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Understanding how historical versus contemporary processes shape population genetic
structure and diversity is important to design effective management actions for threat-
ened species. We genotyped 1834 SNPs in 1120 individuals from 110 Scandinavian
populations of the declining orchid Gymnadenia conopsea, in three different habitat
types, to examine whether genetic structure was related to wind speed, terrain rugged-
ness, forest cover, and seasonality at the landscape scale, and whether genetic diversity
increases with census population size and is higher in core habitats (fen and meadow)
than in marginal, coastal habitats. We identified three genetic clusters and pronounced
isolation by distance, consistent with two independent colonization routes after the
last glacial maximum, followed by admixture. Effective population size was highest
in the admixed cluster. Estimates of effective migration indicated reduced gene flow
along the Atlantic coast, between coastal and inland populations, and among south-
ern meadow populations. High landscape resistance to gene flow was associated with
complex topography and pronounced seasonality. Genetic diversity increased with
population size but did not vary among habitat types. Genetic diversity peaked in
core habitats, i.e. southern meadows and inland fens along the Scandes Mountains.
The lowest genetic diversity was found along the Atlantic coast and in a few scattered
populations. Current genetic structure suggests a strong legacy of historical events, and
the high genetic diversity documented in the main Scandinavian range indicates that
current viability and future adaptation potential are high. To maintain genetic diver-
sity and connectivity between genetic groups, it is particularly important to preserve
southern meadow populations, which are currently in strong decline. Overall, our
results illustrate how a declining species can help us understand the impact of historical
and current processes, how landscape genetic data can inform proactive conservation,
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and how a slow genetic response to fragmentation can allow time to maintain genetic diversity through habitat restoration

and management.
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Introduction

Anthropogenic changes in land use and climate are driv-
ing habitat degradation and fragmentation, resulting in the
loss of biodiversity worldwide (Turvey and Crees 2019,
Romdn-Palacios and Wiens 2020). Proactive management
of declining species is often the best approach to counter-
act the expected negative effects of ongoing habitat loss and
change (Drechsler et al. 2011). This includes efforts to pre-
serve genetic diversity, which are recommended by the IUCN
and explicitly targeted by the CBD, but still rarely incorpo-
rated into management policies (Laikre et al. 2010, Love
Stowell et al. 2017, Ralls et al. 2018, Hoban et al. 2021). To
create effective management that promotes long-time species
persistence, it is crucial to understand historical and ongo-
ing processes that govern population genetic structure and
variation.

Historical events, such as colonizations or the presence of
glacial refugia, can result in strong population genetic struc-
ture. A well-studied example is the postglacial colonization
of the Scandinavian Peninsula, where southern and northern
colonization routes are evident in the contemporary genetic
structure of many plants and animals (Taberlet et al. 1998,
Kullman 2008, Knopp and Merild 2009, Nota et al. 2022).
With range expansion, step-by-step founder events can lead
to a gradual increase in genetic drift and loss of genetic diver-
sity along the axis of expansion (Austerlitz et al. 1997, Hewitt
2000, Slatkin and Excoffier 2012), and in Scandinavia,
increased differentiation and a decline in diversity with lati-
tude is common (Seljestad et al. 2020, Thorn et al. 2021). In
addition, gene flow typically decreases over distance in species
with a limited dispersal range. This leads to increasing genetic
differentiation with geographic distance, a pattern known as
isolation by distance (IBD) (Wright 1943). Landscape fea-
tures affecting gene flow also influence the pattern of IBD.
Strong barriers or corridors to gene flow — either natural (e.g.
mountains, forests or lakes) or human-caused (e.g. land use)
— could isolate populations that are geographically close or
link populations located far apart (McRae 2006). By examin-
ing population genetic structure across large scales, we can
begin to tease apart historical and current processes.

Whether genetic structure mainly reflects historical events
or ongoing processes will influence which conservation
actions are appropriate. Strong genetic differentiation due to
historical events or adaptation to differing local conditions
might imply dividing populations into different manage-
ment groups (Moritz 2002, Luck et al. 2003). Management
plans should then aim to safeguard viable populations in
each group while also minimizing negative or unintended
outcomes, such as outbreeding depression in genetic rescue
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attempts when mixing groups (Frankham et al. 2011). On
the other hand, if genetic differentiation is due to genetic
drift caused by habitat fragmentation, management actions
should facilitate gene flow where possible in order to recon-
nect populations (Willi et al. 2022). Additionally, informa-
tion about genetic variation can help detect populations at
risk due to low genetic diversity and prioritize populations
with high genetic diversity.

A group of species in strong decline are those connected
to grasslands and semi-open habitats favoured by traditional
human land use. One example is the outcrossing, terrestrial
orchid Gymnadenia conopsea, which is distributed across
Eurasia (Hultén and Fries 1986; see the Supporting informa-
tion for a detailed species description). The main habitat types
of G. conopsea in Scandinavia are calcareous grasslands and
fens, with likely later migration into coastal habitats at the
range margin. Gymnadenia conopsea is currently classified as
a ‘Least concern’ species in Sweden and Norway, but aban-
doned or intensified management is driving regional decreases
and extirpations, especially of meadow populations (Tyler
2007, Johansson et al. 2016, Stahl and Berglund 2016) that
are highly dependent on traditional land use. The species is in
decline in large parts of northern Europe and is red-listed as
‘Vulnerable’ in Finland (Hyvérinen et al. 2019), ‘Near threat-
ened’ in Germany (Metzing et al. 2018), ‘Endangered’ in the
Czech Republic (Grulich 2012), and ‘Critically endangered’
in Denmark (Moeslund et al. 2023) and Belgium (Maes et al.
2020). The main pollinators of G. conopsea in Scandinavia
are hawkmoths and noctuids (Sletvold and Agren 2010,
Chapurlat et al. 2015) that can transport pollen over long
distances (Skogen et al. 2019, Lewis et al. 2023). Like other
orchids, G. conopsea produces dust-like seeds that are dispersed
by wind, and although most orchid seed dispersal is local
(Jersdkovd and Malinovd 2007), the fraction that disperses
out of the population is expected to allow efficient gene flow
(Vanden Broeck et al. 2014, Kotilinek et al. 2020, Evans et al.
2023). Still, seed germination tests conducted in unoccupied
versus occupied sites suggest no difference in the ability to
establish, indicating that dispersal limitation is important
in determining orchid distribution at the landscape scale
(reviewed by McCormick and Jacquemyn 2014). Both pol-
len- and seed-mediated gene flow are thus likely to influence
landscape-scale genetic structure. The reliance on wind as the
main seed dispersal agent suggests that gene flow is mediated
by large-scale wind patterns (Kling and Ackerly 2021), and
that landscape resistance to gene flow may increase with ter-
rain ruggedness and forest cover, which both influence wind
patterns and speed. In addition, marked differences in sea-
sonality associated with the coastal-inland gradient across the
Scandinavian peninsula could reduce gene flow via pollen
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dispersal. Populations located in inland, high-altitude regions
with strong seasonality have a short growing season and a late
flowering period and can thus be expected to be more isolated
genetically (Gustafsson and Lonn 2003). In addition, within
a given region, meadow populations usually start flowering
carlier than fen populations (Sletvold unpubl.), and diver-
gence in phenology could contribute to isolation by habitat.

Here, we examine spatial population genetic structure,
genetic diversity, and connectivity in G. conopsea across the
entire Scandinavian peninsula to clarify the role of histori-
cal and current processes in shaping these patterns and the
potential implications for conservation efforts. To this end,
we genotyped 1834 SNPs from 110 populations that vary
widely in contemporary population census size and are found
in three main habitat types: meadow, fen and coastal habi-
tats. We specifically ask if: 1) there are indications of several
independent postglacial colonization events, 2) genetic dif-
ferentiation increases with geographical distance and is stron-
ger between population pairs in different habitats than in the
same habitat, 3) variations in landscape features explain more
of the genetic differentiation than geographic distance alone,
and 4) estimates of genetic diversity increase with population
size and are higher in core habitat types (meadow and fen)
than in the more marginal coastal habitat.

Material and methods

Sample collections in the field

We included a total of 1120 individuals of G. conopsea
from 110 populations across Norway and Sweden (Fig. 1,
Supporting information), where each population was sam-
pled once between 2012 and 2017. The populations were
separated by a range of 1.8 to 1735.0 km, spanning 14° in
latitude and 25° in longitude. We sampled 11 individuals
per population (n=86), but only 1-10 individuals in the 24
smallest populations. Sample sizes were based on simulations
and empirical studies that indicate that this was sufficient
to obtain accurate estimates of intra- and interpopulation
genetic diversity with large SNP arrays (Jeffries et al. 2016,
Nazareno et al. 2017). Sampling was always conducted across
the population. At each sampling location, we estimated the
census population size as the number of flowering individu-
als. We counted all flowering individuals in populations with
less than approximately 1000 individuals. In larger popula-
tions, we extrapolated a count of the first thousand to the
total area. There was no correlation between census popula-
tion size and latitude (r,=—0.06, p=0.55, n=110) or lon-
gitude (r,=0.001, p=0.95, n=110). We classified the local
habitat as fen, meadow or coastal. Fen populations are found
throughout the Scandinavian peninsula, whereas meadow
populations are mainly located in the south and coastal pop-
ulations along the Atlantic coast in the north (Fig. 1). Census
population size did not vary among habitat types (one-way
ANOVA; F, ,,=0.45, p=0.64). We also included 4-5 indi-

viduals from each of the four meadow populations from the

Czech Republic as an outgroup for assessing genetic structure
in Scandinavia (Supporting information).

Sequencing and genotyping

From each plant, we collected leaf tissue on silica gel for
DNA extraction with the Qiagen Plant DNeasy kit following
standard protocol (Qiagen). We genotyped all DNA samples
(n=1139) using a custom-designed Illumina iSelect chip
with a 2803 single nucleotide polymorphism (SNP) assay
(hereafter referred to as the Orchid3K chip). To construct the
Orchid3K chip, we initially used double-digest RAD sequenc-
ing to generate genome-wide polymorphism data (detailed
methods description in the Supporting information).

Spatial structure

To examine population genetic structure, we performed a PCA
in R, using the package ‘ade4’ ver. 1.7.18 (Dray and Dufour
2007), and visualized results using the package PCAviz ver.
0.3.37 (Novembre et al. 2019). To infer individual ancestry
components we conducted unsupervised clustering using the
software ‘Admixture’ ver. 1.3.0 (Alexander et al. 2009) and
R-package ‘conStruct’ ver. 1.0.4 (Bradburd 2019), and visu-
alized results using QGIS ver. 3.16.1 (QGIS Development
Team 2022). See detailed methods in the Supporting infor-
mation. We estimated effective population size for all sup-
ported clusters by grouping individuals from populations
with > 75% of shared ancestry component in Admixture
analysis using K=3. Effective population size was quanti-
fied from linkage disequilibrium based on Pearson correla-
tion approximation (Waples et al. 2016), using the function
ldNe from the ‘strataG’ R-package (Archer et al. 2017), with
minimum allele frequency at 0.05 and excluding loci with
missing genotypes.

Population differentiation

We estimated genetic differentiation between population
pairs using F. averaged over all SNPs (Weir and Cockerham
1984). We tested the significance of isolation by dis-
tance (IBD) across the study area with a Mantel test with
1 000 000 replicates, in the R package ‘vegan’ ver. 2.5.7
(Oksanen et al. 2020), including all populations pairs. To
investigate IBD in relation to habitat type, we split the data-
set into a southern (S: latitude < 65°N) and a northern (N:
latitude > 65°N) group (Fig. 1, Supporting information).
This was done because the distribution of habitat type is
correlated with latitude — coastal habitats are limited to the
north and meadows to the south. We then tested for IBD
within each habitat type in N and S, using separate Mantel
tests with 1 000 000 replicates.

To test whether genetic differentiation depended on
habitat, we limited comparisons to fen and meadow in the
southern group, as strong covariation between habitat type
and geography precludes the separation of any habitat effect
in the north (Fig. 1). We used two approaches to test if
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Figure 1. Overview of the 110 Gymnadenia conopsea populations sampled in Scandinavia. Dotted line marks 65°N, used as the division
between a northern group with fen and coastal habitats, and a southern group with meadow and fen habitats. For population names see the

Supporting information.

differentiation between populations located in different habi-
tats is stronger than between populations within the same
habitat, which could be caused by eatlier flowering phenol-
ogy in meadows, compared with fens. First, we created a
pairwise matrix for S in which we assigned the distance of
within-habitat comparisons to ‘0" (within fen and meadow),
and between-habitat comparisons to ‘1’ (between fen and
meadow), and ran a Mantel test with 1 000 000 replicates (see
details in the Supporting information). Second, because the
influence of habitat type on gene flow is mainly expected to
occur on a local scale, we selected closely situated (< 180 km
separation) population pairs in meadow, fen, and contrasting
habitats (one meadow and one fen population). We included
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eight unique population pairs of each type (Supporting
information). The average distance between pairs was 66 km
and did not differ between habitat types (one-way ANOVA;
F,,,=0.62, p=0.55, n=24). We used a one-way ANOVA to
test whether pairwise genetic differendation (F;) depended
on habitat (meadow, fen, contrasting).

EEMS and landscape resistance analyses

To visualise how gene flow (effective migration processes)
could have given rise to the observed spatial variation in
allele frequency, we used the software EEMS (Estimated
effective migration surfaces, ver. 20160605; Petkova et al.
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2016). EEMS can highlight deviations from isolation by
distance and thus illustrate potential corridors and barri-
ers to gene flow (details in the Supporting information).
To identify landscape features that could cause variation
in gene flow by creating barriers or corridors, we used the
R package ‘ResistanceGA’ ver. 4.2-10 (Peterman 2018).
It calculates a resistance distance between pairs of popula-
tions by optimizing resistance surfaces based on genetic dis-
tance data (here, the matrix of F; values between all pairs
of populations). We created four resistance surfaces based
on landscape factors expected to influence gene flow — ter-
rain ruggedness index (TRI), forest land cover, precipitation
seasonality, and annual mean wind speed at 10 m above
ground level (details in the Supporting information). We
expected landscape resistance to gene flow to increase with
ruggedness, forest cover and seasonality, and decrease with
wind speed.

Genetic diversity in relation to population size and
habitat

All summary statistics were calculated in R ver. 4.1.2 (www.r-
project.org) on the filtered dataset (detailed description in
the Supporting information). We focus on the proportion
of polymorphic loci (P) and expected heterozygosity (H)
in the following statistical tests. We used a linear regression
to determine if estimates of genetic diversity (P and Hy)
increased with census population size. Furthermore, we used
an ANCOVA to test if estimates of genetic diversity were
higher in core habitat types (meadow and fen) compared
with the marginal coastal habitat, including census popula-
tion size as a covariate using the same subgroups, S and N,
as described above (Fig. 1, Supporting information). We ran
a separate ANCOVA for each geographic group, contrasting

fen (n=14) and meadow (n=24) populations in S (where no
difference is expected), and fen (n=21) and coastal (n=11)
populations in N (expecting fen > coastal, due to fen being
a core habitat). One population, Ski, was an outlier with low
estimates for P and A, and we reran the analysis of global
genetic diversity without it.

Results

Spatial structure and effective population size

Analysis of genetic structure using PCA indicated clustering
based on geographic location, with the first principal compo-
nent (PC1) being strongly related to latitude (linear regres-
sion, F, |,,,=2050, p < 0.001, R*=0.65; Fig. 2a, Supporting
information). PC1 represented 6.2% of the variance, and
PC2-4, 1.3-0.6% (Supporting information). Analysis using
both Admixture and ‘conStruct’ resulted in genetic cluster-
ing of northwestern versus southeastern populations (Fig. 2b,
Supporting information). Using two ancestral populations,
K=2, a gradual division between the clusters occurred in
mid-Scandinavia along the mountain range at the Swedish—
Norwegian national border. At K=3 the southern cluster
split roughly into a northern and a southern cluster. Finally,
at K=4 a few populations spread across Scandinavia clustered
together. Across all values of K] the southeastern Scandinavian
populations consistently clustered with the Czech popula-
tions. Admixture did not reveal any clear optimal value of X,
as the cross-validation error decreased with increasing K for
all tested values (Supporting information). The analyses gave
the same overall clustering for both the spatial and the non-
spatial ‘conStruct’ models using K=2-3, and the cross-vali-
dation suggested that the spatial model using three clusters

(a)

10

o

Axis 2 (1.3%)

-
o

-20 .

-20 o 20
Axis 1(6.2%)

Figure 2. (a) Principal component analysis (PCA) plot for axis 1 and 2. Points indicate individuals, colors indicate geographical grouping
of populations (by county), and larger semi-transparent circles indicate the centroid of the geographical group. For abbreviations and infor-
mation about the geographical origin of each population see the Supporting information. (b) Genetic structure including 110 Scandinavian
populations of Gymnadenia conopsea, showing admixture proportions for a spatial model using K=3 in ‘conStruct’. Insert shows four Czech

populations.
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was the best fit, but it was only marginally better than the
model using four (Supporting information).

Effective population size was largest in the middle genetic
cluster based on ‘conStruct’ (NV,=202.0, 95% confidence
interval (CI): 198.9-205.1, n=43), smallest in the northern
(N.=103.9, CI: 102.8-105.1, n=22), and intermediate in
the southern cluster (N, =152.5, CI: 149.7-155.4, n=17).

Population differentiation

Population genetic differentiation varied from weak to strong
(Supporting information), with pairwise F; values ranging
from 0.02 to 0.52, and a mean of 0.19. Two groups of popu-
lations had low average Fy,, i.e. weak differentiation towards
most other populations. One group consisted of fen popula-
tions in central Scandinavia along the Swedish—Norwegian
border, and the other of southern meadow populations.
Populations with high average £ (> 0.26) consisted of a
group of northern Norwegian populations (Rol, Sag, Rub,
Gjo), one southern fen population (Herr), and a few geo-
graphically scattered populations along the Norwegian coast
(Ski, Akr, Kon) (Supporting information). Several of these
populations showed strong differentiation to all other popu-
lations (minimum Fg > 0.17; Bug, Herr, Ski, Kon, Akr)
The lowest differentiation was observed between fen popula-
tion pairs in central Norway (Sel and Tev, F;=0.021) and
meadow populations on Oland in Sweden (Kvi and Mell,
F;=0.023). Strong isolation by distance (IBD) was indi-
cated from the Mantel test including all populations, show-
ing a significant correlation between geographic and genetic
distance (Fg;), (p < 0.001, Mantel’s 7=0.41; Fig. 3).

P<0.001, r=0.408

0 500

1000
Kilometers

1500

Figure 3. The relationship between geographic distance and genetic
differentiation (Fy;) among the 110 Scandinavian populations of
Gymnadenia conopsea. Statistics refer to a Mantel test.
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Habitat differentiation

In the southern group, IBD was significant and of similar
strength in both habitats (fen: p < 0.001, Mantel’s »=0.43,
meadow: p < 0.001, »=0.40, Fig. 4a), whereas in the north-
ern group, genetic distance tended to marginally increase
with geographic distance in coastal populations (p=0.08,
Mantel’s »=0.30), but not in fen populations (p=0.37,
Mantel’s »=0.03, Fig. 4b).

There was no indication that the difference in flowering
phenology caused any isolation by habitat in the southern
region. When including all populations, genetic distances
were not higher between populations in different habitats
compared to populations within the same habitat (p=0.20,
Mantel’s »=0.10; Fig. 4a, Supporting information). Neither
was there any effect of habitat type on genetic differentiation
between closely located population pairs (one-way ANOVA;
F,, =033, p=0.72, n=24). Mean Fy (x SD) between
populations in contrasting habitats was 0.11 + 0.065, com-
pared to 0.10 + 0.046 and 0.09 + 0.027 in meadows and
fens, respectively.

EEMS analysis

The EEMS analysis revealed multiple potential barriers to
gene flow as well as a few corridors (Fig. 5a, b). Significant,
large areas of decreased gene flow stretched along most of
the central and northern coasts of Norway, separating coastal
and inland populations. Other areas of decreased gene flow
were detected in northern inland Sweden, running parallel to
the Scandinavian mountains. Several small areas of decreased
gene flow were scattered across southern Scandinavia, includ-
ing most of the meadow populations in both Norway and
Sweden. Areas of increased gene flow were identified in a
few locations along the Scandes and the Swedish coast. Areas
with high genetic diversity (¢) included the southern part of
Sweden, especially meadow populations close to the Baltic
coast, and fen populations in central Scandinavia (Supporting
information). Areas with low genetic diversity were found
along the Norwegian coast and in scattered locations across
Scandinavia.

Landscape resistance

Landscape factors explained more of the observed population
genetic structure than geographic distance, and connectivity
was limited by pronounced terrain ruggedness, seasonality,
and weak winds. The bootstrap analysis indicated that the
best model, based on the average Akaike information cri-
terion (AIC), included a composite surface of terrain rug-
gedness (TRI) and precipitation seasonality (BIO15), where
the TRI surface contributed most to landscape resistance
(68.6%; Supporting information). Resistance increased rap-
idly from level landscapes to landscapes with a ruggedness
corresponding to approximately 100 m variation in altitude,
with increasing resistance moving west across Scandinavia
(Supporting information). Resistance was low across most
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Figure 4. The relationship between geographic distance and genetic differentiation (F;;) among the Scandinavian populations of Gymnadenia
conopsea in (a) fen (F) and meadow (M) habitats in the southern group (n=42), and in (b) coastal (C) and fen (F) habitats in the northern
group (n=066). Panels also include between-habitat values for comparison, as well as the distribution of genetic differentiation (), and
geographic distances between population pairs in different habitat types (B) and within the same habitat type (F, M, C). For corresponding
summary statistics see the Supporting information.
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Figure 5. EEMS model results showing (a) effective migration rates, and (b) areas of significantly higher or lower effective migration com-
pared to the average. Orange indicates areas with lower migration and blue areas with higher migration when compared to the average.
Results were averaged over 8 runs for deme densities of 800 and 1000, respectively, and combined. Black dots indicate locations of sam-
pling, and dot size indicates the number of samples in each deme.
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of the observed interval in seasonality but rapidly acceler-
ated at values corresponding to strongly continental areas
(Supporting information). The best single surface model was
annual mean wind speed, and this model also explained most
of the observed variation in genetic differentiation (63.5%)
but was ranked sixth (Supporting information). Resistance
rapidly declined with wind speed, and was close to zero
above ca 3 m s™', which corresponds to decreasing resistance
moving west across Scandinavia (Supporting information).
The bootstrap analysis indicated a minor influence of forest
cover as a categorical factor, and geographic distance alone
was ranked last (Supporting information). The normalized
cumulative current map for the best composite surface model
illustrates how gene flow is hampered by rugged terrain, par-
ticularly along the Norwegian coast, and also by strong sea-
sonality along the eastern side of the Scandes mountain range
in northernmost Scandinavia (Fig. 6a). The corresponding
current map for the best single surface model was similar, but
shows strong channelization of gene flow by wind (Fig. 6b).

Genetic diversity in relation to census population
size and habitat

In the 82 Scandinavian populations with 11 sampled indi-
viduals, the proportion of polymorphic loci () ranged from
0.29 to 0.81, with an average of 0.65, and the expected
heterozygosity (H,) ranged from 0.11 to 0.24 (mean 0.21;
Supporting information). The distribution of the inbreeding
coefficient (F) was centered on zero, indicating that most
populations are under random mating. The highest values
for p and A} were found in central inland and southeastern
populations (Supporting information). The proportion of

polymorphic loci significantly increased with census popu-
lation size (R*=0.039, p=0.041, n=82), explaining 4%

of the observed variation (Fig. 7a). There was no statisti-
cally significant association between census population size
and H, (Fig. 7b). When we removed the outlier population,
Ski, the relationship between p and census population size
was no longer significant, but the overall pattern remained
(Supporting information). There was no statistically signifi-
cant difference between habitat types for any summary sta-
tistic (Supporting information). In the southern group (S),
all means and ranges were similar in fen and meadow popu-
lations (Supporting information). In the northern group
(N), fen populations generally showed a higher mean and
wider range for all estimates, and the proportion of polymor-
phic loci tended to be higher in fen populations compared
to coastal ones (ANCOVA, F ,,=2.954, p=0.096, n=32;
Supporting information).

Discussion
Spatial structure and postglacial colonization

Clear population structure of G. conopsea was observed across
the Scandinavian peninsula supporting a strong legacy of
historical events. Both discrete and continuous models sup-
ported three main clusters: a northwestern (NW), middle (M)
and southeastern (SE) (Fig. 2b). The populations assigned to
the NW cluster, and their admixture proportions, were con-
sistent in all analyses, and for all examined values of K. This
indicates a strong differentiation from the M and SE clusters,
possibly corresponding to two different colonization routes.
A combined northeastern and southern postglacial coloni-
zation of Scandinavia has been inferred for many plant and
animal species (Nordstrom and Hedrén 2008, Knopp and
Merild 2009, Thérn et al. 2021, Li et al. 2022, Nota et al.

TRI + BIO15 Wind speed
a) ) b)
70°N 70°N
65°N - 65°N -
BN i Predicted %°N~ Predicted
’ ’ current current

g high high

SSON =l ilow 55°N = Ilow
5°E 5°E

Figure 6. Normalized cumulative current maps (the sum of values at each grid cell across all iterations) of potential gene flow for the best
model, including (a) composite resistance surfaces of terrain ruggedness index (TRI) and precipitation seasonality, and (b) the best single
resistance surface of annual mean wind speed at 10 m above ground level (wind speed).
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Figure 7. The relationship between population size (In scale) and (a) proportion polymorphic loci (), and (b) expected heterozygosity (H,).
Black dots represent the 82 populations with 11 samples per population included in the statistical analysis. Gray dots represent 28 popula-
tions with fewer than 11 samples per population that were excluded from the analyses.

2022), and the observed pattern in G. conopsea fits a simi-
lar scenario. Southern meadow populations in Sweden were
indeed similar to the Czech populations, supporting a south-
ern colonization route, without a significant loss of genetic
variation compared to central Europe (Supporting informa-
tion). Populations generally had higher pairwise Fg. values
and lower genetic diversity towards the Atlantic coast, consis-
tent with a stronger influence of genetic drift along the likely
range of expansion. The same east—west pattern occurred
in northern Scandinavia, but additional samples (Finland/
Russia/Baltics) are needed to evaluate a potential eastern col-
onization route. Similar reductions in genetic diversity along
postglacial range expansions have also been observed in other
orchids, such as Himantoglossum hircinum (Pleifer ecal. 2009)
and Epipactis helleborine (Tranchida-Lombardo et al. 2011).
It is also possible that the NW cluster represents the
remains of a glacial refugial population. Evidence exists for
deglaciation of the north Atlantic coast as early as ~ 26 000
years ago, and potential glacial refugia have been documented
for other plant species, including Picea abies (Parducci et al.
2012), Betula pubescens (Kullman 2008), and Carex scirpoi-
dea (Westergaard et al. 2019). Today, G. conopsea is found
at altitudes up to 1500 m a.s.l. in Scandinavia, and the spe-
cies could possibly have survived in tundra-like habitats.
Populations in the vicinity of the potential refugia show
limited admixture and have low genetic variation (Sag, Rol,
Orn, Tra; Supporting information), consistent with histori-
cally small population sizes and strong isolation. However,
an early colonization event along the Atantic coast could
produce a similar pattern, and ice-free corridors are thought
to have been present along the Atlantic coast during most
of the middle and late Weichselian (Parducci et al. 2012).
Regardless of the origin of the ancestral populations, the mid-
dle (M) cluster likely represents a secondary contact zone,
where populations are highly admixed, resulting in increased
genetic variation (Petit et al. 2003, Knopp and Merild 2009,
Thorn et al. 2021, Chiocchio et al. 2022, Li et al. 2022,
Nota et al. 2022). Low pairwise Fg values and high genetic
diversity were found in central populations stretching along
most of the latitudinal gradient, and the EEMS identified
significant diversity (¢) hotspots located in areas where popu-
lations are admixed (Supporting information). Presently, the

three genetic clusters are well supported, but it is not possible
to separate between alternative colonization scenarios with-
out additional data.

Gene flow, population differentiation and landscape
resistance

We found strong IBD across the whole dataset, and pro-
nounced geographic structuring was further supported by a
close relationship between PCA axis one and latitude. In the
southern group of populations, the strength of IBD was simi-
lar to that of the entire dataset, suggesting a gradual decline
in gene flow with distance. In the northern group, only weak
and statistically non-significant IBD was found, in combina-
tion with high F. values, suggesting that populations have
remained relatively isolated after colonization, with limited
gene flow (Slatkin 1993). This was further supported by the
EEMS analysis, which indicated a significant area of reduced
gene flow along the western side of the Scandinavian moun-
tains (Fig. 5), corresponding to the rugged fjord landscape
along the Norwegian coast (Supporting information), with
high resistance to gene flow (Fig. 6a). In contrast, inland
populations on both sides of the national border between
Norway and Sweden, running along the Scandes moun-
tain range, are more connected. In general, population dif-
ferentiation was strong compared to many previous studies
on orchids (Phillips et al. 2012, Evans et al. 2023), but this
could be due to differences in both molecular marker type
and geographical scale.

The landscape resistance analyses indicated that a combi-
nation of terrain ruggedness and seasonality contributed to
the continued isolation between coast and inland. Landscapes
with more than around 100 m difference in altitude had high
resistance to gene flow, including most parts of western and
northern Norway. Also in southern Sweden, the main area
with reduced gene flow identified by EEMS corresponded
to an area with predicted high landscape resistance due to
topographic variation (Fig. 6a). Rugged topography probably
strongly limits wind dispersal of seeds, but could also act as
a barrier to pollen dispersal. Hawkmoths have been found to
prefer a downwind flight direction (Reynolds et al. 2007),
and may be expected to follow level parts of the landscape.
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Pollinators of G. conopsea also include migratory moths such
as Autographa gamma (Chapurlat et al. 2020, Joffard et al.
2022), which can use tailwinds to move across large distances
in the landscape, both within and outside of the migratory
period (Chapman et al. 2013). The current map based on
wind speed alone illustrates how gene flow is expected to fol-
low valleys and water bodies across the landscape (Fig. 6b),
and a more detailed windscape model that includes wind
direction (Kling and Ackerly 2021) would be useful to
explore in future studies. Because Scandinavia has prevailing
westerly winds, this will counter gene flow towards marginal
G. conapsea populations on the Atlantic coast, and contribute
to continued isolation.

Most of the sampled gradient in seasonality had low
landscape resistance, except in the most continental parts
of southern Norway and northern Sweden. In these areas,
pronounced seasonality should limit pollen-mediated gene
flow between inland and coast, as highly continental popula-
tions will have little flowering overlap with the majority of
populations. Although gene flow mediated by seeds is still
possible, the association between seasonality and resistance
suggests that seed dispersal is too limited to prevent isolation
between inland and coast. We also expected that limited over-
lap in flowering time between habitats within a region would
cause population differentiation, but found no support for
this. At this smaller spatial scale, seed dispersal may be high
enough to prevent differentiation. The strength of IBD in the
southern genetic group was similar in both habitat types, and
population pairs in contrasting habitats were not more differ-
entiated than population pairs within fens or meadows. Thus,
landscape heterogeneity seems to influence gene flow more
than variation in local habitat. Neither was there any support
for forests acting as barriers to gene flow, despite the fact that
forest cover is expected to strongly reduce wind speed , and
thereby the efficiency of seed dispersal by wind. This could,
to some degree, reflect that forest cover was the only categori-
cal variable in our analysis. It should also be noted that rug-
gedness, forest cover and wind speed tend to covary across
the Scandinavian peninsula (Supporting information), and
that differences in the spatial scale most relevant for affect-
ing gene flow may vary among factors. Landscape patterns
can be sensitive to scale of measurement and analysis (Wu
2004, Cushman and Landguth 2010), and forest cover could
be important if characterized in more detail, or at a smaller
spatial scale, where correspondence with terrain ruggedness
is likely to be weaker. Finally, our large-scale approach cov-
ering the whole of Scandinavia prevented the inclusion of
landscape features that vary more locally, such as the amount
of meadow habitats, or different land-use types, that could
govern genetic patterns at a regional scale.

Genetic diversity in relation to census population
size and habitat

The proportion of polymorphic loci increased with popu-
lation size, in line with theoretical predictions and earlier
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empirical findings (Frankham 1996, Lammi et al. 1999,
Leimu et al. 2006, Peterson et al. 2008, Hague and Routman
2016). However, census population size only explained 4%
of the variation in genetic diversity. A weak relationship
between genetic diversity and population size can be partly
explained by a strong legacy of colonization history at this
large spatial scale. Southern meadow populations retain a
high number of polymorphic loci even in smaller popula-
tions (Supporting information), suggesting that the ongo-
ing decline (Tyler 2007, Johansson et al. 2016, Stahl and
Berglund 2016) has not yet caused substantial genetic ero-
sion. In contrast, even large populations located along the
Atlantic coast harbour low genetic diversity, probably owing
to founder effects resulting in low genetic diversity upon
colonization, combined with subsequent low gene flow. In
comparison, population size explained 28% of the variation
in genetic diversity among 30 G. conopsea populations on the
Baltic island of Oland (Sderquist et al. 2024). In the north-
ern and admixed region, some of the small sampled popula-
tions may also be the result of recent expansions that have
not yet reached equilibrium. Finally, historical fluctuations
in population size and variation in flowering fractions and
reproductive output among individuals could cause census
and effective population size to deviate (Frankham 1995).

None of the estimates of genetic diversity differed signifi-
cantly between habitats. In the northern group, coastal popu-
lations tended to have a lower proportion of polymorphic
loci than fen populations. This is likely because coastal popu-
lations are fringe populations with limited gene flow, and are
also probably colonized later than fen populations. However,
the same pattern could emerge if the coastal populations were
established from a bottlenecked glacial refugial population or
a very early colonization event. The results did not support
any discrete groups of populations requiring specific manage-
ment action, i.e. ESUs (lineages with highly restricted gene
flow from other lineages, reviewed by Fraser and Bernatchez
2001).

Implications for management

Gymnadenia conopsea is a typical example of a species that
was favoured by the human land-use of previous centuries,
and today is in decline. Its presence is considered to indicate
a favourable status of species-rich grasslands (https://artfake
a.se/taxa/219811/information), a habitat type that is red-
listed in Europe, and currently targeted for restoration efforts
(Janssen et al. 2016). Here, we document high genetic diver-
sity and low degree of inbreeding in the core distribution area
of G. conopsea in Scandinavia, indicating that both current
viability and future adapration potential is high, and that res-
toration and management efforts hold considerable potential.
The long lifespan of the species (> 50 years; Tholstrup et al.
2024) likely causes a substantial delay in genetic responses
to fragmentation, allowing time to intervene. Efforts to
restore original habitat management practices have been suc-
cessful for boosting population growth of similar orchids
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(Jacquemyn et al. 2006, Sletvold et al. 2010), suggesting
that documented population losses and rapid declines of
genetically variable southern populations (Séderquist et al.
2024, 2025a) can be reversed. Moreover, the lack of genetic
separation between populations in southern Scandinavia
and Czechia suggests that material for reinforcements and
reintroductions in northern Europe can be sourced broadly.
Scandinavia includes a major part of the total G. conopsea
population in northern Europe, and the declining southern
populations provide a link to the continental species distri-
bution. Securing that management-dependent meadows are
maintained, and that connectivity among them is increased
by grassland restoration, will be important for long-term
persistence of G. conopsea in northern Europe, as well as for
many other threatened species linked to the grassland habitat.
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