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Ecography Species may benefit from green infrastructure, i.e. the network of natural and anthro-
2022: 06290 pogenic habitat remnants in human-dominated landscapes, if it helps isolated popu-
doi: 10.1111/ecoe.06290 lations in remaining habitat patches to be functionally connected. The importance

e & of green infrastructure is therefore increasingly emphasized in conservation policy to

Subject Editor: Simon Creer counter biodiversity loss. However, there is limited evidence, particularly in plants,
Editor-in-Chief: Miguel Aratjo that green infrastructure promotes functional connectivity, i.e. supports the coloni-
Accepted 25 April 2022 zation of habitat patches across a landscape. We applied landscape genetics to test

whether the green infrastructure supports structural and functional connectivity in
the grassland perennial Galium verum, in 35 landscapes in Belgium, Germany and
Sweden. We used multivariate genetic clustering techniques, nestedness analyses and
conditional inference trees to examine landscape-scale patterns in genetic diversity and
structure of plant populations in the green infrastructure surrounding semi-natural
grasslands. Inferred functional connectivity explained genetic variation better than
structural connectivity, yielding positive effects on genetic variation. The road verge
network, a major structural component of the green infrastructure and its functional
connectivity, most effectively explained genetic diversity and composition in G. verum.
Galium verum ramets occupying the surrounding landscape proved to be genetic sub-
sets of focal grassland populations, shaping a nested landscape population genetic
structure with focal grasslands, particularly ancient ones, harbouring unique genetic
diversity. This nested pattern weakened as road network density increased, suggesting
road verge networks enable high landscape occupancy by increased habitat availability
and facilitates gene flow into the surrounding landscape. Our study proposes that
green infrastructure can promote functional connectivity, providing that a plant spe-
cies can survive outside of core habitat patches. As this often excludes habitat specialist
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species, conservation practice and policy should primarily focus on ancient, managed semi-natural grasslands. These grasslands
both harbour unique genetic diversity and act as primary gene and propagule sources for the surrounding landscape, highlight-

ing their conservation value.

Keywords: biodiversity conservation, functional connectivity, genetic diversity, green infrastructure, landscape ecology, semi-

natural grassland

Introduction

The long-term survival of a plant species is dependent upon its
ability to either adapt to environmental change or to migrate
into suitable habitat (Berg et al. 2010). The latter is key to
both sustaining viable meta-populations in patchy landscapes
(Hanski et al. 1995, Gilbert-Norton et al. 2010) and track-
ing suitable climate (Cain et al. 1998, Lenoir et al. 2020).
Many plant species migrate slowly at landscape, regional and
continental scales (Ozinga et al. 2009, Lenoir et al. 2020),
often further constrained by their degree of habitat spe-
cialisation (Verheyen et al. 2003). The consequences of this
innate limitation have been exacerbated by the continuing
loss, fragmentation and degradation of natural habitat. Many
species now exist in increasingly isolated remaining habitat
patches (Haddad et al. 2015) and as a result are at greater risk
of local and regional extinction (Hodgson et al. 2011). The
inability of numerous species, often those of conservation
concern, to move through such low-connectivity landscapes,
is considered a main cause of past, ongoing and future loss
of biodiversity in response to global environmental changes
(Haddad et al. 2015, Oliver et al. 2017).

Heavily altered, human-dominated landscapes are often
veined by networks of remnant and anthropogenic, linear and
patchy habitats, such as road verges (Auffret and Lindgren
2020), hedgerows (Vanneste et al. 2020), ditches (Meier et al.
2017), forest edges (Lindgren et al. 2018), power line corri-
dors (Gardiner et al. 2018), small forests (Valdés et al. 2020)
or midfield islets (Cousins and Eriksson 2002). These habi-
tats can provide physical connections and stepping-stones
between isolated habitat patches. Together, these networks
are often referred to as green infrastructure, which might sig-
nificantly extend the amount of available habitat in a land-
scape (Gardiner et al. 2018). The green infrastructure should
also, at least in theory, increase the permeability of the hos-
tile landscape matrix and enhance seed dispersal between
remaining habitat patches (Gilbert-Norton et al. 2010,
Hodgson etal. 2011, Auffret et al. 2017b, Thiele et al. 2018),
helping to maintain functioning meta-populations by both
lowering local extinction risk and enhancing colonisation suc-
cess (Sullivan et al. 2011, Damschen et al. 2019). Therefore,
policy makers increasingly recognise the importance of green
infrastructure, placing it at the heart of biodiversity conserva-
tion management and policy (European Commission 2020).

The presence of green infrastructure can provide impor-
tant structural landscape connectivity, but numerous
environmental factors such as landscape management or
matrix quality determine the efficacy of green infrastruc-
ture, particularly in plants (Baum et al. 2004, Aavik and
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Liira 2010, Jakobsson et al. 2018, Thiele et al. 2018, Auffret
and Lindgren 2020). Hence, plant functional connectivity,
i.e. effective dispersal and resulting colonisation and estab-
lishment of habitat patches across a landscape (Plue et al.
2019), is only partially driven by the physical amount and
configuration of remaining habitat patches and the green
infrastructure. Plant functional connectivity also depends
upon how plant species and their pollen- and seed-vectors
interact with the biotic and abiotic characteristics of both
the green infrastructure connecting remaining habitat
patches as well as the wider environment of the landscape
(Auffret et al. 2017b). Functional connectivity is affected by
1) life-history traits influencing dispersal and recruitment
success along the green infrastructure (Verheyen and Hermy
2001), 2) population dynamics affecting propagule pres-
sure (Hufbauer et al. 2013), 3) the degree of habitat spe-
cialisation which imposes demands on habitat quality and
management of recipient patches (Thomas et al. 2001) and
4) pollinator abundance and their use of the green infra-
structure (Cranmer et al. 2012, Senapathi et al. 2017). Ye,
these factors are in turn affected by landscape characteris-
tics, its green infrastructure and remaining habitat patches
(Baum et al. 2004, Gonthier et al. 2014, Zulka et al. 2014).
These ecological interactions demonstrate the complexity
involved in empirically evaluating how effectively the struc-
tural connectivity offered by the green infrastructure can
promote plant functional connectivity in facilitating gene
flow and seed dispersal between otherwise isolated habitat
patches (Auffret et al. 2017b).

Landscape genetics may provide clarity, as this discipline
combines spatial, environmental and population genetic data
to understand how landscape variables such as connectivity
may shape genetic diversity and meta-population structure
(Manel et al. 2003, Storfer et al. 2007). However, landscape
genetic studies attempting to infer functional connectivity
or contrast it with structural connectivity are often limited
to analysing discrete populations in discrete habitat patches
(Murphy et al. 2010, Aavik et al. 2014, Favre-Bac et al.
2016). Landscape genetics is not limited to considering
clearly defined, discrete populations (Manel et al. 2003). This
is relevant because individuals or small populations which
are scattered across small, remnant habitats in the landscape
are potentially pivotal in sustaining gene-flow and mediating
population genetic structure between established populations
in core habitats. Nevertheless, the contribution of those indi-
viduals and populations occupying the green infrastructure
to local and landscape-scale genetic diversity and popula-
tion structure has received little attention so far (but see Van
Rossum et al. 2004).
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Here, we apply landscape genetics to assess if and how
landscape-scale green infrastructure and its characteristics may
mediate functional connectivity. We focus on European semi-
natural grasslands, which are high-priority habitats because of
their exceptional species diversity (Ockinger and Smith 2007,
Wilson et al. 2012) and the ecosystem services they provide
(Billeter etal. 2008, Bengtsson et al. 2019), alongside their dra-
matic historical habitat loss and fragmentation (Cousins et al.
2015, Ridding et al. 2020) and the continued threat of land-
use change (Watson et al. 2016). We assessed landscape-scale
patterns of population genetic variation in the grassland plant
species Galium verum (Family Rubiaceae), in the green infra-
structure surrounding ancient and restored semi-natural grass-
lands across 35 fragmented grassland landscapes in Belgium,
Germany and Sweden. Our focal species prefers semi-natural
grassland habitat, but its life-history enables it to occupy the
green infrastructure, helping us to investigate how population
genetic structure and genetic diversity are influenced by green
infrastructure. Specifically, we aim to assess how the green
infrastructure and the degree to which a species occupies the
green infrastructure explain landscape-scale patterns in popu-
lation genetic structure and diversity. Finally, we hope to elu-
cidate to what extent populations and individuals occupying
the green infrastructure contribute towards total landscape-
scale genetic diversity.

Material and methods
Study species

Galium verum L., lady’s bedstraw, is an evergreen, peren-
nial herb. This hemicryptophyte grows to be 15-100 cm in
height and hypogeogenous rhizomes enable clonal growth.
Although wind-pollination occurs (Hickey and King 1988),
pollination occurs mainly through insects such as hoverflies,
and small bee and fly species. The species is also self-compat-
ible (Fitter and Peat 1994), and it regenerates by means of
seeds and clonal growth. G. verum produces large numbers
(up to 45 115 seeds per m? of G. verum; Grime et al. 1988)
of small seeds (1.5 X 1.4 mm) which weigh between 35.9 and
64.9 pg. Seeds are dispersed by animal vectors, both through
epi- and endozoochory (Fischer et al. 1996, Cosyns et al.
2005, Auffret and Plue 2014). Seeds are short-term persistent
(Seed Longevity Index of 0.048), building a soil seed bank
with seed densities between 40 and 2350 seeds per m?. The
species has a wide ecological amplitude in terms of soil con-
ditions (pH 4-8) and uses a range of open habitats (dunes,
rocky outcrops, wasteland, grasslands). Galium verum has a
Eurasian distribution, with tetraploid cytotypes dominating
the northern parts of its European distribution, including
Belgium, Germany and Sweden (Kliphuis 1984).

Study area

We sampled G. verum in 12 fragmented grassland land-
scapes in each of three regions in Europe: Viroin (Belgium),

Franconian Jura (Germany) and Sédermanland (Sweden).
Each region has seen a strong parallel decline in semi-natural
grasslands due to habitat conversion over the past 150 years,
resulting in significant reductions in structural and functional
connectivity in all sampled landscapes (Kimberley et al.
2021). Remaining grasslands are embedded within a land-
scape matrix dominated by either arable fields, forests or
both. The 12 landscapes per region were each centred around
a large semi-natural grassland (hereafter focal grassland). Six
of these were restored, mostly from sites where grassland
management was abandoned, and the other six focal grass-
lands were ancient, i.e. had a long history of continuous
grassland management. Their management generally entailed
rotational grazing or shepherding via mobile herds of domes-
tic livestock. The surrounding landscapes, which defined the
unit of replication for genetic sampling, displayed gradients
of habitat availability across each region, i.e. the sum of all
landscape elements which may provide suitable habitat for
semi-natural grassland plants (mean of 28.90 ha, range 6.72—
62.26). A total of 35 landscapes were sampled as 11 out of 12
Belgian landscapes contained G. verum in the focal grassland.

Characteristics of the landscape and its green
infrastructure

First, we digitized land use cover in a circular landscape
(r=1600 m, a distance relevant for seed dispersal in most
plant species (Bullock et al. 2017), centre=centroid of the
focal grassland) surrounding each focal grassland, based
on recent colour aerial orthophotographs (Belgium: 2015;
Germany and Sweden: 2017). During digitisation, we iden-
tified various land cover classes as well as the landscape ele-
ments such as road verges, hedgerows, complex forest borders
and small grassland remnants which comprised the putative
green infrastructure. In line with our aim to identify whether
structural or inferred functional connectivity best explained
population genetic patterns, the digitized maps were used
to calculate 1) structural connectivity as a metric encompass-
ing the total habitat amount of both semi-natural grasslands
and the surrounding green infrastructure and their Euclidean
distances to the focal grassland whereas 2) inferred functional
connectivity was estimated through least-cost distance calcula-
tions. The latter was based on grassland habitat and landscape
resistance maps reflecting the different ability of habitats to
support grassland plant species and movement of their dis-
persal vectors (for details on how (1) and (2) were calculated,
see Supporting information). To understand which charac-
teristics of the landscape and its green infrastructure may be
more important for shaping genetic patterns, we also calcu-
lated 3) the amount of semi-natural grassland (ha, grassland
habitat), 4) the amount of road infrastructure (proxy for the
amount of road verge offering additional habitat in which G.
verum can thrive (Dunnett et al. 1998); m, road infrastruc-
ture) and 5) forest cover (sum of deciduous and coniferous
forest as proxy for the inverse of landscape openness; ha, for-
est cover). For further details on the digitisation process, see
Kimberley et al. (2021). For descriptive information and
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statistics on landscape characteristics and connectivity metrics,
see Supporting information.

Sampling

In each focal grassland, we collected leaf material from up
to 30 individual ramets of G. verum, evenly spread across
the focal grassland (mean area of 1.41 + 1.14 ha). A cat-
egorical estimate of G. verum population size was made: 1)
< 505 2) 50-100; 3) 100-250; 4) 250-500; 5) 500—-1000;
6) > 1000 ramets (defined as individual members of a clonal
plant species); hereafter referred to as focal population size).
To representatively sample the green infrastructure in the sur-
rounding landscape, we deployed a dual sampling strategy
(Fig. 1). First, we sampled 10 G. verum ramets in the road
verges of each of two roads attached to the focal grassland at
exponentially increasing distances away from the focal patch
(ramets located between 0 and 1901 m, measured along the
road). Second, we selected ten green infrastructure elements
which supported G. verum populations, located at increas-
ing distances away from the focal grassland (ramets located
between 44 and 1414 m). Two random G. verum ramets
were sampled per green infrastructure element. This sam-
pling design thus translated into a maximum of 40 individ-
ual ramets of G. verum sampled throughout the landscape
surrounding the focal grassland. The resulting maximum of
70 individual ramets sampled per landscape will hereafter be

+ Linear genetic sampling point
4 Stepping stone genetic sampling point
Linear green infrastructure element
I Grassland
I Focal grassland

(a)
-

referred to as the landscape population, while the total number
of sampled ramets is referred to as the landscape population
size. This sampling intensity is sufficient to return accurate
estimates of allele frequencies and genetic diversity when
using microsatellite markers (25-30 sampled individuals;
Pruett and Winker 2008, Hale et al. 2012). All sampled indi-
vidual ramets were at least 1m apart, and preferably more, to
avoid sampling clones. All leaf material was dried and stored
in silica gel.

Microsatellite analysis

Total DNA was extracted from 10 to 20 mg silica-dried leaf
tissue of 1926 individual samples following the NucleoSpin
Plant IT protocol (Macherey-Nagel, Germany). DNA samples
were subsequently processed and genotyped using nine poly-
morphic microsatellites: four newly developed SSRs for G.
verum (Supporting information), four SSRs specific for G. rif-
idum and one SSR specific for G. catalinense (Szczeciniska et al.
2012, McGlaughlin et al. 2009), both of which successfully
co-amplified in G. verum. Fourteen individuals (0.7%) were
excluded, as they had missing data at four loci or more.
Another 29 clonal individuals, spread evenly across popula-
tions and countries were equally removed, leaving 1883 indi-
vidual samples. For full methodological details, see Supporting
information. All individuals were assumed to be tetraploid
during genotyping, and this was tested by flow cytometry on

1000 2000 m

(b)

Figure 1. Landscape genetic sampling design in the green infrastructure (limited to visualize semi-natural grasslands (green) and road verges
for clarity) surrounding the focal semi-natural grassland (purple) in two landscapes in Sweden ((a) Jarna, 59.08N, 17.56E and (b) Lundby,
58.92N, 17.02E). A maximum of 70 Galium verum ramets were sampled per landscape for genetic analysis: 30 in the focal grassland, 20 at
exponentially increasing distances along, if available, two road verges physically attached to the focal grassland (10 per road; +) and another
20 at increasing distances in various green infrastructure elements physically unattached to the focal grassland (stepping stones such as road
verges, semi-natural grassland, forest edge, midfield islets; 2 per stepping stone; ).
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20 randomly chosen ramets per region, which confirmed tet-
raploidy in all 60 individuals (Supporting information).

Data preparation

Given the species is an autotetraploid (Solts et al. 2007),
population genetic structure and diversity were calculated
using SPAGeDI (ver. 1.5, Hardy and Vekemans 2002)
and the adegener and wvegan R-package (Jombart 2008,
Oksanen et al. 2017). For each landscape, we calculated the
following measures of genetic diversity for the focal grassland
and landscape population: allelic richness (A4), rarified allelic
richness (4, allelic richness compared at the size of the small-
est population) and gametic heterozygosity (H,, i.e. diploid
H, extended for polyploids; Moody et al. 1993). For descrip-
tive statistics on genetic diversity in focal grassland and land-
scape populations, see Supporting information.

Data analysis

Population genetic structure
To investigate how landscape characteristics, green infra-
structure and focal grasslands affected landscape-scale genetic
population structure, we took a two-step approach. First, we
quantified the genetic similarity between G. verum individu-
als from the focal population and G. verum individuals sam-
pled in the surrounding green infrastructure. We then applied
a multivariate discriminant analysis of principal components
on the individuals X allele presence/absence matrix per land-
scape (DAPC; Jombart et al. 2008), a suitable clustering
algorithm for polyploid datasets where assumptions on the
presence of a Hardy—Weinberg equilibrium may be violated
(Dufresne et al. 2014). DAPC identifies genetically similar
individuals by partitioning genetic variation into groups that
maximise between-group and minimise within-group dif-
ferentiation, enabling probabilistic membership assignment
to each group. A priori, we defined two potential genetic
clusters per landscape; the focal grassland population and
the group of G. verum ramets sampled in the surrounding
landscape elements which constitute the green infrastructure.
The membership assignment procedure within DAPC then
allowed us to test the extent to which of these hypothesised
groups can reliably be discriminated based on their genetic
similarity (for more technical background on the assignment
procedure, see Jombart et al. 2008). To avoid DAPC overfit-
ting the number of PCA axes included, the DAPC was opti-
mized via a 90% cross-validation and the DAPC was re-run
with the optimal PCA and linear discriminant (i.e. linear
combinations of alleles which best separate the clusters) solu-
tion. Per landscape, the summed Euclidean distance between
the centers of the two genetic clusters in the multivariate
DAPC space was used as a summary statistic (further referred
to as DAPC statistic), representing the compositional genetic
similarity between G. verum ramets in the focal populations
and those in the surrounding green infrastructure.
Nestedness, here defined as the deterministic loss of
alleles in response to an ecological gradient (Ulrich and

Almeida-Neto 2012), was subsequently quantified as a second
metric of landscape population genetic structure. Quantifying
nestedness per landscape allowed us to investigate whether G.
verum ramets in the surrounding green infrastructure were a
less genetically diverse and deterministic, compositional sub-
set of the focal populations. We first calculated the degree
of nestedness in each landscape, by re-ordering the original
ramets X alleles presence—absence matrix into a maximally
packed matrix per landscape, that is rows and columns are
ordered so that nestedness is maximised. This packed matrix
hence shows G. verum ramets with more alleles at the top
of the matrix and more frequently recurrent alleles at the
left side. Based on the maximally packed matrix, a nested-
ness temperature is calculated, using the NODF metric,
i.e. Nestedness based on Overlap and Decreasing Fill in the
packed matrix (Almeida-Neto et al. 2008). This NODF met-
ric incorporates information on both genetic diversity and
compositional turn-over between individual ramets and the
properties which affect the community of alleles in an indi-
vidual ramet, as such providing a landscape-scale estimate of
the extent to which genetically poor ramets exist as subsets
of genetically rich ramets rather than containing a smaller,
distinct set of alleles, based on individual-scale genetic varia-
tion. The unique synthetical properties of this metric storing
information on compositional directionality enable the likely
ecological processes driving the compositional nested struc-
ture of the population genetic data to be unravelled in a way
that is not possible without using the concept of nestedness.
Further modelling of this NODF metric across landscapes
thus indeed allows the ecological gradient underpinning
the degree of observed nestedness patterns to be identified.
Specifically, we directly assessed whether green infrastructure
populations are a nested subset of the focal grassland popu-
lation, or vice-versa, and hence we aimed to uncover tenta-
tive evidence on the direction of gene-flow between the focal
patch and the surrounding landscape. Moreover, relating the
NODF metric to variation in landscape composition can
even help understand which landscape characteristics may
mediate the extent of gene-flow outward from the focal grass-
lands into the green infrastructure, or vice-versa. For details
as to which predictor variables were used to address the ques-
tions, see the paragraph Genetic diversity below.

The DAPC (log-transformed) and NODF statistics were
then used as response variables in general linear models
(GLM) which aimed to investigate the effects of wider land-
scape, green infrastructure and focal grassland characteristics
on population genetic structure and degree of nestedness.
The tested predictor variables were: 1) Structural connectiv-
ity and 2) Inferred functional connectivity (least-cost distances,
Supporting information; square-root transformed for normal-
ity); and the components of these connectivity metrics, which
include 3) Grassland habitat (ha), 4) Road infrastructure (m)
and 5) Forest cover (ha); and 6) Restored (whether the focal
grassland was restored or ancient) and 7) Landscape presence
of G. verum (an independent, proportional metric ranging
between 0 and 1 quantifying how many segments of the sur-
rounding landscape were occupied; Hooftman et al. 2021).
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The modelling strategy aimed to identify which individual
components of connectivity capture most genetic variation,
and whether observed patterns are best reflected by simple
structural connectivity or inferred functional connectivity.
First, we constructed a baseline GLM with the non-collinear,
fixed effects of (6) Restored and (7) Landscape presence of G.
verum only, which captures variation not directly related to
explicit landscape characteristics. In the NODF model, the
difference between landscape-scale allelic richness and focal
grassland allelic richness (AA=4, dscape —Ap,..) wasalsoadded
to the baseline model. This predictor was included to estab-
lish the direction of nestedness (and tentatively gene-flow),
i.e. if the population of G. verum individuals in the landscape
was a nested compositional subset of the focal grassland pop-
ulation, or vice-versa. We used uncorrected allelic richness to
calculate A4 as the nestedness analysis incorporates absolute
differences in allelic richness between the surrounding land-
scape and the focal grassland (Almeida-Neto et al. 2008). To
test the importance of connectivity measures and their com-
ponents in affecting population genetic structure, our model-
ling approach involved adding a single predictor variable into
the baseline model on a one-by-one basis, to overcome mul-
ticollinearity between predictor variables (1-5) (Supporting
information). Likelihood ratio tests compared the baseline
model with the model which included one added predictor
variable to evaluate the significance of adding that individual
predictor to the model (Zuur et al. 2009). Each model (i.e.
the baseline model including one metric describing a single
aspect of the green infrastructure) was then reduced to the
most parsimonious model via stepwise backward model selec-
tion (function stepAIC, MASS R package). Dependent and
predictor variables in the final model were scaled (function
scale, base R functions) so that model estimates per predictor
can be read as standardized effect sizes (SES), rendering them
comparable between predictors.

Genetic diversity

Population size affects genetic diversity (Young et al. 1996),
yet population size itself may be influenced by landscape
context (Wiegand et al. 2005). We thus first tested how
both focal and landscape population size of G. verum were
affected by landscape characteristics. Next, we investigated
how characteristics of the landscape, its green infrastructure
and the focal grasslands affected genetic diversity of the focal
grassland population (4, and H, ) and the landscape
population (A, upe A0d Hy 1 4,0,0.)- For both population size
and genetic diversity measures, we used the GLM procedure
described above. Since we also aimed to identify the extent
of additional landscape-scale genetic diversity present in G.
verum ramets occupying the green infrastructure beyond that
present within the focal grassland populations, focal grass-
land genetic diversity was also added to the baseline model
for the models on landscape-scale genetic diversity. We used
rarefied allelic richness of the focal patch (4 ;.,) to compen-
sate for differences in numbers of sampled individuals among
focal grasslands (range 11-30). We did not test rarefied allelic

richness at the landscape-scale (Ay ;,,4,.p)> a5 rarefaction will
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likely obliterate patterns in genetic diversity which would be
attributable to variation in landscape-scale population sizes,
which is of interest to this study.

Hierarchical interactions between landscape characteristics in
driving genetic variation

Finally, we explored how the characteristics of the landscape,
its green infrastructure and the focal grasslands hierarchi-
cally interact to determine genetic diversity and composition
simultaneously. We again turned to the concept of nested-
ness to address possible hierarchical interactions. This time,
however, we analysed the characteristics of a single maximally
packed, 1883 ramets X 185 alleles presence—absence matrix,
which encompassed all individual ramets from all 35 land-
scapes (Almeida-Neto et al. 2008). This maximally packed
matrix is ordered such that individual ramets with more
alleles are in the top rows of the matrix, whereas alleles with
the highest incidence occupy the columns to the left. We ana-
lysed the rank-order of the ramets in this packed matrix (i.e.
the row number of a ramet in the packed matrix; the ramet
with most alleles has highest rank (1); and the ramet with
least alleles the lowest rank (1883)) in relation to the charac-
teristics of the landscape, its green infrastructure and the focal
grasslands. The rank-order of each individual ramet captures
both its genetic diversity and composition. Hence, under-
standing the ecological processes driving the position of indi-
vidual ramets within this matrix, elucidates factors controlling
the nested genetic structure of plant populations occupying
fragmented landscapes. Moreover, the follow-up analysis
described next, provides further insights into the hierarchi-
cal interactions among the driving mechanisms of population
genetic structure and diversity (Ulrich et al. 2009). Based on
the rank-order of the ramets, we constructed a conditional
inference tree via non-parametric recursive binary partition-
ing (Hothorn et al. 2006). Such trees combine tree-structure
based regression and conditional inference procedures, intro-
ducing formal statistical hypothesis testing via permutational
procedures to both variable selection and stopping during
binary partitioning (Hothorn et al. 2006). The output is a
tree diagram with branches determined by statistically signifi-
cant splitting rules and terminal nodes that contain the mean
group response. Hence, the tree classification model identi-
fies values for landscape and habitat characteristic predictors
which effectively group individual ramets according to their
similar contribution to unique genetic variation within the
landscape (i.e. their position in the nestedness matrix). From
this, we were able to determine the landscape context which
is associated with a higher degree of unique genetic variation.
Predictors included (1-7) listed above, and 8) Focal grassland
(binary variable: 0 the ramet was sampled in the surround-
ing landscape; 1 in the focal grassland) and 9) Semi-natural
grassland (binary variable: 0 the ramet was sampled in habitat
elements forming the green infrastructure; 1 in any managed
semi-natural grasslands in the landscape) as predictor vari-
ables to model the nested rank of a ramet as dependent vari-
able. Modelling parameters included 1) min. split size of 100,
i.e. min. 100 ramets have to be contained in a node to test
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for further splitting; 2) min. bucket size of 50, i.e. an end tree
branch contains min. 50 ramets to be allowed to be split off;
4) test-type was set to ‘quad’, setting the asymptotic y* distri-
bution as the conditional distribution for calculation of p; 5)
test-statistic was set to ‘Univariate’ and 6) level of significance
(or) was set to 0.05.

Results

Population genetic structure

Neither structural nor inferred functional connectivity, nor
any of its components, had an impact on landscape-scale
population genetic structure of G. verum, as quantified
via the DAPC metric. Only land-use history (restored ver-
sus ancient) of the focal grassland had a moderately strong
effect on this variable (standardized effect size (SES) =—0.29,
8.33% deviance explained), albeit marginally significant at
p=0.098. The genetic compositional similarity between G.
verum individuals in the focal grassland and individuals in
the surrounding green infrastructure may well tend to be
higher if the focal grassland had been restored.

However, distinct patterns in nestedness were uncovered
within G. verum’s landscape-scale population genetic struc-
ture. While neither structural nor inferred functional con-
nectivity affected the degree of nestedness in the landscape,
the abundance of G. verum in the landscape (SES=0.33,
p=0.04) as well as higher genetic diversity in the landscape
surrounding the focal grassland (SES=-0.62, p < 0.001)
both significantly lowered nestedness in the landscape, com-
bining to explain 34% of model deviance. However, the
most parsimonious model (75.56% deviance explained)
only included a strong, negative effect of road infrastructure
(SES=-0.79, p < 0.001; and a small effect of the difference
in genetic diversity between the landscape and focal grassland,
SES=-0.16, p=0.12). Combined, increasing road densities
thus strongly reduced nestedness in the landscape, most likely
by supporting G. verum in the landscape and reducing the
difference in genetic diversity and differentiation between the
focal grassland and the surrounding landscape. For full model
results, see Supporting information.

Genetic diversity

Galium verum’s population size in the focal patches increased
significantly as both structural and inferred functional con-
nectivity increased, although the latter had a markedly larger
effect size and doubled the explained variation in population
size (SES of 0.50 versus 0.40 and 34.9 versus 16.3 % Deviance
Explained, respectively). When the connectivity metrics were
decomposed into their components, we found that focal
population size increased as both more road infrastructure
and more semi-natural grassland was present (SES=0.72, p
< 0.001 and SES=0.61, p < 0.001, respectively). In these
models, increased landscape occupancy of G. verum addi-
tionally increased focal population size, capturing more of

the population size variation than the connectivity metrics
per se (up to 63.12% deviance explained). In contrast, nei-
ther connectivity metric nor their components affected G.
verum’s landscape-scale population size (% explained devi-
ance=0.02-5.44%; p=0.21-0.94). However, size of G.
verum populations at the landscape-scale increased signifi-
cantly and only with increasing abundance of G. verum in
the landscape (p < 0.001; SES=0.71).

In focal grasslands, allelic richness and gametic heterozy-
gosity did not correlate with structural connectivity, yet both
increased significantly as inferred functional connectivity
increased (Fig. 2d), although model performance was com-
paratively low to moderate (A ., SES=0.39, p=0.04; H,
SES=0.40, p=0.02; 11.91 and 14.51% deviance explained
at p=0.06 and p=0.03, respectively). However, more road
infrastructure led to a steep rise in both allelic richness and
gametic heterozygosity (Fig. 2a), explaining much of the vari-
ation in both genetic diversity metrics (Ay . SES=0.70,
p < 0.001; H, SES=0.54, p=0.001; 48.67 and 28.94%
deviance explained at p < 0.001 and p=0.001, respectively).
None of the remaining landscape or focal grassland charac-
teristics such as G. verum landscape abundance, forest cover
or land-use history significantly explained variation in focal
grassland genetic diversity.

At the landscape scale, allelic richness increased sig-
nificantly with increasing inferred functional connectivity
(Fig. 2¢; SES=0.29, p=0.04), yet it did not respond to
changes in structural connectivity (SES=0.24, p=0.09).
Moreover, the effect of inferred functional connectivity
seemed due to increasing road density, as road infrastructure
significantly increased allelic richness (Fig. 2b; SES=0.35;
p=0.04). Both increasing allelic richness in the focal patch
(SES=0.36-0.62, p=0.03 to <0.001) and the occupancy of
G. verum in the landscape (SES=0.36-0.49, p=0.01 to <
0.001) also consistently, significantly and additively increased
landscape-scale allelic richness, at larger effect sizes than any
connectivity measure. While neither structural nor inferred
functional connectivity, or any of their components, had any
significant effect on landscape-scale gametic heterozygos-
ity, this measure significantly increased only in response to
increasing allelic richness in the focal grassland (SES=0.70-
0.76, p < 0.001), explaining ca 57% of the variation in
gametic heterozygosity.

Hierarchical interactions between landscape
characteristics in driving genetic variation

The conditional inference tree analysis split the 1883 G. verum
ramets into eight distinct clusters (Fig. 3). The landscape occu-
pancy of G. verum, inferred functional connectivity, location in
or outside of a semi-natural grassland, restoration status, total
semi-natural grassland habitat and road infrastructure together
provided the highest explanatory power for the nested struc-
ture of G. verum ramets across the fragmented landscapes. The
genetically most impoverished groups of ramets were those
in low-occupancy landscapes (median rank of 1134 versus
median rank of 897 in high-occupancy landscapes; p < 0.001),
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Figure 2. Impact of road infrastructure versus the impact of inferred functional connectivity on genetic variation of the grassland perennial
Galium verum across 35 landscapes in NW-Europe, modelled via general linear models: (a and d) allelic richness in the focal grassland (color
legend = population size), (b and e) landscape-scale allelic richness (color legend =allelic richness in the focal grassland) and (c and f) degree
of nestedness of the landscape population genetic structure (NODF metric, Almeida-Neto et al. 2008; color legend =absolute difference in
allelic richness between landscape and focal populations). Black regression lines identify significant relations at p < 0.05. %Dev. Expl.
represents the amount of deviance explained by adding the predictor variable (road infrastructure or inferred functional connectivity) to the
baseline model. For full analytical results, see Supporting information.

i.e. where G. verum occupied less than 70% of sampled land-
scape segments. In these landscapes, increasing inferred func-
tional connectivity had a buffering effect, as the median rank
of functionally connected landscape populations (median rank
of 990) was significantly lower than that of landscape popula-
tions with less functional connectivity (median rank of 1211;
p < 0.001). Even in high-occupancy landscapes, ramets sam-
pled in surrounding habitat elements were a genetic subset of
those ramets sampled within semi-natural grasslands (median
rank of 910 versus 864; p=0.023). Galium verum ramets in
restored semi-natural grasslands were in turn compositional
genetic subsets of ramets in ancient semi-natural grasslands
(880 versus 716 as median rank, p=0.039). Still, restored
grasslands did benefit from increasing inferred functional con-
nectivity (p=0.04), as G. verum ramets in better functionally
connected landscapes (median rank of 878) proved to be a
genetic subset of those G. verum ramets occupying restored
grasslands in less functionally connected landscapes (median
rank of 1112). Moreover, the genetic composition of G. verum
ramets growing in ancient semi-natural grasslands in high-
occupancy landscapes further depended on the interaction
with total amount of grassland habitat (p=0.029) and road
infrastructure (p=0.035). Galium verum ramets surrounded
by low amounts of grassland habitat (median rank=949)
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were compositionally impoverished compared to ramets sur-
rounded by larger amounts of grassland habitat (median
rank=662). Finally, the most genetically diverse G. verum
ramet groups were found in ancient semi-natural grasslands
in high-occupancy landscapes with large areas of remaining
grassland and with a low road density (median rank of 519
versus 930 in high road density landscapes).

Discussion

Galium verum’s population size increased with increasing
habitat amount in the surrounding landscape, particularly
road infrastructure and other semi-natural grasslands. Road
verges are a habitat where G. verum can thrive (Dunnett et al.
1998), certainly when sufficiently old (Auffret and Lindgren
2020), wide (3—4 m; Aavik and Liira 2010) and properly man-
aged (Jakobsson et al. 2018). This underlines the importance
of habitat amount for local and landscape-scale population
dynamics (Wiegand et al. 2005), given the weaker, albeit pos-
itive effects of structural and inferred functional connectiv-
ity (Watling et al. 2020). Both increasing inferred functional
connectivity and increasing amount of road infrastructure
also increased genetic diversity and gametic heterozygosity in
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Figure 3. Conditional inference tree following recursive binary partitioning of 1883 Galium verum ramets according to their position in a
maximally packed nested matrix (so-called rank), calculated using the NODF metric applied to the raw 1883 ramets X 185 alleles pres-
ence—absence matrix reflecting their genetic diversity and composition. The closer the ramets’ rank is to one, the more genetically diversified
the ramet is. The closer a ramets’ rank is to 1883, the ramet is increasingly genetically impoverished whilst being of compositional subset of
the individual ramets preceding it. The splitting rules presented along the tree branches are based on the best performing focal grassland or
landscape characteristic (node) for splitting each node after permutational testing (p-value), that is the characteristic which maximizes
homogeneity of the two nodes following a split. The boxplots (median, 25 and 75th percentile (box) and 1.5 X interquartile range (whis-
kers)) at the branch end present the mean position in the maximally packed matrix of the G. verum ramets of that branch.

G. verum focal populations. This effect could be attributed
indirectly via the positive impact of inferred functional con-
nectivity and road infrastructure on population sizes, given
the latter’s predictive power for genetic diversity (Young et al.
1996). Alternatively, this may suggest a degree of ongoing dis-
persal towards the focal grasslands, as we observed an added
positive feedback on focal population sizes by an increasing
landscape presence of G. verum, serving as a proxy for high
propagule pressure. Hence, besides supporting G. wverum
populations in the green infrastructure, the road network in
particular may act as functional corridors for pollen and seed
dispersal (Tikka et al. 2001), facilitating meta-population
dynamics (Sudrez-Esteban et al. 2013).

The G. verum populations in the green infrastructure
proved to be important for genetic diversity at the landscape-
scale as well, with increasing population sizes translated into
a parallel increase in landscape-scale genetic variation (R,
Allelic richness versus Landscape population size=0.61, p <
0.001; Young et al. 1996), enhanced further by high road
densities (Tikka et al. 2001, Sudrez-Esteban et al. 2013).
Inversely, if the green infrastructure is not occupied, habitat
amount and connectivity become irrelevant to the species
landscape population size, and its level of genetic variation.

Although trivial per se, this finding thus acknowledges the
value of genetic variation contained within the green infra-
structure, highlighting the vulnerability of more specialised
grassland species absent from the green infrastructure and for
which landscape-scale genetic diversity is therefore likely to
be affected to a much greater degree by the loss and fragmen-
tation of core grassland habitat. Sdill, even for G. verum, a
species capable of effectively utilising non-core, green infra-
structure habitats such as road verges, the focal grassland’s
genetic diversity proved at least or even more important
for the landscape genetic diversity and gametic heterozy-
gosity compared to the genetic diversity contained within
the surrounding green infrastructure. Large semi-natural
grasslands seem instrumental in maintaining high levels of
landscape-scale genetic diversity. Indeed, populations in the
green infrastructure consistently proved to be a composi-
tional subset of the genetic composition of focal grasslands
G. verum populations. This nested pattern was strengthened
by focal populations holding more of the landscape’s genetic
diversity, and by an increasing presence of G. verum in the
landscape. The latter suggests that populations in the green
infrastructure carry limited unique genetic variation, because
they are likely smaller, with genetic drift eroding their genetic
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variation (Leimu et al. 20006). Interestingly, high road density
alone strongly diminished the nested population structure
(Fig. 2¢). Large amounts of road verges may thus weaken
nestedness, achieving this mechanistically by enabling both
high landscape occupancy through increased habitat avail-
ability and by enabling gene flow from the focal grassland
into the surrounding landscape along their resident G. verum
populations. Road verges therefore may sustain both pol-
len and seed movement (Phillips et al. 2020). Pollen and
seed flow along linear landscape features also significantly
enhance plant reproductive success at receiving grasslands
(Cranmer et al. 2012). This strengthens plant functional con-
nectivity, bolstering population growth and size in isolated
grasslands, helping them maintain genetically diverse plant
populations (Fig. 2a, d).

The landscape and its green infrastructure, particularly
road infrastructure, leave a discernible imprint on popula-
tion genetic diversity and structure (Gonzdlez et al. 2020).
Moreover, focal grassland characteristics, more specifically its
history, may potentially exert further control over the land-
scape’s population genetic structure. If the focal grassland had
been passively restored, G. verum ramets in the green infra-
structure appeared more likely to be incorrectly assigned by
the DAPC to the focal grassland population, or vice versa.
This may suggest that the genetic similarity between ramets
in the green infrastructure and the focal grassland is higher
where the focal grassland had been restored. While this might
advocate that the surrounding green infrastructure promotes
natural colonization into restored grasslands, the results also
seem to reaffirm the unique genetic diversity contained within
ancient grasslands. Moreover, considering severe time-lags in
recovery of genetic diversity (Reynolds et al. 2013), and the
need for a diverse landscape-wide gene pool to sustain such
recovery (Helsen et al. 2013, Aavik and Helm 2018), this
suggests the conservation of ancient semi-natural grasslands
should take precedence over restoration efforts, even if grass-
land restoration can lead to a rapid recovery of genetic diver-
sity (Helsen et al. 2013, Lehmair et al. 2020).

The imposed hierarchical structure of the drivers of genetic
composition among individual G. verum ramets endorsed
population-based results. High species’ occupancy of the
green infrastructure was pivotal, likely positively affecting
meta-population viability by facilitating spatial gene-flow.
Increased functional connectivity — inferred as the integrated
effect of grassland amount and road infrastructure — signifi-
cantly buffers the loss of genetic variation in low-occupancy
landscapes. Still, G. verum ramets were significantly less
genetically diverse compared to their counterparts in high-
occupancy landscapes, irrespective of further local and land-
scape characteristics. If too few individuals occupy the green
infrastructure, the latter’s potential to sustain effective gene
flow seems impaired. Even in high-occupancy landscapes, G.
verum ramets in green infrastructure elements are an impover-
ished, genetic subset of those in semi-natural grasslands, likely
populating small, less genetically diverse populations. Still, as
outlined before, this does not undermine their importance
in reinforcing the green infrastructure’s corridor function.
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Moreover, genetic variation in G. verum ramets continued
to increase with the presence of semi-natural grasslands, both
in terms of their amount (increasing propagule pressure;
Hufbauer et al. 2013) and their land-use history. The latter
underlines that G. verum ramets in ancient grasslands hold
unique genetic diversity no longer present in restored grass-
lands. Increased functional connectivity does, however, tem-
per this pattern, suggesting some recovery of genetic diversity
in functionally well-connected, restored grasslands. On the
other hand, G. verum ramets in poorly connected, restored
grasslands in high-occupancy landscapes closely resemble
impoverished G. verum ramets in poorly connected, low-
occupancy landscapes in terms of genetic composition and
diversity (Fig. 3). While this predicts little genetic recovery in
these restored grasslands in spite of abundant G. verum in the
surrounding landscapes, these observations clearly highlight
the need for an integrated landscape approach to e.g. restora-
tion site selection (Aavik and Helm 2018).

Our study firmly reinforces that structural connectiv-
ity may be an incomplete proxy for functional connectivity
(Aavik et al. 2013, Auffret et al. 2017b), with the latter con-
sistently outperforming structural connectivity in explana-
tory power. Still, structural connectivity provided by the
integrated effect of grassland amount and the green infra-
structure remains an important component of functional
connectivity, with road infrastructure appearing to be a key
part of the structural element of inferred functional con-
nectivity in G. verum. Indeed, neither metric incorporating
all green infrastructure elements, nor any other landscape
characteristic explained genetic variation better, besides land-
scape occupancy. In consequence, the importance of the
road infrastructure in G. verum is considerable, suggesting
linear green infrastructure may fulfil an important functional
role when occupied (cf. Holderegger and Di Guilio 2010).
Nevertheless, caution remains warranted upon extrapola-
tion towards management and policy recommendations. To
be able to assess green infrastructure’s contribution to plant
functional connectivity, the focal species needed to be suffi-
ciently common in the green infrastructure. This implies that
our focal species likely possesses a suite of functional traits
helping it survive in the green infrastructure (Dunnett et al.
1998, Hooftman et al. 2021). Galium verum is a clonal grass-
land perennial, tetraploid and self-compatible (Grime et al.
1988), and its vast seed production sustains spatial and tem-
poral dispersal (Auffret and Cousins 2013, Plue and Cousins
2018). All these traits reduce susceptibility to genetic erosion
(Hamrick and Godt 1996, Honnay and Jacquemyn 2007,
Plue et al. 2018), lowering local extinction risk, as noted in
species with similar trait syndromes (e.g. Campanula rotundi-
Jfolia; Plue et al. 2017). As many grassland specialists possess
quite contrasting trait syndromes, being diploid, short-
lived, non-clonal and poor spatial and temporal dispersers
(Saar et al. 2012, Auffret et al. 2017a, Plue et al. 2018), the
green infrastructure’s potential to sustain functional connec-
tivity may well be lower for many grassland specialists (cf.
Saura et al. 2014). Ultimately, low functional connectivity
is therefore likely to lead to lower species and trait diversity
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in plant communities in the green infrastructure, and in
remaining grasslands over time.

In conclusion, the protection and preservation of ancient
semi-natural grasslands in human-dominated landscapes
should be a top conservation priority, in both management
and policy actions (Hodgson et al. 2011, Watson et al. 2016),
as opposed to efforts prioritizing restoration and creating
new green infrastructure. First, although green infrastruc-
ture occupancy may promote plant functional connectivity
in a common grassland plant as G. verum, this may be less
effective for many other grassland specialists, given their low
occupancy rates, poor colonization capabilities and environ-
mental requirements (Saar et al. 2012). Second, the further
degradation of habitat quality in remaining grasslands and the
green infrastructure needs to be reversed to prevent further
biodiversity loss (Chase et al. 2020), requiring a challenging,
time-demanding and sustained effort (Jakobsson et al. 2018,
Vanneste et al. 2020). Third, even though genetic diversity
seems to recover in some restored grasslands, ancient semi-
natural grasslands still contained unique genetic diversity,
supporting outward gene-flow into the surrounding land-
scape. Management and policy focus should therefore lie
with the conservation and protection of remaining, ancient
semi-natural grasslands, managed from an integrated land-
scape perspective (cf. DiLeo et al. 2017, Plue et al. 2019).
This combination will be a critical first step towards insuring
landscape genetic and species diversity and sustaining future
landscape-wide recovery (Aavik and Helm 2018). Moreover,
even those species present and benefitting from a functioning
green infrastructure still depend upon remaining semi-nat-
ural grasslands. Without the latter, the green infrastructure
will likely lose much of its functional importance to support
plant functional connectivity and meta-population dynamics
in degraded human-dominated landscapes.

Acknowledgements — The authors acknowledge Maria Bjork, Rozi
Kapas (Sweden), Kasper van Acker, Robbe Cool and Lotje Vanhove
(Belgium) for fieldwork efforts. We appreciate the comments of two
anonymous referees which helped improve the manuscript.
Funding — This resecarch was funded through the 2015-2016
BiodivERsA COFUND call for research proposals, with the
national funders FORMAS, the Swedish Environmental Protection
Agency (Naturvirdsverket), the Belgian Science Policy Office
(BelSPo), the Germany Federal Ministry of Education and Research
(Bundesministerium fuer Bildung und Forschung, FKZ: 01LC1619A)
and the Spanish Ministry of Science, Innovation and Universities
(Ministerio de Ciencia, Innovacién y Universidades). JMB was funded
under UKCEH National Capability project no. 06895.

Author contributions

Jan Plue: Conceptualization (equal); Data curation (lead);
Formal analysis (lead); Investigation (lead); Methodology
(lead); Writing — original draft (lead); Writing — review and
editing (lead). Adam Kimberley: Conceptualization (equal);
Data curation (equal); Formal analysis (equal); Investigation
(equal); Methodology (equal); Writing — original draft

(supporting); Writing — review and editing (equal). James
Bullock: Conceptualization (equal); Formal analysis (sup-
porting); Investigation (equal); Methodology (supporting);
Writing — original draft (supporting); Writing — review and
editing (equal). Bart Hellemans: Methodology (equal).
Danny A. P. Hooftman: Conceptualization (equal); Formal
analysis (supporting); Investigation (equal); Methodology
(supporting); Writing — original draft (supporting); Writing
— review and editing (equal). Patricia Krickl: Investigation
(equal); Methodology (supporting); Writing — review and
editing (equal). Leen Leus: Methodology (equal); Writing
— review and editing (equal). Gerrit Peeters: Methodology
(equal). Peter Poschlod: Conceptualization (equal);
Investigation  (supporting); Methodology  (supporting);
Writing — original draft (supporting); Writing — review
and editing (equal). Anna Traveset: Conceptualization
(equal); Methodology (supporting); Writing — original draft
(supporting); Writing — review and editing (equal). Filip
Volckaert: Methodology (equal); Writing — review and
editing (equal). Sara Cousins: Conceptualization (equal);
Formal analysis (supporting); Investigation (supporting);
Methodology (supporting); Writing — original draft (sup-
porting); Writing — review and editing (equal). Olivier
Honnay: Conceptualization (equal); Data curation (equal);
Formal analysis (equal); Investigation (equal); Methodology
(equal); Writing — original draft (equal); Writing — review
and editing (equal).

Transparent peer review

The peer review history for this article is available at <https://
publons.com/publon/10.1111/ecog.06290>.

Data availability statement

The full dataset (Microsatellite genotype for all 1926 sampled G.
verum ramets and all landscape characteristics, focal patch char-
acteristics and population data, linked to each individual Galium

ramet) is available from the Figshare Repository, <https://doi.
org/10.6084/m9.figshare.20528868.v1> (Plue et al. 2022).

Supporting information

The Supporting information associated with this article is
available with the online version.

References

Aavik, T. and Helm, A. 2018. Restoration of plant species and
genetic diversity depends on landscape-scale dispersal. — Restor.
Ecol. 26: 92-102.

Aavik, T. and Liira, J. 2010. Quantifying the effect of organic farm-
ing, field boundary type and landscape structure on the vegeta-
tion of field boundaries. — Agric. Ecosyst. Environ. 135: 178-186.

Aavik, T. et al. 2013. Patterns of contemporary gene flow suggest
low functional connectivity of grasslands in a fragmented agri-

cultural landscape. — J. Appl. Ecol. 50: 395-403.

Page 11 of 14

5UBD| 7 SUOLIWOD BAEa1D) 3|ceotjdde 8y} Aq peuenof a1e S3iLe VO SN Jo'Sa|n. 10} ARIqIT 8UIIUO 8|1 UO (SUONIpUOD-pUe-SLLLBY 0D AB 1M ARe1q U1 |UO//:SANY) SUORIPUOD PUE SWLS L 3} 885 *[2202/TT/20] Uo Arigiaulluo AB)IM “TIONNOD HOSY LNFWNOXHIANT TYHNLYN SS8usng pareys 3N 0/0 1N A 06290'6008/TTTT'0T/10p/wiod A3 |1m Azeiqijeu|uo//sdny wiouy papeo|umoq ‘0T ‘Z20Z ‘2850009T



Aavik, T. et al. 2014. The structural and functional connectivity of
the grassland plant Lychnis flos-cuculi. — Heredity 112: 471-478.

Almeida-Neto, M. et al. 2008. A consistent metric for nestedness
analysis in ecological systems: reconciling concept and measure-
ment. — Oikos 117: 1227-1239.

Auffret, A. G. and Cousins, S. A. O. 2013. Grassland connectivity
by motor vehicles and grazing livestock. — Ecography 36:
1150-1157.

Auffret, A. G. and Lindgren, E. 2020. Roadside diversity in relation
to age and surrounding source habitat: evidence for long time
lags in valuable green infrastructure. — Ecol. Solut. Evid. 1:
€12005.

Auffret, A. G. and Plue, J. 2014. Scale-dependent diversity effects
of seed dispersal by a wild herbivore in fragmented grasslands.
— Oecologia 175: 305-313.

Auffret, A. G. et al. 2017a. Spatial scale and specialization affect
how biogeography and functional traits predict long-term pat-
terns of community turnover. — Funct. Ecol. 31: 436-443.

Auffret, A. G. etal. 2017b. Plant functional connectivity — integrat-
ing landscape structure and effective dispersal. — J. Ecol. 105:
1648-1656.

Baum, K. A. et al. 2004. The matrix enhances the effectiveness of
corridors and stepping stones. — Ecology 85: 2671-2676.
Bengtsson, J. et al. 2019. Grasslands — more important for ecosys-

tem services than you might think. — Ecosphere 10: ¢02582.

Berg, M. P. et al. 2010. Adapt or disperse: understanding species
persistence in a changing world. — Global Change Biol. 16:
587-598.

Billeter, R. et al. 2008. Indicators for biodiversity in agricultural
landscapes: a pan-European study. — J. Appl. Ecol. 45:
141-150.

Bullock, J. M. et al. 2017. A synthesis of empirical plant dispersal
kernels. — J. Ecol. 105: 6-19.

Cain, M. L. et al. 1998. Seed dispersal and the Holocene migration
of woodland herbs. — Ecol. Monogr. 68: 325-347.

Chase, J. M. et al. 2020. Ecosystem decay exacerbates biodiversity
loss with habitat loss. — Nature 584: 238-243.

Cosyns, E. etal. 2005. Endozoochorous seed dispersal by cattle and
horse in a spatially heterogeneous landscape. — Plant Ecol. 178:
149-162.

Cousins, S. A. O. and Eriksson, O. 2002. The influence of manage-
ment history and habitat on plant species richness in a rural
hemiboreal landscape, Sweden. — Landsc. Ecol. 17: 517-529.

Cousins, S. A. O. et al. 2015. Regional-scale land-cover change
during the 20th century and its consequences for biodiversity.
— Ambio 44: 17-27.

Cranmer, L. et al. 2012. Landscape structure influences pollinator
movements and directly affects plant reproductive success. —
Oikos 121: 562-568.

Damschen, E. I. et al. 2019. Ongoing accumulation of plant diver-
sity through habitat connectivity in an 18-year experiment. —
Science 365: 1478-1480.

DiLeo, M. E et al. 2017. An ecological connectivity network main-
tains genetic diversity of a flagship wildflower, Pulsatilla vul-
garis. — Biol. Conserv. 212: 12-21.

Dufresne, E et al. 2014. Recent progress and challenges in popula-
tion genetics of polyploid organisms: an overview of current
state-of-the-art molecular and statistical tools. — Mol. Ecol. 23:
40-69.

Dunnett, N. P et al. 1998. A 38-year study of relations between
weather and vegetation dynamics in road verges near Bibury,
Gloucestershire. — J. Ecol. 86: 610-623.

Page 12 of 14

European Commission 2020. EU Biodiversity Strategy for 2030
— bringing nature back into our lives. — <https://eur-lex.curopa.
eu/legal-content/EN/TXT/2qid=15905741233388&uri=CELE
X:52020DC0380>.

Favre-Bac, L. et al. 2016. Ditch network sustains functional con-
nectivity and influences patterns of gene flow in an intensive
agricultural landscape. — Heredity 116: 200-212.

Fischer, S. E et al. 1996. Experimental studies on the dispersal of
plants and animals on sheep in calcareous grasslands. — J. Appl.
Ecol. 33: 1206-1222.

Fitter, A. H. and Peat, H. J. 1994. The ecological flora database.
—J. Ecol. 82: 415-425.

Gardiner, M. M. et al. 2018. Rights-of-way: a potential conserva-
tion resource. — Front. Ecol. Environ. 16: 149-158.

Gilbert-Norton, L. et al. 2010. A meta-analytic review of corridor
effectiveness. — Conserv. Biol. 24: 660-668.

Gonthier, D. J. et al. 2014. Biodiversity conservation in agriculture
requires a multi-scale approach. — Proc. R. Soc. B 281:20141358.

Gonzdlez, A. V. et al. 2020. Meta-analysis of the differential effects
of habitat fragmentation and degradation on plant genetic
diversity. — Conserv. Biol. 34: 711-720.

Grime, J. et al. 1988. Comparative plant ecology — a functional
approach to common British species. — Unwin Hyman Ltd.
Haddad, N. M. et al. 2015. Habitat fragmentation and its lasting

impact on Earth’s ecosystems. — Sci. Adv. 1: ¢1500052.

Hale, M. L. et al. 2012. Sampling for microsatellite-based population
genetic studies: 25 to 30 individuals per population is enough to
accurately estimate allele frequencies. — PLoS One 7: e45170.

Hamrick J. L. and Godt, M. J. W 1996. Effects of life history traits
on genetic diversity in plant species. — Phil. Trans. R. Soc. B
351: 1291-1298.

Hanski, I. et al. 1995. Multiple equilibria in metapopulation
dynamics. — Nature 377: 618-621.

Hardy, O. J. and Vekemans, X. 2002. SPAGeDi: a versatile com-
puter program to analyse spatial genetic structure at the indi-
vidual or population levels. — Mol. Ecol. Notes 2: 618-620.

Helsen, K. et al. 2013. Rapid buildup of genetic diversity in founder
populations of the gynodioecious plant species Origanum vulgare
after semi-natural grassland restoration. — PLoS One 8: ¢67255.

Hickey, M. and King, C. 1988. 100 families of flowering plants.
— Cambridge Univ. Press, 619p.

Hodgson, J. A. et al. 2011. Habitat area, quality and connectivity:
striking the balance for efficient conservation. — J. Appl. Ecol.
48: 148-152.

Holderegger, R. and Di Giulio, M. 2010. The genetic effects of
roads: a review of empirical evidence. — Basic Appl. Ecol. 11:
522-531.

Honnay, O. and Jacquemyn, H. 2007. Susceptibility of common
and rare plant species to the genetic consequences of habitat
fragmentation. — Conserv. Biol. 21: 823-831.

Hooftman, D. et al. 2021. Dispersal limitation, eutrophication and
propagule pressure constrain the conservation value of Grass-
land Green Infrastructure. — Biol. Conserv. 258: 109152.

Hothorn, T. et al. 2006. Unbiased recursive partitioning, a condi-
tional inference framework. — J. Comput. Graph. Stat. 15:
651-674.

Hufbauer, R. A. et al. 2013. Role of propagule pressure in coloniza-
tion success: disentangling the relative importance of demo-
graphic, geneticand habitat effects. - J. Evol. Biol. 26: 1691-1699.

Jakobsson, S. et al. 2018. How does roadside vegetation manage-
ment affect the diversity of vascular plants and invertebrates? A
systematic review. — Environ. Evid. 7: 17.

5UBD| 7 SUOLIWOD BAEa1D) 3|ceotjdde 8y} Aq peuenof a1e S3iLe VO SN Jo'Sa|n. 10} ARIqIT 8UIIUO 8|1 UO (SUONIpUOD-pUe-SLLLBY 0D AB 1M ARe1q U1 |UO//:SANY) SUORIPUOD PUE SWLS L 3} 885 *[2202/TT/20] Uo Arigiaulluo AB)IM “TIONNOD HOSY LNFWNOXHIANT TYHNLYN SS8usng pareys 3N 0/0 1N A 06290'6008/TTTT'0T/10p/wiod A3 |1m Azeiqijeu|uo//sdny wiouy papeo|umoq ‘0T ‘Z20Z ‘2850009T



Jombart, T. 2008. adegenet: a R-package for the multivariate anal-
ysis of genetic markers. — Bioinformatics 24: 1403-1405.

Jombart, T. et al. 2008. Revealing cryptic spatial patterns in genetic
variability by a new multivariate method. — Heredity 101:
92-103.

Kimberley, A. et al. 2021. Functional rather than structural con-
nectivity explains grassland plant diveristy patterns following
landscape scale habitat loss. — Landsc. Ecol. 36: 265-280.

Kliphuis, E. 1984. Cytotaxonomic studies on Galium verum L. —
Bot. Helv. 94: 269-278.

Lehmair, T. A. et al. 2020. Surrounding landscape structures, rather
than habitat age, drive genetic variation of typical calcareous
grassland plant species. — Landsc. Ecol. 35: 2881-2893.

Leimu, R. et al. 2006. How general are positive relationships
between plant population size, fitness and genetic variation? — J.
Ecol. 95: 942-952.

Lenoir, J. et al. 2020. Species better track climate warming in the
oceans than on land. — Nat. Ecol. Evol. 4: 1044-1059.

Lindgren, J. P. et al. 2018. The complexity of forest borders deter-
mines the understorey vegetation. — Appl. Veg. Sci. 21: 85-93.

Manel, S. et al. 2003. Landscape genetics: combining landscape ecol-
ogy and population genetics. — Trends Ecol. Evol. 18: 189-197.

McGlaughlin, M. E. et al. 2009. Isolation of microsatellite loci
from the endangered plant Galium catalinense subspecies
acrispum (Rubiaceae). — Mol. Ecol. Resour. 9: 984-986.

Meier, M. et al. 2017. Plant diversity in a water-meadow landscape:
the role of irrigation ditches. — Plant Ecol. 218: 971-981.

Moody, M. E. et al. 1993. Genetic variation and random drift in
autotetraploid populations. — Genetics 134: 649-657.

Murphy, M. A. et al. 2010. Landscape genetics of high mountain
frog metapopulations. — Mol. Ecol. 19: 3634-3649.

Ockinger, E. and Smith, H. G. 2007. Semi-natural grasslands as
population sources for pollinating insects in agricultural land-
scapes. — J. Appl. Ecol. 44: 50-59.

Oksanen, J. et al. 2017. Vegan: community ecology package. — R
packagever. 2.4-5, <https://CRAN.R-project.org/ package=vegan>.

Oliver, T. H. et al. 2017. Large extents of intensive land use limit
community reorganization during climate warming. — Global
Change Biol. 23: 2272-2283.

Ozinga, W. A. et al. 2009. Dispersal failure contributes to plant
losses in NW Europe. — Ecol. Lett. 12: 66-74.

Phillips, B. B. et al. 2020. Ecosystem service provision by road
verges. — J. Appl. Ecol. 57: 488-501.

Plue, J. et al. 2017. Does the seed bank contribute to the build-up
of a genetic extinction debt in the grassland perennial Cam-
panula rotundifolia? — Ann. Bot. 120: 373-385.

Plue, J. and Cousins, S. A. O. 2018. Seed dispersal in both space
and time is necessary for plant diversity maintenance in frag-
mented landscapes. — Oikos 127: 780-791.

Plue, J. et al. 2018. Interspecific variation in ploidy as a key plant
trait outlining local extinction risks and community patterns in
fragmented landscapes. — Funct. Ecol. 32: 2095-2106.

Plue, J. et al. 2019. Grazing networks promote plant functional
connectivity among isolated grassland communities. — Divers.
Distrib. 25: 102-115.

Plue, J. et al. 2022. Data from: Green infrastructure can promote
plant functional connectivity in a grassland species around frag-
mented semi-natural grasslands in N'W-Europe. — Figshare,
<https://doi.org/10.6084/m9.figshare.20528868.v1>.

Pruett, C. L. and Winker, K. 2008. The effects of sample size on
population genetic diversity estimates in song sparrows Melo-
spiza melodia. — J. Avian Biol. 39: 252-256.

Reynolds, L. K. et al. 2013. Restoration recovers population struc-
ture and landscape genetic connectivity in a dispersal-limited
ecosystem. — J. Ecol. 101: 1288-1297.

Ridding, L. E. et al. 2020. Ongoing, but slowing, habitat loss in a
rural landscape over 85 years. — Landsc. Ecol. 35: 257-273.
Saar, L. et al. 2012. Which plant traits predict species loss in cal-
careous grasslands with extinction debt? — Divers. Distrib. 18:

808-817.

Saura, S. et al. 2014. Stepping stones are crucial for species’ long-
distance dispersal and range expansion through habitat net-
works. — J. Appl. Ecol. 51: 171-182.

Senapathi, D. et al. 2017. Landscape impacts on pollinator com-
munities in temperate systems: evidence and knowledge gaps.
— Funct. Ecol. 31: 26-37.

Soltis, D. E. et al. 2007. Autopolyploidy in angiosperms: have we
grossly underestimated the number of species? — Taxon 56:
13-30.

Storfer, A. et al. 2007. Putting the ‘landscape’ in landscape genetics.
— Heredity 98: 128-142.

Sudrez-Esteban, A. et al. 2013. Barriers or corridors? The over-
looked role of unpaved roads in endozoochorous seed dispersal.
—J. Appl. Ecol. 50: 767-774.

Sullivan, L. L. et al. 2011. Can dispersal mode predict corridor
effects on plant parasites? — Ecology 92: 1559-1564.

Szczecifiska, M. et al. 2012. Development of microsatellite mark-
ers using pyrosequencing in Galium trifidum (Rubiaceae), a
rare species in central Europe. — Int. J. Mol. Sci. 13:
9893-9899.

Thiele, J. et al. 2018. Effectiveness of corridors varies among phy-
tosociological plant groups and dispersal syndromes. — PLoS
One 13: €0199980.

Thomas, J. A. et al. 2001. The quality and isolation of habitat
patches both determine where butterflies persist in fragmented
landscapes. — Proc. R. Soc. B 268: 1791-1796.

Tikka, P M. et al. 2001. Road and railway verges serve as dispersal
corridors for grassland plants. — Landsc. Ecol. 16: 659-666.

Ulrich, W. et al. 2009. A consumer’s guide to nestedness analysis.
— Oikos 118: 3-17.

Ulrich, W. and Almeida-Neto, M. 2012. On the meanings of nest-
edness: back to the basics. — Ecography 35: 865-871.

Valdés, A. et al. 2020. High ecosystem service delivery potential of
small woodlands in agricultural landscapes. — J. Appl. Ecol. 57:
4-16.

Van Rossum, FE et al. 2004. Genetic consequences of habitat frag-
mentation in an agricultural landscape on the common Primula
veris, and comparison with its rare congener, P vulgaris. — Con-
serv. Genet. 5: 231-245.

Vanneste, T. et al. 2020. Plant diversity in hedgerows and road
verges across Europe. — J. Appl. Ecol. 57: 1244-1257.

Verheyen, K. and Hermy, M. 2001. The relative importance of
dispersal limitation of vascular plants in secondary forest
succession in Muizen Forest, Belgium. — J. Ecol. 89:
829-840.

Verheyen, K. et al. 2003. Response of forest plant species to land-
use change: a life-history trait-based approach. — J. Ecol. 91:
563-577.

Watling, J. I. et al. 2020. Support for the habitat amount hypoth-
esis from a global synthesis of species density studies. — Ecol.
Lett. 23: 674-681.

Watson, J. E. et al. 2016. Persistent disparities between recent rates
of habitat conversion and protection and implications for future
global conservation targets. — Conserv. Lett. 9: 413-421.

Page 13 of 14

5UBD| 7 SUOLIWOD BAEa1D) 3|ceotjdde 8y} Aq peuenof a1e S3iLe VO SN Jo'Sa|n. 10} ARIqIT 8UIIUO 8|1 UO (SUONIpUOD-pUe-SLLLBY 0D AB 1M ARe1q U1 |UO//:SANY) SUORIPUOD PUE SWLS L 3} 885 *[2202/TT/20] Uo Arigiaulluo AB)IM “TIONNOD HOSY LNFWNOXHIANT TYHNLYN SS8usng pareys 3N 0/0 1N A 06290'6008/TTTT'0T/10p/wiod A3 |1m Azeiqijeu|uo//sdny wiouy papeo|umoq ‘0T ‘Z20Z ‘2850009T



Wiegand, T. et al. 2005. Effects of habitat loss and fragmentation
on population dynamics. — Conserv. Biol. 19: 108-121.

Wilson, J. B. et al. 2012. Plant species richness: the world records.
—J. Veg. Sci. 23: 796-802.

Young, A. et al. 1996. The population genetic consequences of hab-
itat fragmentation for plants. — Trends Ecol. Evol. 11: 413-418.

Page 14 of 14

Zulka, K. P. et al. 2014. Species richness in dry grassland patches
of eastern Austria: a multi-taxon study on the role of local,
landscape and habitat quality variables. — Agric. Ecosyst. Envi-
ron. 182: 25-36.

Zuur, A. et al. 2009. Mixed effects models and extensions in ecol-
ogy with R. — Springer.

5UBD| 7 SUOLIWOD BAEa1D) 3|ceotjdde 8y} Aq peuenof a1e S3iLe VO SN Jo'Sa|n. 10} ARIqIT 8UIIUO 8|1 UO (SUONIpUOD-pUe-SLLLBY 0D AB 1M ARe1q U1 |UO//:SANY) SUORIPUOD PUE SWLS L 3} 885 *[2202/TT/20] Uo Arigiaulluo AB)IM “TIONNOD HOSY LNFWNOXHIANT TYHNLYN SS8usng pareys 3N 0/0 1N A 06290'6008/TTTT'0T/10p/wiod A3 |1m Azeiqijeu|uo//sdny wiouy papeo|umoq ‘0T ‘Z20Z ‘2850009T



