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Understanding the genetic and ecological factors influencing population decline is essential for
the conservation of threatened species. Our study species Antennaria dioica (L.) GAERIN. is a
dioecious perennial with frequent clonal growth and has undergone significant population
decline across much of Europe, making it a suitable model for studying genetic diversity and
ecological interactions in declining species. This study combines over a decade of genetic
monitoring with environmental data and herbarium specimens spanning up to 200 years. Field
surveys in 2010 and 2022/2023 recorded population size, sex ratio, seedling percentage, vege-
tation height, bare soil cover, and soil depth. We analyzed genetic diversity and population
structure using ddRAD sequencing on contemporary and historical samples and examined asso-
ciations between population characteristics and environmental conditions. While overall genetic
diversity in central Germany remained moderate, populations showed clear differentiation
without strong large-scale spatial genetic structure. Populations sampled in 2010 and later
classified as ‘potentially extinct’ or ‘still extant’ in 2022/2023 differed significantly in their ge-
netic cluster composition, indicating long-term demographic and genetic shifts. Herbarium
specimens revealed a male-biased sex ratio under drought conditions and a phenological shift
likely driven by habitat loss rather than climate change. Our findings highlight the importance of
population size and balanced sex ratios for the persistence of dioecious, partially clonal species
and demonstrate the value of integrating genetic, historical, and ecological data for potential
conservation.
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1. Introduction

The decline in biodiversity is a major ecological concern. Since the 1960s, over 70 % of plant species in central Europe have
declined, with native species being primarily affected (Eichenberg et al., 2021; Jandt et al., 2022). Efficient biodiversity conservation
must consider variation at the ecosystem, species, and genetic levels, with the latter being crucial for plant populations to adapt to
environmental changes (Hoban et al., 2020). Genetic diversity is closely linked to population size and reproductive strategy (Leimu
et al., 2006). Its erosion is often the result of biparental inbreeding and small population sizes, which in turn reduce the adaptive
capacity of populations and increase the risk of local extinction (Mualim et al., 2024).

Population size is crucial for maintaining genetic diversity: larger populations experience weaker genetic drift, while smaller ones
are more susceptible to random allelic loss (Schou et al., 2017). This erosion of diversity can reduce reproductive fitness and limit
adaptive potential, thereby reinforcing the ‘extinction vortex’ (Gilpin and Soulé, 1986; Leimu et al., 2006). Although endangered
species often show low genetic diversity (Frankham, 2005), exceptions exist (Honnay and Jacquemyn, 2007; Makuch et al., 2023).
Genetic diversity loss often lags behind population decline (He et al., 2024), especially in long-lived or clonal species, contributing to
an ‘extinction debt’—a delayed extinction following past environmental change (Honnay and Bossuyt, 2005; Kuussaari et al., 2009).
Yet, clonal reproduction can be crucial for a short- and mid-term population persistence under poor pollination conditions, in the
absence of reproductive partners, or in degraded habitats (Lin et al., 2016; Carvalho et al., 2024). However, clonality can distort sex
ratios in dioecious species, reduce genetic diversity, limit adaptive potential (Honnay and Bossuyt, 2005; Lin et al., 2016), and lead to
pronounced genetic differentiation among populations (Carter and Sytsma, 2001). Thus, clonality can ensure persistence in the
short-term but threaten genetic viability in the long-term (Honnay and Bossuyt, 2005).

While genetic diversity and population size are crucial for population persistence, life history and reproductive traits also influence
species survival (Hamrick and Godt, 1996; Garcia, 2008). In dioecious plants, which require both male and female individuals for
reproduction, sex ratio is especially important (Song et al., 2020). An equal ratio is often optimal, although deviations may reflect
adaptive responses to environmental factors like nutrients, light, or water (Liu et al., 2021; Buschmann, 2024). Males generally invest
less into sexual reproduction and better tolerate resource limitations (Segalla et al., 2021). Additionally, male-biased ratios are
common in long-lived species, while female bias is typical of clonal herbs (Field et al., 2013). The sex ratio likely balances two opposing
pressures: more females boost seed output, while males are still essential for pollination and genetic exchange (Lloyd, 1974).

Environmental conditions can influence reproductive strategies in plants, thereby affecting population size and genetic diversity.
Regional variation can shape the genetic structure across populations (Durka et al., 2025). Climate factors such as temperature and
precipitation affect population size, genetic diversity, sex ratios, and phenology, all of which influence reproductive success (Li et al.,
2023; Karbstein et al., 2023; Park et al., 2019; Liu et al., 2021; Xie et al., 2023). Additionally, soil conditions and surrounding
vegetation are important drivers of population dynamics (Lehmair, 2020; Shuyskaya et al., 2020). Many of these natural factors are
negatively impacted by anthropogenic influences like climate change and eutrophication. However, targeted management—such as
protected areas or controlled grazing—can support population persistence by mitigating human pressure, though, if inappropriately
established, causing unintended harm for endangered species or specific ecosystem (Souza and Prevedello, 2020; Rybashlykova et al.,
2022).

Even though long-term population monitoring is crucial, it remains rare. Therefore, herbarium data are important tools for un-
derstanding species decline and shaping conservation measures (Viveiros-Moniz et al., 2025). Herbarium specimens are a valuable
complement to data collected in field surveys, providing historical records of species occurrences and ecological changes (Rocchetti
etal., 2021; Davis, 2023). They enable reconstructions of species distribution dynamics over time and space (Rosche et al., 2025; Voros
etal., 2025) and allow genetic analyses to uncover spatio-temporal patterns in diversity and structure (Rosche et al., 2022). Herbarium
data also help to identify global environmental changes and phenological shifts, such as altered flowering times (Lang et al., 2019; Park
et al., 2019; Willems et al., 2022). All these insights are critical for developing effective conservation strategies under global change
(Greve et al., 2016; Rocchetti et al., 2021).

We used Antennaria dioica (L.) GAErTN. as a model species to investigate genetic consequences of population decline and to identify
abiotic environmental drivers of these changes. The combination of dioecy, clonal growth, and perenniality makes A. dioica an ideal
model for studying genetic responses to population decline. Its reliance on outcrossing increases genetic diversity but also sensitivity to
demographic imbalances like biased sex ratios. Clonal and perennial reproduction allow genotypes to persist despite limited
recruitment, enabling long-term genetic analyses. This endangered species has declined in central Germany over the past two centuries
(Voros et al., 2025), highlighting the need for its conservation while offering a rare opportunity to study a still widespread threatened
species. The availability of genetic and field data from 2010 (Rosche et al., 2014) as well as herbarium specimens enables monitoring
temporal changes in population genetic structure and environmental conditions related to the extinction risk of A. dioica. Our hy-
potheses are as follows:

Despite the recent rapid decline in populations, the genetic diversity of contemporary A. dioica populations remains moderately
high due to the species' perennial growth, its dioecious reproduction system, and its historically continuous distribution, resulting
in low genetic differentiation among populations and indicating a scenario of ‘extinction debt’.

Genetic diversity in A. dioica is primarily associated with the sex ratio and population size, while environmental factors play a role
in shaping population size.

Population characteristics (genetic diversity, population size, sex ratio, clonality, percentage of seedlings) and environmental
factors have remained stable on contemporary time scales (2010 and 2022/2023), whereas corresponding comparisons with data
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from historical A. dioica samples (herbarium specimens) show a decline in genetic diversity and a higher degree of isolation in the
genetic structure.

2. Material and methods
2.1. Study species

Antennaria dioica is a diploid (2 n = 28; Bayer, 1984; genome size = 6304 Mbp/2 C; Smarda et al., 2019), hemicryptophyte
inhabiting dry, nutrient-poor meadows, grasslands, and open woodlands (Blachnik, 2009; Miiller et al., 2021). It occurs from the
Pyrenees to the Urals (Bauer et al., 2013), but the populations are declining in many parts of the occurrence area, especially in lowland,
mainly due to land-use changes, eutrophication, and shrub encroachment (Asdal, 2005; Walker, 2014; Frank and Schnitter, 2016). The
species is classified as Near Threatened in several countries, e.g. in Finland (Hyvarinen et al., 2019), France (UICN France, FCBN, AFB &
MNHN, 2018), and Hungary (Kiraly, 2007), and as Endangered, e.g. in Germany (Haeupler and Muer, 2000) and the Czech Republic
(Grulich and Chobot, 2017). In many other countries where the species is not considered nationally threatened, it is regionally
threatened or even extinct in parts of its former range, e.g. in England (Walker, 2014), Austria (Pflugbeil, 2024), and Norway (Asdal,
2005). Small population sizes and sex-ratio imbalances result in poor survival prospects for most populations (Richter and Blachnik,
2013; Rosche, 2018). Sex is morphologically distinguishable by the presence of androecium or gynoecium, which may appear in either
white or pink flowers (Supplementary Figure 1a and 1b; Voros et al., 2025). Large populations often exhibit female-biased sex ratios
(Rosche et al., 2018). Vegetative reproduction via runners results in the formation of patches consisting of only one to a few clonal
ramets (Rosche et al., 2014).

2.2. Study area and field data

The study focused on A. dioica populations in Saxony-Anhalt, Germany, surveying all sites reported in the past 20 years (‘Datenbank
Farn- und Pflanzen Sachsen-Anhalt’). Additional sites previously sampled by Rosche et al. (2014) in Bavaria, Brandenburg, Saxony,
Thuringia, and the Czech region Ustecky kraj were also included. Fieldwork in spring 2022 and 2023 covered 61 sites, including 28
revisited sites from 2010. However, A. dioica individuals were found at only 23 sites, with 11 matching populations sampled in 2010
(Supplementary Figure 2).

Each site was examined once. Patch number and vegetation cover (bare soil, cryptogams, vascular plants, and litter) were recorded;
however, only bare soil was used in the analyses due to strong intercorrelations between vegetation cover parameters. Patches were
defined as groups of rosettes with a separation of > 20 cm (Supplementary Figure 1¢; Rosche et al., 2018). Up to 20 randomly selected
patches per site were assessed for sex composition and size (used to calculate cumulative patch size). Within each patch, a 50 x 50 cm
square was surveyed for generative, vegetative, and seedling individuals; if smaller, the whole patch was recorded. Due to correlations
among life stages, only the seedling percentage was used in analyses. Maximum vegetation height within patches and soil depth (mean
of five measurements per site) were recorded, since the species is shallow-rooted and weak in competition (Rosche et al., 2014); no
significant depth differences were found between the patch center and the edge.

Additionally, data from 2010 collected using the same methodology (Rosche et al., 2014) were used for temporal comparisons. Leaf
samples were collected from up to 20 individuals (from a single rosette) per site. Whenever possible, individuals were sampled from
different patches; if this was not feasible, samples were taken from spatially distinct locations within patches to maximize the number
of genetic individuals collected. Samples were stored in silica gel for DNA analysis. We also included DNA extracted from individuals
collected in 2010 from 28 populations (Supplementary Table 1).

Climate data (ppt = precipitation, def = climate water deficit, mint = minimum temperature, maxt = maximum temperature, soil =
soil moisture, and PDSI = Palmer Drought Severity Index) were extracted from TerraClimate (Abatzoglou et al., 2018) via the R
function get terraclim (TerraclimateR v0.1.0; Selke, 2024) based on data from WorldClim (Fick and Hijmans, 2017). However, only soil,
mint, and PDSI were retained for the analyses due to strong intercorrelations among the other variables. For each population, we
calculated mean values over the 12 months preceding sampling. Additionally, habitat type (grassland, open woodland, or edge) was
recorded for each population. Information on grazing type (none, sheep, cattle, other) was obtained directly from the respective site
managers, while data on protection status (Habitat Directive site, nature reserve, landscape protection area) were obtained from the
German Federal Agency for Nature Conservation (BfN, 2025) and local authorities in the Czech Republic.

2.3. Herbarium samples

To trace spatial-temporal changes in historical A. dioica populations, 327 herbarium specimens from nine herbaria were examined
(B, MNVD, DR, GAT, GERA, GLM, HAL, JE, LZ; abbreviations per Thiers, 2024). Of the total specimens, 285 —collected between 1820
and 1994— could be georeferenced and dated. These specimens yielded data on collection site, collection date (as Day of Year, DOY),
number and sex of collected individuals, totaling 2031 inflorescences. Specimens averaged six individuals per specimen (range: 1-58).
Additionally, we obtained the climate data (soil, mint, and PDSI) for each specimen in exactly the same way as described above for the
contemporary samples (see 2.2). As climate data were only available from 1958 onwards, not all herbarium specimens could be
included, resulting in a reduced number of specimens used in the climatic analyses to 51. Ultimately, based on proximity and natural
area classification (BfN, 2025), specimens were grouped into spatial populations. For groups with at least three individuals collected in
at least three different years within a 30-year period, 2-5 leaves per specimen were sampled. In total, 71 herbarium leaf samples were
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used for DNA extraction. However, only 43 could be included in the sequencing due to poor DNA quality.
2.4. Molecular work and bioinformatics

DNA from 2022/2023 samples was extracted using the NucleoSpin Plant II kit (Macherey-Nagel); 2010 samples had been extracted
using the ATMAB method (Stein et al., 2014) and stored at —80 °C. Herbarium DNA was extracted using the CTAB method (Doyle and
Doyle, 1990) with a sorbitol prewash (Inglis et al., 2018). No bias is expected due to the extraction method.

The double digest Restriction-site Associated DNA (ddRAD) protocol from Peterson et al. (2012) was applied as described in Durka
et al. (2025) to identify SNP (single nucleotide polymorphism) markers. In total, 480 samples were processed: 43 historical, 139 from
2010, and 298 from 2022/2023, including 10 duplicates (5 from the historical samples and 5 from 2022/2023) to quantify the extant
of clonal reproduction. In short, 100 ng of DNA were restricted with EcoRI and Mspl enzymes, adapters containing one of 96 7-bp
barcodes were ligated to fragments, which were then pooled, size selected to 350-450 bp, PCR-amplified, thereby introducing a
plate-specific 5 bp index, with intermediate and final cleanup steps. Multiple plates were finally equimolarly multiplexed for
sequencing on an Illumina Novaseq 6000, resulting in an average of 4483,114 sequences per sample.

SNP identification was performed using dDocent (Puritz et al., 2014) as described in Durka et al. (2025). After SNP identification,
filtering of samples and SNPs was performed following the guidelines of O'Leary et al. (2018). After removing indels, we kept only
biallelic SNPs with a minimum allele count (mac) of 3, a minimum genotype read depth (minDP) of 3, a minimum mean sequence
quality (minQ) of 30 and maximum missingness across individuals (max_missing) of 50 %. We filtered putatively fixed heterozygous
SNPs that had a p-value < 1071° for heterozygosity excess and skipped individuals with > 75 % missing values. In order to exclude
paralogous SNPs we filtered SNPs according to allele balance (AB > 0.2 & AB < 0.8 | AB < 0.01 | AB > 0.99), strandedness (SAF / SAR
> 100 & SRF / SRR > 100 | SAR / SAF > 100 & SRR / SRF > 100), mapping quality ratio of the two alleles (MQM / MQMR > 0.9 &
MQM / MQMR < 1.05), and properly pairing of alleles (PAIRED > 0.05 & PAIREDR > 0.05 & PAIREDR / PAIRED < 1.75 & PAIREDR /
PAIRED > 0.25 | PAIRED < 0.05 & PAIREDR < 0.05). We then filtered SNPs to maximum missingness of 34 % (max_missing 0.66), the
minimum minor allele frequency of (maf) 0.05, minimum mean read depth (min-meanDP) of 20, and a maximum mean depth
(max-meanDP) of 1000. In the end, we retained only one single SNP per contig. The final dataset included 6317 SNPs with 8.15 %
missing data across 471 samples (34 herbarium samples from four spatial populations, 139 from 2010, 298 from 2022/2023), plus five
duplicates.

2.5. Data analysis

Unless otherwise mentioned, all following analyses were conducted in R 4.5.0 (R Core Team, 2025).

Genotype data in vef format were converted into genlight objects using the vcfR package (v1.15.0; Knaus and Griinwald, 2017).
Nei’s genetic distances (StAMPP v1.6.3; Pembleton et al., 2013) were calculated and compared at multiple hierarchical levels: du-
plicates, within patches, within populations, and among populations. Distances among duplicates did not exceed 0.0425, establishing
this as the clonal threshold. Genetic differentiation was assessed using PERMANOVA (999 permutations; adonis2; vegan v2.6-4;
Oksanen et al., 2022) based on Nei’s distances. Genetic indices (H, = observed heterozygosities, H, = expected heterozygosity, uH, =
unbiased expected heterozygosity, Fjs = inbreeding coefficient) were calculated for each contemporary population (2010, 2022/2023)
using gl.report.heterozygosity (dartR.base v2.9.7; Mijangos et al., 2022), excluding clonal individuals, reducing the sample size to 324
(containing 308 different genets; some of the genets are present in more than one population). The clonal diversity index (Pp) was
calculated as the number of genotypes divided by the total sample size, following Ellstrand and Roose (1987).

To explore relationships among contemporary samples, Principal Component Analysis (PCA) was performed using glPca (adegenet
v2.1.11; Jombart and Ahmed, 2011). For genetic group identification and population structure, model-based Bayesian clustering was
done with ‘ADMIXTURE’ (Alexander et al., 2009) for all samples (contemporary and historical). Based on cross-entropy results (K =
2-22; Supplementary Figure 3), we selected most appropriate cluster numbers (K = 6). Isolation by distance (IBD) was tested by
correlating standardized genetic differentiation (Fsr/(1-Fsr), dartR v2.9.9.5), against geographic distances (loge-transformed, distm;
geosphere v1.5-18; Hijmans, 2022) for contemporary populations. Data from 2010 and 2022/2023 were analyzed separately to avoid
double testing. IBD significance was assessed using a Mantel test with 999 random permutations (vegan v2.6-10).

For testing our second hypothesis and to explore direct and indirect relationships between population characteristics (loge-
transformed population size (defined as cumulative patch size sensu Rosche et al., 2014), sex ratio (calculated as females/(fema-
les+males), where female only = 1, male only = 0), clonality (Pp), percentage of seedlings, and environmental factors (altitude,
percentage cover of bare soil (log.), habitat type, grazing (yes/no), protection area (yes/no), and soil moisture), we performed
structural equation modeling (SEM) using psem (piecewiseSEM v2.3.0.1; Lefcheck, 2016) with data from 2022/2023 to avoid double
testing. A unimodal relationship was hypothesized for sex ratio, assuming that the presence of both sexes is ecologically relevant; thus,
both linear and quadratic terms were included in the model. From the calculated genetic indices, H, was chosen as the indicator for
genetic diversity (response variable) because, unlike H,, it reflects the genetic diversity across the entire population. uH, was not
suitable for later analysis of herbarium samples (the sample sizes will be standardized across historical and contemporary populations).
Although H, is not independent of sample sizes, we argue that in the populations with very low sample sizes, exhaustive sampling was
performed, capturing the full extent of genetic diversity. Clonality analysis confirmed that the sample size exceeded the number of
distinct genotypes, supporting the data representativeness. Variance inflation factors (VIF) were used to assess multicollinearity among
predictor variables (vif; car v3.1-3; Fox and Weisberg, 2019). Apart from the expected correlation between sex ratio and its quadratic
term, all VIF values were below the threshold of 5. Therefore, all variables were retained in the SEM (see Supplementary Table 2 for full



W.A. Voros et al. Global Ecology and Conservation 66 (2026) e04090

results of the multicollinearity test). The SEM included the following 5 initial component models: (1) percentage of seedlings ~
protected area + habitat + soil moisture + altitude + grazing + percentage of bare soil + sex ratio, (2) sex ratio ~ protected area
+ habitat + soil moisture + altitude + grazing + percentage of bare soil, (3) population size ~ protected area + habitat + soil moisture
+ altitude + grazing + percentage of bare soil + clonality + percentage of seedlings, (4) clonality ~ protected area + habitat + soil
moisture + altitude + grazing + percentage of bare soil + sex ratio, and (5) genetic diversity ~ protected area + habitat + soil moisture
+ altitude + grazing + percentage of bare soil + population size + sex ratio + percentage of seedlings (see Supplementary Figure 4 for
a visualized model structure). Variable reduction on each model was performed using backward stepwise simplification based on
Akaike Information Criterion (AIC) values.

To explore climate effects on sex ratio, we modelled the proportion of male and female individuals per herbarium specimen as a
binomially distributed variable using GLMs with climate predictors (mint, soil, PDSI). To approximate flowering phenology, we
analyzed the effect of abiotic factors (year, altitude, climate) on the day of year (DOY) of collection, a common proxy for flowering time
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Fig. 1. Genetic structure and geographic distribution of historical and contemporary Antennaria dioica populations from central Germany and
adjacent regions (DE-BY = Bavaria, Germany; DE-BB = Brandenburg, Germany; DE-SN = Saxony, Germany; DE-ST = Saxony-Anhalt, Germany; DE-
TH = Thuringia, Germany; CZ-42 = Ustecky Kraj, Czech Republic). The bar plots from the ADMIXTURE analysis (K = 6) show the assignment
probabilities to five genetic clusters, with each color representing one cluster (see legend). Populations are labelled with abbreviations and sampling
year; names are color-coded: red (2022/2023), blue (2010), and black (herbarium samples). Herbarium samples were grouped into four spatial
groups, and point locations therefore represent approximate rather than exact collection sites. Population abbreviations are listed in Supplemen-
tary Table 1.
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in short-flowering perennial herbs (Lee et al., 2022).

To test our third hypothesis and to investigate temporal changes, we compared population characteristics (H,, population size, sex
ratio, percentage of seedlings) and environmental factors (soil depth, bare soil cover, vegetation height) using two approaches: (1)
populations sampled both in 2010 and 2022/2023 were directly compared between time points, and (2) 2010 populations were
categorized as 'still extant' or 'potentially extinct' by 2022,/2023 and compared accordingly. We further examined whether H, in 2022/
2023 or its change over time (A H,) was related to population size in 2010 or its change over time (A population size). Additionally, we
assessed temporal shifts in genetic diversity by comparing 34 sequenced historical samples (grouped into four spatial groups) with
contemporary samples from the same regions. Since H, was sensitive to call rate we filtered the loci in the SNP data set to a call rate
> 0.9. To standardize sample sizes, we applied rarefaction to six individuals per group and calculated H, over 20 iterations, which were
used for comparisons between historical and current spatial groups using t-test. Lastly, we tested whether cluster assignment prob-
abilities (from the ADMIXTURE analysis) differed between: (1) 2010 vs. 2022/2023, (2) ‘still extant’ vs. ‘potentially extinct’ pop-
ulations, and (3) historical vs. contemporary samples.

3. Results
3.1. Genetic diversity, differentiation, and structure of contemporary A. dioica populations

Genetic diversity of our A. dioica populations was moderately high in both sampling periods, with mean H, + SD of 0.25 + 0.05 in
2010 and 0.25 + 0.04 in 2022/2023. Inbreeding coefficients were similar for the population collected in 2010 and 2022/2023 (Fis =
—0.03 in 2010; —0.02 in 2022/2023; see Supplementary Table 4 for full results e.g., other estimates and number of used samples).
Within patches, Nei’s genetic distances ranged from 0.01 to 0.18, indicating the presence of multiple clones per patch. Distances within
and among populations were higher, averaging around 0.15 and reaching up to 0.25 (Supplementary Figure 5). In 2022/2023, three
populations consisted entirely of a single clone, and in some cases, genetically identical individuals were found in both 2010 and 2022/
2023 (see Supplementary Table 4). The analysis of genetic differentiation revealed that 31.6 % of the genetic variation occurred among
populations, 43.1 % among patches within populations, and 25.3 % within patches (F = 4.29; p = 0.001). The Mantel test showed no
significant relationship between genetic and geographic distance for populations collected in 2010 nor in 2022/2023 (p > 0.06;
Supplementary Figure 6).

The PCA revealed no pronounced large-scale genetic structure (Supplementary Figure 7), with most populations clustering closely
and a few exceptions (e.g., CL2010/CL2023, HE2010/HE2023, YY2023, ZZ2023). Successive PC axes revealed further outlier populations.
Notably, populations sampled in both 2010 and 2022/2023 showed high similarity. The ADMIXTURE analysis (K = 6) supported these
results: some populations (e.g. BHao10/BHz023, HE2010/HE2023, QB2022, YY2023, ZZ2023) formed distinct clusters, but most populations
belonged to one main cluster (Fig. 1). Temporal replicates were consistently assigned to the same clusters, similar to the PCA results.

3.2. Associations between population characteristics and environmental factors

The results of the structural equation modelling (SEM), which were based solely on data from 2022/2023, show that population
size was positively correlated with H, (p = 0.034; Fig. 2a). Sex ratio showed a significant unimodal relationship with both H,
(p = 0.025; peak at 0.56; Fig. 2b) and clonality (Pp; p = 0.001; peak at 0.54; Fig. 2¢), indicating the highest genetic diversity and
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Fig. 2. Significant results from structural equation modeling: (a) Positive linear relationship between population size (log.-transformed cumulative
patch size) and genetic diversity (H,); (b) Unimodal relationship between sex ratio [females/(females-+males), female-only = 1, male-only = 0] and
H,, with maximum H, (blue arrow) at sex ratio 0.56; (c) Unimodal relationship between sex ratio and clonality (Pp), with maximum Py (green
arrow) at sex ratio 0.54, indicating lowest clonal growth. P, was calculated as the number of genotypes divided by the total sample size, following
Ellstrand and Roose (1987). Red lines show fitted regressions; gray areas represent confidence intervals.
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lowest clonality at intermediate sex ratios. No indirect effects of environmental factors on genetic diversity were detected, as none of
the environmental factors significantly influenced other population characteristics (see Supplementary Table 5 for full SEM results).

The assessment of the association between climate parameters (soil, mint, PDSI) and the sex ratio, based on herbarium data, reveals
that lower soil moisture (Fig. 3a, p < 0.001) and higher minimum temperature (Fig. 3b, p = 0.010) are related to the occurrence of
more male-dominant populations (see Supplementary Table 6 for all results).

The analysis of the collection day of herbarium specimens (DOY, day of the year) revealed a significant positive correlation with
year (Fig. 4a; p = 0.023). Furthermore, DOY showed a negative correlation with the mean minimum temperature (Fig. 4b, p = 0.046),
and a positive correlation with altitude (Fig. 4c; p < 0.001; see Supplementary Table 7 for full results).

3.3. Temporal changes in population characteristics and environmental factors

No significant differences were found between populations sampled in 2010 and 2022/2023 regarding population characteristics
(H,, population size, sex ratio, percentage of seedlings) and environmental factors (soil depth, percentage of bare soil, maximum
vegetation height; Supplementary Table 8). Changes in genetic diversity were not associated with changes in population size
(Supplementary Table 9). There were also no significant differences in population characteristics and environmental factors between
populations sampled in 2010 that were ‘potentially extinct’ (not found in 2022/2023) and those that were ‘still extant’ in 2022/2023
(Supplementary Table 10). The comparison of genetic diversity (H,) between historical (herbarium specimens) and contemporary data
(collected in 2010 and 2022/2023) for four spatial groups showed no significant results (t = 2.759, p = 0.070).

Moreover, for populations sampled twice (2010 and 2022/2023), there were no significant differences in admixture cluster af-
filiations between the two time points. However, significant differences were found between ‘potentially extinct’ and ‘still extant’
populations from 2010: ‘potentially extinct’ populations showed higher proportions of Cluster 1 (p = 0.030) and Cluster 3 (p = 0.001),
while ‘still extant’ populations showed higher proportions of Cluster 2 (p = 0.002). Historical samples did not differ significantly in
admixture cluster assignment compared to contemporary samples (Supplementary Table 11).

4. Discussion

Antennaria dioica exhibits moderate genetic diversity in central Germany and does not have a clear large-scale genetic structure.
However, some populations are genetically distinct. These patterns likely reflect the species’ longevity, historically continuous dis-
tribution, and a possible extinction debt (Rosche et al., 2018). Genetic diversity is associated with population size and sex ratio, the
latter also being linked to clonality. Environmental factors showed no significant association with current population characteristics.
However, herbarium data suggest that climate may influence sex ratio and that lowland populations have declined, as indicated by the
reduced number of recent collection records. ‘Potentially extinct’ and ‘still extant’ populations differ significantly in the composition of
their genetic clusters.

4.1. Genetic diversity, differentiation, and structure of contemporary A. dioica populations

Rare species are often assumed to have low genetic diversity due to their small population sizes (Ellstrand and Elam, 1993; Leimu
et al., 2006), but this is not always the case (Honnay and Jacquemyn, 2007). In our study, A. dioica showed moderate genetic diversity
despite declining populations, low germination rates (Feldt, 2008), and the species’ very limited seed colonization ability (Walker,
2014), confirming findings of Rosche et al. (2018), especially in previously large, continuous populations. Some of our study pop-
ulations consisted of a single clone, which poses a high risk of extinction. However, identical genotypes were found across samples
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from 2010 and 2022/2023, indicating long-term clone persistence. These results show that clonal growth has not yet reduced diversity,
likely due to the species’ longevity. Long-lived endangered species often retain higher genetic diversity despite declines in their
populations (Gonzalez-Robles et al., 2020). Genetic erosion may lag behind demographic declines (Gargiulo et al., 2024; Mualim et al.,
2024), and clonal species often maintain greater diversity than expected (Xia et al., 2002). We found that the populations are not
exclusively clonal, although our sampling method likely minimized clone numbers as we selected distant or separate sites. While PCA
and ADMIXTURE analyses did not reveal a pronounced large-scale structure in central Germany, some local differentiation was
apparent. The non-significant Mantel tests may reflect a dominant influence of genetic drift due to fragmentation and restricted gene
flow (Frankham et al., 2017). Although populations may persist despite a shrinking distribution, they are at a high risk of extinction in
the long term, which is referred to as ‘extinction debt’ (Hanski and Ovaskainen, 2002; Honnay and Bossuyt, 2005). Populations that are
close to extinction and species with long generation times are particularly vulnerable to extinction debt (Kuussaari et al., 2009).
Additionally, clonal growth can ensure survival when sexual reproduction fails (Honnay and Bossuyt, 2005).

4.2. Associations between population characteristics and environmental factors

Our study shows a correlation between population characteristics—such as population size, sex ratio, and clonality—and genetic
diversity. Larger populations had higher genetic diversity, as observed in many other plants (reviewed by Leimu et al., 2006). An
important finding is the unimodal relationship between sex ratio and genetic diversity, with the highest diversity at a balanced sex
ratio. A similar pattern is observed between sex ratio and clonality. These results suggest that a balanced representation of both sexes
supports higher genetic diversity and, consequently, long-term population survival. Although only a few studies established a direct
link between sex ratio and genetic diversity, existing ones mostly report a balanced ratio (e.g., Pistacia atlantica Desr.— Nosrati et al.,
2012; Osmanthus fragrans Lour.— Hu et al., 2014; Populus nigra L. - Ciftci et al., 2020). However, in large, intact A. dioica populations,
the sex ratio is often female-biased (0.67-0.71; Oster and Eriksson, 2007; Varga and Kytoviita, 2011; Rosche et al., 2014), and Rosche
et al. (2018) did not find a unimodal relationship between population size and sex ratio but showed that the presence of more females
can have a positive effect on genetic diversity. Our findings contrast with these results, likely because our analyses included a broader
range of sex ratios, including more extreme values approaching 0 and 1.

Contrary to our expectations, environmental factors had no significant effect on population size or other population characteristics.
Voros et al. (2025) also found no influence of climate and soil parameters on A. dioica populations in central Germany, although they
considered fewer variables (e.g., no protection status, habitat type, altitude, and grazing) and defined population size as the number of
patches rather than the cumulative patch area. The lack of significance in our study may partly reflect the difficulty of accurately
estimating population size in clonal species (Tepedino et al., 2012). More importantly, habitat loss due to extensive land use is likely a
major driver of population declines of A. dioica (Frank and Schnitter, 2016), but data on land use intensity were not available for our
analyses, leaving this as an open question for future research.

Analysis of herbarium specimens revealed an association between sex ratio and climate: drought conditions (low soil moisture and
high temperature) can lead to a surplus of male individuals, which has been linked to male-biased sex ratios due to higher female
sensitivity (Bierzychudek and Eckhart, 1988; Munné-Bosch, 2015; Hultine et al., 2018). This result coincides with experiments by
Varga and Kytoviita (2008), who found that female plants of A. dioica were indeed more sensitive to drought. Thus, drier conditions
could promote the dominance of males. However, opposite patterns also occur: males are more drought-sensitive in Silene otites
(Soldaat et al., 2000), and Fragaria moschata shows more female offspring under drought (Buschmann, 2024). This contrasts with our
findings and suggests species-specific responses. Nevertheless, as the climate in the study area becomes drier and extreme weather
becomes more frequent (e.g., extreme drought in 2018), the sex ratio may undergo a worrying change, as the highest genetic diversity
was found in populations with a balanced sex ratio.

The significant correlations between collection date (DOY) and year, temperature, and elevation suggest a shift in phenology.
Although DOY does not directly reflect peak flowering, it is frequently used to estimate flowering phenology in short flowering
perennial herbs (Lee et al., 2022). Our results show a negative relationship between temperature and DOY, which is consistent with
earlier studies (e.g., Park et al., 2019). Park et al. (2019) and Biintgen et al. (2022) found that warming leads to earlier flowering.
However, A. dioica shows a positive link between DOY and year which means that specimens have been collected later in recent
decades—contrary to expectations based on climate warming. This contradiction can be explained by the spatio-temporal changes in
the distribution of A. dioica: DOY increases with elevation and recent collections are more likely to come from cooler, high-elevation
areas (e.g., Harz and Ore Mountains) while earlier specimens were more likely to come from the lowlands than today. We suspect that
this reflects a long-term range shift, with lowland populations declining over the last 200 years (see Fig. 1a in Voros et al., 2025), likely
due to land use, eutrophication, and habitat fragmentation. Since A. dioica is naturally alpine, only populations in well-managed,
nutrient-poor lowland areas are still able to survive. Thus, changes in DOY are likely to reflect range shifts rather than true pheno-
logical changes.

4.3. Temporal changes in population characteristics and environmental factors

The genetic structure of historical (herbarium) and contemporary samples (2010 and 2022,/2023) shows no changes over time and
similarly, population characteristics and environmental factors have remained stable over the past 12 years. This stability likely re-
flects A. dioica’s formerly wide distribution in central Germany (Rosche et al., 2018) and its mainly clonal reproduction, allowing
long-lived individuals to persist (Rosche et al., 2014). As a result, the genetic structure may have remained unchanged for centuries,
with shifts occurring only after significant environmental changes. This is consistent with the concept of extinction debt, where the
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negative effects of small population size or poor reproduction occur with a delay -although current conditions suggest short-term
stability, long-term risks remain (Hanski and Ovaskainen, 2002; Honnay and Bossuyt, 2005). Since individual clones can survive
for over a decade, short-term genetic changes are unlikely to be detected.

To date, only three studies have compared genetic diversity and structure over time using herbarium and contemporary samples
(Gavrilenko et al., 2022; Nygaard et al., 2022; Rosche et al., 2022). Of these, only two studies examined declining plant species. Rosche
et al. (2022) found reduced genetic diversity over time in extinct populations of Biscutella laevigata L. subsp. gracilis, while Nygaard
et al. (2022) reported only minimal change in Dracocephalum ruyschiana L. As our findings, both studies revealed a similarity in genetic
structure between historical and contemporary populations. However, the lack of further examples highlights the urgent need for
long-term genetic monitoring in plants (Aravanopoulos, 2011; Pearman et al., 2024).

However, significant differences in the proportions of genetic clusters between “still extant” and “potentially extinct” populations
denote the role of genetic structure in maintaining population persistence. This supports the findings of Rosche et al. (2022), who
linked a specific genetic cluster to extinction probability in Biscutella laevigata subsp. gracilis. Certain genetic lineages may be more
susceptible to environmental pressures due to differences in adaptive potential (Chung et al., 2023). This vulnerability can lead to
shifts in genetic cluster composition, signaling early stages of genetic erosion before extinction becomes evident. Such patterns un-
derscore the importance of conserving genetic diversity within plant populations to enhance their resilience and adaptive capacity in
changing environments (Hoban et al., 2020)

5. Conclusion

This study shows that the loss of genetic diversity in threatened plant species may not be immediately apparent, while extinction
risks can be reflected in shifts in genetic cluster composition. We also demonstrate that climate may influence population sex ratios,
although environmental change does not appear to be the primary driver of the current decline, which is more likely related to habitat
loss due to extensive land use. Additionally, our study underscores the importance of long-term species monitoring, including genetic
data and herbarium specimens, to track past population structures and changes in sex ratios. Such an approach is essential for guiding
conservation efforts.
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