et al. 2006; Prentice 
et al. 2006). Gene flow among closely located patches 
decreases the effects of inbreeding and genetic drift and 
thus, maintains high genetic diversity (Aguilar et al. 2008).

We found a positive impact of past connectivity on the 
genetic diversity in F. ulmaria complying with the find-
ings of Münzbergová et al. (2013), who observed a positive 
effect of historic habitat connectivity on genetic diversity 
of S. pratensis. In the past, traditional management of lit-
ter meadows included frequent sowing or transplanting of 
plant material to increase the vegetation cover of desired lit-
ter producing species (Poschlod 2017). These management 
practices, which may have positively affected undesired spe-
cies as well, maintained high gene flow levels across the 
whole region. High connectivity among sites may increase 
colonization and reduce extinction rates, explaining the 
positive effect of past connectivity on the genetic diversity 
of F. ulmaria. However, present connectivity revealed an 
opposite effect on the genetic diversity in F. ulmaria. The 
cultivation of litter meadows became redundant during the 
last decades and thus, remaining species-rich litter meadows 
within the study region are managed by only few conserva-
tion managers today (personal communication). Moreover, 
seeds of all study species are fully developed during mow-
ing season in late autumn (Poschlod et al. 2003) and are 
likely to be transported via mowing machines (Strykstra 
et al. 1997), creating ‘too much’ gene flow among popula-
tions. Exceptionally high levels of gene flow may induce 
an impoverishment of the local gene pool due to ‘genetic 
‘swamping’ and thus, cause a negative impact of present 
habitat connectivity on genetic diversity in F. ulmaria.

The present distance to the nearest settlement revealed a 
positive impact on the genetic diversity of F. ulmaria. It is gen-
erally accepted that anthropogenic disturbance levels decrease 
with increasing distance to the next urban area. Since compara-
tively low levels of man-made disturbance led to an increase 
of both species and genetic diversity (Frey et al. 2016), genetic 
diversity levels in F. ulmaria increased with rising distance to 
the nearest settlement.

Effect of habitat quality and population size 
on genetic diversity

The genetic diversity of F. ulmaria was positively associ-
ated with moss and vascular plant cover. In a vegetation 
unit, the frequent abundance of moss and vascular plants 
is expected to decrease germination and establishment of 
plant species (Špačková et al. 1998; Poschlod and Biewer 



887Conservation Genetics (2020) 21:879–890	

1 3

2005; Drake et al. 2018). However, in wet grassland habi-
tats mosses can act as safe sites for germination (Wang et al. 
2012) by retaining seeds (Freestone 2006), producing more 
stable habitat conditions, and protecting seedlings from harsh 
climatic conditions (Donath and Eckstein 2010; Lemke et al. 
2015). Similarly, grass tussocks can also retain seeds and 
facilitate germination, especially in wet environments (Wang 
et al. 2012). A high coverage of moss and vascular plants 
may, therefore, facilitate the germination and establishment 
of F. ulmaria in litter meadows and consequently increase 
genetic diversity levels.

Correlations between population size and genetic diver-
sity are expected to be positive, with larger populations 
maintaining more genotypes (Vergeer et al. 2003; Ouborg 
et al. 2006). However, the genetic diversity of S. praten-
sis decreased with increasing population size. Grassland 
plant species with long life cycles, slow intrinsic dynam-
ics, and comparatively large population size may occur as 
remnant populations in modern landscapes (Maurer et al. 
2003). Piqueray et al. (2011) observed that historic habitat 
configurations may often affect the present occurrence of a 
species, indicating a time lag between habitat loss, fragmen-
tation, and their consequences on genetic diversity (Helm 
et al. 2006). Therefore, previous studies predicted a delayed 
response of genetic diversity to habitat fragmentation (Hon-
nay et al. 2007). Additionally, S. pratensis is a more spe-
cialised and less widespread species than A. sylvestris and 
F. ulmaria. The Pearson correlation revealed a negative 
impact of moss cover on the population size of S. pratensis 
and, moreover, a negative relationship between the cover of 
moss and open soil. Therefore, we hypothesise that S. prat-
ensis depends on open soil for successful germination and 
establishment. Hence, genetic diversity levels were low, 
despite high population sizes, due to a potential bottleneck 
caused by conservation measures, a possible extinction debt, 
and/or missing niches for germination and establishment.

Conclusion

Our study revealed significant and species specific impacts 
of landscape structure, habitat quality, and population size 
on genetic diversity. While the influence of habitat size on 
genetic diversity in A. sylvestris remained unclear, F. ulma-
ria populations were significantly driven by the distance 
to the nearest settlement, the total area of litter meadows, 
and their connectivity. Moreover, the cover of mosses and 
vascular plants showed a significant impact on the genetic 
diversity of F. ulmaria populations. The genetic diversity of 
S. pratensis populations was affected in two ways: directly 
by population size and indirectly by the cover of mosses.

Abandonment of traditional land use practices changed 
the abundance and local habitat quality of semi-natural litter 

meadows during the last decades. Additionally, the practice 
of litter meadow establishment, traditional and also current 
management practices, caused and still cause man-made 
gene flow among litter meadows. Thus, past and present 
landscape structures as well as local habitat quality turned 
out as key variables driving genetic variation patterns of 
typical litter meadow species.

Recommendations for conservation

The genetic variation in the three study species was driven 
by different explanatory factors in different ways. Therefore, 
the results presented here allow no general recommendation 
for the conservation of genetic variation on ecosystem level. 
Litter meadows have a strong history of anthropogenic land 
use, with a high impact of periodic (re)sowing and mowing. 
The results of this study highlight the dynamic conditions, 
these comparatively young habitats experienced over time.

For the preservation of the diversity in these habitats, it is 
advisable to focus on the variability and dynamic processes 
of these ecosystems to protect and maintain the biodiversity 
of these habitats. Conservation measures should, therefore, 
focus on meadows covering the whole range of habitat con-
ditions and spatial dimensions. They should support the 
variability in management practices with particular focus 
on traditional land use practices, such as mowing by hand 
or sickle bar mower. Further recommendation would include 
the temporal adjustment of conservation measures and the 
cleaning of mowing machines in between different sites to 
ensure moderate levels of gene flow and thus, counteract an 
impoverishment of the gene pool by genetic ‘swamping’. 
In conclusion, the future conservation of these species-rich 
habitats should pay reference to past as well as present pro-
cesses to ensure the maintenance of litter meadows in our 
cultural landscape.
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