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Habitat loss and fragmentation have led to smaller and more isolated plant populations, impacting population
performance through changes in genetic processes, demographic structure, and pollinator availability. Under-
standing the interactive effects of these factors is crucial for sustaining and restoring viable populations. This
study analysed the genetic structure of natural populations of the long-lived herb Primula elatior and investigated
plant and population reproductive performance in relation to population size, floral morph type ratios, genetic
diversity, pollinator abundance, and landscape context. Plant reproductive performance was measured in 33
natural populations in the Netherlands and related to population size and genetic diversity. Additionally, the
landscape context, i.e., surface cover estimates of different land-use types, was assessed. Pollinator surveys were
performed in a subset of 15 populations. Genetic divergence increased with geographic distance between pop-
ulations. Structure analysis identified five genetic clusters corresponding to geographic regions. Genetic diversity
was strongly positively correlated with population size but was not significantly associated with plant repro-
ductive performance measures. Plant reproductive performance was however affected by floral morph ratio,
pollinator abundance, and forest cover within 1000 m. Seed production increased with a more balanced floral
morph ratio and higher pollinator abundance, and showed a unimodal relationship with the percentage of forest
cover within 1000 m around the survey site. This study demonstrates that both floral morph ratio and landscape
context simultaneously influence population performance and impose pressures particularly on small pop-
ulations. This study underscores the need to adopt a landscape-oriented perspective to fully comprehend pop-
ulation performance.

1. Introduction

Land use change and the intensification of agriculture has resulted in
loss, fragmentation, and degradation of natural habitat (Foley et al.,
2005; Green et al., 2005). As a consequence, many plant populations
have become increasingly small and isolated (Leimu et al., 2006), often
surrounded by hostile environments. A decline in population size and
land use change can limit plant reproductive success (Aguilar et al.,
2006; Angeloni et al., 2011), leading to small populations that rejuve-
nate poorly and mostly contain old individuals. Various factors may
contribute to these limitations, including genetic processes (Angeloni
et al., 2011) and plant-pollinator interactions (Vanbergen, 2014), that
are often influenced by a larger spatial context (Avon et al., 2015).
Studying the different processes and their interactive effects increases
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our understanding of what limits population performance.

When populations become small and isolated, random genetic drift
and inbreeding can lead to genetic erosion and fixation of deleterious
alleles (Grueber et al., 2013; Leimu et al., 2010), which eventually may
lower a population's ability to adapt to environmental change (Garcia-
Dorado and Caballero, 2021). Genetic drift enhances genetic differen-
tiation between populations (Huang et al., 2009), in particular in small
and isolated populations (Méndez et al., 2014). Inbreeding results in an
increased frequency of homozygotes (Wright et al., 2008), possibly
leading to reduced plant fitness when recessive deleterious alleles
become expressed in the homozygous state (i.e., inbreeding depression).
Similarly, plant fitness can be reduced by the loss of favourable het-
erozygote combinations (Angeloni et al., 2011; Wright et al., 2008).

Self-incompatibility, the inability of a plant to produce viable seeds
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upon self-pollination, is a common mechanism in flowering plants that
prevents or lowers the risk of inbreeding. Self-incompatible species are
able to identify and reject their own pollen as well as pollen from a
similar genotype. While in most species, the genotypes are morpholog-
ically indistinguishable from another (homomorphic plants), in some
species, they can be distinguished based on differences in flower
morphology (heteromorphic plants) (Charlesworth, 2010). In distylous
species, short-styled and long-styled morph types coexist in a population
with their stigmas and anthers reciprocally placed. This self-
incompatibility system ensures that short- and long-styled plants are
each compatible only with the other morph (Charlesworth, 2010). Dis-
tyly works beneficially in populations in which both morph types are
present in balanced and large numbers. Skewed morph ratios can,
however, complicate matching receptive morphs, leading to a limitation
of suitable mates. Mate limitation can thus affect a population's genetic
structure (Luque et al., 2016) and result in a decrease in individual plant
fitness (Endels et al., 2002; Meeus et al., 2012). In small populations,
skewed morph ratios are more common as a result of stochastic pro-
cesses (Aavik et al., 2020; Kéry et al., 2003), resulting in mate limitation
being one among several processes through which population size can
affect plant fitness (Kéry et al., 2000).

Another way population size can influence plant fitness is via polli-
nator attraction. When small populations are less visited by pollinators,
which are essential for the seed production in distylous species (Wilcock
and Neiland, 2002), plant seed production can be reduced. Reported
declines in wild pollinators (Bartomeus et al., 2019; Biesmeijer et al.,
2006; Powney et al., 2019) may result in plant populations becoming
increasingly pollination-limited (Clough et al., 2014; Dainese et al.,
2019; Ricketts et al., 2008), resulting in a reduced reproductive capac-
ity. Pollinator abundance is known to be strongly affected by the land-
scape context, i.e., the proportions of land-use types such as forests,
grasslands or arable fields (Steffan-Dewenter et al., 2002; Viana et al.,
2012). In fragmented landscapes, this is exacerbated by reduced con-
nectivity and pollinator movement (Aguilar et al., 2006; Reinula et al.,
2024). Particularly in small populations of self-incompatible species,
this can significantly impact reproductive capacity and, consequently,
population fitness (Aguilar et al., 2006).

Genetic variation, population size, pollinator abundance, and the
landscape context can thus simultaneously affect an individual's per-
formance and, consequently, the overall performance of a population.
Understanding the interactive effects on plant and population perfor-
mance is therefore critical for choosing effective conservation strategies,
yet only few studies have investigated these interactions (e.g., Busch and
Reisch, 2016; Peterson et al., 2008). We used Primula elatior, a distylous
long-lived perennial, as a model species. P. elatior is targeted in local
conservation efforts due to recent population declines. We address the
following research questions: (1) Is population genetic structure related
to geographic distance and/or habitat type? (2) How are population
size, genetic diversity, and floral morph ratios linked to plant and pop-
ulation reproductive performance? (3) How is population reproductive
performance linked to population demographic structure? (4) Is seed
production related to pollinator abundance and/or the landscape
context?

We expect geographic distance to be strongly associated with genetic
distance due to the low dispersal ability of P. elatior (Fayard et al., 2009;
Szovényi et al., 2012). As forest versus grassland populations might be
adapted to the different habitat types, habitat type may explain genetic
divergence as well. We expect population size to be positively associated
with genetic diversity and (more) balanced floral morph ratios (Kaldra
et al.,, 2023) (Supplemental Fig. Al). We also expect a positive rela-
tionship between genetic diversity and plant reproductive performance
(Jacquemyn et al., 2001; Kéry et al., 2000; Van Rossum et al., 2006), and
assume that populations consisting of many well-performing plants
show greater overall performance (Supplemental Fig. Al). Population
performance is expected to affect population demographic structure,
with greater population performance being associated with higher
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proportions of young individuals and lower proportions of old ones. As
P. elatior is an insect-pollinated, obligate outcrossing species, we expect
seed production to increase with more balanced floral morph ratios
(Brys et al., 2008) and higher pollinator abundance. Finally, we expect
seed production to be negatively affected by arable field cover
(Senapathi et al., 2017) and to exhibit a positive or a unimodal rela-
tionship with forest and grassland cover (Valdes and Garcia, 2011). This
expectation arises primarily because many pollinators, which are
essential for seed production in P. elatior, require woody habitat for
nesting and benefit from both forest and grassland as foraging areas,
while also potentially benefiting from higher landscape heterogeneity
(Senapathi et al., 2017).

2. Methods
2.1. Study species

We studied 33 natural P. elatior populations across the Netherlands
that varied largely in population size and surrounding landscape.
Primula elatior is a herbaceous perennial plant native to western and
central Europe (De Keersmaeker et al., 2015; Taylor and Woodell,
2008). The hemicryptophyte, rosette-forming species typically grows in
two distinct habitat types: well-buffered wet forests (Primulo elatioris-
Carpinetum and multiple associations of the Alno-Padion) and wet
grasslands (Angelico-Cirsietum oleracei) (Weeda et al., 2005). Both
habitat types have moderately nutrient-rich and moderately acidic soils.
Buffering is achieved through groundwater influence or fractions of
loam in the soil. Only in the southern region of the country buffering is
caused by limestone. The plant emerges in late February and flowers
from early March to mid-May (Taylor and Woodell, 2008). Seeds
disperse in early August, followed by a period of dormancy until the next
spring (Taylor and Woodell, 2008). It takes several years for individuals
to mature from small flowering adults to plants with multiple rosettes, as
plants produce one rosette per year under benign conditions
(Jacquemyn et al., 2009). Individuals can survive for many years, and
evidence points to a half-life of approximately 50 years (Jacquemyn
et al., 2009).

P. elatior is an insect-pollinated, outcrossing species. Its floral
dimorphism largely prevents self-fertilization (Taylor and Woodell,
2008): the species has two distinctive flower morphologies, referred to
as pin and thrum morphs, that coexist within populations (Keller et al.,
2016). Inter-morph fertilization is the norm; intra-morph pollination
rarely takes place and yields very low seed production (Keller et al.,
2014; Vaerbak and Andersen, 1997). Pollination is mediated by a vari-
ety of insects (mainly bees and flies), although pollinator visitation rates
are generally low (Farwig et al., 2009).

2.2. Population selection and sampling

The 33 natural focal populations were selected across the
Netherlands with varying population sizes in forest and grassland hab-
itats as well as in mixed grassland-forest habitats. The focal grasslands
and forests, and small (<500 individuals) and large (>500 individuals)
populations were fairly evenly spread over different regions in the
Netherlands (Fig. 1A). Since the Dutch landscape has been highly
influenced by human activities, causing habitat changes in many areas
over the past century, we used historical maps to select populations that
have experienced the same habitat type since at least 1950.

Data was collected in two rounds in 2020: the first round during peak
flowering from the end of March until the end of April, the second round
during the period of seed formation from the end of June until the
beginning of July. During the first round, population characteristics and
plant reproductive performance were measured, and leaf material was
collected for genetic analysis. In each population, ten plots of 9 m? each
were selected with the aim to capture as much of the variation in plant
vitality as possible across the population site. One plot was placed where
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Fig. 1. A) Map showing parts of the Netherlands with 33 Primula elatior populations that were analysed. B) Plot of principal component axes 1 and 2 and C) plot of
principal component axes 2 and 3 based on genetic distance among 33 populations of P. elatior. PC axis 1 explained 4.9 % of the variation in the data, PC axis 2
explained additional 2.6 %, and PC axis 3 explained additional 2.3 %. D) Visualization of sparse non-negative matrix factorization analysis with K = 5 clusters among
the 33 analysed populations (n = 507) based on 44,969 SNPs. Colours represent the different genetic regions based on an optimal number of K = 5 clusters: orange for
region 1, light blue for region 2, green for region 3, dark blue for region 4 and pink for region 5. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

plant were visually the most vital in the population (high plant and
flower density, large plant size, many seedlings present = ‘optimal
plot’). Four plots were placed at suboptimal conditions, containing the
visually least vital plants (low plant and flower density, small plants,
plants with deviant phenotype implying stress such as yellowish leaves,
no seedlings present = ‘suboptimal plots’). The other five plots were
placed at random growing sites (‘random plots’). In small populations
where fewer than ten plots could be laid out, at least the most vital and
the least vital plants were measured. Population size estimates were
based on mature plants only; seedlings were not included. Population
size was estimated by counting the number of individuals in populations
with fewer than 500 plants. In populations with >500 individuals,
populations were categorized in one of four classes 500-1000,
1000-2500, 2500-5000, or > 5000 individuals by extrapolating plant
density and population surface based on observations in the field and
observation data retrieved from the National Databank Flora en Fauna
(NDFF, 2020). When population size was used as a continuous variable
for modelling, we used the mean values for the first three size categories
or the value 5000 for the last one.

In each plot, performance traits related to plant age and flowering
capacity were measured. The number of individuals were counted in
four age classes: old individuals (more than five rosettes), intermediate-
aged individuals (two to five rosettes), young individuals (one rosette),
and seedlings. Since the rosettes of an individual are tightly clustered,
individuals can usually be clearly distinguished. In cases where the
distinction was unclear, we inspected whether two rosettes were phys-
ically connected by temporarily displacing a small amount of surface soil
to uncover the roots. The number of rosettes, inflorescence number, the
number of flowers of the highest inflorescence, and floral morph type
were measured per individual and plot for a maximum of 20 individuals.
Since the measurements inflorescence number, flower number of the
highest inflorescence, and adult number per plot were not correlated, we
used these variables to estimate a proxy for flower density (i.e., flower

number per m?). Flower density was calculated as the mean flower
number per plant per plot, where the flower number per plant was
estimated by multiplying the flower number of the highest inflorescence
per plant by the plants' total inflorescence number. This value was then
multiplied by the number of adults per plot and divided by plot size.
Sezedling counts were used to derive seedling density (i.e., seedlings per
m~).

For each population, leaf material (approximately 2 cm?) from ten
randomly selected young and ten randomly selected old individuals was
collected for genetic analysis. Genetic samples were generally from the
same individuals as the plant reproductive performance measurements.
Leaf material was dried with silica gel immediately after collection and
stored at —20 °C until further processing.

In the second sampling round, we revisited populations to collect
seeds from ten random plants per population by sampling multiple open
fruiting bodies per mother plant. Those seeds were used to estimate seed
germinability. In ten populations, seeds from fewer than ten mother
plants were collected due to few individuals with ripe seeds present, and
in two of those ten populations, no seeds were found at all (Supple-
mental Table Al). Reasons for low seed production in some populations
included herbivory by deer or isopoda. Additionally, one closed fruiting
body for five individuals per population was collected to estimate seed
number per fruit and seed weight, although in eleven populations, fewer
than five closed fruiting bodies could be found (Supplemental Table A1).
This small sample size of closed fruiting bodies per population was
because most fruiting bodies were already open, in addition to the above
mentioned reasons for low seed production. Closed instead of open
fruiting bodies were chosen to ensure that no seeds had been released
prior to sampling. Seeds were dried at room temperature and stored with
silica gel at 4 °C. Ripe seeds from open fruiting bodies were used to test
for germinability, whereas seeds from closed fruits were used to estimate
seed number per fruit and seed weight.



S. Bohm et al.
2.3. Pollinator survey

Pollinator abundances were surveyed in a subset of 15 populations.
This subset included a selection of populations from forest, grassland,
and mixed habitat populations in three of the five geographic regions of
the study (Supplemental Fig. A2). Care was taken to ensure that the
subset covered different population sizes as well. At each site, a 4 m? plot
was laid out containing the highest density of P. elatior plants (‘optimal
plot’). The number of P. elatior plants, inflorescences, and flowers were
counted. Conform to the minimum observation duration for estimating
pollinator flower visitation (Fijen and Kleijn, 2017), insect visitors were
counted during 30 min at each location between 11:00 and 17:00 at
temperatures ranging from 16 to 26 °C on sunny days with low wind
speeds (< 4 Beaufort). In addition, flower cover of all insect pollinated
flowers was estimated in a 20 m x 20 m square around the plot to ac-
count for potential effects of flower cover on pollinator abundance. Each
location was visited once in March and April 2020 at the peak bloom of
P. elatior.

2.4. Landscape context

Cover percentages of the different land-use types - forest, grassland,
and agricultural fields - were retrieved in the surroundings of all 33
populations (circles with radii of 250 m, 500 m, 750 m, and 1000 m
around each population) by using data from the Dutch national spatial
data infrastructure (BRT TOP10NL, 2021). These land use types together
made up the large majority of the landscape composition around our
study sites, and are known to either positively (grassland, forest) or
negatively (arable land) affect pollinator populations and their polli-
nation services through the availability of floral and/or nesting re-
sources (Ammann et al., 2024; Dainese et al., 2019; Sober et al., 2020).
The forest category consisted of (combined) broadleaf, coniferous, and
mixed forests, as well as willow coppices. Generally, collinearity among
land use cover variables was low (Supplemental Fig. A3).

2.5. Genetic sampling and library preparation

Leaf samples of ten young and ten old individuals per population
were collected from March to April. When populations contained fewer
than ten young or old individuals, fewer individuals were sampled
(median: a total of 16 plants per population). Leaf samples were
immediately dried with silica gel and stored at —20 °C until further
processing. A total of 620 plants from 33 populations were sampled.

Genomic DNA extraction was done by using a Nucleospin 96 plant II
Kit (Marchery Nagel, Germany), following the manufacturer's in-
structions. Genetic variation was measured by using Genotyping by
Sequencing (GBS). First, 14 to 297 ng of genomic DNA (gDNA) of each of
the 620 samples was digested by two restriction enzymes (Asel and Nsil,
Marchery Nagel, Germany), after which two indexed adapters were
ligated to the DNA fragments. Per adapter, three Random Unique
Molecule Identifier (UMI) nucleotides were incorporated to identify PCR
duplicates within each amplified GBS library. After ligation, individual
samples were cleaned by two subsequent Nucleomag (Marchery Nagel,
Germany) clean-up steps using 1x beads and 0.8 x beads, respectively. A
small volume test PCR was performed by using KAPA HiFi HotStart
readyMix (Roche Diagnostics, Switzerland) (15 cycles). The resulting
product was diluted 10,000 times prior to qPCR quantification (KAPA
Library Quantification Kit for HTS, Roche Diagnostics, Switzerland). The
result of the qPCR was subsequently used to equimolarly pool the
original cleaned digestion/ligation products per 129-130 individuals.
These pooled products were concentrated by using a column-based PCR
clean-up (Marchery Nagel, Germany) and nick repaired by using DNA
polymerase I (25 microL reaction). The nick repaired products were
amplified in five reactions per pool of 10 microL each and cleaned by
two subsequent Nucleomag (Marchery Nagel, Germany) clean-up steps;
1x beads and 0.8x beads, respectively. The final four pooled GBS
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libraries were quantified by qPCR. The average library size were 514,
517, 515, and 572 bp, respectively. The final GBS libraries were spiked
with 10 % PhiX DNA to increase the DNA complexity of the library,
aiming to improve the HiSeq colour matrix estimation. For this, the first
10 sequencing cycles are used, which overlap with our index region.
Sequencing was performed by Novogene (Hong Kong) on an Illumina
(USA) HiSeq X-Ten sequencer; 2x150bp Paired-End (PE) sequencing
reads.

2.6. Germination test

Seed germinability was assessed six months after seed collection. For
each population, up to 30 seeds from up to 10 mother plants were sown
on moist filter paper in one petri dish per mother plant. Occasionally,
fewer seeds or mother plants were available because of little seed pro-
duction. In total, 7884 seeds of 270 mother plants were sown. After
undergoing a cold stratification for six weeks at 4 °C, the petri dishes
were placed in a climate chamber with a cyclic temperature regime of
10/25°C for 10/14 h and a light/dark regime for 10/14 h per night/day.
Germinated seeds were counted weekly over a total period of 8 months.
Seed germinability was defined as the proportion of germinated seeds.

2.7. Data analyses

Demultiplexing, de novo reference construction, mapping, and SNP
calling of the DNA sequences were conducted by using Stacks version
2.4 (Catchen et al., 2013). PCR duplicates were removed using clone_-
filter based on 3 random oligo (UMI) nucleotides, followed by demul-
tiplexing using process_radtags. Subsequently, denovo_map.pl was run
on a subset of 40 random samples to determine the optimal parameter
combination, which was found to be M = 4 (Paris et al., 2017). Deno-
vo_map.pl was then rerun on all individuals. Mapping data was filtered
by using the population program in Stacks. Individuals with >30 %
missing data were removed, ie., individuals with relatively low
coverage distributed evenly across populations. This yielded a total
amount of 499 individuals out of 599. Next, we excluded all SNPs that
were not present in at least 80 % of individuals, and that had a max
observed heterozygosity over 50 % across all individuals, and a minor
allele frequency < 0.05 (i.e., a minor allele has to be present in 25 out of
the 499 individuals). Nucleotide diversity (Pi), proportion of poly-
morphic loci (PP), and fixation index (Fsy) values were calculated by
using the population program in Stacks. Isolation-by-distance of
Euclidean geographic and genetic distances between populations was
tested by using the Mantel test with Pearson's correlation coefficient in
the vegan package (Dixon, 2003). Principle component analyses (PCA)
for genetic data were performed by using the adegenet package
(Jombart, 2008). Structure analysis was performed by using the snmf()
function of the LEA package (Frichot and Francois, 2015), which esti-
mates admixture coefficients by using sparse non-negative matrix
factorization (sSNMF) algorithms.

We employed (generalized) linear models and an information theo-
retic approach (Burnham et al., 2011) to examine the effects of different
explanatory variables on our response variables of interest. In principle,
we aimed to construct a model set that contained all possible combi-
nations of the different predictors, including an intercept-only model, in
each analysis. We deviated from this approach, when two variables were
highly collinear (Pearson r > 0.7), which was the case for PP and Pi
(Pearson r = 0.86) as well as population size and PP (Pearson r = 0.72;
Supplemental Fig. A4), or when the sample sizes were too small to
include all possible combinations of the different predictors, which
applied to the model sets that investigated the effect of land use cover on
seed number per fruit and pollinator abundance. We ranked all models
based on AICc and restricted our candidate model set to models within
AAICc <2. We calculated the model weight (®) for each model in the
candidate set. For every predictor in the candidate model set, we
calculated a full-model averaged parameter estimate (p) and confidence
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interval (including zero when predictors were not included in a partic-
ular model). Furthermore, we calculated the variable weights (vw) for
all variables, which are the sum of the Akaike weights of all models in
the candidate set that include the variable of interest. We compared
likelihoods of models by calculating evidence weight ratios, i.e.,  of the
model of interest divided by o of the model to compare to. Prior to
modelling, we estimated Pearson's correlation coefficients among
explanatory variables (Supplemental Figs. A2 and A3).

In all models with multiple continuous predictors, all continuous
explanatory variables were centred around the mean and divided by one
standard deviation to aid comparison of effect sizes. To improve
normality and homoscedasticity of residuals, the variables population
size, flower density, seedling density, flower cover m~2, and pollinator
visitation rate were In-transformed in all models prior to scaling. For
variables with a minimum value of zero, a small constant was added
before In-transformation. Model assumptions were verified by inspect-
ing diagnostic plots for normality and homogeneity of residuals, and for
overdispersion and underdispersion. All analyses were performed in R
version 4.4.1 (R Core Team, 2021) by using the packages ‘lme4’ (Bates
et al., 2015) and ‘MuMIn’ version 1.46.0 (Barton, 2009).

We assessed the effect of geographic distance, population size, and
habitat type on pairwise-Fsr values (Supplemental Table A2). To do so,
we assigned each pair of populations to one of three categories for
pairwise population size (small-small, small-large and large-large) and
to one of six categories for pairwise habitat type (forest-forest, forest-
grassland, grassland-grassland, forest-mixed, grassland-mixed, mixed-
mixed). We accounted for pairwise dependencies among values by
using Clarke's maximum likelihood population effects model (Clarke
et al., 2002) with the package ‘corMLPE’. We fitted a generalized linear
least squares (GLS) model with pairwise-Fst as a function of pairwise
geographic distance (In-transformed), pairwise population size cate-
gory, and pairwise habitat type category, and included terms for both
population labels to define the pairwise correlation structure of the data.

We used linear models, with variables averaged at population-level,
to examine the effects of different explanatory variables on performance
measures (Supplemental Table A2). We investigated the effect of pop-
ulation size on measures of population genetic diversity (proportion of
polymorphic loci, PP, and nucleotide diversity, Pi) and on floral morph
ratio (Supplemental Fig. Al), because we expected population size to
positively affect both genetic diversity and floral morph balance. Floral
morph ratio was calculated as the total count of individuals with one
morph type divided by the total count of individuals with the other
morph type, with the higher count number as the denominator.

Next, we analysed the effects of population size, genetic diversity,
and floral morph ratio on plant reproductive performance, measured as
seed number per fruit, germinability, seed weight, and flower number of
the highest inflorescence (hereafter collectively referred to as plant
reproductive performance), by using linear models (Supplemental
Fig. A1). Model sets were defined with population size, PP, and floral
morph ratio as predictor variables and the different measures for plant
reproductive performance as response variables (Supplemental
Table A2). Models that included both PP and population size were
omitted from the model sets because the two variables were highly
collinear. In the model set for seed germinability, three populations were
excluded from the analysis because the mean estimate of germinability
was not considered reliable enough: for these three populations, seed
germinability tests had been performed with seeds from only three or
fewer mother plants instead of ten because populations had very little
seed production.

We investigated the effect of plant reproductive performance on
population-level reproductive performance, measured as flower and
seedling density (hereafter referred to as population reproductive per-
formance), by using linear models (Supplemental Fig. A1). We modelled
flower density as a linear function of flower number of the highest
inflorescence (Supplemental Table A2), expecting a positive relation-
ship. We modelled seedling density (i.e., the number of seedlings per m?)
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as a linear function of seed germinability, seed weight, and the number
of seeds per fruit (see Supplemental Table A2), expecting positive as-
sociations between these variables.

Furthermore, we investigated the relationship between population
reproductive performance and population demographic structure,
measured as the percentages of young and old individuals of a popula-
tion, by using linear models (Supplemental Fig. Al). Both percentages
were modelled as linear functions of seedling density (Supplemental
Table A2), because we expected populations with higher seedling den-
sities consisting of relatively more young (1-rosette) individuals and
fewer old (>5-rosette) ones.

We modelled the effect of the landscape context, i.e., the proportion
of forest, grassland, and agricultural fields surrounding the population,
on seed number per fruit for all study populations. As effects of land-
scape context on pollination, and thus seed formation, may be scale-
dependent (Steffan-Dewenter et al., 2002), the effect of each land-use
type was examined within radii of 250 m, 500 m, 750 m, and 1000 m
around the populations. The variable population size was used as a bi-
nary variable for small (<500 individuals) versus large (>500 in-
dividuals) populations to decrease the degrees of freedom needed. We
included population size in this analysis because, from a pollinators'
perspective, large populations may be more attractive than small pop-
ulations (Blaauw and Isaacs, 2014; Mustajarvi et al., 2001). The cut-off
of 500 individuals was chosen to divide the study populations in two
almost equally sized groups (17 small and 16 large populations). We
constructed a model set consisting of an intercept-only model, a model
including population size, univariate models for each land-use type for
each radius, and multivariate models with the additive effect of popu-
lation size and each of the land-use types for each radius. For the land-
use types forest and grassland, we additionally included models with a
quadratic term for each radius because we expected that population seed
number per fruit may show an optimum response curve to the sur-
rounding coverage of forest or grassland, whereas the cover of agricul-
tural fields was expected to negatively affect seed number per fruit in a
linear relationship. This resulted in a full model set of 34 models (Sup-
plemental Table A3).

To substantiate the modelling results on seed number per fruit and
landscape context, we examined the relationship between seed number
per fruit and pollinator services as well as the effect of the landscape
context on pollinator abundance for a subset of 15 populations. We built
a model set consisting of four models with seed number per fruit as the
response variable (Supplemental Table A3). Because the previous multi-
model inference identified a model including population size and a
quadratic effect of forest cover within a 1000 m radius as the best
candidate model (see Results), these explanatory variables were
included in the null model. Three other models were built that each
included one of the following variables: flower cover m ™2, pollinator
abundance, and pollinator visitation rate. Correlation coefficients
among explanatory variables were below 0.7 (Supplemental Fig. A5).
Furthermore, we defined a model set for pollinator abundance that
included linear and quadratic effects of forest cover within the radii 250
m, 500 m, 750 m, and 1000 m to test whether pollinator abundance
responded similarly to forest cover as seed number per fruit (Supple-
mental Table A3). The model set also contained an intercept-only model.
The count data of pollinator abundance were modelled by using
generalized linear models with Poisson error distribution and log link
function.

3. Results
3.1. Genetic structure

After filtering, 44,969 SNPs were discovered in 499 plants for ana-
lyses of genetic diversity metrics and population genetic structure. We

observed strong population differentiation based on geographic region
(Fig. 1). SNMF analysis revealed two clearly defined main clusters with a
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maximum of five clusters. The most likely number of clusters was K = 5.
The minimum number of K = 2 clusters separated the genetic regions 1
(North-Brabant West) and 3 (South-Limburg) from the genetic regions 2
(North-Brabant Centre), 4 (North-Brabant East), and 5 (Overijssel). PCA
visualized that individuals from the different populations clustered by
region and not by habitat type (Supplemental Fig. A6). In line with these
results, a significant positive correlation between genetic distance and
geographic distance was observed (Mantel statistics r = 0.467, p =
0.001), indicating that population genetic similarity decreases with
geographic distance. Pairwise-Fgr values ranged from 0.025 to 0.146,
with the lowest Fgy values in populations within the same geographic
region, showing substantial genetic divergence between different
geographic regions. Pairwise-Fgy values were best explained by a model
containing geographic distance only (o = 1.0, vw = 1.0; Supplemental
Table A4). This was the only model in the candidate model set; both the
variables pairwise population size and habitat type were not selected.
Hence, population size and habitat type do not add substantial infor-
mation for explaining variation in population genetic differentiation.
This was also visualized by the lack of genetic clustering per habitat type
by PCA (Supplemental Fig. A6).

3.2. Plant and population performance

Population size ranged from 12 to >5000 individuals (Supplemental
Table Al). Genetic diversity increased with population size, as reflected
in the results for both PP (f = 0.046, 95 % CI: 0.030-0.062, ® = 1.00;
Fig. 2A) and Pi ( = 0.005, 95 % CI: 0.002-0.007, ® = 1.00; Fig. 2B)
(Supplemental Table A5). The ratio of floral morphs was more balanced
with increasing population size (f = 0.071, 95 % CI: 0.027-0.116, ® =
0.98; Fig. 2C; Supplemental Table A5).

We found a positive effect of floral morph ratio on seed number per
fruit, whereas the other measures for plant reproductive performance
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were not significantly associated with population size, PP, or floral
morph ratio. Seed number per fruit was best explained by a model with
floral morph ratio as the only explanatory variable (vw = 0.79, ® = 0.47;
Supplemental Table A6). According to this model, seed number per fruit
increased with increasing evenness in morph ratio (B = 4.037, CL
0.517-9.658; Fig. 2D). No association between seed number per fruit
and population size or PP was found. Seed germinability, seed weight,
and flower number of the highest inflorescence were not related to floral
morph ratio, population size, or PP, illustrated by the intercept-only
models being the highest ranked models in all three cases (Supple-
mental Table A6).

We found a positive relationship between plant reproductive per-
formance and population reproductive performance for flower density,
but not for seedling density. Flower density was best explained by a
model with flower number of the highest inflorescence as the only
explanatory variable (vw = 1.0, ® = 1.0; Supplemental Table A7), with
the two variables being positively associated (p = 0.2, CLI: 0.096-0.297;
Fig. 2E). For seedling density, the intercept-only model was the highest
ranked model (0 = 0.69), showing that germinability, seed weight, and
seed number per fruit were not associated with seedling density (Sup-
plemental Table A7). The percentage of young individuals increased (p
=16.22, CL: 5.678-26.767, vw = 1.00, ® = 1.0; Fig. 2F) and the per-
centage of old individuals decreased with increasing seedling density (
= —11.72, CI: —19.083 to —4.352, vw = 1.00, ® = 1.0; Supplemental
Table A8).

Forest cover in a 1000 m radius around the population was related to
seed number per fruit. This was indicated by seed number per fruit
modelled as a quadratic function of forest in a 1000 m radius (vw =
1.00) and population size (vw = 1.00; o = 1.0; Supplemental Table A9)
being the only model within AAICc <2. Seed number per fruit showed
an optimum response curve with regard to forest cover, with smaller
populations producing fewer seeds per fruit than larger populations
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Fig. 2. Relationships between population size (In-transformed) and A) proportion of polymorphic loci (PP), B) nucleotide diversity (Pi), C) floral morph ratio, and D)
floral morph ratio and seed number per fruit, E) flower number of the highest inflorescence and population flower density (flower number per m?), and F) percentage
of young individuals and seedling density in Primula elatior. Lines represent predicted values from the Gaussian linear models with 95 % confidence intervals (A-C:
M1-models in Supplemental Table A5; D: model LM3 for seed number per fruit in Supplemental Table A6, E: model LM1 for flower density in Supplemental Table A7,

F: model LM1 for percentage of young individuals in Supplemental Table A8).
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Fig. 3. A) Seed number per fruit in Primula elatior as a function of percentage of forest cover within a radius of 1000 m around the survey site. B) Seed number per
fruit in Primula elatior as a linear function of pollinator abundance. Data points are jittered to make overlapping points visible. In both plots, observations from small
populations (<500 individuals) are depicted in red and observations from large populations (>500 individuals) in blue. Lines represent predicted values from
Gaussian linear models based on the F12-model in Supplemental Table A9 for plot A and the M2-model in Supplemental Table A11 for plot B. Coloured bands
represent 95 % confidence intervals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 3A). The highest value for seed number per fruit was predicted for
approximately 25 % forest cover. Neither grassland cover nor agricul-
tural field cover surrounding the population had an effect on seed
number per fruit (Supplemental Table A9).

The pollinator surveys in the subset of 15 populations revealed that
pollinator abundance was generally low, ranging from O to 4 individuals
with a mean of 0.8 individuals per site (Supplemental Table A10). The
model best explaining seed number per fruit included pollinator abun-
dance as explanatory variable (o = 1.00; vw = 1.00; Supplemental
Table A11), with seed number per fruit being positively correlated with
pollinator abundance (Fig. 3B). This model was 3.5 times more likely to
be the best approximating model than the second best model (AAICc =
2.50) that only included population size and the quadratic effect of
forest within 1000 m (null model). For pollinator abundance, the two
models in the candidate set both indicated a quadratic effect of forest
cover, with more support for the model including forest cover within a
750 m radius (0 = 0.72; AAICc = 0; Supplemental Fig. A7) than the
model including forest cover within a 1000 m radius (w = 0.28; AAICc =
1.88; Supplemental Table A12). Both models were 46 and 18 times more
likely than the intercept-only model, respectively.

4. Discussion

We show that plant and population performance in P. elatior is
affected by multiple factors, acting across various spatial scales. Seed
production, defined as seed number per fruit, is positively associated
with a balanced floral morph ratio. Skewed floral morph ratios can limit
seed production, particularly in small populations. Moreover, seed
production is affected by the surrounding landscape context, likely
through its impact on pollinator abundance. Furthermore, our study
demonstrates that small populations are genetically less diverse than
large populations. Considering human-induced habitat loss and frag-
mentation leading to increasingly small and isolated populations, we
argue that skewed morph ratios, and reduced pollinator abundance are
likely to restrict plant performance, with cascading effects on population
reproductive performance and demographic structure.

4.1. Population differentiation

Our study populations of P. elatior showed a pattern of geographic
isolation and population differentiation between the different regions.

These isolation-by-distance effects are most likely explained by a limited
gene flow in combination with stochastic genetic processes such as drift.
Studies on other poorly dispersing plant species show similarly strong
isolation-by-distance effects (e.g., Capria et al., 2023; Suarez et al., 2022;
Van Rossum and Triest, 2003). Furthermore, we found little support for
the hypothesis that grassland and forest populations are genetically
differentiated. This contrasts with a study on a related species, Primula
veris, which suggested genetic differentiation between open grasslands
and old forests (Deschepper et al., 2017). A possible explanation is the
landscape history: the Dutch landscape has been greatly influenced by
human activities, causing frequent transformations from one habitat
type to another within the last centuries (i.e., grassland afforestation and
clearcut of forests). Therefore, populations of long-lived P. elatior may
have experienced changes in habitat type within a few generations,
likely preventing the population to adapt to a specific habitat type.
Indeed, field observations showed that the ranges of many populations
expanded over forests and grasslands and also other landscape elements
like hedges and ditches. This implies that P. elatior plants are probably
able to thrive under a variety of habitat conditions.

4.2. Plant and population performance

We found a positive effect of population size on genetic diversity and
floral morph balance. Our findings align with previous research
demonstrating a positive association between population size and ge-
netic diversity (Honnay and Jacquemyn, 2007; Leimu et al., 2006), as
well as population size and floral morph balance (Aavik et al., 2020).
The strong genetic erosion in small populations is concerning. P. elatior
has a long generation time and it is likely that habitat loss and frag-
mentation have resulted in population decline only a few generations
ago. The fact that small populations are genetically less diverse, suggests
that genetic diversity is declining rapidly.

Seed production, measured as seed number per fruit, was positively
associated with more even floral morph ratios. In case of strongly
skewed morph ratios, compatible mates become limited resulting in few
seeds per fruit and subsequently lower seedling densities. This is more
likely to happen in small populations, as our and studies on other het-
erostylous species such as Primula vulgaris (Endels et al., 2002) or Pul-
monaria officinalis (Brys et al., 2008) demonstrate. According to Endels
et al. (2002), skewed morph ratios can reduce population persistence on
the long term.
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No relationship between genetic diversity and plant reproductive
performance was found. For seed production, measured as seed number
per fruit, our results suggest that floral morph ratio and pollinator
abundance are more important direct drivers than genetic diversity.
These findings suggest that while the smaller populations are genetically
less diverse, they do not (yet) experience negative effects from
inbreeding (i.e., inbreeding depression). In long-lived species, such as
P. elatior, the negative effects of inbreeding may, however, become less
apparent due to overlapping generations (Li et al., 2012; Taylor et al.,
2017). Although there is no evidence of inbreeding depression, the
discovery of smaller populations showing lower genetic diversity, un-
even floral morph ratios, reduced rejuvenation, and a higher proportion
of older individuals is alarming.

Plant and population reproductive performance were linked through
a positive effect of flower number of the highest inflorescence on flower
density. As flower number of the highest inflorescence was not associ-
ated with population size, genetic diversity, or floral morph ratio, it is
possible that factors beyond the scope of our study, such as habitat
quality, may have played a role in this relationship. Benign habitat
quality can support flower formation as well as seedling emergence
(Adriaens et al., 2009). This may also explain the relatively strong
collinearity between flower density and seedling density (Supplemental
Fig. A4). Population reproductive performance and demographic
structure were connected through a positive relationship between
seedling density and the percentage of young individuals, and a negative
relationship between seedling density and the percentage of old in-
dividuals. Additionally, the percentage of old individuals showed a
relatively strong negative correlation with population size (Supple-
mental Fig. A4). These findings suggest that smaller populations tend to
have a higher percentage of old individuals, potentially due to limited
rejuvenation.

4.3. Pollinator abundance

Our results suggest that pollinator abundance is one of the limiting
factors for seed production. However, this result should be interpreted
with caution given the generally low pollinator counts during our sur-
veys. Our findings also imply that this limitation may be, at least partly,
driven by the surrounding landscape context, particularly the percent-
age of forest cover. Especially in obligate outcrossing species, pollina-
tion can limit seed production (e.g., Agren, 1996; Sih and Baltus, 1987).
Pollen limitation has been reported in other Primula species, especially
in small and isolated populations (Washitani et al., 1994). Our finding
that seed production is limited by pollinator abundance is particularly
concerning in the light of recent declines in pollinator abundances
(Bartomeus et al., 2019; Biesmeijer et al., 2006; Powney et al., 2019),
which are mainly driven by a lack of suitable nesting and foraging
habitat in contemporary simplified landscapes (Scheper et al., 2014;
Steffan-Dewenter and Schiele, 2008). Low pollinator abundances
limiting seed production could be one driving factor for recent disap-
pearance of insect-pollinated plants in plant communities (Sober et al.,
2024).

Interestingly, the analysis of the landscape context (Supplemental
Table A9) revealed a significant effect of population size category on
seed production. This contrasts with earlier models, where no significant
effect was observed, although population size was included among the
candidate models with AAICc <2 (Supplemental Table A6). Our decision
to include population size to the landscape context analysis was driven
by the hypothesis that larger populations would attract more pollinators
(Mustajarvi et al., 2001). However, we also found a significant positive
correlation between population size and floral morph ratio (Supple-
mental Table A5) and, subsequently, between floral morph ratio and
seed production (Supplemental Table A6). This suggests that the
observed effect of population size category on seed production in the
landscape context analysis may be linked to the influence of floral
morph ratio.
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Both seed production and pollinator abundance displayed a unim-
odal response to the percentage of forest cover, peaking at approxi-
mately 25 % of forest cover in the landscape. To successfully complete
their life cycle, pollinators often require different habitats (i.e., partial
habitats sensu Westrich, 1996) throughout the season to meet their re-
quirements for foraging, nesting, and overwintering (Proesmans et al.,
2019). Forests and other woody habitats support pollinator populations
by providing nesting sites (Svensson et al., 2000) and abundant floral
resources in spring (Ammann et al., 2024; Kamper et al., 2016), which
explains why pollinator abundance and seed production initially in-
crease with increasing forest cover in the landscape. Additionally, in
landscapes with too little forest cover, forest fragments may be too small
and isolated to attract or support pollinators (Honnay et al., 2005; Sih
and Baltus, 1987) with negative consequences for P. elatior pollination
and seed production. However, later in the season, food supplies for
pollinators in forests are limited (Mola et al., 2021; Timberlake et al.,
2021). Therefore, as the colonies and floral resource requirements of
eusocial pollinator species such as bumblebees grow throughout the
season, they become increasingly dependent on habitats other than
forests (Inari et al., 2012; Mola et al., 2021). This could explain why the
initially positive effect of forest cover becomes negative at high forest
cover percentage, suggesting that resource complementation between
forest and the other habitats in the landscape becomes less than optimal.

4.4. Implications for conservation

Our study emphasizes the importance of maintaining large pop-
ulations for the conservation of intraspecific genetic diversity and the
performance of plants and populations. Many small populations of
P. elatior are currently characterized by a low genetic diversity, skewed
floral morph ratios, reduced seed production, and a high percentage of
old individuals. As a result, the long-term persistence of these small
populations is at risk, and additional conservation measures are needed.
To prevent further loss of intraspecific genetic diversity, ex situ seed
storage, followed by (re)introduction into suitable or restored habitats,
can be effective - especially where small populations remain in isolated
habitat patches. We recommend maintaining the original spatial genetic
clusters of populations during (re)introduction efforts. Furthermore, our
study provides an example of how the landscape context can restrict
pollination and plant performance in populations of self-incompatible
species (Aguilar et al., 2006). Thereby, it highlights the importance of
adopting a landscape approach for effective conservation of plant
populations.
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