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Land use change over the past century has drastically decreased the amount of semi-natural grasslands and
jeopardises the functional connectivity, i.e., exchange of genes through pollen and seed dispersal, among pop-
ulations of plants characteristic to these valuable habitats. Increasing evidence shows that landscape elements
can influence gene flow between isolated plant populations. Still, the role of historical land use legacies in
shaping the relationship between current landscape characteristics and gene flow in perennial grassland plants
remains unclear. We studied the impact of landscape characteristics on the functional connectivity of 32 pop-
ulations of the grassland plant Primula veris in two landscapes, both historically dominated by semi-natural
grasslands. Nowadays, one landscape remains grassland-dominated, while forests and agricultural fields pre-
vail in the other. We examined the genetic diversity and structure of these populations and assessed the role of
landscape characteristics on gene flow using resistance- and corridor-based approaches. Two gene flow measures
were calculated from >2300 SNP markers: pairwise genetic differentiation (Fs) and pairwise mean assignment
probability (MAP). The relative permeability of landscape elements for gene exchange depended on landscape
context, likely mirroring opposite land use trajectories in these landscapes. Furthermore, the outcome was also
affected by different gene flow indices, indicating their context-dependency. We conclude that applying con-
nectivity measures based on findings from a landscape setting reflecting only one type of land use history should
be avoided. Additionally, caution is needed when interpreting gene flow measures of long-lived plant species due
to possible delays in their response to landscape change.

1. Introduction

Over the past hundred years, land use in Europe has changed dras-
tically, causing the loss and fragmentation of natural and semi-natural
habitats (Cousins et al., 2015; Haddad et al., 2015; Wilson et al.,
2016). Notably, formerly abundant semi-natural grasslands - species-
rich habitats created and maintained by moderate mowing or grazing
- have overgrown with trees and bushes or were turned into intensively
managed fields (Dengler et al., 2020). As a consequence, the remaining
grasslands are often small and spatially isolated (Hooftman and Bullock,
2012). Plants growing in such habitat fragments are prone to lower
within-population genetic diversity (Aguilar et al., 2008) and suffer
from the loss of functional connectivity (i.e., exchange of genes through
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pollen and seed flow) because of reduced gene flow between isolated
populations (Auffret et al., 2017). Gene flow between plant populations
is essential for maintaining sufficient genetic diversity, ensuring high
adaptive potential crucial in an era of ongoing environmental change
(Young et al., 1996; Leimu et al., 2010). Therefore, achieving and
maintaining intra-specific genetic diversity has been recognised as an
important prerequisite for conserving and restoring self-sustaining
ecosystems (Moreno-Mateos et al.,, 2020) and is increasingly
mentioned as one of the goals of international biodiversity strategies
(Krug et al., 2022). Nevertheless, reinstating gene flow between frag-
mented populations is rarely considered a specific target in practical
conservation and restoration frameworks (Aavik and Helm, 2018),
which is why the recovery of functional connectivity may remain
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unattainable (Aavik et al., 2013). Limited consideration of genetic di-
versity and gene flow in conservation actions is also mirrored in the
Conservation Evidence database (https://www.conservationevidence.
com/), which does not mention how to preserve the gene flow and ge-
netic diversity of plants.

A baseline concept of population genetics suggests that there is
generally less gene flow between populations geographically more
distant from each other (isolation by distance; IBD; Wright, 1943).
Often, however, IBD remains insufficient in explaining variation in gene
flow (Jenkins et al., 2010; Sexton et al., 2014), since different envi-
ronmental factors may considerably shape the patterns of gene exchange
(isolation by environment; IBE; Wang and Bradburd, 2014). In partic-
ular, landscape characteristics between spatially separated populations
may play a crucial role in assisting or hindering gene flow among those
populations (e.g., Emel et al., 2020; Lehmair et al., 2020; Lobato-de
Magalhaes et al., 2020). For example, woody landscape elements have
been shown to impede the gene flow of grassland plants (Aavik et al.,
2014; Hahn et al., 2013), whereas a higher proportion of grasslands
might promote gene flow in these species (Reinula et al., 2021). Since
plants are stationary, gene flow between their populations occurs mainly
through wind or pollen and seed dispersal vectors (Holderegger et al.,
2010). Hence, it is often seed and pollen vectors who perceive the
characteristics of different landscape elements as a barrier or facilitator
for movement. For instance, grazing networks have been found to pro-
mote higher functional connectivity in grassland plants by supporting
the movement of seeds by grazing animals (DiLeo et al., 2017; Plue et al.,
2019; Rico et al., 2014). In another study, Dileo et al. (2018) observed
more pollen deposition into insect-pollinated plant populations sur-
rounded by a lower proportion of forest. These studies confirm that
research and practice aiming at enhancing the functional connectivity of
plants should consider not only the geographic distance between focal
populations but must also assess the quality of landscapes enabling or
hindering the movement of pollinators and seed-dispersing animals.

The impact of landscape characteristics on the genetic patterns of
plant populations can be explored with the methods of landscape ge-
netics - a discipline combining the theory and tools of population ge-
netics and landscape ecology (Manel et al., 2003). It enables the
evaluation of the response of gene flow, one of the main proxies for
functional connectivity, in response to landscape composition and
configuration (Keller et al., 2015). In light of the negative impacts of the
human-induced loss and fragmentation of habitats on biodiversity,
landscape genetics has a particularly high potential to propose and
evaluate measures (e.g., the creation of stepping stones and dispersal
corridors or the removal of barriers), which enable to restore functional
connectivity between isolated populations during conservation actions
(Holderegger et al., 2020; Keller et al., 2015). Rapid landscape change
calls for an especially careful assessment of different methodological
approaches to avoid misinterpretation of relationships between land-
scape characteristics and functional connectivity (Epps and Keyghobadi,
2015). This could lead to a distorted understanding of the situation of
genetic diversity and gene flow of grassland plants, and a lack of crucial
conservation actions. Furthermore, wrongly interpreting the influence
of landscape elements may lead to misguided conservation activities.

Humans have shaped European landscapes over thousands of years.
Moderate human intervention has also led to positive outcomes for
biodiversity, exemplified by the creation and maintenance of semi-
natural grassland habitats, holding the highest levels of biodiversity in
temperate region (Dengler et al., 2020; Wilson et al., 2012). However,
the last century has witnessed a rapid and severe loss of these valuable
habitats (Fuchs et al., 2015; Henle et al., 2008; Lieskovsky and Biirgi,
2018), predominantly due to land use intensification (Plieninger et al.,
2016). In particular, in many European regions, the area of semi-natural
grasslands reached its maximum about 100-150 years ago (Cousins and
Eriksson, 2008; Eriksson et al., 2002; Helm et al., 2006; Hodgson et al.,
2005). From this point onwards, the area and connectivity of grasslands
have dramatically deteriorated, often with <10 % of the original area of
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grasslands left nowadays (e.g., Cousins et al., 2015; Dengler et al., 2020;
Helm et al., 2006). However, many grassland plants are perennial, with
life spans extending over several decades (Ehrlén and Lehtila, 2002) and
with relatively slow generation turnover. Hence, many grassland plant
populations in current landscapes are most probably remnants of the
time when grasslands were spatially and functionally connected (Auffret
et al., 2018). Past legacies of land use (i.e., lagged responses of plant
diversity to landscape change) are, therefore, most probably still present
in patterns of plant species diversity in different European rural land-
scapes (Cousins, 2009; Helm et al., 2006). Yet, knowledge about lagged
responses in the genetic patterns of plants is more scarce (Epps and
Keyghobadi, 2015; Essl et al., 2015 but see e.g. Miinzbergova et al.,
2013; Reisch et al., 2017). A lack of knowledge about the possible delays
in the response of genetic diversity to landscape change poses a chal-
lenge for conservation (Chen et al., 2023). First, unnoticed legacy effects
may provide a distorted understanding of the impact of landscape
characteristics on genetic diversity and can, therefore, lead to ineffective
conservation actions or, in the worst case, to a lack of actions. Second,
delays in the response of biodiversity may also offer a ‘window of op-
portunity’ for conservation (Essl et al., 2015), i.e., timely and well-
planned conservation actions (e.g. restoration of habitats) can sustain
the observed genetic patterns still corresponding to historical landscape
and environment and prevent the predicted drop of genetic diversity in
response to recent landscape change. Hence, accounting for delayed
responses (e.g., by incorporating historical landscape data) in the ge-
netic diversity and gene flow of long-lived plant species is crucial for
designing effective conservation measures.

Genetic differentiation (Fsr) is one of the most commonly used in-
dicators of gene flow. Even though this measure may demonstrate a
more rapid response to landscape change than within-population mea-
sures of genetic diversity (e.g., heterozygosity; Epps and Keyghobadi,
2015), Fsr may be a problematic metric for assessing functional con-
nectivity, i.e., gene flow, between populations in landscapes charac-
terised by recent spatial changes. In the latter, assignment-test-based
methods (i.e., methods that determine population membership of in-
dividuals or their probability to originate from a population based on
genetic information) may be a much more suitable and informative
approach as they capture more recent gene flow by using migration
events (Manel et al., 2005) and the traces of these events would be
erased in only a few generations (Holderegger and Wagner, 2008).
Furthermore, assignment tests may also be more appropriate for
detecting the effectiveness of recent restoration measures on genetic
connectivity (Aavik et al., 2013). Even though there are some compar-
isons between different gene flow indices, they are usually on an indi-
vidual level (Landguth et al., 2010) or between relatively recent and
ancient gene flow (Rong et al., 2013). Nevertheless, there is a lack of
knowledge about the performance of ‘historical’ and ‘contemporary’ or
‘recent’ (i.e., over the last few generations) population-based gene flow
measures in rapidly changing landscapes. Without this understanding,
the role of the landscape’s structural connectivity on functional con-
nectivity may be misinterpreted and, at worst, lead to legacy effects
going unnoticed.

In this study, we explore the effect of different landscape elements (e.
g., forests or grasslands) between spatially distinct plant populations on
the functional connectivity of a relatively long-lived perennial grassland
plant, Primula veris, in two historically analogous landscapes that used to
have similar management, but have followed a different trajectory of
land use change. In the past, both landscapes were dominated by semi-
natural grasslands. In one of the landscapes, grasslands are still rela-
tively widespread nowadays, while mainly forests and agricultural fields
dominate the other landscape. The study species is an obligate out-
crossing plant requiring pollinators to ensure effective pollen flow, and
thus, represents the group of species most vulnerable to habitat frag-
mentation due to the parallel negative effects of land use change on
pollinators (Aguilar et al., 2008). Furthermore, because of its relatively
long life span (Ehrlén and Lehtila, 2002) common to many grassland
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plants, P. veris belongs to species that show delayed responses to land-
scape change (Aguilar et al., 2008). To clarify the dependence of the
results on the measure of gene flow as a proxy for functional connec-
tivity, we used two different approaches for assessing genetic connec-
tivity between populations: genetic differentiation (Fsr) and pairwise
mean assignment probability (MAP). We wanted to know whether there
is an interacting effect of landscape elements and land use history on the
gene flow of the study species. Due to possible legacy effects, we
hypothesise that (1) the genetic diversity, structure and gene flow (i.e.,
functional connectivity) of P. veris in the two landscapes would be

A?._
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relatively similar regardless of the different present-day amounts and
connectivity of grasslands in the study landscapes. However, we expect
that (2) the choice of indicators used for genetic connectivity would
influence whether the legacy effects are observed in patterns of gene
flow in P. veris. In particular, we expect that since MAP is an assignment
test-based indicator, it would be more informative in our changing study
landscapes than Fgr, which is often described as a measure of ‘historical’
gene flow. Finally, we expect (3) that the amount of grasslands between
the populations of P. veris would enhance the gene flow, and forests and
shrubs would inhibit the gene flow between the populations of P. veris.

@ populations
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[ semi-natural grassland
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Fig. 1. Map of the study landscapes and populations of Primula veris with current (2014) and historical (1930s) land use types in Muhu, Estonia. Some areas in
historical maps were not mapped, but most probably were also semi-natural grasslands. Due to some inaccurate mapping with historical data, it may seem like some
populations in the northern part of the Koguva landscape were underwater during 1930s, but most likely, they were still on semi-natural grasslands.
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An improved understanding of methods used for assessing functional
connectivity is highly relevant for designing effective conservation and
restoration activities, and for monitoring the success of connectivity
measures. In our study system, it helps to clarify whether restoring
grassland habitats would have positive consequences for the genetic
diversity and gene flow of grassland plants as well as the existence and
extent of the so-called genetic extinction debt (the future extinction of
biodiversity due to events in the past). Therefore, we will discuss the
results of this study in the light of conservation actions.

2. Methods
2.1. Study species

Primula veris L. (Primulaceae) is a perennial herb commonly occur-
ring in calcareous grasslands but also road verges and other grassland-
like habitats. In the current study region, Estonia, the species usually
flowers in May. It is a heterostylous, obligate outcrossing plant
depending on insect pollination (Deschepper et al., 2018) by mostly
long-proboscid insects like Hymenoptera (mostly Bombus spp., also
Anthophora spp. and Halictus spp.), but also Coleoptera (beetles; Meli-
gethes spp.) and Lepidoptera (butterflies, moths; Gonepteryx rhamni,
Cucullia verbasci) (Brys and Jacquemyn, 2009). Recent study in Estonia
confirms that Bombus is the main pollinator group for P. veris, but also
Osmia spp. and Lasioglossum spp. were frequent visitors on P. veris (un-
published results). Pollen dispersal is limited to a few meters, and most
of the seed dispersal to a few centimeters from the maternal plant (Brys
and Jacquemyn, 2009). The gene flow of insect-pollinated grasslands
plants, such as P. veris, can mainly take place (1) via the movement of
pollinators, (2) through seed dispersal, which can also be mediated by
grazing animals (Kiviniemi and Eriksson, 1999; Plue et al., 2019; Rico
et al., 2014) and wild animals (Auffret and Plue, 2014; Iravani et al.,
2011), but also as a result of the movement of agricultural and other
machinery (Auffret, 2011). Individual plants of the species can live up to
several decades on average (Ehrlén and Lehtild, 2002). The seed bank of
P. veris is classified as short-term persistent, i.e., seeds persisting in soil
1-5 years (Thompson et al., 1997).

2.2. Study landscapes

Two study landscapes (Fig. 1) with the size of 2 x 2 km were chosen
to represent contrasting landscape compositions in Western Estonia on
Muhu island (58.613°, 23.094°; 58.629°, 23.235°). Landscapes were
named after the settlements nearest to the landscapes — Koguva and
Lepiku. The distance between the two landscapes was 6 km, i.e., higher
than the maximum flight distance of potential pollinators of P. veris
(Greenleaf et al., 2007; Walther-Hellwig and Frankl, 2000; Zurbuchen
et al., 2010). According to the historical vegetation map from the 1930s
(Laasimer, 1965), when semi-natural grasslands reached the peak of
their total coverage in Estonia, calcareous semi-natural grassland was
the main land cover type in both landscapes. In the 1930s, this was also a
widespread land cover type in the rest of Western Estonia and Muhu
island (Laasimer, 1965), where the study landscapes are located.
Traditionally, these semi-natural grasslands were managed by grazing
(e.g., sheep) (Partel et al., 1999). The area is located on Ordovician and
Silurian bedrock, thus calcareous soils partly define the nature of hab-
itats and plant communities in this region (Partel et al., 1999). In
Koguva, 88 % of the area was covered by calcareous grasslands. In
Lepiku, semi-natural grasslands occupied 82 % of the landscape.
Nowadays, one of the landscapes (Koguva) is still in relatively good
condition and open, with about 16 % of semi-natural grasslands
covering the area. In addition, a large proportion of the area under
shrubs represents former grasslands recently overgrown mainly by
Juniperus communis. There is an active quarry covering about 4 % of the
study area. According to historical map layers (Estonian Land Board)
and communication with local municipality managers, small-scale
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acquisition of dolomite in Koguva started about 100 years ago. How-
ever, a large-scale quarry was established in the 1960s, with substantial
disturbance taking place in the 1990s. The other landscape (Lepiku),
however, is covered primarily by forest or has been turned into inten-
sively managed agricultural land, with only about 0.1 % of the area
covered by semi-natural grasslands. The overgrowth of the grassland
habitats and intensification of agriculture in the area has been rather
gradual. By 1969, the contemporary layout of fields can be seen in
Lepiku and by 1987, the overgrowth in the same landscape has reached
similar extent to that of today (Estonian Land Board). Thus, the recent
spatial dynamics of these landscapes represent two main trajectories of
land use change common in many regions of Europe, where grasslands
were once widespread - i.e., (1) abandonment of grassland management,
which is followed by the overgrowth of grasslands with trees and bushes
and (2) replacement of former grasslands by cultivated fields and forests
(Habel et al., 2013).

In May 2014, all populations of P. veris in both landscapes were
mapped and sampled for genetic analyses (18 populations in Koguva, 14
in Lepiku). A categorical estimation of the size of each population was
carried out by separating populations into small (about 0-100 flowering
individuals), average (100-500 individuals), large populations
(500-1000 individuals) and very large populations (>1000 individuals).
Most of the populations sampled in Koguva were located on patches of
semi-natural grasslands. In Lepiku, some populations were located on
small remnant grassland patches and road verges, while a few pop-
ulations were sampled on abandoned fields in transition to grasslands.
Most of the study locations were not actively managed at the time of the
study. During flowering, 1-3 leaves from up to 20 random individuals in
all populations were collected, with at least one meter between sampled
individuals. Leaf samples were stored on silica gel until DNA extraction.

2.3. Genetic analyses

We weighed about 25 mg of the sample and ground it for 2 min with
two 2.3 mm metal beads in a Mixer Mill 301 (Retsch GmbH). We
extracted DNA using the LGC sbeadex plant maxi kit (LGC) with some
modifications and a more detailed description specified in Trager et al.
(2021). We did extraction steps of binding, washing and elution on a
KingFisher Flex Purification System (Thermo Fisher Scientific).

After DNA extraction, we prepared a double-digest restriction site-
associated DNA (ddRADseq; Peterson et al.,, 2012) library for
sequencing with the extracted DNA. In the ddRADseq method, two re-
striction enzymes are used for cutting standardised DNA (concentration
120-250 ng/pl) in a two-step process (see Trager et al.,, 2021 for a
thorough description of the preparation of the library). After purifying
the DNA, the fragments were ligated to corresponding adapters (48
EcoRI adapters and 2 Taql adapters). We pooled together the samples
with different EcoRI adapters, but the same Taql adapters and size-
selected them for fragments with a length of 450 bp and with biotin-
labelled Taql adapters. After that, we did a polymerase chain reaction
(PCR) and purified the PCR products (ddRAD libraries). Then, we
calculated the molarity of the final ddRAD libraries according to their
mean DNA fragment size. For the final library, we combined the libraries
with unique multiplex indices that resulted in a library of 96 individuals
with at least 5 nM. We prepared the pooled libraries according to the
guidelines of the sequencing facility, and the libraries were sequenced
on an [llumina HighSeq2500 (Illumina, Inc., San Diego, CA, USA) at the
Functional Genomics Center Zurich (Switzerland), using one lane per
library with 125 cycles in single-end read (125 bp), high-output mode.
The sample set per library included negative (no sample DNA) and
positive (sample replica) controls to exclude the possibility of contam-
ination and to calculate the genotyping error of single nucleotide poly-
morphisms (SNPs).

We analysed and filtered the sequenced DNA fragments (reads)
bioinformatically. First, we demultiplexed the reads with the proc-
ess_radtags program of Stacks version 1.47 (Catchen et al., 2013;
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Catchen et al., 2011). Secondly, we removed the PCR duplicates using
the clone filter program of Stacks. Then, we removed low-quality bases
from sequences and filtered sequences depending on their length
(minimum 50 bases) using TrimmomaTic v0.36 (Bolger et al., 2014). After
that, we aligned and mapped the sequences against a draft reference
genome of P. veris (Nowak et al., 2015) with Burrows-WHEELER ALIGNER
v0.7.17 (BWA; Li, 2013). We detected the SNPs with Freesayes v1.1.0-54-
g49413aa (Garrison and Marth, 2012) and filtered the SNPs to exclude
SNPs with low quality and individuals with too much missing data using
Vcrroors v0.1.12b (Danecek et al., 2011) following pDocent SNP
Filtering Tutorial (Puritz et al., 2014) with some adjustments (see Trager
et al., 2021 for more information). We then removed indels (i.e., in-
sertions or deletions of bases in the genome) and loci potentially in
linkage disequilibrium with Vcrroors. We extracted the genotype infor-
mation from the resulting VCF file using PGDSPIDER v2.1.1.3 (Lischer
and Excoffier, 2012). We used putatively adaptive SNPs found in Trager
et al. (2021) to filter for putatively neutral SNPs for further analysis as
both study samples of P. veris were in the same region and laboratory,
and bioinformatical treatments were the same. Tréager et al. (2021) used
environmental association analysis (EAA) to detect SNPs associated with
environmental factors related to habitat overgrowth, and outlier tests to
detect SNPs under potential diversifying or balancing selection.

We calculated population-based genetic diversity indices (unbiased
expected and observed heterozygosity, uH. and H,, respectively) using
GenAlex version 6.503 (Peakall and Smouse, 2005, 2012) and mean
nucleotide diversity () using vcftools within a window of 125 bp over
all loci for each population. Unbiased expected heterozygosity (uHe)
accounts for differences in population sizes and is shortened as expected
heterozygosity (He) below. We calculated the inbreeding coefficient
(Fis) in R version 3.4.2 (R Core Team, 2022) using the package genepop
(Rousset, 2008).

Two different measures were used for assessing gene flow between
the study populations: (1) pairwise genetic differentiation (Fst) among
populations as a measure of “historical” gene flow and (2) pairwise
mean assignment probability (MAP) as a measure of “recent” gene flow
(i.e., in about 1-2 generations). We calculated pairwise Fgr values in R
version 3.4.2 (R Core Team, 2022) using the package genepop (Rousset,
2008) and MAP with the package assignPOP (Chen et al., 2018). For
calculating MAP, we used assignment tests, which represent a way to
evaluate population structure by assessing membership probabilities of
individuals to each of the sampled study population. This is done by
assigning or excluding populations as the origin of sampled individuals
using multilocus genotype data (Manel et al., 2005). We performed
assignment tests for which we filtered out loci with low variance
(threshold at 0.95) and used Monte-Carlo cross-validation. All loci (100
%) were used as training data. The classification method for prediction
was linear discriminant analysis. The resulting pairwise probabilities
(membership accuracies across all individuals) were directional (e.g., 1
to 2, 2 to 1). We added these pairs together and divided them by two,
resulting in one value per population pair (MAP; following van Strien
et al., 2014). It should be noted for the interpretation of results that
genetic distance grows with higher Fg values and declines with higher
MAP values.

2.4. Landscape data

While study populations were sampled at the scale of 2 x 2 km study
landscapes, we added a 250 m buffer around the 2 x 2 km landscapes,
resulting in two 2.5 x 2.5 km squares, which were used for character-
ising the structure of the study landscapes in order to take into account
the surrounding landscape characteristics. We used five land use cate-
gories potentially affecting the gene flow in the study species: semi-
natural grassland, agricultural land, shrubs, forest and quarry. These
land use types also covered most of the area on both landscapes except
for the quarry, which was present only in Koguva. We mapped land use
types based on aerial photos of the study area from 2015 (Estonian Land
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Board) and Estonian Basic Map (1:10,000, Estonian Land Board) from
2015. We transformed the resulting vector maps to 10 x 10 m raster data
to compromise between the degree of reality and computational capa-
bilities. Spatial analyses were done in QGIS version 3.16.15 (QGIS.org,
2023). Additionally, for the vector data, we made buffers (d = 100 m)
around the direct routes between pairs of populations and assessed the
proportion of the same five land use categories (excluding quarry in
Lepiku) in the buffers. Specifically, we created a polyline layer of all
possible direct linear connections between populations with the Line-
String function and calculated the proportions of landscape elements in
buffers around the direct lines (Fig. 2) using the Python console in QGIS
with the native QGIS functions "buffer", "calculate area", "clip" and "field
calculator". We used historical landscape data (Laasimer, 1965) for
reference and to characterise the landscapes.

2.5. Data analysis

All statistical analyses were done in R version 4.2.1 (R Core Team,
2022). We performed Welch Two Sample t-tests to test for differences in
genetic diversity indices (Ho, He, © and Fig) between the two study
landscapes. The genetic structure of populations was analysed with
discriminant analysis of principle components (DAPC) in adegenet v2.1.1
(Jombart, 2008) package. DAPC uses uncorrelated principal component
analysis (PCA) variables for discriminant analysis (Jombart et al., 2010).
The optimal number of principal components was found using cross-
validation, and populations were used as clusters.

To assess the permeability of different landscape elements for gene
flow, we used the ResistanceGA package (Peterman, 2018) to generate
resistance surfaces (Fig. 2). We assessed the influence of geographic
distance between P. veris populations and raster data land cover of five
land use categories (except quarry in Lepiku) on the two tested gene flow
indices (Fst and MAP) per landscape, resulting in two different resis-
tance surfaces for each landscape. ResistanceGA uses a genetic algorithm
(GA; Scrucca, 2013) to calculate resistance values using pairwise genetic
data and resistance distances (for this study, using CIRCUITSCAPE ver
5.11.2 (Anantharaman et al., 2020) with Julia 1.8.3 (Bezanson et al.,
2017)). Unlike other resistance surface calculation methods, Resis-
tanceGA requires no a priori estimation of the permeability of different
habitat types on gene flow, which is particularly suitable in the case of
plants with multiple ways of gene flow (pollen flow by pollinators, seed
dispersal). First, we made a set of resistance landscapes and calculated
pairwise resistance distances for each landscape. Next, we fitted
maximum likelihood population effect (MLPE) models with populations
as a random variable for each landscape with pairwise genetic distance
as the predictor and evaluated the models using log-likelihood as the
objective function. These models account for the non-independence
among the pairwise data (Clarke et al., 2002). The top 5 % of models
were carried on to the next iteration where the landscapes could mix,
and the same process was repeated until no improvement was made for
25 iterations. We used default parametrisations. In addition to the
default models resulting from the analysis (null model, model with
geographical distance, model with resistance distance), we made an
additional model with both geographical distance and resistance dis-
tance. For each landscape and genetic distance metric, we evaluated
these four models with the Akaike information criterion corrected for
small sample sizes (AICc; Burnham and Anderson, 2002) with a modi-
fication in ResistanceGA that takes into account the number of land-use
types in the resistance surfaces and treated models with AAICc <2 as
equally good. Finally, we tested the effect of population size on the
pairwise directional assignment probabilities with multivariate gener-
alised mixed effect models (package MCMCglmm; Hadfield, 2010) to test
whether the source population size affects the gene flow of P. veris.

We made multivariate generalised mixed-effect models (Hadfield,
2010) to assess the influence of land use categories in corridor buffers
between pairs of populations on genetic distance measures (Fgy and
MAP) (Fig. 2). Population identities of both populations in a pair were
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resistance-based
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* Whole landscape
* Relevance of all landscape elements
together in models
* Ranks landscape elements by resistance
* Uses genetic algorithms and circuit theory
for getting resistance values
* Model selection based on AlCc

Similarities:
* Pairwise data =
* Accounts for non-independence
of the observations
* Model selection based on
information criteria
* Mixed models
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corridor-based

¢ Parts of landscape

* Relevance of various landscape element
amounts separately in models

* No landscape element ranking

e Uses Markov chain Monte Carlo
techniques for fitting MLPE models

* Model selection based on DIC

Fig. 2. Conceptual figure explaining the differences and similarities of the two analysis methods used in this study: resistance- and corridor-based approach. The
general aim of both methods is to detect whether and how the landscape influences the gene flow between the study populations. Both methods use data on genetic
distances between pairs of populations to assess gene flow (Fsr or MAP in the present study). Both methods take into account the fact that data is not completely
independent due to using the same populations more than once. With both methods, information criteria have been used to select the best-supported mixed models
(AICc in resistance-based method, DIC in corridor-based method). The resistance-based approach relies on whole map layers to create landscape resistance surfaces
providing the best fit to the pairwise estimates of gene flow. In corridor-based methods, straight lines between pairs of populations are created around which the
buffers are added to result in the so-called corridors, and the amount of different landscape features is calculated within each corridor with pre-defined width (in the
current study the width of the corridor was 100 m). In the resistance-based method, the relevance of landscape elements was assessed all together, but in the corridor-
based one, we assessed the importance of every landscape element separately in the models. Landscape elements are ranked by their resistance in the resistance-based
method using genetic algorithms and circuit theory. With the corridor-based method, Markov chain Monte Carlo techniques are used for fitting the maximum
likelihood population effects mixed effects MLPE models. In models relating landscape characteristics assessed in the corridors to the pairwise estimates of gene flow,
regression parameter coefficients of different landscape features are interpreted as supporting or hindering gene flow within the corridors between the populations.

used as random variables in covariance matrices to account for potential
non-independence of data points in distance matrices (maximum like-
lihood population effect (MLPE) models; Clarke et al., 2002; van Strien
et al., 2012). We made all possible model combinations with
geographical distance forced in, with some exceptions due to correla-
tions between land use categories. Namely, we excluded semi-natural
grasslands and shrubs in one model for Koguva (r = 0.62, p < 0.001),
and forest and agricultural land for Lepiku (r = 0.97, p < 0.001). We also
made null models with only random variables. We then assessed all
models according to the deviance information criterion (DIC) and
models with ADIC <2 were treated as equally good. We used DIC for
multivariate generalised mixed effect models, as it is more suitable for
Bayesian models than AIC (Meyer, 2016).

3. Results

Sequencing of ddRAD fragments resulted in about 150 million raw
sequences per library, with about 1.2 million sequences per sample. SNP
calling, quality filtering and exclusion of putatively adaptive loci
resulted in 2328 putatively neutral SNPs in a total of 616 individuals
(Koguva - 350, Lepiku - 266). The genetic diversity (Table 1) was
significantly (p < 0.05) higher in Lepiku, the more fragmented land-
scape, than in Koguva (H,: 0.319 + 0.009 (mean + SD) in Lepiku and
0.304 + 0.017 in Koguva (t = —4.35, df = 29.93, p < 0.001); He: 0.323
+ 0.002 in Lepiku and 0.317 + 0.003 in Koguva (t = —6.61, df = 29.93,
p < 0.001)). Similarly, nuclear diversity (r) was slightly, but statistically

significantly higher in Lepiku (0.00300 + 0.00005) than in Koguva
(0.00289 + 0.00002; t = —6.87, df = 17.27, p < 0.001). The inbreeding
coefficient (Fig) was significantly higher in Koguva (0.042 + 0.033) than
in Lepiku (0.015 + 0.025; t = 2.60, df = 29.96, p = 0.014). DAPC
revealed that Lepiku and Koguva populations separate into two geneti-
cally distinct clusters (Fig. 3), with Lepiku populations showing greater
variance among populations compared to Koguva populations.

The average Fgr in Koguva was 0.0074 + 0.0030 (Supplementary
table A1) and in Lepiku 0.0103 + 0.0045 (Supplementary table A2)
being significantly higher in Lepiku (t = —5.29, df = 135.99, p < 0.001).
The average MAP in Koguva was 0.0442 + 0.0334 (Supplementary table
Al) and in Lepiku 0.0501 + 0.0441 (Supplementary table A2), and did
not differ significantly between landscapes (t = —1.11, df =151.32,p =
0.3). The correlation between Fsy and MAP was —0.68 (p < 0.001) in
Koguva and — 0.73 (p < 0.001) in Lepiku. Population size did not have
any effect on the directional assignment probabilities (Supplementary
table B).

The resistance surface analysis (ResistanceGA) revealed that ac-
cording to AICc (AAICc <2), the best-supported model for Fsr in both
landscapes and MAP in Lepiku was the null model with only random
variables (Table 2). For MAP in Koguva, there were two models with
equal support: the null model and the one with geographical distance
(Table 2). It should be noted that in all cases, AAICc for the geographical
distance model was <3.

In contrast, corridor-based analysis revealed the influence of some
landscape variables. For Fgr in Koguva, the best-supported models
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Table 1
Geographic coordinates, the number of samples used in the analysis, observed heterozygosity (H,), expected heterozygosity (He), inbreeding coefficient (Fis) and
nucleotide diversity () in 32 study populations of Primula veris in the two study landscapes (Koguva and Lepiku) on the island of Muhu, Estonia.

Population ID Region Latitude Longitude Samples H, He Fis .o

K1 Koguva 58.60487 23.09224 20 0.301 0.319 0.058 0.00289
K2 Koguva 58.60455 23.09632 20 0.293 0.316 0.075 0.00290
K3 Koguva 58.61382 23.09397 20 0.310 0.315 0.018 0.00286
K4 Koguva 58.61479 23.09539 20 0.292 0.315 0.075 0.00289
K5 Koguva 58.61876 23.1031 20 0.294 0.320 0.084 0.00291
K6 Koguva 58.61478 23.1037 17 0.297 0.318 0.071 0.00294
K7 Koguva 58.6155 23.11019 20 0.284 0.316 0.106 0.00291
K8 Koguva 58.60369 23.09125 20 0.301 0.314 0.045 0.00290
K9 Koguva 58.60438 23.09049 20 0.294 0.311 0.058 0.00285
K10 Koguva 58.6083 23.08758 20 0.300 0.317 0.054 0.00288
K11 Koguva 58.61074 23.08795 20 0.312 0.315 0.009 0.00285
K12 Koguva 58.6107 23.08458 20 0.316 0.322 0.021 0.00292
K13 Koguva 58.6151 23.07798 20 0.322 0.325 0.009 0.00294
K14 Koguva 58.61966 23.08428 20 0.308 0.317 0.029 0.00289
K15 Koguva 58.62166 23.08483 17 0.314 0.314 0.002 0.00291
K16 Koguva 58.61975 23.09139 19 0.304 0.315 0.036 0.00288
K17 Koguva 58.61848 23.09028 19 0.320 0.315 —0.018 0.00289
K18 Koguva 58.61658 23.09274 18 0.309 0.315 0.022 0.00290
L1 Lepiku 58.62131 23.23188 19 0.309 0.324 0.051 0.00298
L2 Lepiku 58.62209 23.23251 20 0.316 0.322 0.021 0.00298
L3 Lepiku 58.6353 23.22485 20 0.318 0.320 0.007 0.00291
L4 Lepiku 58.63695 23.22794 20 0.326 0.322 —0.010 0.00292
L5 Lepiku 58.63578 23.23365 19 0.315 0.322 0.022 0.00297
L6 Lepiku 58.62771 23.24604 19 0.326 0.326 0.003 0.00305
L7 Lepiku 58.62684 23.24369 19 0.311 0.322 0.035 0.00298
L8 Lepiku 58.62601 23.24451 16 0.312 0.323 0.034 0.00308
L9 Lepiku 58.62454 23.24302 20 0.330 0.322 —0.025 0.00303
L10 Lepiku 58.63143 23.23899 20 0.302 0.321 0.062 0.00298
L11 Lepiku 58.62964 23.24319 18 0.322 0.322 —0.001 0.00302
L12 Lepiku 58.63783 23.24227 20 0.321 0.326 0.017 0.00298
L13 Lepiku 58.63139 23.25152 19 0.333 0.329 —0.012 0.00304
L14 Lepiku 58.62948 23.24981 17 0.321 0.324 0.012 0.00308
Koguva average 0.304 0.317 0.042 0.00289
Lepiku average 0.319 0.323 0.015 0.00300

e Koguva

Fig. 3. Result of the discriminant analysis of principle components (DAPC) showing the genetic structure of Primula veris populations in the study landscapes of
Koguva (blue dots) and Lepiku (red triangles), Estonia. The ellipses represent the populations and lines connect individuals to the populations. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Model selection of the resistance surfaces for Primula veris populations in two
landscapes (Koguva, Lepiku) and with two predictor variables (genetic differ-
entiation ‘Fgy’, pairwise mean assignment probability ‘MAP’) with MLPE models
and based on AICc. Resistance surfaces used were geographical distance (‘dist’)
and categorical land use types (semi-natural grassland, shrubs, agricultural land,
forest, quarry (for Koguva); ‘landscape’). A null model (with only random var-
iables) and a model with both resistance surfaces were added to the comparison.
Models with AAICc < 2 were treated as equally good and are marked in bold.
R’m stands for marginal R?, and R?c stands for conditional R LL stands for log-
likelihood, and k stands for the number of parameters in the model.

Surface AIC AlCc AAICc  R’m R%c LL k

Koguva, Fgr

null —1469.3 —1469.1 0 0 0.536 735.7 1

dist —1467.6 —1466.8 2.2 0.001 0.534 735.8 2

landscape —1460.2 —1444.2 24.8 0.187 0.581 738.1 8

dist + —1458.5 —1436.0 33.0 0.218 0.600 738.3 9
landscape

Koguva, MAP

null —636.0 —635.8 0 0 0.205 319.0 1

dist —635.1 —634.2 1.5 0.007 0.208 319.5 2

landscape —633.7 —617.7 18.1 0.203 0.253 324.8 8

dist + —637.1 —614.6 21.2 0.256 0.303 327.6 9
landscape

Lepiku, Fsr

null —789.3 —789.0 0 0 0.542 395.6 1

dist —787.3 —786.2 2.7 0.000 0.539 395.7 2

landscape -777.7 —759.0 29.9 0.021 0.548 395.9 7

dist + —776.0 —747.2 41.8 0.045 0.549 396.0 8
landscape

Lepiku, MAP

null —-332.4 —-332.0 0 0 0.272 167.2 1

dist —-330.8 —329.7 2.3 0.005 0.295 167.4 2

landscape —320.4 —-301.7 30.3 0.000 0.269 167.2 7

dist + —320.0 —291.2 40.9 0.056 0.336 168.0 8
landscape

Table 3
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included a significant positive effect of geographical distance and shrubs
(Table 3). For Fgr in Lepiku, the best-supported models included a sig-
nificant negative effect of geographical distance (Table 3). For MAP in
Koguva, the best-supported models included a significant negative effect
of geographical distance (Table 3; note that genetic distance grows with
higher Fgr values and declines with higher MAP). For MAP in Lepiku, the
best models included the significant positive effect of forest and the
significant negative effect of agricultural land (Table 3).

4. Discussion

The past century has witnessed a drastic decline in the area and
connectivity of semi-natural grasslands, which is one of the main drivers
of biodiversity loss in non-forested habitats in Europe (Fischer et al.,
2018). Furthermore, grasslands have continued to decline, with >50 %
of the area of these valuable habitats having been lost over the past
30-40 years (Habel et al., 2013), mainly caused by the intensification of
agriculture and overgrowth of habitats (Plieninger et al., 2016). In the
ongoing ‘Decade of Restoration’ (United Nations General Assembly,
2019), conservation and restoration of semi-natural grasslands are
therefore among the main activities for halting the further loss of spe-
cies, and for maintaining related ecosystem functions and services
(Bengtsson et al., 2019). In addition to habitat fragmentation, species
are increasingly threatened by climate change and other environmental
pressures. One of the core challenges of restoration initiatives is how to
restore and maintain self-sustaining populations capable of overcoming
these threats. Therefore, enhanced knowledge of factors affecting ge-
netic diversity and gene flow of populations in fragmented habitats is
highly relevant for achieving restoration goals in the long term (Moreno-
Mateos et al., 2020).

In this study, our aim was to bring insight into the effect of landscape
characteristics on the gene flow as a proxy for functional connectivity of
the grassland plant P. veris in two landscapes, which were covered by
grasslands historically, but have experienced contrasting change of land
use in the last century (Fig. 1). First, we found that the inclusion of
landscape characteristics in the models predicting gene flow in addition

Model selection for the multivariate generalised mixed effect models for genetic connectivity (genetic differentiation ‘Fgy’, pairwise mean assignment probability
‘MAP’) and geographical distance (‘dist’) and land-use proportions (semi-natural grassland (‘s-n grassland’), shrubs, agricultural land (‘agric. land’), forest, quarry (for
Koguva) in linear buffers (d = 100 m) in pairs of populations in the two study landscapes (Koguva, Lepiku) in Western Estonia. Model selection was based on deviance
information criteria (DIC) and models with ADIC <2 were treated as equally good and are marked in bold. For these models, statistically significant variables are

written out.

Fsr

1 values = | gene flow

MAP
1 values = 1 gene flow

Model DIC Significant variables DIC Significant variables
Koguva

Null —1358.17 —628.49

dist —1362.12 dist (+) —630.87 dist (-)
dist + s-n grassland —1361.51 —629.32 dist (—)
dist + forest —1360.07 —628.87 dist (—)
dist + shrubs —1363.56 shrubs (+) —629.00

dist + agric. land —1360.89 —629.01 dist (—)
dist + quarry —1360.66 —630.55

dist + s-n grassland + agric. land —1360.00 —627.52

dist + s-n grassland + forest —1359.57 —627.38

dist + forest + shrubs —1361.51 —626.99

dist + agric. land + forest —1358.91 —626.97

dist + agric. land + shrubs —1363.18 dist (+), shrubs (+) —627.21

dist + s-n grassland + quarry —1360.21 —628.90 dist (—)
dist + forest + quarry —1358.91 —628.67

dist + shrubs + quarry —1361.00 —628.52

dist + agric. land + quarry —1359.02 —628.48

dist + s-n grassland + forest + agric. land —1358.23 —625.54

dist + agric. + forest + shrubs —1361.03 —625.16

dist + s-n grassland + forest + quarry —1359.18 —626.93

dist + s-n grassland + agric. land + quarry —1358.26 —626.84

(continued on next page)



L Reinula et al.

Table 3 (continued)
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Fgr

1 values = | gene flow

MAP
1 values = 1 gene flow

Model DIC Significant variables DIC Significant variables
dist + shrubs + forest + quarry —1358.90 —626.71

dist + shrubs + agric. land + quarry —1360.49 —626.42

dist + forest + agric. land + quarry —1357.40 —626.61

dist + agric. land + forest + s-n grassland + quarry —1357.43 —624.86

dist + agric. land + forest + shrubs + quarry —1358.45 —624.63

Lepiku

Null —720.56 —307.26

dist —728.14 dist (-) —307.08

dist + s-n grassland —726.73 dist (—) —305.33

dist + forest —726.25 dist (—) —310.68 forest (+)

dist + shrubs —727.15 dist (—) —307.00

dist + agric. land —726.86 dist (—) —311.66 agric. land (-)
dist + s-n grassland + agric. land —725.31 —309.60

dist + s-n grassland + forest —724.83 —308.81

dist + s-n grassland + shrubs —725.21 —305.06

dist + forest + shrubs —725.29 —312.01 forest (+)

dist + agric. land + shrubs —725.65 —311.29 agric. land (-)
dist + s-n grassland + agric. land + shrubs —723.69 —309.84

dist + s-n grassland + forest + shrubs —723.34 —310.50 forest (+)

to geographic distance can improve understanding of the factors
affecting functional connectivity between fragmented populations.
However, the effect of different landscape elements on the gene flow of
P. veris was not similar in the two study landscapes, i.e., depended on
landscape context, suggesting that different land use trajectories deter-
mine the current patterns of gene flow. Furthermore, different genetic
connectivity indices (Fst and MAP) revealed slightly different aspects
influencing the gene flow of P. veris populations. Second, we did not find
an effect of grassland amount, but a negative impact of shrubs and arable
land, and a positive impact of forests on the gene flow of P. veris. Lastly,
contrary to our expectations, we found that the genetic diversity of the
more fragmented landscape (Lepiku) was higher than that of the less
fragmented landscape (Koguva). In the following sections, we discuss
the implications of these findings and provide recommendations for
practice.

4.1. The permeability of landscape elements depends on the landscape
context

We observed a negative impact of geographic distance on gene flow
(i.e, isolation by distance, IBD) in Koguva, the less fragmented land-
scape. With both methods (resistance- and corridor-based), we found the
negative influence of geographical distance on recent gene flow (MAP),
whereas only the corridor-based method detected it for genetic differ-
entiation Fgr, i.e., historical gene flow (Table 3). However, in Lepiku, the
more fragmented landscape, we found a reverse result: populations that
were geographically further from each other were genetically closer
when using genetic differentiation Fsr as a measure of gene flow in a
corridor-based approach. There was no influence of geographical dis-
tance on recent gene flow with any of the methods. One explanation for
this unintuitive result might be that in Lepiku, some populations are
probably newly established in road verges, former fields (fallows) and
other novel habitats. The establishment of such novel populations would
have occurred as a result of natural dispersal events or unintended
human-mediated spread (e.g., by agricultural machinery) because
wildflower seed mixes, which can significantly shape the genetic
structure of wildflower plant populations (Aavik et al., 2012), had not
been used before or during the sampling in this region. Mixed with some
remnant populations, such novel patches of P. veris might result in
geographical distance having no role in the more fragmented landscape,
whereas in the less fragmented landscape, where historical population

structure is still somewhat preserved, geographical distance has an ex-
pected influence. In addition, the positive effect of herding on the ge-
netic connectivity of grassland plants (Plue et al., 2019; Rico et al.,
2014) may still be detectable in Koguva.

Surprisingly, with a resistance-based method, we did not find the
geographic distance between populations to affect the patterns of gene
flow (except MAP in Koguva). It is possible that at that scale, i.e., 2 x 2
km, the effect of geographical distance does not occur as clearly,
particularly in outcrossing plants (Twyford et al., 2020). It should be
noted, though, that the models with geographical distance stayed within
the limits of AAIC <3, showing there might still be some support that
there is an influence of geographical distance. Different drivers of gene
flow may have a distinct effect depending on the considered spatial scale
(Munos-Pajares et al., 2017). Furthermore, some pollinators are most
probably able to fly these distances without restrictions (DiLeo et al.,
2018; Lepais et al., 2010), and historical rotational herding occurred
beyond our study scale (Plue et al., 2019; Rico et al., 2014). However, at
the regional scale, the influence of geographical distance on the genetic
differentiation of P. veris is clearly significant (Reinula et al., 2021). This
calls for caution when interpreting results in conservation — different
measures may be required at different spatial scales.

In addition, we found the variable effect of different landscape ele-
ments in the two landscapes. Landscape genetic studies generally focus
on one study landscape due to limited resources, but sometimes also
because of practitioners’ interest in the conservation management of a
specific region or a system of habitats. However, several syntheses have
raised concerns about the lack of replication in landscape genetic studies
(Holderegger and Wagner, 2008; Keller et al., 2015). Indeed, a few
studies, where study landscapes have been replicated, demonstrated
that the relative effect of landscape elements on gene flow may differ
depending on the study region (Guiller et al., 2023; Schmidt et al.,
2009). Our study confirms that interpretations based on only one study
landscape must be treated with caution before further generalisation. In
the less fragmented landscape (Koguva), shrubs had a negative influence
on gene flow (Table 3), whereas, in the more fragmented landscape
(Lepiku), forest had a positive influence and agricultural land a negative
effect on gene flow (note that forest and agricultural land were corre-
lated). We can thus assume that different processes operate in the two
study landscapes. In Koguva, where no human disturbance occurred
(with the exception of the quarry), gene flow by pollen movement has
been prevalent in the recent past, while more stochastic processes have
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determined the gene flow in Lepiku (i.e., the landscape with stronger
human impact, such as agriculture and more intense road
infrastructure).

We cannot distinguish whether grazing, the movement of pollina-
tors, wild animals or machinery were responsible for the gene flow in
our study system, but based on the results, we hypothesise that histor-
ically, grazing may have played a more important role, while more
recently, i.e., after the abandonment of grasslands, gene flow by polli-
nators is predominating. Therefore, differences between the landscapes
could partially be explained by the different behaviour of pollinators in
distinct landscape settings (Viljur and Teder, 2016). When there are
more grasslands, for example, pollinators may tend to avoid entering
woody elements (like with shrubs in Koguva, the less fragmented
landscape), whereas in landscapes with low amount of grasslands, pol-
linators may opt to choose the next best movement option, e.g., through
forest (Zurbuchen et al., 2010), being the case in Lepiku, the more
fragmented landscape. Furthermore, clear-cut corridors or clearings,
which were not considered in the current study, may act as corridors or
stepping stones for pollinators (Viljur and Teder, 2016). However, it is
more common to find a negative effect of woody elements on the gene
flow of grassland plants (Aavik et al., 2014, 2017; DiLeo et al., 2018). In
addition, the proportion of forest and agricultural land were strongly
correlated in Lepiku, making it hard to determine which of those ele-
ments is really influencing the gene flow. It is thus also possible that
intensively managed agricultural land poses a barrier to pollinators of
P. veris as the microclimate (such as a high wind velocity in larger fields)
might be unsuitable for pollinators (Bergman et al., 1996). However,
with the resistance-based analysis, we did not find support for landscape
characteristics influencing the gene flow of P. veris. It has been previ-
ously suggested to analyse landscape genetic data sets with multiple
methods to avoid method-dependent results (Balkenhol et al., 2009),
and we conclude the same. As with corridor-based approach, we
detected the influence of some landscape elements on the gene flow of
P. veris, using only geographical distance as a proxy to gene flow is not
advisable in this system.

4.2. Different gene flow indices

The use of two distinct measures of gene flow (Fst and MAP) led to
different results, most probably reflecting the contrasting trajectories of
land use change in the two study landscapes (Table 3). In short, in the
more stable and less fragmented landscape (Koguva), Fst as a proxy for
historical gene flow showed a response to landscape characteristics in
addition to the effect of geographic distance, while in the more dynamic
and fragmented landscape (Lepiku), mean pairwise assignment proba-
bilities responded to the characteristics of the landscape between plant
populations. A few previous studies have shown that the impact of a
particular landscape element on gene flow may depend on the used
index at both individual (Beninde et al., 2023; Shirk et al., 2017) and
population level (van Strien et al., 2014). The inconsistent response of
different indices to landscape variables in our study most probably re-
flects the distinct dynamics and age of P. veris populations in the two
landscapes. In the less fragmented landscape (Koguva), the populations
are mostly old, growing on the remnants of semi-natural grasslands, and
may have acted as a large (meta-)population in the past. The once large
grassland has gradually started to overgrow with shrubs and bushes,
causing a sub-structuring of populations reflected in the patterns of
genetic differentiation Fgr. In the more fragmented landscape (Lepiku),
some populations most likely established only fairly recently, e.g., at
road verges and previously cultivated patches of field, which is why
estimates of contemporary or recent gene flow, and not the measures of
genetic differentiation Fgy, are more sensitive to landscape parameters.
Thus, the age of populations itself might play a role (Jacquemyn et al.,
2006) in whether there is a lagged response. Primula veris is a relatively
long-lived grassland plant (Ehrlén and Lehtila, 2002), which is why such
legacy effects in patterns of genetic differentiation are especially likely.
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4.3. Patterns of genetic diversity in landscapes with contrasting land use
change

In addition to the relative permeability of landscape elements for the
gene flow of P. veris in landscapes with distinct land use change, we were
interested in the structuring and diversity of genetic variation of the
species in these contrasting landscape settings. Surprisingly, the genetic
diversity in the more fragmented landscape (Lepiku) was slightly but
significantly higher than in Koguva, which still harbours a relatively
well-connected grassland system. In addition, both genetic differentia-
tion as well as average pairwise mean assignment probability (MAP)
among the study populations of Lepiku were higher. In line with that,
the analysis of the genetic structure revealed a more spread out clus-
tering of populations in Lepiku than in Koguva (Fig. 3). It is generally
expected that populations in more connected landscapes are genetically
more diverse due to gene flow facilitating the exchange of genetic ma-
terial and at the same time, genetically more similar to each other
(Leimu et al., 2010). Our study confirms the latter with relatively lower
genetic differences between the populations in Koguva. There has been
little disturbance in this landscape (with the exception of the creation of
the quarry), which is why most of the populations in Koguva are very
likely the remnants of former times when grasslands dominated the
landscape. Populations in Lepiku, however, may at least partially be
novel (e.g., at road verges or abandoned fields) and hence represent
more distinct clusters of genetic variation. This is also in line with the
results of the gene flow analyses. This result shows that smaller and
newer populations should not be underestimated when looking at the
genetic diversity and gene flow of populations in a landscape.

The unexpectedly lower genetic diversity in the well-connected
landscape may partly be explained by pollinator behaviour. In larger
and more connected grasslands and plant populations, pollinators might
not have to move as much to collect a sufficient amount of food
compared to fragmented landscapes (Westphal et al., 2006). The latter
would force pollinators to move across a more inhospitable matrix be-
tween fragmented habitats, thereby supporting the influx of genetic
variation into fragmented populations. For conservation, this means that
higher genetic diversity does not always equal higher gene flow between
populations or connectivity. Alternatively, temporarily higher genetic
diversity may also represent the adaptive transition of populations from
open environments to more closed conditions. In the populations of
P. veris in Western Estonia, Trager et al. (2021) found that the adaptive
genetic diversity of P. veris populations was higher in more overgrown
sites, indicating possible adaptation in process. In this study, we did not
focus on adaptive genetic variation, but diversity at adaptive loci in
landscapes with different trajectories of land use change certainly de-
serves more attention. In particular, knowledge of the movement of
adaptive genes in landscapes with different structural connectivity
would be highly important for conservation planning in an era of
ongoing climate change.

4.4. Conservation implications

Our landscape genetic study in two spatially close landscapes - both
having been historically covered by semi-natural grasslands but having
followed a dissimilar land use trajectory - shows that the findings about
the effects of landscape characteristics on the gene flow of a grassland
plant are context-dependent and even the commonly expected IBD may
not hold true in changing landscapes. While semi-natural grasslands
have experienced a dramatic fragmentation over a relatively short
period, many of the grassland plant species are long-lived perennials,
sometimes having even longer life spans than the time windows when
substantial turnover of landscapes took place (Ehrlén and Lehtila, 2002).
Hence, it can be expected that many of these populations are not at
equilibrium with landscape change and that a mixture of responses in
the genetic diversity, structure and gene flow may be observed
depending on the characteristics, speed and magnitude of landscape
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change. This possible extinction debt (i.e., delayed response) may give
an opportunity for nature conservationists to restore the habitats before
the negative consequences of habitat loss are manifested in the first
place. Nevertheless, as the length of these time lags may differ in
different landscapes even within the same species, generalisations
should not be made, and landscapes should be seen as unique units,
where conservation decisions are made based on the properties of the
landscape and target species or habitat. Furthermore, our study shows
that both the landscape context and the longevity of the species need to
be taken into account when choosing the most appropriate index for
assessing gene flow between populations. In particular, the interpreta-
tion of results based on genetic differentiation Fgy - currently still the
most widely-used proxy for gene flow - in spatio-temporally dynamic
landscapes should be done with high caution as the role of some land-
scape elements hindering contemporary gene flow may not be revealed
at all and might therefore remain neglected in conservation planning.
Similarly, the positive effects of connectivity measures, which have
often been carried out in the recent past, may remain unseen, which, in
turn, may influence the design of future conservation and restoration
actions. Hence, in dynamic landscapes, it is advisable to use an assign-
ment test-based index revealing more recent gene flow to avoid these
consequences or, ideally, use more than one index. Lastly, the landscape
should be not only suitable for plants, but also for their pollinators and
seed vectors.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biocon.2024.110518.

CRediT authorship contribution statement

Iris Reinula: Writing — review & editing, Writing — original draft,
Visualization, Project administration, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Sabrina Trager:
Writing — review & editing, Visualization, Methodology, Investigation,
Formal analysis, Data curation. Hanna-Triinu Jarvine: Writing — re-
view & editing, Investigation. Vete-Mari Kuningas: Writing — review &
editing, Formal analysis. Marianne Kaldra: Writing — review & editing.
Tsipe Aavik: Writing — review & editing, Visualization, Supervision,
Resources, Project administration, Methodology, Investigation, Funding
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Sequence data used in this study is available at the European

Nucleotide Archive (ENA; study accession no. PRJEB73475). Genetic
diversity and differentiation, and landscape data are available at the

Dryad Digital Repository (DOI https://doi.org/10.5061/dryad.
nslrn8qlf).
Acknowledgements

We are grateful for the laboratory and bioinformatic support of the
Genetic Diversity Centre (GDC), ETH Zurich, Switzerland. We thank the
Functional Genomic Centre Zurich (FGCZ) for Illumina sequencing. We
thank Martti Vasar for additional bioinformatic support, Marge Thetloff
and Liis Kasari-Toussaint for helping with the fieldwork, William E.
Peterman for useful technical advice with ResistanceGA and two anon-
ymous reviewers for useful recommendations on the previous versions
of the manuscript. Financial support was obtained from the Estonian
Research Council (PRG1751, MOBJD427, PUT589 and PRG874), the
European Regional Development Fund (Centre of Excellence

11

Biological Conservation 292 (2024) 110518

EcolChange), Estonian Ministry of Education and Research (Center of
Excellence AgroCropFuture "Agroecology and new crops in future cli-
mates", TK200) and ERA-NET program Biodiversa+ through the Esto-
nian Ministry of Climate (Biodiversa2021-943).

References

Aavik, T., Helm, A., 2018. Restoration of plant species and genetic diversity depends on
landscape-scale dispersal. Restor. Ecol. 26 (0), §92-S102. https://doi.org/10.1111/
rec.12634.

Aavik, T., Edwards, P.J., Holderegger, R., Graf, R., Billeter, R., 2012. Genetic
consequences of using seed mixtures in restoration: a case study of a wetland plant
Lychnis flos-cuculi. Biol. Conserv. 145 (1), 195-204. https://doi.org/10.1016/j.
biocon.2011.11.004.

Aavik, T., Holderegger, R., Edwards, P.J., Billeter, R., 2013. Patterns of contemporary
gene flow suggest low functional connectivity of grasslands in a fragmented
agricultural landscape. J. Appl. Ecol. 50 (2), 395-403. https://doi.org/10.1111/
1365-2664.12053.

Aavik, T., Holderegger, R., Bolliger, J., 2014. The structural and functional connectivity
of the grassland plant Lychnis flos-cuculi. Heredity 112 (5), 471-478. https://doi.org/
10.1038/hdy.2013.120.

Aavik, T., Talve, T., Thetloff, M., Uuemaa, E., Oja, T., 2017. Genetic consequences of
landscape change for rare endemic plants — a case study of Rhinanthus osiliensis.
Biol. Conserv. 210 (Part A), 125-135. https://doi.org/10.1016/j.
biocon.2017.04.016.

Aguilar, R., Quesada, M., Ashworth, L., Herrerias-Diego, Y., Lobo, J., 2008. Genetic
consequences of habitat fragmentation in plant populations: susceptible signals in
plant traits and methodological approaches. Mol. Ecol. 17 (24), 5177-5188. https://
doi.org/10.1111/j.1365-294X.2008.03971.x.

Anantharaman, R., Hall, K., Shah, V.B., Edelman, A., 2020. Circuitscape in Julia: high
performance connectivity modelling to support conservation decisions. Proceedings
of the JuliaCon Conferences 1 (1), 58. https://doi.org/10.21105/jcon.00058.

Auffret, A.G., 2011. Can seed dispersal by human activity play a useful role for the
conservation of European grasslands? Applied Vegetation Science 14 (3), 291-303.
https://doi.org/10.1111/j.1654-109X.2011.01124.x.

Auffret, A.G., Plue, J., 2014. Scale-dependent diversity effects of seed dispersal by a wild
herbivore in fragmented grasslands. Oecologia 175 (1), 305-313. https://doi.org/
10.1007/500442-014-2897-7.

Auffret, A.G., Rico, Y., Bullock, J.M., Hooftman, D.A.P., Pakeman, R.J., Soons, M.B.,
Sudrez-Esteban, A., Traveset, A., Wagner, H.H., Cousins, S.A.O., Buckley, Y., 2017.
Plant functional connectivity — integrating landscape structure and effective
dispersal. J. Ecol. 105 (6), 1648-1656. https://doi.org/10.1111/1365-2745.12742.

Auffret, A.G., Kimberley, A., Plue, J., Waldén, E., 2018. Super-regional land-use change
and effects on the grassland specialist flora. Nature Communications 9 (1), Article 1.
https://doi.org/10.1038/541467-018-05991-y.

Balkenhol, N., Waits, L.P., Dezzani, R.J., 2009. Statistical approaches in landscape
genetics: an evaluation of methods for linking landscape and genetic data.
Ecography 32 (5), 818-830. https://doi.org/10.1111/j.1600-0587.2009.05807.x.

Bengtsson, J., Bullock, J.M., Egoh, B., Everson, C., Everson, T., O’Connor, T., O’Farrell, P.
J., Smith, H.G., Lindborg, R., 2019. Grasslands—more important for ecosystem
services than you might think. Ecosphere 10 (2), €02582. https://doi.org/10.1002/
ecs2.2582.

Beninde, J., Wittische, J., Frantz, A.C., 2023. Quantifying uncertainty in inferences of
landscape genetic resistance due to choice of individual-based genetic distance
metric. Molecular Ecology Resources n/a(n/a). https://doi.org/10.1111/1755-
0998.13831.

Bergman, P., Molau, U., Holmgren, B., 1996. Micrometeorological impacts on insect
activity and plant reproductive success in an Alpine environment, Swedish Lapland.
Arctic and Alpine Research 28 (2), 196-202. https://doi.org/10.1080/
00040851.1996.12003166.

Bezanson, J., Edelman, A., Karpinski, S., Shah, V.B., 2017. Julia: a fresh approach to
numerical computing. SIAM Rev. 59 (1), 65-98. https://doi.org/10.1137/
141000671.

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30 (15), 2114-2120. https://doi.org/10.1093/
bioinformatics/btul70.

Brys, R., Jacquemyn, H., 2009. Biological flora of the British Isles: Primula veris L. J. Ecol.
97 (3), 581-600. https://doi.org/10.1111/j.1365-2745.2009.01495.x.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach, 2nd ed. Springer-Verlag. https://doi.org/
10.1007/b97636.

Catchen, J.M., Amores, A., Hohenlohe, P., Cresko, W., Postlethwait, J.H., 2011. Stacks:
building and genotyping loci de novo grom short-read sequences. Genes, Genomes,
Genetics 1 (3), 171-182. https://doi.org/10.1534/g3.111.000240.

Catchen, J., Hohenlohe, P.A., Bassham, S., Amores, A., Cresko, W.A., 2013. Stacks: an
analysis tool set for population genomics. Mol. Ecol. 22 (11), 3124-3140. https://
doi.org/10.1111/mec.12354.

Chen, K.-Y., Marschall, E.A., Sovic, M.G., Fries, A.C., Gibbs, H.L., Ludsin, S.A., 2018.
assignPOP: an r package for population assignment using genetic, non-genetic, or
integrated data in a machine-learning framework. Methods Ecol. Evol. 9 (2),
439-446. https://doi.org/10.1111/2041-210X.12897.

Chen, X., Wang, Q., Cui, B., Chen, G., Xie, T., Yang, W., 2023. Ecological time lags in
biodiversity response to habitat changes. J. Environ. Manage. 346, 118965 https://
doi.org/10.1016/j.jenvman.2023.118965.


https://doi.org/10.1016/j.biocon.2024.110518
https://doi.org/10.1016/j.biocon.2024.110518
https://doi.org/10.5061/dryad.ns1rn8q1f
https://doi.org/10.5061/dryad.ns1rn8q1f
https://doi.org/10.1111/rec.12634
https://doi.org/10.1111/rec.12634
https://doi.org/10.1016/j.biocon.2011.11.004
https://doi.org/10.1016/j.biocon.2011.11.004
https://doi.org/10.1111/1365-2664.12053
https://doi.org/10.1111/1365-2664.12053
https://doi.org/10.1038/hdy.2013.120
https://doi.org/10.1038/hdy.2013.120
https://doi.org/10.1016/j.biocon.2017.04.016
https://doi.org/10.1016/j.biocon.2017.04.016
https://doi.org/10.1111/j.1365-294X.2008.03971.x
https://doi.org/10.1111/j.1365-294X.2008.03971.x
https://doi.org/10.21105/jcon.00058
https://doi.org/10.1111/j.1654-109X.2011.01124.x
https://doi.org/10.1007/s00442-014-2897-7
https://doi.org/10.1007/s00442-014-2897-7
https://doi.org/10.1111/1365-2745.12742
https://doi.org/10.1038/s41467-018-05991-y
https://doi.org/10.1111/j.1600-0587.2009.05807.x
https://doi.org/10.1002/ecs2.2582
https://doi.org/10.1002/ecs2.2582
https://doi.org/10.1111/1755-0998.13831
https://doi.org/10.1111/1755-0998.13831
https://doi.org/10.1080/00040851.1996.12003166
https://doi.org/10.1080/00040851.1996.12003166
https://doi.org/10.1137/141000671
https://doi.org/10.1137/141000671
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1111/j.1365-2745.2009.01495.x
https://doi.org/10.1007/b97636
https://doi.org/10.1007/b97636
https://doi.org/10.1534/g3.111.000240
https://doi.org/10.1111/mec.12354
https://doi.org/10.1111/mec.12354
https://doi.org/10.1111/2041-210X.12897
https://doi.org/10.1016/j.jenvman.2023.118965
https://doi.org/10.1016/j.jenvman.2023.118965

L Reinula et al.

Clarke, R.T., Rothery, P., Raybould, A.F., 2002. Confidence limits for regression
relationships between distance matrices: estimating gene flow with distance.

J. Agric. Biol. Environ. Stat. 7 (3), 361. https://doi.org/10.1198/108571102320.

Cousins, S.A.O., 2009. Extinction debt in fragmented grasslands: paid or not? J. Veg. Sci.
20 (1), 3-7. https://doi.org/10.1111/§.1654-1103.2009.05647 .x.

Cousins, S.A.O., Eriksson, O., 2008. After the hotspots are gone: land use history and
grassland plant species diversity in a strongly transformed agricultural landscape.
Appl. Veg. Sci. 11 (3), 365-374. https://doi.org/10.3170/2008-7-18480.

Cousins, S.A.O., Auffret, A.G., Lindgren, J., Trank, L., 2015. Regional-scale land-cover
change during the 20th century and its consequences for biodiversity. AMBIO 44 (1),
17-27. https://doi.org/10.1007/s13280-014-0585-9.

Danecek, P., Auton, A., Abecasis, G., Albers, C.A., Banks, E., DePristo, M.A.,
Handsaker, R.E., Lunter, G., Marth, G.T., Sherry, S.T., McVean, G., Durbin, R., 2011.
The variant call format and VCFtools. Bioinformatics 27 (15), 2156-2158. https://
doi.org/10.1093/bioinformatics/btr330.

Dengler, J., Birge, T., Bruun, H.H., Rasomavicius, V., Rusina, S., Sickel, H., 2020.
Grasslands of Northern Europe and the Baltic States. In: Goldstein, M.I., DellaSala, D.
A. (Eds.), Encyclopedia of the World’s Biomes. Elsevier, pp. 689-702. https://doi.
org/10.1016/B978-0-12-409548-9.12433-9.

Deschepper, P., Brys, R., Jacquemyn, H., 2018. The impact of flower morphology and
pollinator community composition on pollen transfer in the distylous Primula veris.
Bot. J. Linn. Soc. 186 (3), 414-424. https://doi.org/10.1093/botlinnean/box097.

DiLeo, M.F,, Rico, Y., Boehmer, H.J., Wagner, H.H., 2017. An ecological connectivity
network maintains genetic diversity of a flagship wildflower, Pulsatilla vulgaris. Biol.
Conserv. 212, 12-21. https://doi.org/10.1016/j.biocon.2017.05.026.

DiLeo, M.F., Holderegger, R., Wagner, H.H., 2018. Contemporary pollen flow as a
multiscale process: evidence from the insect-pollinated herb, Pulsatilla vulgaris.

J. Ecol. 106 (6), 2242-2255. https://doi.org/10.1111/1365-2745.12992.

Ehrlén, J., Lehtild, K., 2002. How perennial are perennial plants? Oikos 98 (2), 308-322.
https://doi.org/10.1034/j.1600-0706.2002.980212.x.

Emel, S.L., Wang, S., Metz, R.P., Spigler, R.B., 2020. The type and intensity of
surrounding human land use, not local environment, shape genetic structure of a
native grassland plant. Molecular Ecology n/a(n/a). https://doi.org/10.1111/
mec.15753.

Epps, C.W., Keyghobadi, N., 2015. Landscape genetics in a changing world:
disentangling historical and contemporary influences and inferring change. Mol.
Ecol. 24 (24), 6021-6040. https://doi.org/10.1111/mec.13454.

Eriksson, O., Cousins, S.A.O., Bruun, H.H., 2002. Land-use history and fragmentation of
traditionally managed grasslands in Scandinavia. J. Veg. Sci. 13 (5), 743-748.
https://doi.org/10.1111/j.1654-1103.2002.tb02102.x.

Essl, F., Dullinger, S., Rabitsch, W., Hulme, P.E., Pysek, P., Wilson, J.R.U., Richardson, D.
M., 2015. Delayed biodiversity change: no time to waste. Trends Ecol. Evol. 30 (7),
375-378. https://doi.org/10.1016/j.tree.2015.05.002.

Fischer, M., Rounsevell, M., Rando, A.T.-M., Mader, A., Church, A., Elbakidze, M.,
Elias, V., Hahn, T., Harrison, P.A., Hauck, J., Sandstrom, C., Pinto, L.S., Visconti, P.,
Zimmermann, N.E., Christie, M., Martin-Lopez, B., Ring, 1., 2018. The regional
assessment report on biodiversity and ecosystem services for Europe and Central
Asia: summary for policymakers. IPBES Secretariat. https://doi.org/10.5281/
zenodo.3237429.

Fuchs, R., Herold, M., Verburg, P.H., Clevers, J.G.P.W., Eberle, J., 2015. Gross changes in
reconstructions of historic land cover/use for Europe between 1900 and 2010. Glob.
Chang. Biol. 21 (1), 299-313. https://doi.org/10.1111/gcb.12714.

Garrison, E., Marth, G., 2012. Haplotype-based variant detection from short-read
sequencing. arXiv:1207.3907 [q-Bio]. http://arxiv.org/abs/1207.3907.

Greenleaf, S.S., Williams, N.M., Winfree, R., Kremen, C., 2007. Bee foraging ranges and
their relationship to body size. Oecologia 153 (3), 589-596. https://doi.org/
10.1007/s00442-007-0752-9.

Guiller, A., Decocq, G., Kichey, T., Poli, P., Vandepitte, K., Dubois, F., Honnay, O.,
Closset-Kopp, D., 2023. Spatial genetic structure of two forest plant metapopulations
in dynamic agricultural landscapes. Landsc. Urban Plan. 231, 104648 https://doi.
org/10.1016/j.Jandurbplan.2022.104648.

Habel, J.C., Dengler, J., Janisova, M., Torok, P., Wellstein, C., Wiezik, M., 2013.
European grassland ecosystems: threatened hotspots of biodiversity. Biodivers.
Conserv. 22 (10), 2131-2138. https://doi.org/10.1007/s10531-013-0537-x.

Haddad, N.M., Brudvig, L.A., Clobert, J., Davies, K.F., Gonzalez, A., Holt, R.D.,
Lovejoy, T.E., Sexton, J.O., Austin, M.P., Collins, C.D., Cook, W.M., Damschen, E.I,
Ewers, R.M., Foster, B.L., Jenkins, C.N., King, A.J., Laurance, W.F., Levey, D.J.,
Margules, C.R., Townshend, J.R., 2015. Habitat fragmentation and its lasting impact
on Earth’s ecosystems. Sci. Adv. 1 (2), €1500052 https://doi.org/10.1126/
sciadv.1500052.

Hadfield, J.D., 2010. MCMC methods for multi-response generalized linear mixed
models: the MCMCglmm R package. J. Stat. Softw. 33(1), Article 1 https://doi.org/
10.18637/jss.v033.102.

Hahn, T., Kettle, C.J., Ghazoul, J., Hennig, E.I, Pluess, A.R., 2013. Landscape
composition has limited impact on local genetic structure in mountain clover,
Trifolium montanum L. Journal of Heredity 104 (6), 842-852. https://doi.org/
10.1093/jhered/est058.

Helm, A., Hanski, I., Pértel, M., 2006. Slow response of plant species richness to habitat
loss and fragmentation. Ecol. Lett. 9 (1), 72-77. https://doi.org/10.1111/j.1461-
0248.2005.00841.x.

Henle, K., Alard, D., Clitherow, J., Cobb, P., Firbank, L., Kull, T., McCracken, D.,
Moritz, R.F.A., Niemeld, J., Rebane, M., Wascher, D., Watt, A., Young, J., 2008.
Identifying and managing the conflicts between agriculture and biodiversity
conservation in Europe-A review. Agr Ecosyst Environ 124 (1), 60-71. https://doi.
org/10.1016/j.agee.2007.09.005.

12

Biological Conservation 292 (2024) 110518

Hodgson, J.G., Grime, J.P., Wilson, P.J., Thompson, K., Band, S.R., 2005. The impacts of
agricultural change (1963-2003) on the grassland flora of Central England:
processes and prospects. Basic and Applied Ecology 6 (2), 107-118. https://doi.org/
10.1016/j.baae.2005.01.009.

Holderegger, R., Wagner, H.H., 2008. Landscape genetics. BioScience 58 (3), 199-207.
https://doi.org/10.1641/B580306.

Holderegger, R., Buehler, D., Gugerli, F., Manel, S., 2010. Landscape genetics of plants.
Trends Plant Sci. 15 (12), 675-683. https://doi.org/10.1016/j.tplants.2010.09.002.

Holderegger, R., Schmidt, B.R., Griinig, C., Meier, R., Csencsics, D., Gassner, M.,
Rellstab, C., Stapfer, A., 2020. Ready-to-use workflows for the implementation of
genetic tools in conservation management. Conserv. Genet. Resour. 12 (4), 691-700.
https://doi.org/10.1007/512686-020-01165-5.

Hooftman, D.A.P., Bullock, J.M., 2012. Mapping to inform conservation: a case study of
changes in semi-natural habitats and their connectivity over 70 years. Biol. Conserv.
145 (1), 30-38. https://doi.org/10.1016/j.biocon.2011.09.015.

Iravani, M., Schiitz, M., Edwards, P.J., Risch, A.C., Scheidegger, C., Wagner, H.H., 2011.
Seed dispersal in red deer (Cervus elaphus L.) dung and its potential importance for
vegetation dynamics in subalpine grasslands. Basic and Applied Ecology 12 (6),
505-515. https://doi.org/10.1016/j.baae.2011.07.004.

Jacquemyn, H., Honnay, O., Van Looy, K., Breyne, P., 2006. Spatiotemporal structure of
genetic variation of a spreading plant metapopulation on dynamic riverbanks along
the Meuse River. Heredity 96(6), Article 6. https://doi.org/10.1038/sj.
hdy.6800825.

Jenkins, D.G., Carey, M., Czerniewska, J., Fletcher, J., Hether, T., Jones, A., Knight, S.,
Knox, J., Long, T., Mannino, M., McGuire, M., Riffle, A., Segelsky, S., Shappell, L.,
Sterner, A., Strickler, T., Tursi, R., 2010. A meta-analysis of isolation by distance:
relic or reference standard for landscape genetics? Ecography 33 (2), 315-320.
https://doi.org/10.1111/j.1600-0587.2010.06285.x.

Jombart, T., 2008. adegenet: a R package for the multivariate analysis of genetic markers.
Bioinformatics 24 (11), 1403-1405. https://doi.org/10.1093/bioinformatics/
btn129.

Jombart, T., Devillard, S., Balloux, F., 2010. Discriminant analysis of principal
components: a new method for the analysis of genetically structured populations.
BMC Genet. 11, 94. https://doi.org/10.1186/1471-2156-11-94.

Keller, D., Holderegger, R., van Strien, M.J., Bolliger, J., 2015. How to make landscape
genetics beneficial for conservation management? Conserv. Genet. 16 (3), 503-512.
https://doi.org/10.1007/510592-014-0684-y.

Kiviniemi, K., Eriksson, O., 1999. Dispersal, recruitment and site occupancy of grassland
plants in fragmented habitats. Oikos 86 (2), 241-253. https://doi.org/10.2307/
3546442.

Krug, C., Obura, D., Gonzales, A., Shannon, L., Londono-Murcia, M., Radulovici, A.,
Millette, K., Rankovic, A., Archer, E., Armah, F., Bax, N., Chaudhari, K., Kutchhi, S.,
Kutchhi, A., Costello, M., Davalos, L., Roque, F., Declerck, F., Dee, L., Xu, J., 2022.
Expert Input to the POST-2020 Global Biodiversity Framework: Transformative
Actions on all Drivers of Biodiversity Loss Are Urgently Required to Achieve the
Global Goals by 2050.

Laasimer, L., 1965. Eesti NSV taimkate. Valgus.

Landguth, E.L., Cushman, S.A., Schwartz, M.K., McKELVEY, K.S., Murphy, M.,

Luikart, G., 2010. Quantifying the lag time to detect barriers in landscape genetics.
Mol. Ecol. 19 (19), 4179-4191. https://doi.org/10.1111/j.1365-294X.2010.04808.
X.

Lehmair, T.A., Pagel, E., Poschlod, P., Reisch, C., 2020. Surrounding landscape
structures, rather than habitat age, drive genetic variation of typical calcareous
grassland plant species. Landsc. Ecol. https://doi.org/10.1007/s10980-020-01120-
7.

Leimu, R., Vergeer, P., Angeloni, F., Ouborg, N.J., 2010. Habitat fragmentation, climate
change, and inbreeding in plants. Ann. N. Y. Acad. Sci. 1195 (1), 84-98. https://doi.
org/10.1111/j.1749-6632.2010.05450.x.

Lepais, O., Darvill, B., O’connor, S., Osborne, J.L., Sanderson, R.A., Cussans, J., Goffe, L.,
Goulson, D., 2010. Estimation of bumblebee queen dispersal distances using sibship
reconstruction method. Mol. Ecol. 19 (4), 819-831. https://doi.org/10.1111/j.1365-
294X.2009.04500.x.

Li, H., 2013. Aligning sequence reads, clone sequences and assembly contigs with BWA-
MEM. arXiv:1303.3997 [q-Bio]. http://arxiv.org/abs/1303.3997.

Lieskovsky, J., Biirgi, M., 2018. Persistence in cultural landscapes: a pan-European
analysis. Reg. Environ. Chang. 18 (1), 175-187. https://doi.org/10.1007/s10113-
017-1192-7.

Lischer, H.E.L., Excoffier, L., 2012. PGDSpider: an automated data conversion tool for
connecting population genetics and genomics programs. Bioinformatics 28 (2),
298-299. https://doi.org/10.1093/bioinformatics/btr642.

Lobato-de Magalhaes, T., Rico, Y., Cabrera-Toledo, D., Martinez, M., 2020. Plant
functional connectivity of Nymphoides fallax in geographically isolated temporary
wetlands in Mexican highlands. Aquat. Bot. 164, 103215 https://doi.org/10.1016/j.
aquabot.2020.103215.

Manel, S., Schwartz, M.K., Luikart, G., Taberlet, P., 2003. Landscape genetics: combining
landscape ecology and population genetics. Trends Ecol. Evol. 18 (4), 189-197.
https://doi.org/10.1016/50169-5347(03)00008-9.

Manel, S., Gaggiotti, O.E., Waples, R.S., 2005. Assignment methods: matching biological
questions with appropriate techniques. Trends Ecol. Evol. 20 (3), 136-142. https://
doi.org/10.1016/j.tree.2004.12.004.

Meyer, R., 2016. Deviance information criterion (DIC). In: Wiley StatsRef: Statistics
Reference Online. John Wiley & Sons, Ltd., pp. 1-6. https://doi.org/10.1002/
9781118445112.stat07878

Moreno-Mateos, D., Alberdi, A., Morrién, E., van der Putten, W.H., Rodriguez-Una, A.,
Montoya, D., 2020. The long-term restoration of ecosystem complexity. Nature
Ecology & Evolution 4 (5), Article 5. https://doi.org/10.1038/541559-020-1154-1.


https://doi.org/10.1198/108571102320
https://doi.org/10.1111/j.1654-1103.2009.05647.x
https://doi.org/10.3170/2008-7-18480
https://doi.org/10.1007/s13280-014-0585-9
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1016/B978-0-12-409548-9.12433-9
https://doi.org/10.1016/B978-0-12-409548-9.12433-9
https://doi.org/10.1093/botlinnean/box097
https://doi.org/10.1016/j.biocon.2017.05.026
https://doi.org/10.1111/1365-2745.12992
https://doi.org/10.1034/j.1600-0706.2002.980212.x
https://doi.org/10.1111/mec.15753
https://doi.org/10.1111/mec.15753
https://doi.org/10.1111/mec.13454
https://doi.org/10.1111/j.1654-1103.2002.tb02102.x
https://doi.org/10.1016/j.tree.2015.05.002
https://doi.org/10.5281/zenodo.3237429
https://doi.org/10.5281/zenodo.3237429
https://doi.org/10.1111/gcb.12714
http://arxiv.org/abs/1207.3907
https://doi.org/10.1007/s00442-007-0752-9
https://doi.org/10.1007/s00442-007-0752-9
https://doi.org/10.1016/j.landurbplan.2022.104648
https://doi.org/10.1016/j.landurbplan.2022.104648
https://doi.org/10.1007/s10531-013-0537-x
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.18637/jss.v033.i02
https://doi.org/10.18637/jss.v033.i02
https://doi.org/10.1093/jhered/est058
https://doi.org/10.1093/jhered/est058
https://doi.org/10.1111/j.1461-0248.2005.00841.x
https://doi.org/10.1111/j.1461-0248.2005.00841.x
https://doi.org/10.1016/j.agee.2007.09.005
https://doi.org/10.1016/j.agee.2007.09.005
https://doi.org/10.1016/j.baae.2005.01.009
https://doi.org/10.1016/j.baae.2005.01.009
https://doi.org/10.1641/B580306
https://doi.org/10.1016/j.tplants.2010.09.002
https://doi.org/10.1007/s12686-020-01165-5
https://doi.org/10.1016/j.biocon.2011.09.015
https://doi.org/10.1016/j.baae.2011.07.004
https://doi.org/10.1038/sj.hdy.6800825
https://doi.org/10.1038/sj.hdy.6800825
https://doi.org/10.1111/j.1600-0587.2010.06285.x
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1007/s10592-014-0684-y
https://doi.org/10.2307/3546442
https://doi.org/10.2307/3546442
http://refhub.elsevier.com/S0006-3207(24)00079-X/rf0305
http://refhub.elsevier.com/S0006-3207(24)00079-X/rf0305
http://refhub.elsevier.com/S0006-3207(24)00079-X/rf0305
http://refhub.elsevier.com/S0006-3207(24)00079-X/rf0305
http://refhub.elsevier.com/S0006-3207(24)00079-X/rf0305
http://refhub.elsevier.com/S0006-3207(24)00079-X/rf0305
http://refhub.elsevier.com/S0006-3207(24)00079-X/rf0310
https://doi.org/10.1111/j.1365-294X.2010.04808.x
https://doi.org/10.1111/j.1365-294X.2010.04808.x
https://doi.org/10.1007/s10980-020-01120-7
https://doi.org/10.1007/s10980-020-01120-7
https://doi.org/10.1111/j.1749-6632.2010.05450.x
https://doi.org/10.1111/j.1749-6632.2010.05450.x
https://doi.org/10.1111/j.1365-294X.2009.04500.x
https://doi.org/10.1111/j.1365-294X.2009.04500.x
http://arxiv.org/abs/1303.3997
https://doi.org/10.1007/s10113-017-1192-7
https://doi.org/10.1007/s10113-017-1192-7
https://doi.org/10.1093/bioinformatics/btr642
https://doi.org/10.1016/j.aquabot.2020.103215
https://doi.org/10.1016/j.aquabot.2020.103215
https://doi.org/10.1016/S0169-5347(03)00008-9
https://doi.org/10.1016/j.tree.2004.12.004
https://doi.org/10.1016/j.tree.2004.12.004
https://doi.org/10.1002/9781118445112.stat07878
https://doi.org/10.1002/9781118445112.stat07878
https://doi.org/10.1038/s41559-020-1154-1

L Reinula et al.

Munos-Pajares, A.J., Garcia, C., Abdelaziz, M., Bosch, J., Perfectti, F., Gomez, J.M., 2017.
Drivers of genetic differentiation in a generalist insect-pollinated herb across spatial
scales. Mol. Ecol. 26 (6), 1576-1585. https://doi.org/10.1111/mec.13971.

Miinzbergova, Z., Cousins, S.a.0., Herben, T., Plackova, L., Mildén, M., Ehrlén, J., 2013.
Historical habitat connectivity affects current genetic structure in a grassland
species. Plant Biol. 15 (1), 195-202. https://doi.org/10.1111/j.1438-
8677.2012.00601.x.

Nowak, M.D., Russo, G., Schlapbach, R., Huu, C.N., Lenhard, M., Conti, E., 2015. The
draft genome of Primula veris yields insights into the molecular basis of heterostyly.
Genome Biol. 16, 12. https://doi.org/10.1186/513059-014-0567-z.

Partel, M., Kalamees, R., Zobel, M., Rosén, E., 1999. Alvar grasslands in Estonia:
variation in species composition and community structure. J. Veg. Sci. 10 (4),
561-570. https://doi.org/10.2307/3237190.

Peakall, R., Smouse, P.E., 2005. genalex 6: Genetic analysis in Excel. Population genetic
software for teaching and research. Mol. Ecol. Notes 6 (1), 288-295. https://doi.org/
10.1111/j.1471-8286.2005.01155.x.

Peakall, R., Smouse, P.E., 2012. GenAlEx 6.5: Genetic analysis in Excel. Population
genetic software for teaching and research—an update. Bioinformatics 28 (19),
2537-2539. https://doi.org/10.1093/bioinformatics/bts460.

Peterman, W.E., 2018. ResistanceGA: an R package for the optimization of resistance
surfaces using genetic algorithms. Methods in Ecology and Evolution 9 (6),
1638-1647. https://doi.org/10.1111/2041-210X.12984.

Peterson, B.K., Weber, J.N., Kay, E.H., Fisher, H.S., Hoekstra, H.E., 2012. Double digest
RADseq: an inexpensive method for de novo SNP discovery and genotyping in model
and non-model species. PloS One 7 (5), e37135. https://doi.org/10.1371/journal.
pone.0037135.

Plieninger, T., Draux, H., Fagerholm, N., Bieling, C., Biirgi, M., Kizos, T., Kuemmerle, T.,
Primdahl, J., Verburg, P.H., 2016. The driving forces of landscape change in Europe:
a systematic review of the evidence. Land Use Policy 57, 204-214. https://doi.org/
10.1016/j.landusepol.2016.04.040.

Plue, J., Aavik, T., Cousins, S.A.O., 2019. Grazing networks promote plant functional
connectivity among isolated grassland communities. Diversity and Distributions 25
(1), 102-115. https://doi.org/10.1111/ddi.12842.

Puritz, J.B., Hollenbeck, C.M., Gold, J.R., 2014. dDocent: A RADseq, variant-calling
pipeline designed for population genomics of non-model organisms. PeerJ 2, e431.
https://doi.org/10.7717 /peerj.431.

QGIS.org, 2023. QGIS Geographic Information System. QGIS Association. http://www.
qgis.org.

R Core Team, 2022. R: a language and environment for statistical computing. In:

R Foundation for Statistical Computing, Vienna, Austria. URL. https://www.R-pro
ject.org/.

Reinula, L., Trager, S., Herndndez-Agramonte, .M., Helm, A., Aavik, T., 2021. Landscape
genetic analysis suggests stronger effects of past than current landscape structure on
genetic patterns of Primula veris. Divers. Distrib. 27 (9), 1648-1662. https://doi.org/
10.1111/ddi.13357.

Reisch, C., Schmidkonz, S., Meier, K., Schopplein, Q., Meyer, C., Hums, C., Putz, C.,
Schmid, C., 2017. Genetic diversity of calcareous grassland plant species depends on
historical landscape configuration. BMC Ecol. 17 (1), 19. https://doi.org/10.1186/
512898-017-0129-9.

Rico, Y., Holderegger, R., Boehmer, H.J., Wagner, H.H., 2014. Directed dispersal by
rotational shepherding supports landscape genetic connectivity in a calcareous
grassland plant. Mol. Ecol. 23 (4), 832-842. https://doi.org/10.1111/mec.12639.

Rong, J., Xu, S., Meirmans, P.G., Vrieling, K., 2013. Dissimilarity of contemporary and
historical gene flow in a wild carrot (Daucus carota) metapopulation under
contrasting levels of human disturbance: implications for risk assessment and
management of transgene introgression. Ann. Bot. 112 (7), 1361-1370. https://doi.
org/10.1093/aob/mct208.

Rousset, F., 2008. genepop’007: a complete re-implementation of the genepop software
for Windows and Linux. Mol. Ecol. Resour. 8 (1), 103-106. https://doi.org/10.1111/
j.1471-8286.2007.01931.x.

13

Biological Conservation 292 (2024) 110518

Schmidt, T., Arens, P., Smulders, M.J.M., Billeter, R., Liira, J., Augenstein, 1., Durka, W.,
2009. Effects of landscape structure on genetic diversity of Geum urbanum L.
populations in agricultural landscapes. Flora - Morphology, Distribution, Functional
Ecology of Plants 204 (7), 549-559. https://doi.org/10.1016/j.flora.2008.07.005.

Scrucca, L., 2013. GA: a package for genetic algorithms in R. J. Stat. Softw. 53, 1-37.
https://doi.org/10.18637 /jss.v053.i04.

Sexton, J.P., Hangartner, S.B., Hoffmann, A.A., 2014. Genetic isolation by environment
or distance: which pattern of gene flow is most common? Evolution 68 (1), 1-15.
https://doi.org/10.1111/evo.12258.

Shirk, A.J., Landguth, E.L., Cushman, S.A., 2017. A comparison of individual-based
genetic distance metrics for landscape genetics. Mol. Ecol. Resour. 17 (6),
1308-1317. https://doi.org/10.1111/1755-0998.12684.

van Strien, M.J., Keller, D., Holderegger, R., 2012. A new analytical approach to
landscape genetic modelling: least-cost transect analysis and linear mixed models.
Mol. Ecol. 21 (16), 4010-4023. https://doi.org/10.1111/j.1365-294X.2012.05687.
X.

van Strien, M.J., Keller, D., Holderegger, R., Ghazoul, J., Kienast, F., Bolliger, J., 2014.
Landscape genetics as a tool for conservation planning: predicting the effects of
landscape change on gene flow. Ecol. Appl. 24 (2), 327-339. https://doi.org/
10.1890/13-0442.1.

Thompson, K., Bakker, J.P., Bekker, R.M., 1997. The Soil Seed Banks of North West
Europe: Methodology. Cambridge University Press, Density and Longevity.

Trager, S., Rellstab, C., Reinula, 1., Zemp, N., Helm, A., Holderegger, R., Aavik, T., 2021.
The effect of recent habitat change on genetic diversity at putatively adaptive and
neutral loci in Primula veris in semi-natural grasslands (p. 2021.05.12.442254).
bioRxiv. https://doi.org/10.1101/2021.05.12.442254.

Twyford, A.D., Wong, E.L.Y., Friedman, J., 2020. Multi-level patterns of genetic structure
and isolation by distance in the widespread plant Mimulus guttatus. Heredity 125 (4),
Article 4. https://doi.org/10.1038/s41437-020-0335-7.

United Nations General Assembly, 2019. Resolution adopted by the General Assembly on
1 March 2019, 73/284. In: United Nations Decade on Ecosystem Restoration
(2021-2030), A/RES/73/284. https://undocs.org/A/RES/73/284.

Viljur, M.-L., Teder, T., 2016. Butterflies take advantage of contemporary forestry: clear-
cuts as temporary grasslands. For. Ecol. Manage. 376, 118-125. https://doi.org/
10.1016/j.foreco.2016.06.002.

Walther-Hellwig, K., Frankl, R., 2000. Foraging habitats and foraging distances of
bumblebees, Bombus spp. (Hym., Apidae), in an agricultural landscape. J. Appl.
Entomol. 124 (7-8), 299-306. https://doi.org/10.1046/j.1439-0418.2000.00484.x.

Wang, L.J., Bradburd, G.S., 2014. Isolation by environment. Mol. Ecol. 23 (23),
5649-5662. https://doi.org/10.1111/mec.12938.

Westphal, C., Steffan-Dewenter, 1., Tscharntke, T., 2006. Foraging trip duration of
bumblebees in relation to landscape-wide resource availability. Ecological
Entomology 31 (4), 389-394. https://doi.org/10.1111/j.1365-2311.2006.00801.x.

Wilson, J.B., Peet, R.K., Dengler, J., Partel, M., 2012. Plant species richness: the world
records. J. Veg. Sci. 23 (4), 796-802. https://doi.org/10.1111/j.1654-
1103.2012.01400.x.

Wilson, M.C., Chen, X.-Y., Corlett, R.T., Didham, R.K., Ding, P., Holt, R.D., Holyoak, M.,
Hu, G., Hughes, A.C., Jiang, L., Laurance, W.F., Liu, J., Pimm, S.L., Robinson, S.K.,
Russo, S.E., Si, X., Wilcove, D.S., Wu, J., Yu, M., 2016. Habitat fragmentation and
biodiversity conservation: key findings and future challenges. Landsc. Ecol. 31 (2),
219-227. https://doi.org/10.1007/s10980-015-0312-3.

Wright, S., 1943. Isolation by distance. Genetics 28 (2), 114-138. https://doi.org/
10.1093/genetics/28.2.114.

Young, A., Boyle, T., Brown, T., 1996. The population genetic consequences of habitat
fragmentation for plants. Trends Ecol. Evol. 11 (10), 413-418. https://doi.org/
10.1016/0169-5347(96)10045-8.

Zurbuchen, A., Bachofen, C., Miiller, A., Hein, S., Dorn, S., 2010. Are landscape
structures insurmountable barriers for foraging bees? A mark-recapture study with
two solitary pollen specialist species. Apidologie 41 (4), 497-508. https://doi.org/
10.1051/apido/2009084.


https://doi.org/10.1111/mec.13971
https://doi.org/10.1111/j.1438-8677.2012.00601.x
https://doi.org/10.1111/j.1438-8677.2012.00601.x
https://doi.org/10.1186/s13059-014-0567-z
https://doi.org/10.2307/3237190
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1111/2041-210X.12984
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1016/j.landusepol.2016.04.040
https://doi.org/10.1016/j.landusepol.2016.04.040
https://doi.org/10.1111/ddi.12842
https://doi.org/10.7717/peerj.431
http://www.qgis.org
http://www.qgis.org
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/ddi.13357
https://doi.org/10.1111/ddi.13357
https://doi.org/10.1186/s12898-017-0129-9
https://doi.org/10.1186/s12898-017-0129-9
https://doi.org/10.1111/mec.12639
https://doi.org/10.1093/aob/mct208
https://doi.org/10.1093/aob/mct208
https://doi.org/10.1111/j.1471-8286.2007.01931.x
https://doi.org/10.1111/j.1471-8286.2007.01931.x
https://doi.org/10.1016/j.flora.2008.07.005
https://doi.org/10.18637/jss.v053.i04
https://doi.org/10.1111/evo.12258
https://doi.org/10.1111/1755-0998.12684
https://doi.org/10.1111/j.1365-294X.2012.05687.x
https://doi.org/10.1111/j.1365-294X.2012.05687.x
https://doi.org/10.1890/13-0442.1
https://doi.org/10.1890/13-0442.1
http://refhub.elsevier.com/S0006-3207(24)00079-X/rf0495
http://refhub.elsevier.com/S0006-3207(24)00079-X/rf0495
https://doi.org/10.1101/2021.05.12.442254
https://doi.org/10.1038/s41437-020-0335-7
https://undocs.org/A/RES/73/284
https://doi.org/10.1016/j.foreco.2016.06.002
https://doi.org/10.1016/j.foreco.2016.06.002
https://doi.org/10.1046/j.1439-0418.2000.00484.x
https://doi.org/10.1111/mec.12938
https://doi.org/10.1111/j.1365-2311.2006.00801.x
https://doi.org/10.1111/j.1654-1103.2012.01400.x
https://doi.org/10.1111/j.1654-1103.2012.01400.x
https://doi.org/10.1007/s10980-015-0312-3
https://doi.org/10.1093/genetics/28.2.114
https://doi.org/10.1093/genetics/28.2.114
https://doi.org/10.1016/0169-5347(96)10045-8
https://doi.org/10.1016/0169-5347(96)10045-8
https://doi.org/10.1051/apido/2009084
https://doi.org/10.1051/apido/2009084

	Beware of the impact of land use legacy on genetic connectivity: A case study of the long-lived perennial Primula veris
	1 Introduction
	2 Methods
	2.1 Study species
	2.2 Study landscapes
	2.3 Genetic analyses
	2.4 Landscape data
	2.5 Data analysis

	3 Results
	4 Discussion
	4.1 The permeability of landscape elements depends on the landscape context
	4.2 Different gene flow indices
	4.3 Patterns of genetic diversity in landscapes with contrasting land use change
	4.4 Conservation implications

	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


