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Abstract

Context Agriculture-driven  land-use  changes
over the past decades have not only reduced the
amount of habitat for species but also influenced the
genetic exchange among the remaining fragmented
populations. Many recent studies have found a
delayed response in population genetic diversity
and differentiation of species in fragmented habitats
to past landscape disturbances, a so-called time lag.
However, the specific role of species’ individual
reproductive traits and the population genetic
measures used remain poorly understood.

Objectives We examined the impact of past and
current agricultural landscape composition in
temperate Europe on the population genetic structure
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of three long-lived, slow-colonizing forest herb
species — Anemone nemorosa, Oxalis acetosella
and Polygonatum multiflorum, which vary in their
reproductive traits.

Methods We considered four time points in history
(mid-1900s, 1985, 2000 and 2017) to identify the
potentially different length of time that is needed
by each species to respond to landscape change. We
also explored the impact of using different genetic
measures in quantifying the time lags.

Results Our findings show that despite substantial
landscape alterations about 70 years ago, the mid-
1900s landscape composition was not reflected in
the current genetic diversity and differentiation
of the three species. This indicates a possible
unexpected quick genetic adjustment of these species.
Nevertheless, by combining the signals of multiple
genetic measures, we found that O. acetosella, which
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reaches sexual maturity earlier than the other two
species and is self-compatible, showed signs of faster
genetic adjustment to these landscape changes. In
contrast, A. nemorosa and P. multiflorum, which take
longer to reach sexual maturity, might exhibit longer
time lags that were beyond this study’s time frame.
Conclusions This study underscores the importance
of considering the species’ reproductive traits and
especially the role of temporal scales of different
genetic measures when investigating the impact
of landscape history on current population genetic
structures.

Keywords Time lag - Sexual maturity - Reproduc-
tive traits - Population genetic measures - Land-use
change

Introduction

Anthropogenic alterations to landscapes, particularly
common in those dominated by agriculture, pose sig-
nificant threats to wild animals and plants in many
ways (Fischer and Lindenmayer 2007), among others
by affecting population genetic structure (Wang et al.
2017). Landscape disturbance, including land-cover
change, habitat fragmentation and land-use intensi-
fication, can lead to a reduction of population sizes,
restricted dispersal and genetic exchange among pop-
ulations—key factors for maintaining a stable popula-
tion genetic structure and thus for the long-term sur-
vival of populations (Keyghobadi 2007).

Disturbances both within habitats and in the sur-
rounding landscape affect population genetic struc-
ture due to the altered conditions within the habitat
itself and the affected gene flow occurring across the
landscape. Studies have shown that historical habitat
quality (Honnay et al. 1999; Vere et al. 2009), habitat
connectivity, habitat size or habitat loss events have
left imprints in the current genetic diversity (Spear
and Storfer 2008; Plue et al. 2017; Reisch et al. 2017).
Meanwhile, changes in the landscape matrix in which
the habitat is embedded are often neglected or con-
sidered as hostile, despite their constant changing and
their importance for movement of individuals, disper-
sal of gametes and recruitment of juveniles or seed-
lings (Murphy and Lovett-Doust 2004).

Due to disturbances, the landscape may evolve
more rapidly than the corresponding shifts in
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population genetic structure, which often lags
behind environmental changes (Spear et al. 2016). If
neglected, this time lag may cause misinterpretation
of the role of the current landscape in forming
the population genetic structure and may mislead
conservation management (Manel and Holderegger
2013; Keller et al. 2015). A time lag is measured by
the time passed between a disturbance event and the
corresponding response in the population’s genetic
structure (Epps and Keyghobadi 2015). The cycle
of disturbances and responses is, however, rarely
completed. More often, the next disturbance has
already happened before the reaction to the previous
disturbance becomes detectable (Caplins et al.
2014; van Rees et al. 2018). Furthermore, except
for drastic catastrophes like volcanic eruptions, the
current landscape often bears strong resemblance
to the previous one since landscape changing is an
ongoing process (Palang et al. 2000). Additionally,
landscape development is not homogeneous across
time and space, with some elements changing more
rapidly or extensively than others (Manley et al.
2009). Therefore, it can be challenging to identify
the impact of the entire landscape change from a
specific point in time. By establishing a contrast
between only two points in time, one representing the
current landscape and another one a certain point in
the past (Honnay et al. 2006; Helm et al. 2009; Aavik
et al. 2017; Reisch et al. 2017, but see Miinzbergova
et al. 2013; Baessler et al. 2010; Zellmer and
Knowles 2009), we risk overlooking potentially
important landscape changes between or prior to
the selected time points and over-simplifying the
temporal dynamics of different landscape elements.
Instead, considering each landscape element with its
individual temporal scale, while also accounting for
the overall development of the surrounding landscape
over a certain period, may be more appropriate for
quantifying time lags.

The detectable time lag in response to landscape
changes can vary significantly among species due
to their reproductive traits, such as generation time
and dispersal ability (Epps and Keyghobadi 2015).
For instance, species with overlapping generations
tend to react more slowly to fragmentation com-
pared to those with no overlapping generations
(Lloyd 2013). Organisms that are highly mobile and
have a short life span can quickly show the impact
of recent landscape change (Epps et al. 2013; Blair
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et al. 2015). Conversely, species with longer life
spans or those that are sedentary, such as many
perennial plants, typically exhibit longer time lags
(Epps et al. 2013; Aavik et al. 2019). An impor-
tant aspect of generation time is the age at which
an organism reaches sexual maturity. Combined
with lifespan, this factor influences how quickly the
demography of a population can change and thus
how fast the population genetic structure can react
to landscape change (Lee et al. 2011). However, this
important aspect remains underexplored in current
studies.

Studies addressing dispersal ability in mobile
organisms often focus on landscape elements that
significantly influence their movement patterns and
consequently shape their gene flow (Cushman et al.
2006; Epps et al. 2007). In contrast, dispersal ability
in plants is not determined by active movement but
by passive pollen and seed dispersal through various
vectors (Auffret et al. 2017). Different landscape ele-
ments can influence the vectors variably, and even the
same element can have opposite effects depending on
the vector species involved (Baessler et al. 2010; Naaf
et al. 2022). Plant species that rely on highly mobile
pollen or seed vectors benefit from their efficiency
in transporting pollen or seeds over large distances,
which helps maintain the population genetic diver-
sity across fragmented habitats (Castilla et al. 2017).
However, these highly mobile pollen or seed vectors
could be particularly vulnerable to habitat loss and
fragmentation due to their high degree of specializa-
tion or species-specific behaviours (Jauker et al. 2009;
Torres-Vanegas et al. 2019). This vulnerability can
induce faster responses to landscape changes and con-
sequently, faster shifts in the population genetic struc-
ture of the associated plant species compared to spe-
cies with less mobile vectors (Landguth et al. 2010).
The complexity increases as different vector species
may interact with the landscape in diverse ways, and
thus affect the gene flow among plant populations dif-
ferently (Jauker et al. 2009). Additionally, identify-
ing landscape features that influence individual vec-
tor movement is insufficient to quantify the overall
distribution of dispersal events in plant populations,
which result from cumulative movements of multiple
dispersing individuals (Dyer 2016).

Measuring time lags becomes even more com-
plicated when we consider that different population
genetic measures may take varying amounts of time

to reach a new equilibrium after a disturbance (Epps
and Keyghobadi 2015). Allelic richness has been
shown by simulation to react quicker to disturbance
than heterozygosity (Lloyd et al. 2013). Fp, origi-
nally an estimation of inbreeding coefficient, and its
related measures such as Ggp, reflect rather the gene
flow that occurred in the historical landscape (Apa-
ricio et al. 2012; Epps et al. 2013), while individual-
based genetic distance measures, such as Dpg, were
used to detect recent landscape changes (Landguth
et al. 2010; Murphy et al. 2010), although its rate of
approaching an equilibrium is still largely unstud-
ied. Additionally, within-population heterozygosity
reaches an equilibrium slower than heterozygosity-
related differentiation measures such as G” g (Pannell
and Charlesworth 2000). It is thus important to con-
sider the very different time lags that can be expected
and combine different measures to cover the potential
range of time lags (Epps and Keyghobadi 2015).
Comparative landscape genetics of multiple spe-
cies in a shared landscape is a relatively unexplored
area (Waits et al. 2016). This is particularly true for
the influence of species’ reproductive traits and dif-
ferent population genetic measures on the length of
time lags. We conducted a multi-species study across
three agricultural landscape windows, each of which
contained all three species and went through constant
anthropogenic disturbances since the mid-1900s. We
chose three common forest herb species Anemone
nemorosa L., Oxalis acetosella L. and Polygona-
tum multiflorum (L.) All., which share similar char-
acteristics as slow colonizers (Honnay et al. 2005),
but differ in their time to reach sexual maturity and
in their associated pollinators. We used various meas-
ures of genetic diversity (A,, H,) and differentiation
(G”gr» Dpg) to quantify the legacy of the past land-
scape composition from multiple points in time in the
population genetic structure of these species.
Specifically, we tested the following hypothesis:

(1) The past landscape composition explains the cur-
rent genetic diversity and differentiation of forest
herb populations better than does the present-day
landscape composition.

(2) The time lags differ among the three species,
depending on their traits. Specifically, we expect
that (a) P. multiflorum and A. nemorosa, which
need a long time to reach sexual maturity, exhibit
a longer time lag compared to O. acetosella,
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which can reproduce after the first year, and (b)
P. multiflorum, which is pollinated by highly
mobile pollinators, exhibits a shorter time lag
than A. nemorosa, which is associated with less
mobile pollinators.

(3) The time lags differ between alternative popula-
tion genetic measures given their different reac-
tion times. In particular we expect that (a) allelic
richness exhibits shorter time lags than does hete-
rozygosity, and (b) Dpg exhibits shorter time lags
than does G”gp

Methods
Study species

The three studied species (Anemome nemorosa, Oxa-
lis acetosella, Polygonatum multiflorum) are common
perennial temperate forest herbs that share a similar
life history of being slow-colonizing forest specialists
(Verheyen et al. 2003; Schmidt et al. 2014). They all
flower in spring (Klotz et al. 2002) and can propagate
vegetatively besides seedling recruitment (Holdereg-
ger et al. 1998; Berg 2002; Kosiriski 2012). However,
the species differ in their number of chromosomes,
with P. multifiorum and O. acetosella being diploid
while A. nemorosa being tetraploid (Baumberger
1971). They also differ in other reproductive traits.

Anemone nemorosa and Polygonatum multiflo-
rum both take mostly 10 years or more to reach their
sexual maturity (Shirreffs 1985; Kosiriski 2015) and
depend on pollinators for sexual reproduction (Miiller
et al. 2000; Kosinski 2012). A. nemorosa is visited by
different groups of insect pollinators (Shirreffs 1985;
Erbar and Leins 2013), with solitary bees and hover-
flies being the most important ones (Naaf et al. 2021).
These insect groups typically have limited foraging
distances and are unlikely to cross the agricultural
matrix between forest patches frequently (Feigs et al.
2022). In contrast, P. multiflorum is mainly pollinated
by long-tongued bumblebees (Kosiriski 2012; Feigs
et al. 2022), which can cover several hundred meters
and traverse the agricultural matrix between forest
patches regularly (Darvill et al. 2004; Knight et al.
2009; Redhead et al. 2016).

The third species, Oxalis acetosella, can already
reproduce sexually after the first year (Berge et al.
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1998). It is considered to produce most of its seeds
from cleistogamous flowers (Packham 1978; Berg
and Redbo-Torstensson 2000). However, our previ-
ous research indicated that O. acetosella is mostly
out-crossing (Naaf et al. 2021) with potential flower
visitors including flies, thrips, beetles, bees and bum-
blebees (Packham 1978; Willemstein 1987).

Population genetics and attributes

We conducted the data collecting in spring of 2018
within three landscape windows of 5 kmXx5 km,
namely western Germany (GeW), eastern Germany
(GeE) and southern Sweden (SwS) (Fig. 1A). All
landscape windows represent typical agriculture
landscapes, in which forest fragments are embedded
in an agricultural matrix (see the change of the
landscape along the time in Figure S1).

In each landscape window, we aimed to sample
six populations per species, each of which should be
at least 100 years old. We defined a population as a
spatially distinct group of shoots > 100 m apart from
other shoots and estimated the age of populations by
assessing the persistence of their habitat, forests in
this case, using historical aerial-photographs. Habitat
persistence may not directly indicate population age
but serves as a suitable proxy due to the three studied
species being slow-colonizing forest specialists
(Verheyen et al. 2003). In each population, we aimed
to take leaf samples from 20 healthy flowering
individuals which were at least 10 m away from each
other to avoid repeated sampling of the same clone.
A total of 1075 leaf samples were included in this
study (Table S2). We extracted total genomic DNA
from the leaf samples and genotyped them based on
sets of nuclear microsatellite markers (Table S2).
These markers were developed for congeneric
species (A. nemorosa and P. multiflorum) and newly
developed for O. acetosella by AllGenetics &
Biology SL (Spain) on demand. The applied marker
sets comprised six, ten and six markers with a total
number of 96, 47 and 136 alleles for A. nemorosa,
O. acetosella and P. multiflorum, respectively.
Samples for which genotyping failed at more than
one locus were excluded. Twenty three percent of
populations had fewer than 20 samples (Table S2),
either due to a small population size or genotyping
failure. We repeated the genotyping procedure for 10%
of the samples to estimate the multi-locus genotyping
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(A) (B)

Fig.1 A Location of the three landscape windows (GeE,
GeW, SwS) in Europe. B Buffer zones around focal
populations (node level) with five different buffer distances:

error rate (3.7%, 2.7% and 4.0% for A. nemorosa, O.
acetosella and P. multiflorum, respectively). Finally,
we excluded all repeated multi-locus genotypes
(MLG) in a population as assumed clones from our
analysis. Repeated MLG were randomly distributed
across all regions. The complete allele tables are
provided in Supplementary Information (Table S2).
In each sampled population, we also estimated
census population size (PopSize) (Table S2), since
population size is an important basic determinant
of population genetic diversity (Young et al. 1996).
For A. nemorosa and O. acetosella, we estimated
this attribute by extrapolating flower density from
a known area to the complete population area. The
complete population area was either the correspond-
ing forest patch area, or demarcated in the field by
marking the outmost flowering shoots of a population
with a GPS device. For calculating flower density,
we counted flowering shoots along a two-meter-wide
transect until reaching 40 flowers, then measured
the transect length and calculated the density as 40/
(2 mxlength). The flower density of the population
was then averaged across five randomly placed tran-
sects within the population. For P. multiflorum, we
calculated the census population size by counting all
flowering shoots in the population area since P. mul-
tiflorum individuals tend to grow in small patches
rather than in a carpet-like fashion across the popu-
lation area, which is typical for A. nemorosa and O.
acetosella. Similarly, we included geographical dis-
tance (GeoDist) between populations as a covariable

125 m, 250 m, 500 m, 1000 m, 2000 m. C Land strips between
two populations (link level) with five different width-to-length
ratios: 1t0o2,1to3,1to5,1to7and2to3

in determining the effect of landscape metrics on
genetic differentiation, since geographical distance
often influences genetic differentiation (Slatkin 1985)
(Table S2).

For all three species, we calculated two measures
of genetic diversity within populations, i.e. allelic
richness (A,) and observed heterozygosity (H,). Since
allelic richness is only comparable among similar
sample sizes, we calculated rarefied allelic richness
based on the mean number of MLG per population
across three landscape windows, i.e. 19, 18 and 19
samples for A. nemorosa, O. acetosella and P. mul-
tiflorum, respectively. We used the mean instead
of the minimum sample size as a trade-off to avoid
losing too much information, given the fact that in
some populations, the number of samples with dis-
tinct MLG were very small (Table S2). We sampled
every detectable genet in very small populations so
that these populations were 100% represented despite
the small sample size, thus the allelic richness is not
biased through extrapolation.

Further, we used two measures to quantify pair-
wise genetic differentiation among populations i.e.
G7¢r and Dpg. G”gr is based on heterozygosity, like
traditional Fg; and Gg;. It is recommended to be used
with microsatellite markers and for small sample
sizes (Meirmans and Hedrick 2011). Dpy is calculated
using the complement of the proportion of shared
alleles (Bowcock et al. 1994) and is therefore easy to
interpret.
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For details on genetic analyses and the calculation
of population genetic variables see Naaf et al. (2021).

Past landscape composition

In order to detect potential time lags, we selected
four points in time for which aerial photographs
were available (Table 1, Figure S1): the middle of
the twentieth century, around 1985, around 2000 and
2016/2017 (hereafter referred to as “mid-1900s”,
“1985”, “2000” and “2017”). If a significant response
of the population genetic structure was detected, this
would yield potential time lags of about 70 years, 35
years, 20 years and O years, respectively.

We georeferenced and digitized the aerial pho-
tographs from these four points in time to quantify
the past and recent landscape composition in each
of the three landscape windows. The exact years of
the available aerial photographs vary from land-
scape window to landscape window and are listed in
Table 1. The temporal category addressing the time
points instead of the exact year will be used hereafter
for the sake of clarity.

For each time point and landscape window, we
defined two spatial units: (a) buffer zones around each
plant population (node level, Fig. 1B); (b) rectangular
land strips connecting the centres of each pair of plant
populations (link level, Fig. 1C). The node level was
used to analyse the effects of landscape metrics on
genetic diversity, while the link level was employed
to their impact on genetic differentiation. We then
quantified landscape composition using three types of
metrics. Area-based metrics measured the percentage
cover of different land-use types within buffer or strip
area, while length-based metrics assessed the relative
length of linear landscape elements, expressed as the
total length of a given element divided by the area

Table 1 Available aerial photographs of each landscape
window categorized into four points in time: mid-1900s, 1985,
2000 and 2017 in order to allow the alignment and comparison
of the landscape windows

Landscape Temporal category
Window -

mid-1900s 1985 2000 2017
GeE 1953 1985 2002 2017
GeW 1963 1987 2000 2016
SwS 1947 1986 2004 2017

of the buffer or strip. Additionally, structure-based
metrics incorporated all land-use types (Table 2). We
applied several different buffer distances to reflect
ranges of sizes and forage distances of potential
pollen dispersal vectors: 125 m, 250 m, 500 m, 1000
m, and 2000 m. Similarly, we used five different
width-to-length ratios of the rectangular land strips:
1to2, 1to3, 1to3, 1to7, 2to3 (Fig. 1B and C).

Data analysis

In order to determine the time lag of each species and
to quantify the contributions of the past and contem-
porary landscape composition to explaining the cur-
rent population genetic patterns of the forest herbs,
we applied linear mixed-effects models (LMMs) with
landscape window as a random intercept term.

For each species, we modelled population genetic
diversity (node level) and differentiation (link level)
as a function of a set of landscape metrics. At the node
level, we included population size (PopSize), and at
the link level, the edge-to-edge geographical distance
(GeoDist) as a basic population genetic determinant,
which remained in the model throughout the analysis.

Table 2 Landscape metrics that were included in the analysis
and their descriptions

Metric names Description
Area-based
Percent cover of...
INTENSIVE Intensively used agricultural land (incl.
intensive grassland and arable land)
FOREST Forest, including coniferous and deciduous
forests
ORCHARD Traditional orchards
SEMVEG Semi-natural vegetation (incl. ruderal
vegetation, heath, swamps etc.)
SEMGRASS Semi-natural grassland
SETTLE Settlement area

Length-based
Relative length of...

LWATER Water courses (incl. draining ditches)
LWOOD Woody elements (incl. hedgerows and tree
lines)
LROAD Roads
Structure-based
EDGEDEN Density of edges of all land-use parcels
SHANNON Shannon index of area land-use types
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Additionally, at the link level, we accounted for the
correlation among population pairs that included a
shared population by defining a correlation structure
within the Ime function using the function corMLPE
(Pope 2022). Prior to modelling, all variables were
Box-Cox transformed to increase the symmetry of
their distribution and then centred and scaled to yield
standardized regression coefficients.

We designated the most recent point in time, 2017,
as the reference time point and allowed landscape
metrics from this time to enter the global model first.
Subsequently, landscape metrics from earlier points
in time were allowed to enter the global model step
by step (Fig. 2). We then identified the time lag based
on the oldest time point in the model that significantly
lowered the AIC, (details provided below). In all
steps, before entering the global model, landscape
metrics were selected using the following procedure:

Each landscape metric was assigned with one
buffer distance (node level) or one width-to-length
ratio (link level) that yielded the lowest AIC, by fit-
ting LMMs individually. We compared the same land-
scape metric over different points in time and selected
the one with the lowest AIC,. to enter the global
model. Given the large number of landscape metrics,
we only considered those metrics in the global model
that showed a significant effect in the single-metric
models at a significance level of a=0.15, based on a
likelihood ratio test against the reduced model with
only the respective basic determinant. We then fit-
ted the global models for all subsets of the predictors
with two restrictions (1) any correlations among pre-
dictors > (0.7 were not tolerated, and these terms were
not allowed to enter the global model simultaneously;
(2) we allowed a maximum of two and four landscape
metrics in models at the node and link level, respec-
tively, given the limited sample size.

The single-best model with the lowest AIC, at
each step was selected as the final model. In the step
involving only landscape metrics from 2017, we
designated this model as Model Ref. In subsequent
steps, the other three final models were named as
follows: Model I (incl. 2017 and 2000), Model II
(incl. 2017, 2000 and 1985) and Model III (incl.
2017, 2000, 1985 and mid-1900s) respectively
(Fig. 2). We then compared models involving
past landscape metrics against Model Ref, in the
sequence of Model I, Model II, and Model III as our
hypothesis was that including historical landscape

Landscape
Metrics
(LMs)

LMs yield the lowest AIC: in single metric model
B = = =u
Global Model:

Population Genetic Measure ~ PopSize/GeoDist + LMs
Lowest AICc

/ 11\

Model lll

Model Il § Model | § Model Ref
o000 g 000 00 @®

Fig. 2 Flowchart illustrating the process of selecting four
final models (Model I, II, III and Model Ref). These models
incorporate landscape metrics (LM) from different time
points and population size (PopSize) to explain genetic
diversity or geographical distance (GeoDist) to explain genetic
differentiation. The four colours represent the four time points
(mid-1900s, 1985, 2000 and 2017) at which the landscape
metrics were included

metrics would better explain genetic patterns than
using only the most current landscape metrics.
The first model to achieve a decrease in AIC, of
2 or more (AAIC.>2) was considered optimal,
and the earliest time point included in this model
denoted the corresponding time lag. In a second
step, we compared the subsequent models against
this optimal model to assess whether including
landscape metrics based on earlier points in time
could further improve model’s explanatory power,
using AAIC,=2 as a threshold. Should this be the
case, the time lag would be adjusted accordingly.
Since all alternative models following the single-
best model with AAICc<2 were considered equiva-
lent in explaining variance, we refitted all candidate
models of the step defining the time lag, and submit-
ted all models with AAICc<2 to conditional model
averaging (Grueber et al. 2011; Harrison et al. 2018).
The averaged coefficient of each term, i.e. landscape
metric, then reflected the effect size of this term when
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it was included and the sum of Akaike weights over
all component models in which this term appeared
represented the general likelihood of this term’s
relevance.

All analyses were conducted in R (R version
4.1.3).

Results
Landscape changes since the mid-1900s

Intensively used agricultural land (INTENSIVE),
i.e. arable land and intensive grassland were the
dominant land use types at all points in time (Figure
S3, Table S6) but slightly decreased across the four
points in time. Semi-natural grassland (SEMGRASS)
decreased in eastern Germany but increased in
Sweden until 1985, while forest cover increased in all
three landscape windows (Figure S3). Semi-natural
vegetation (SEMVEG) tended to increase, while
traditional orchard (ORCHARD) decreased, with both
consistently comprising only small portions of the
overall landscape. The total length of linear landscape
elements generally increased over time in all three
landscape windows, although there were some time
points where a decrease was observed. The main
increment came from woody elements (LWOOD)
(Figure S4, Table S6). Generally, the most significant
relative change in terms of the percentage of each
land-use type occurred between the mid-1900s and
1985 (Table S7). Also, during this time, edge density
of land-use parcels (EDGEDEN) of GeE and GeW

Table 3 The difference in AIC, (AAIC,) of the final models
that included only present landscape metrics (Model Ref),
and those including both present and past landscape metrics

decreased most strongly (Figure S5), while land-use
diversity (SHANNO) remained largely stable with
minor fluctuations in Germany (GeE, GeW).

Landscape metrics calculated within different buft-
ers around the studied populations and within land
strips between the studied populations showed simi-
lar trends (Figure S8) and reflected the compositional
changes of the entire landscape windows (Figure S3,
S4 and S5).

Time lags in current population genetic diversity and
genetic differentiation

For all three species, models that were used to explain
observed heterozygosity (H,) had a lower AIC, when
incorporating past landscape metrics in addition to
landscape metrics from 2017 (Table 3). Specifically,
adding landscape metrics from both 2000 (Model I)
and subsequently from 1985 (Model II) improved
the model for P. multiflorum (AAIC.=7.0), which
corresponds to a time lag of 35 years. For O. aceto-
sella, Model I was by far the best in explaining H,
(AAIC,=14.3) and the time lag was identified to
be 20 years. For A. nemorosa, the improvement in
model quality was not significant when past land-
scape metrics were included (AAIC,.=0.9). However,
A. nemorosa was the only species for which the inclu-
sion of past landscape metrics significantly lowered
the AIC, of the models that were used to explain
allelic richness (AAIC.=2.6) (Table 3). The corre-
sponding time lag was 35 years.

Models including past landscape metrics explained
G’ ¢r and Dpg better for O. acetosella, but not for the

(Model I: incl. 2017 and 2000; Model II incl. 2017, 2000 and
1985; Model III: incl. 2017, 2000, 1985 and mid-1900s)

I (1mid-1900s + 1985 + 2000 + 2017) IT (1985 + 2000 + 2017) T (2000 + 2017)

A,

A. nemorosa 2.6 2.6 1.5

O. acetosella -1.0 -14 —-24

P. multiflorum 1.6 1.6 0.5
H()

A. nemorosa 0.9 0.6 0.4

O. acetosella 14.3 14.3 14.3

P. multiflorum 7.0 7.0 4.7

Models were used to explain allelic richness (A,) and observed heterozygosity (H,) of A. nemorosa, O. acetosella and P. multiflorum.
A reduction of AIC,. compared to the previous step by at least 2 were marked bold
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other two species (Table 4). The identified time lag
was 20 years (AAIC.=18.5 and="7.2, respectively).
Past landscape metrics from 1985 and the mid-
1900s did not significantly improve the models for
P. multifiorum and A. nemorosa (Table 4).

Detailed modelling results are provided in Tables
S9-S11.

Effects of the past landscape on genetic diversity and
differentiation

Among the various landscape metrics that
contributed significantly to explain population genetic
diversity and differentiation, semi-natural grassland
(SEMGRASS), traditional orchards (ORCHARD),
Shannon diversity of land-use types (SHANNO),
woody elements (LWOOD), and semi-natural
vegetation (SEMVEG) had significant past effects
(Figs. 3 and 4).

Discussion

Past landscape characteristics, mainly from 2000 and
1985, have left their traces in the current population
genetic diversity of all three forest herb species, and
in the genetic differentiation among populations
of O. acetosella. The landscape metrics from the
mid-1900s were not needed to explain the herbs’
population genetic structure, despite the fact that most
strong relative changes of the landscape composition
occurred between the mid-1900s and 1985 (Table S7).
This finding was surprising given the long life span

Table 4 The difference in AIC, (AAIC,) of the final models
that included only present landscape metrics (Model Ref),
and those including both present and past landscape metrics

of all three species. Conversely, we did not detect
any signals of time lag using genetic differentiation
measures in A. nemorosa and P. multiflorum. This
raises the question of which temporal scale of time
lags we should actually expect, and leaves the second
and third hypothesis (species-specific lags based on
traits, and genetic measure differences, with shorter
lags for allelic richness and D), partly untested.

Lacking evidence for legacies of the mid-twentieth
century

It was surprising that in our study, whenever we
detected a time lag, landscape metrics from the mid-
1900s did not significantly contribute to explaining
any of the population genetic measures of the species
examined. This absence of a signal from the mid-
1900s may suggest that early landscape changes
before the mid-1900s, particularly those related to
the landscape matrix, are already manifested in the
population genetic structures of the three studied
species. Although it is often expected that species
with a long life span and a low dispersal ability
exhibit long time lags, sometimes exceeding decades
(Miinzbergova et al. 2013; Reinula et al. 2021, 2024),
the actual response time reflected in population
genetic measures is often affected by population
attributes, e.g. population size. A small effective
population size, which is not uncommon and often
overestimated in partially clonal species (Trepdino
2012; Gargiulo et al. 2023), can accelerate the
process of reaching a new equilibrium (Lloyd et al.
2013; Epps and Keyghobadi 2015). Furthermore, we

(Model I: incl. 2017 and 2000; Model II incl. 2017, 2000 and
1985; Model III: incl. 2017, 2000, 1985 and mid-1900s)

I (1nid-1900s + 1985 + 2000 + 2017) IT (1985 + 2000 + 2017) T (2000 + 2017)

G”sr

A. nemorosa 1.0 1.0 0

O. acetosella 14.13 18.5 18.5

P. multiflorum 1.2 1.2 0.3
Dps

A. nemorosa 1.3 1.3 0.1

O. acetosella 7.4 7.4 7.2

P. multifiorum 0.5 0.5 0.5

Models were used to explain G” ¢ and Dpg of A. nemorosa, O. acetosella and P. multifiorum. A reduction of AIC, compared to the

previous step by at least 2 were marked bold
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Fig. 3 Effects of current and/or past landscape metrics
on genetic diversity (A.: allelic richness, H,. observed
heterozygosity) of A. nemorosa, O.

acetosella and P.
multiflorum. Illustrated are the conditionally averaged

coefficients of all models with AAIC.<2 at the step that
defined the time lag. If no time lag was identified, the
conditionally averaged coefficients represent the present

might underestimate the role of seedling recruitment
within the populations of the studied species (Berg
2002; Verheyen and Hermy 2004). A high seedling
recruitment may alter population demography,
resulting in a dominance of younger individuals.
Consequently, the population genetic structure may
reflect more recent landscapes.

This result also raised the question of whether
the intensity or magnitude of the landscape change
is relevant to the detectable duration of time lags,
considering the strong relative changes of landscape
composition that occurred between the mid-1900s
and 1985 (Table S7). It was assumed that a strong
change in landscape composition would also lead
to a significant alteration in functional connectivity
(Auffret et al. 2015). Drastic landscape changes rel-
evant for gene flow were often found being reflected
in genetic diversity even after a relatively short
exposure period (Vandergast et al. 2007; Zellmer
and Knowles 2009). However, significant changes
in structural connectivity do not necessarily lead

@ Springer
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landscape only. Shown are landscape metrics with their
sum of Akaike weights (grey bars), regression coefficient
(points), 95% confidence interval (error bars), and statistical
significance according to conditionally averaged models (**:
p<0.01; *: p<0.05). The effects of past landscape metrics
were marked in bold

to substantial changes in functional connectivity
(Aavik et al. 2014), which is essential for gene flow
in heterogeneous landscapes. This may be due to
the robustness and resilience of the pollination and
seed dispersal community to environmental pertur-
bations (Bascompte et al. 2006; Buono et al. 2023).
Thus, despite the considerable changes in landscape
composition, we could not detect distinctive effects
of the landscape from the mid-1900s on current
population genetic structure.

Different time lags depending on species’
reproductive traits

Keyghobadi et al. (2005a) detected a heterozygosity
time lag of 40 years in a pine species that reaches
sexual maturity at a similar time as A. nemorosa
and P. multiflorum. We used the same measure and
detected a time lag of 35 years in P. multiflorum,
while O. acetosella showed a time lag of 20 years
(Table 3, Fig. 3). This finding partly supported our
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Fig. 4 Effects of current and/or past landscape metrics
on genetic differentiation (G”g;, Dpg) of A. nemorosa, O.
acetosella and P. multiflorum. Illustrated are the conditionally
averaged coefficients of all models with AAIC.<2 at the
step that defined the time lag. If no time lag was identified,
the conditionally averaged coefficients represent the present

hypothesis that species with a shorter generation
time exhibit shorter time lags. However, the
absence of a significant signal in A. nemorosa
introduced uncertainty regarding the question in
how far other traits might counterbalance the effects
of generation time. Additionally, we found no clear
evidence that A. nemorosa, which is pollinated by
less mobile pollinators, exhibits longer time lags
than P. multiflorum, which is pollinated by highly
mobile pollinators.

Nevertheless, we detected a tendency for the
AIC, to become lower when including landscape
metrics from the mid-1900s to explain H, of A.
nemorosa, although without achieving the thresh-
old of 2. Combined with simulation results sug-
gesting that H, requires a longer time to respond
(Lloyd et al. 2013), we speculate that the time lag
of A. nemorosa may correspond to landscape struc-
tures further back in time not covered within the
range of our study. This speculation is even more
plausible, considering that polyploidy can buffer the

5 — 05
Parameter estimates

T B 5 — 05
Parameter estimates

landscape only. Shown are landscape metrics with their
sum of Akaike weights (grey bars), regression coefficient
(points), 95% confidence interval (error bars), and statistical
significance according to conditionally averaged models (**:
p<0.01; *: p<0.05). The effects of past landscape metrics
were marked in bold

genetic response of plants to habitat fragmentation
(Plue et al. 2018), and that A. nemorosa is tetraploid
(Shirreffs 1985). Specifically, in our study, this
suggests that A. nemorosa might have a time lag
exceeding 70 years using H,, which is longer than
that of P. multiflorum. This possibility is further
supported by the result on allelic richness, which
showed a time lag of 35 years only for A. nemorosa,
but not for O. acetosella and P. multiflorum.

In contrast to the results on genetic diversity, the
results on genetic differentiation, where we found no
signal for any time lags for A. nemorosa and P. multi-
florum (Table 4, Fig. 4), provide ambiguous informa-
tion, making it difficult to compare time lags across
species with different reproductive traits. The result
could indicate: (a) there is no time lag in genetic dif-
ferentiation in A. nemorosa and P. multiflorum; or (b)
the time lags of both species exceed 70 years. Our
results thus raised the question of which time lags
we should expect in genetic differentiation measures
compared to those in genetic diversity measures.
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Different time lags using different genetic measures

Using H, as a genetic diversity measure, we found a
time lag of 20 years in O. acetosella and a time lag
of 35 years in P. multiflorum, but not when measur-
ing genetic diversity with A,. Heterozygosity can
stay stable for over 200 generations after fragmenta-
tion events (Lloyd et al. 2013) and is often used to
detect historical effects (Miinzbergova et al. 2013),
but this only holds true when the population size is
sufficiently large. In small populations, heterozygo-
sity declines rapidly (Lloyd et al. 2013), which might
explain the time lag of a few decades detected in our
study. Conversely, allelic richness is more responsive
to recent landscape changes (Epps et al. 2005) and
reacts faster than heterozygosity (Caplins et al. 2014;
Aavik et al. 2017). This could explain the missing
time lag signal in P. multiflorum and O. acetosella in
our study, suggesting that their allelic richness, influ-
enced by previous landscape changes, has already
reached a new equilibrium.

Using both G” ¢ and Dpg, we detected a time lag
of 20 years in O. acetosella. Another study using G’ g
and Dpg detected a similar time lag of 2040 years
with the coastal tailed frog (Ascaphus truei), which is
also restricted in dispersion (Spear and Storfer 2008).
Despite the theoretical sensitivity of Dpg to recent
landscape changes due to its reliance on allelic diver-
sity (Landguth et al. 2010), this was not reflected in
our results (Table 4, Fig. 4).

What remained puzzling is the absence of sig-
nals in P. multiflorum and A. nemorosa using either
measure. Although Keyghobadi et al. (2005b) dem-
onstrated that, compared to heterozygosity, genetic
differentiation measures can detect relatively recent
landscape changes, this is generally true after recon-
nection events, where previously isolated popula-
tions become connected through habitat restoration
or increased dispersal opportunities (Landguth et al.
2010). In contrast, genetic differentiation tends to
react more slowly following isolation events, where
new barriers to gene flow emerge, for instance, due
to habitat fragmentation (Wang 2004; Landguth et al.
2010; Alcala et al. 2013). It might thus be reasonable
to speculate that the signals of A. nemorosa and P.
multiflorum using differentiation measure lie further
back in time.

@ Springer

Impact of landscape elements in a short and long
term

Surprisingly, despite intensive agricultural land use,
with arable fields and intensively managed grasslands
comprising up to 75% of the whole landscape, it was
the semi-natural landscape elements, such as semi-
natural grassland, other vegetation, linear woody
elements, and traditional orchards that contributed
most to explaining genetic diversity and differentia-
tion of the forest herb populations. Moreover, most of
these semi-natural landscape elements showed long-
lasting effects in that their past composition was still
reflected in the current population genetic structures
(Figs. 3 and 4).

We believe two characteristics are important for a
landscape metric to have a detectable legacy effect on
the population genetic structure. First, whether or not
a certain landscape metric has a historical effect is not
determined by its absolute proportion, but by the rela-
tive change in its proportion over time (Metzger et al.
2009). For a landscape metric to exhibit a detect-
able historical effect, it must have undergone some
changes. Otherwise, distinguishing between past and
present conditions is impossible. For instance, semi-
natural grassland (SEMGRASS) and semi-natural
vegetation (SEMVEG) made up only a small portion
of the landscape compared to arable fields (INTEN-
SIVE), however their percentage change was sub-
stantial (Table S6 and S7). Second, the landscape
element must be functionally important for the focal
species. While semi-natural elements may not nec-
essarily serve as habitat or increase the habitat con-
nectivity for forest specialist species (Liira and Paal
2013), they provide a wide range of potential nesting
and foraging resources for pollen and seed dispersers
(Eeraerts et al. 2021). Even small patches of semi-
natural habitat or scarce flower resources can be uti-
lized by many species (Jauker et al. 2009), influenc-
ing their behaviour and even community composition.
This, in turn, can potentially have a long-lasting effect
on the genetic diversity and differentiation of various
wild forest herb populations (Cruzan and Hendrick-
son 2020; Feigs et al. 2022; Naaf et al. 2022).
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Conclusion

Our study provides important insights in respect of
our hypotheses, but at the same time raised questions
for further research. First, we found limited evidence
of time lags beyond 35 years. This may indicate that
the population structure of long-lived forest herb spe-
cies can react relatively fast to landscape changes,
which contradicted our expectations that these spe-
cies exhibit time lags of many decades. However,
there were some indications that the time lags for A.
nemorosa and P. multiflorum could potentially exceed
the temporal scope of our study, which leaves our
interpretation uncertain and highlighted the impor-
tance of carefully considering the chosen time scale
when addressing time lags. Resolving this issue
requires further investigation with an extended tem-
poral scale beyond that of the current study.

Secondly, we observed variability in detected
time lags and historical landscape effects among
the three species and the genetic measures used.
Our findings suggest that P. multiflorum may exhibit
longer time lags than O. acetosella, likely due to
its later sexual maturity. However, this inference
is limited by our inability to detect signals for A.
nemorosa, which shares the attribute of having late
sexual maturity. Comparing the time lag between P.
multiflorum and A. nemorosa given their differences
in associated pollinators proved even more chal-
lenging. Our results partially supported the third
hypothesis that heterozygosity has a longer time lag
than allelic richness. However, further investigation
is needed to understand the difference in temporal
scales between the two differentiation measures
G”¢r and Dpg. Given the inconsistency in identify-
ing time lags in dependence of species’ reproduc-
tive traits using four genetic measures, with some
measures showing no signals of time lag at all, we
conclude that it is important to consider multiple
measures in detecting time lags and to account for
the time scales of these measures.

Our results also indicated that whether a land-
scape element has a long-lasting effect is not
explained by its dominance in the landscape but
rather its proportional change over time and its
functional relevance. Semi-natural landscape ele-
ments have a more enduring effect on shaping the
genetic diversity and differentiation of forest herb

populations than have intensively used agricultural
landscape elements.

In conclusion, our results emphasized that agri-
cultural landscapes have a historical dimension that
constantly shapes the genetic patterns of present-day
wild populations and influences their long-term per-
sistence, even for the forest-dwelling species. Recog-
nizing these long-lasting effects is essential for effec-
tive conservation planning.

Acknowledgements We thank Eva Kleibusch (Senckenberg
German Entomological Institute, SDEI), Katja Kramp (ZALF)
and Ute Jahn (ZALF) for technical support during molecular
lab work and GIS work, respectively. Basic research work for
this study relied on data from the smallFOREST geodatabase
(https://www.u-picardie.fr/smallforest/).

Author contributions TN, SIJH conceived and designed the
study. All authors except JL and SOAC were involved in site
selection, field work and sampling. SH, JTF and TN performed
the molecular lab work and did the allele scoring. SH analysed
the data and wrote the first draft of the manuscript with con-
tributions of TN, JTF and SIJH. All authors contributed to the
revisions and gave final approval for publication.

Funding Open Access funding enabled and organized by
Projekt DEAL. This research was founded by the German
Research Foundation (Research Grants NA 1067/2-1, HO
4742/2-1, and KR 5060/1-1). This includes the research work
of JTF, SH, SIUH and TN. This work was supported by the
FWO Scientific research network FLEUR (W000322N,http://
www.fleur.ugent.be). This research was also partly funded by
the German Federal Ministry of Food and Agriculture (BMEL)
and the Ministry for Science, Research and Culture of the State
of Brandenburg (MWFK).

Data availability The datasets generated during and/or ana-
lysed during the current study are available in the supplemen-
tary information. The R code for analysing the data are avail-
able from the corresponding author on reasonable request.

Declarations

Conflict of interest The authors declare no competing
interests.

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly

@ Springer


https://www.u-picardie.fr/smallforest/
http://www.fleur.ugent.be
http://www.fleur.ugent.be

82 Page 14 of 16

Landsc Ecol (2025) 40:82

from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

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

Aavik T, Talve T, Thetloft M, Uuemaa E, Oja T (2017) Genetic
consequences of landscape change for rare endemic
plants — A case study of Rhinanthus osiliensis. Biol Cons
210:125-135

Aavik T, Thetloff M, Triger S, Hernandez-Agramonte IM,
Reinula 1 (2019) Delayed and immediate effects of
habitat loss on the genetic diversity of the grassland plant
Trifolium montanum. Biodivers Conserv 28:3299-3319

Alcala N, Streit D, Goudet J, Vuilleumier S (2013) Peak and
persistent excess of genetic diversity following an abrupt
migration increase. Genetics 193(3):953-971

Aparicio A, Hampe A, Fernandez-Carrillo L, Albaladejo
RG (2012) Fragmentation and comparative genetic
structure of four Mediterranean woody species: complex
interactions between life history traits and the landscape
context. Divers Distrib 18(3):226-235

Auffret AG, Plue J, Cousins SAO (2015) The spatial and
temporal components of functional connectivity in
fragmented landscapes. Ambio 44(Suppl 1):S51-S59

Auffret AG, Rico Y, Bullock JM, Hooftman DAP, Pakeman
RJ, Soons MB, Suarez-Esteban A, Traveset A, Wagner
HH, Cousins SAO (2017) Plant functional connectivity -
integrating landscape structure and effective dispersal. J
Ecol 105(6):1648-1656

Baessler C, Klotz S, Durka W (2010) Temporal changes and
spatial determinants of plant species diversity and genetic
variation. In: Miiller F, Baessler C, Schubert H et al (eds)
Long-term ecological research. Springer Netherlands,
Dordrecht, pp 279-297

Bascompte J, Jordano P, Olesen J (2006) Asymmetric
coevolutionary networks facilitate biodiversity
maintenance. Science 312(5772):431-433

Baumberger H (1971) Chromosomenzahlbestimmungen und
Karyotypanalysen bei den Gattungen Anemone, Hepatica
und Pulsatilla. Schweiz Bot Ges 80:17-95

Berg H (2002) Population dynamics in Oxalis acetosella:
the significance of sexual reproduction in a clonal,
cleistogamous forest herb. Ecography 25:233-243

Berg H, Redbo-Torstensson P (2000) Offspring performance in
Oxalis acetosella, a cleistogamous perennial herb. Plant
Biol (Stuttg) 2(6):638-645

Berge G, Nordal I, Hestmark G (1998) The effect of breeding
systems and pollination vectors on the genetic variation of
small plant populations within an agricultural landscape.
Oikos 81:17-29

Blair C, Jiménez Arcos VH, La Cruz FRM, de; Murphy, R.
W. (2015) Historical and contemporary demography
of leaf-toed geckos (Phyllodactylidae: Phyllodactylus
tuberculosus saxatilis) in the Mexican dry forest. Conserv
Genet 16(2):419-429

@ Springer

Bowcock A, Ruiz-Linares A, Tomfohrde J, Minch E, Kidd
R, Cavalli-Sforza L (1994) High resolution of human
evolutionary trees with polymorphic microsatellites.
Letters Nat 368:455—457

Buono CM, Lofaso J, Smisko W, Gerth C, Santare J, Prior KM
(2023) Historical forest disturbance results in variation
in functional resilience of seed dispersal mutualisms.
Ecology 104(4):e3978

Caplins SA, Gilbert KJ, Ciotir C, Roland J, Matter SF,
Keyghobadi N (2014) Landscape structure and the
genetic effects of a population collapse. Proc Biol Sci
281(1796):20141798

Castilla AR, Pope NS, O’Connell M, Rodriguez MF, Treviiio
L, Santos A, Jha S (2017) Adding landscape genetics
and individual traits to the ecosystem function paradigm
reveals the importance of species functional breadth. Proc
Natl Acad Sci USA 114(48):12761-12766

Cruzan MB, Hendrickson EC (2020) Landscape genetics
of plants: challenges and opportunities. Plant
Communications 1(6):100100

Cushman SA, McKelvey KS, Hayden J, Schwartz MK
(2006) Gene flow in complex landscapes: testing
multiple hypotheses with causal modelling. Am Nat
168(4):486-499

Darvill B, Knight ME, Goulson D (2004) Use of genetic
markers to quantify bumblebee foraging range and nest
density. Oikos 107(3):471-478

de Vere N, Jongejans E, Plowman A, Williams E (2009)
Population size and habitat quality affect genetic
diversity and fitness in the clonal herb Cirsium dissectum.
Oecologia 159(1):59-68

Dyer, R. J. (2016). Landscapes and plant population genetics.
In: Landscape Genetics. Concept, Methods, Applications.
Hg. v. Niko Balkenhol/Samuel A. Cushman/A. Storfer
et al. John Wiley & Sons Ltd.

Eeraerts M, van den Berge S, Proesmans W, Verheyen K,
Smagghe G, Meeus I (2021) Fruit orchards and woody
semi-natural habitat provide complementary resources
for pollinators in agricultural landscapes. Landsc Ecol
36(5):1377-1390

Epps CW, Keyghobadi N (2015) Landscape genetics
in a changing world: disentangling historical and
contemporary influences and inferring change. Mol Ecol
24(24):6021-6040

Epps CW, Palsbgll PJ, Wehausen JD, Roderick GK, Ramey
RR, McCullough DR (2005) Highways block gene flow
and cause a rapid decline in genetic diversity of desert
bighorn sheep. Ecol Lett 8(10):1029-1038

Epps CW, Wehausen JD, Bleich VC, Torres SG, Brashares JS
(2007) Optimizing dispersal and corridor models using
landscape genetics. J Appl Ecol 44(4):714-724

Epps CW, Wasser SK, Keim JL, Mutayoba BM, Brashares
JS (2013) Quantifying past and present connectivity
illuminates a rapidly changing landscape for the African
elephant. Mol Ecol 22(6):1574—-1588

Erbar C, Leins P (2013) Nectar production in the pollen
flower of Anemone nemorosa in comparison with other
Ranunculaceae and Magnolia (Magnoliaceae). Org
Divers Evol 13:287-300

Feigs JT, Holzhauer SIJ, Huang S, Brunet J, Diekmann
M, Hedwall P-O, Kramp K, Naaf T (2022) Pollinator


http://creativecommons.org/licenses/by/4.0/

Landsc Ecol (2025) 40:82

Page 150f 16 82

movement activity influences genetic diversity and
differentiation of spatially isolated populations of clonal
forest herbs. Front Ecol Evolut. https://doi.org/10.3389/
fevo.2022.908258

Fischer J, Lindenmayer DB (2007) Landscape modification
and habitat fragmentation: a synthesis. Glob Ecol
Biogeogr 16(3):265-280

Gargiulo R, Waples RS, Grow AK, Shefferson RP, Viruel
J, Fay MF, Kull T (2023) Effective population size in a
partially clonal plant is not predicted by the number of
genetic individuals. Evol Appl 16(3):750-766

Grueber CE, Nakagawa S, Laws RJ, Jamieson 1G (2011)
Multimodel inference in ecology and evolution:
challenges and solutions. J Evol Biol 24(4):699-711

Harrison XA, Donaldson L, Correa-Cano ME, Evans J,
Fisher DN, Goodwin CED, Robinson BS, Hodgson DJ,
Inger R (2018) A brief introduction to mixed effects
modelling and multi-model inference in ecology. PeerJ
6:€4794

Helm A, Oja T, Saar L, Takkis K, Talve T, Pirtel M (2009)
Human influence lowers plant genetic diversity in
communities with extinction debt. J Ecol 97(6):1329-1336

Holderegger R, Stehlik I, Schneller JJ (1998) Estimation of the
relative importance of sexual and vegetative reproduction
in the clonal woodland herb Anemone nemorosa.
Oecologia 117:105-107

Honnay O, Hermy M, Coppin P (1999) Impact of habitat
quality on forest plant species colonization. For Ecol
Manag 115:157-170

Honnay O, Jacquemyn H, Bossuyt B, Hermy M (2005) Forest
fragmentation effects on patch occupancy and population
viability of herbaceous plant species. New Phytol
166(3):723-736

Honnay O, Coart E, Butaye J, Adriaens D, van Glabeke
S, Roldan-Ruiz I (2006) Low impact of present and
historical landscape configuration on the genetics of
fragmented Anthyllis vulneraria populations. Biol Cons
127(4):411-419

Jauker F, Diekotter T, Schwarzbach F, Wolters V (2009)
Pollinator dispersal in an agricultural matrix: opposing
responses of wild bees and hoverflies to landscape
structure and distance from main habitat. Landsc Ecol
24(4):547-555

Keller D, Holderegger R, van Strien MJ, Bolliger J (2015) How
to make landscape genetics beneficial for conservation
management? Conserv Genet 16(3):503-512

Keyghobadi N (2007) The genetic implications of habitat
fragmentation for animals. Can J Zool 85(10):1049-1064

Keyghobadi N, Roland J, Matter SF, Strobeck C (2005a)
Among- and within-patch components of genetic
diversity respond at different rates to habitat
fragmentation: an empirical demonstration. Proc Biol Sci
272(1562):553-560

Keyghobadi N, Roland J, Strobeck C (2005b) Genetic
differentiation and gene flow among populations of
the alpine butterfly, Parnassius smintheus, vary with
landscape connectivity. Mol Ecol 14(7):1897-1909

Klotz S, Kiihn I, Durka W, Briemle G (2002) BIOLFLOR- eine
Datenbank mit biologisch-okologischen Merkmalen zur
Flora von Deutschland. Bundesamt fiir Naturschutz, Bonn

Knight ME, Osborne JL, Sanderson RA, Hale RJ, Martin AP,
Goulson D (2009) Bumblebee nest density and the scale
of available forage in arable landscapes. Insect Conserv
Divers 2(2):116-124

Kosifiski I (2012) Generative reproduction dynamics
in populations of the perennial herb Polygonatum
multiflorum  (Asparagaceae). Ann  Bot  Fenn
49(4):217-228

Kosinski 1 (2015) Ontogenetic development and maturity of
individuals of Polygonatum multiflorum. Flora 216:1-5

Landguth EL, Cushman SA, Schwartz MK, McKelvey
KS, Murphy M, Luikart G (2010) Quantifying the lag
time to detect barriers in landscape genetics. Mol Ecol
19(19):4179-4191

Lee AM, Engen S, Sether B-E (2011) The influence
of persistent individual differences and age at
maturity on effective population size. Proc Biol Sci
278(1722):3303-3312

Liira J, Paal T (2013) Do forest-dwelling plant species disperse
along landscape corridors? Plant Ecol 214(3):455-470

Lloyd MW, Campbell L, Neel MC (2013) The power to detect
recent fragmentation events using genetic differentiation
methods. PLoS ONE 8(5):e63981

Manel S, Holderegger R (2013) Ten years of landscape
genetics. Trends Ecol Evol 28(10):614-621

Manley PN, Parks SA, Campbell LA, Schlesinger MD (2009)
Modelling urban land development as a continuum to
address fine-grained habitat heterogeneity. Landsc Urban
Plan 89(1-2):28-36

Meirmans PG, Hedrick PW (2011) Assessing population
structure: F(ST) and related measures. Mol Ecol Resour
11(1):5-18

Metzger JP, Martensen AC, Dixo M, Bernacci LC, Ribeiro MC,
Teixeira AMG, Pardini R (2009) Time-lag in biological
responses to landscape changes in a highly dynamic
Atlantic forest region. Biol Cons 142(6):1166-1177

Miiller N, Schneller JJ, Holderegger R (2000) Variation in
breeding system among populations of the common
woodland herb Anemone nemorosa (Ranunculaceae).
Plant Syst Evol 221(1-2):69-76

Miinzbergova Z, Cousins SAO, Herben T, Plackova I, Mildén
M, Ehrlén J (2013) Historical habitat connectivity affects
current genetic structure in a grassland species. Plant Biol
(Stuttg) 15(1):195-202

Murphy HT, Lovett-Doust J (2004) Context and connectivity
in plant metapopulations and landscape mosaics: does the
matrix matter? Oikos 105(1):3-14

Murphy M, Evans JS, Storfer A (2010) Quantifying Bufo
boreas connectivity in Yellowstone National Park with
landscape genetics. Ecology 91:252-261

Naaf T, Feigs JT, Huang S, Brunet J, Cousins SAO, Decocq
G, de Frenne P, Diekmann M, Govaert S, Hedwall P-O,
Helsen K, Lenoir J, Liira J, Meeussen C, Plue J, Poli P,
Spicher F, Vangansbeke P, Vanneste T, Verheyen K,
Holzhauer SIJ, Kramp K (2021) Sensitivity to habitat
fragmentation across European landscapes in three
temperate forest herbs. Landsc Ecol 36(10):2831-2848

Naaf T, Feigs JT, Huang S, Brunet J, Cousins SAO, Decocq
G, de Frenne P, Diekmann M, Govaert S, Hedwall P-O,
Lenoir J, Liira J, Meeussen C, Plue J, Vangansbeke P,
Vanneste T, Verheyen K, Holzhauer S1J, Kramp K (2022)

@ Springer


https://doi.org/10.3389/fevo.2022.908258
https://doi.org/10.3389/fevo.2022.908258

82 Page 16 of 16

Landsc Ecol (2025) 40:82

Context matters: the landscape matrix determines the
population genetic structure of temperate forest herbs
across Europe. Landsc Ecol 37(5):1365-1384

Packham JR (1978) Biological flora of the British isles Oxalis
Acetosella L. J Ecol 66:669-693

Palang H, Alumie H, Mander U (2000) Holistic aspects in
landscape development: a scenario approach. Landsc
Urban Plan 50:85-94

Pannell JR, Charlesworth B (2000) Effects of metapopulation
processes on measures of genetic diversity. Philosophical
transactions of the Royal Society of London. Series b,
Biol Sci 355(1404):1851-1864

Plue J, Vandepitte K, Honnay O, Cousins SAO (2017) Does
the seed bank contribute to the build-up of a genetic
extinction debt in the grassland perennial Campanula
rotundifolia? Ann Bot 120:373-385

Plue J, Kimberley A, Slotte T (2018) Interspecific variation in
ploidy as a key plant trait outlining local extinction risks
and community patterns in fragmented landscapes. Funct
Ecol 32(8):2095-2106

Pope, N. S. (2022). corMLPE:. Version R package version
0.0.3.

Redhead JW, Dreier S, Bourke AFG, Heard MS, Jordan
WC, Sumner S, Wang J, Carvell C (2016) Effects of
habitat composition and landscape structure on worker
foraging distances of five bumble bee species. Ecol Appl
26(3):726-739

Reinula I, Triger S, Hernandez-Agramonte IM, 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 27:1648-1662

Reinula I, Triager S, Jarvine H-T, Kuningas V-M, Kaldra M,
Aavik T (2024) Beware of the impact of land use legacy
on genetic connectivity: a case study of the long-lived
perennial Primula veris. Biol Cons 292:110518

Reisch C, Schmidkonz S, Meier K, Schopplein Q, Meyer C,
Hums C, Putz CM, Schmid C (2017) Genetic diversity of
calcareous grassland plant species depends on historical
landscape configuration. BMC Ecol 17(1):19

Schmidt M, Mdlder A, Schonfelder E, Engel F, Schmiedel
I, Culmsee H (2014) Determining ancient woodland
indicator plants for practical use: a new approach
developed in northwest Germany. For Ecol Manag
330:228-239

Shirreffs DA (1985) Biological flora of the British isles.
Anemone nemorosa. J Ecol 73:1005-1020

Slatkin M (1985) Gene flow in natural populations. Annu Rev
Ecol Syst 16:393-430

Spear SF, Storfer A (2008) Landscape genetic structure of
coastal tailed frogs (Ascaphus truei) in protected vs.
managed forests. Mol Ecol 17(21):4642-4656

@ Springer

Spear S, Cushman SA, McRae B (2016) Resistance surface
modelling in landscape genetics. Landscape genetics.
Concept, methods, applications. John Wiley, Hoboken, pp
129-148

Torres-Vanegas F, Hadley AS, Kormann UG, Jones FA, Betts
MG, Wagner HH (2019) The Landscape genetic signature
of pollination by trapliners: evidence from the tropical
herb. Heliconia Tortuosa Front Genet 10:1206

Trepdino V (2012) Overestimating population sizes of rare
clonal plants. Conserv Biol 26:945-947

van Rees CB, Reed JM, Wilson RE, Underwood JG,
Sonsthagen SA (2018) Small-scale genetic structure in
an endangered wetland specialist: possible effects of
landscape change and population recovery. Conserv Genet
19(1):129-142

Vandergast AG, Bohonak AJ, Weissman DB, Fisher RN
(2007) Understanding the genetic effects of recent
habitat fragmentation in the context of evolutionary
history: phylogeography and landscape genetics of
a southern California endemic Jerusalem cricket
(Orthoptera: Stenopelmatidae: Stenopelmatus). Mol Ecol
16(5):977-992

Verheyen K, Hermy M (2004) Recruitment and growth of
herb-layer species with different colonizing capacities in
ancient and recent forests. J Veg Sci 15:125-134

Verheyen K, Honnay O, Motzkin G, Hermy M, Foster D (2003)
Response of forest plant species to land-use change: a life-
history trait-based approach. J Ecol 91(4):563-577

Waits L, Cushman SA, Spear S (2016) Applications of
landscape genetics to connectivity research in terrestrial
animals. Landscape genetics. Concept, methods,
applications. John Wiley, Hoboken, pp 199-219

Wang J (2004) Application of the one-migrant-per-generation
rule to conservation and management. Conserv Biol
18(2):332-343

Wang W, Qiao Y, Li S, Pan W, Yao M (2017) Low genetic
diversity and strong population structure shaped by
anthropogenic habitat fragmentation in a critically
endangered primate. Trachypithecus Leucocephalus
Heredity 118(6):542-553

Willemstein SC (1987) An evolutionary basis for pollination
ecology. Brill/ Leiden University Press, Leiden

Young A, Boyle T, Brown T (1996) The population genetic
consequences of habitat fragmentation for plants. Trends
Ecol Evol 11(10):413-418

Zellmer AJ, Knowles LL (2009) Disentangling the
effects of historic vs. contemporary landscape
structure on population genetic divergence. Mol Ecol
18(17):3593-3602

Publisher’s Note Springer Nature remains neutral with re-
gard to jurisdictional claims in published maps and institutional
affiliations.



	Variable time lags in genetic response of three temperate forest herbs to 70 years of agricultural landscape change
	Abstract 
	Context 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study species
	Population genetics and attributes
	Past landscape composition
	Data analysis

	Results
	Landscape changes since the mid-1900s
	Time lags in current population genetic diversity and genetic differentiation
	Effects of the past landscape on genetic diversity and differentiation

	Discussion
	Lacking evidence for legacies of the mid-twentieth century
	Different time lags depending on species’ reproductive traits
	Different time lags using different genetic measures
	Impact of landscape elements in a short and long term

	Conclusion
	Acknowledgements 
	References




