Botanical Journal of the Linnean Society, 2023, 202, 270-293. With 7 figures.

Evolution in Helianthemum oelandicum (Cistaceae) —
evidence of Holocene differentiation in morphology on
the Baltic island of Oland, south-eastern Sweden

BJORN WIDIf]NL*’ , EMAN SOUBANT!, MIKAEL HEDREN'*, OSKAR LOFGREN? and
MARIE WIDEN?

Department of Biology, Lund University, SE-223 62 Lund, Sweden
2Department of Physical Geography and Ecosystem Science, Lund University, SE-223 62 Lund, Sweden
3Botanical Garden, Lund University, SE-223 61 Lund, Sweden2023

Received 13 March 2022; revised 24 July 2022; accepted for publication 10 October 2022

We use Helianthemum oelandicum subsp. oelandicum as a model for studies of mechanisms shaping the
diversity in a rapidly radiating lineage of the H. oelandicum aggregate. Locally, correlations between drainage
conditions (using GIS to measure variation in the micro-topography on the more or less horizontal bedrock) and
frequency of alleles of Mendelian genes for pubescence indicated that hairs are markers of adaptation to the
unique environmental conditions (drought and periodic flooding) on the alvar habitats of Oland. An allozyme
study showed that 1 and 4% of the genetic diversity is partitioned among two varieties and natural populations,
respectively. F, for hair alleles was up to ten time greater than F for allozymes. Oland rose above sea level after
the LGM, which makes it possible to date the onset of the post-glacial diversification on the island. Only two,
mainly allopatric, plastid DNA haplotypes were detected, H1 and H2. The southern Helianthemum oelandicum
subsp. oelandicum var. canescens has only H1, whereas the more widespread var. oelandicum possesses both
haplotypes. A restricted occurrence of haplotype H1 in the core area of var. oelandicum in the central Oland,
coincided with the highest elevation on the island, probably representing the post-glacial arrival of the species
on the island.

ADDITIONAL KEYWORDS: allozymes — ecotypes — flowering phenology — GIS — hybrid zones — indumentum —
micro-topography — PCR-RFLPs — plastid haplotypes.

INTRODUCTION in geographically separated refugial populations
(Hewitt, 2000, 2001). Alternatively, gene flow between
lineages created dynamic contact zones, which were
not stabilized due to the short time in refuge areas
during the climatic cycles, or the genetic admixture
between lineages created novel adaptive gene
combinations that became established (Havrdova
et al., 2015). Such dynamic cycles of expansion and
retraction of the range of species may explain the
rapid radiations found in many species-rich plant
clades of temperate European plants (Guzman, Lled6
& Vargas, 2009; Valente, Savolainen & Vargas, 2010;
Fior et al., 2013; Moazzenti et al., 2014; Martin-
Hernanz et al., 2019). The onset of the radiation often
coincided with the climatic changes in the transition
between the Pliocene and the cold and dry climate
*Corresponding author. E-mail: bjorn.widen@biol.lu.se of the Pleistocene. Diversification rates accelerated

A significant outcome of species expansion and
contraction during the cycles of Ice Ages in the
Pleistocene may have been the formation of hybrid
zones between species as well as contact zones
between refugial populations within species (Nichols
& Hewitt, 1994). Many animal and plant species
had been split into genetically and morphologically
distinct groups in their glacial refugia. When these
lineages met, hybrid or contact zones could have
been formed. Such zones could have been stable
over time, possibly because the different migrant
populations had adapted to different ecological niches
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during the glacial cycles of the Pleistocene (Valente
et al., 2010) and led to an intricate morphological
diversity in many clades with notorious taxonomic
complexity. Differentiation could be a consequence of
geographical isolation per se (Edh, Widén & Ceplitis,
2007;Valenteetal.,2010),but in many clades radiation
was adaptive, for example, in floral characters (Fior et
al., 2013) or leaf morphology (Guzman et al., 2009).

Variation in morphological traits used as markers in
taxonomically complex species may have a Pleistocene
origin, but the current structuring of the phenotypic
differentiation is shaped by both historical and
contemporary processes (Sork et al.,1999). Mechanisms
and processes creating the diversity in morphology
during the climatic cycles of the Pleistocene are obscure
and can only be indirectly inferred. This contrasts
with the processes in Holocene where local adaptation
during the ongoing climate change and human impact
on vegetation (Mottl et al., 2021) can be studied by
various methods (e.g. Turesson, 1922; Clausen, Keck
& Hiesey, 1940; Agren & Schemske, 2012). Recent
local adaptation of plants over various distances
has been well documented (e.g. Kruckeberg, 1951;
Jain & Bradshaw, 1966; Snaydon, 1970; Kidrkkéinen,
Lge & Agren, 2004), and the identification of genes
underlying a specific adaptation is a fundamental task
for understanding evolution (Orr, 2005; Ellegren &
Sheldon, 2008). The adaptive significance of different
phenotypes or alleles of morphological markers
governed by Mendelian genes (Widén, 2015, 2018a,
b), can be tested directly in natural populations. By
choosing geographical areas that were re-colonized
after the Last Glacial Maximum (LGM), a starting
point for the onset of local adaptation in the Holocene
can be established (tabula rasa).

Here, we have chosen the Baltic island of Oland and
Helianthemum oelandicum (L.) Dum. Cours. subsp.
oelandicum as a model for studying differentiation
in a rapidly radiating lineage (Martin-Hernanz et al.,
2019). First, H. oelandicum shows great morphological
diversity throughout its distribution range, with a
number of subspecies based on a few key characters
(Janchen, 1907; Proctor & Heywood, 1968; Widén,
1980, 2018a, b). The diversity of the endemic subsp.
oelandicum on the restricted area of the island of
Oland covers variation in the main taxonomic key
characters of the species complex (e.g. pubescence
and flowering phenology), and recent studies have
shown that simple Mendelian genes are involved in
some of these characters (Widén, 2018a, b). Second,
Scandinavia including Oland was covered by ice
during the Last Ice Age, and the island rose above sea
level after 12 000 BP. Pollen records of H. oelandicum
(Berglund, 1966) give a starting point for the processes
of differentiation of H. oelandicum on Oland after
the LGM and show how the history of the species on

the island (Konigsson, 1968) has been influenced by
climate and human impact on vegetation (cf. Mottl et
al.,2021).

We use plastid DNA to trace migration history,
allozymes to quantify genetic diversity and morphology
to study adaptation of the ‘Oland rock rose’ H.
oelandicum subsp. oelandicum to the unique alvar
habitats on Oland, i.e. dry calcareous grasslands more
or less endemic to the Baltic Sea region (Bengtsson et
al., 1988; Reitalu et al., 2014). We investigate the fine-
scale morphological/genetic structure of the species
and test whether the spatial pattern of diversity can
be explained by adaptation to the local environment
as suggested by Widén (1988, 2018a, b). We use GIS
to record the topographical structure as a measure
of the fine-scale drainage conditions of the bedrock of
Oland. The aims of this paper are (1) to investigate the
plastid DNA and nuclear gene variation (allozymes)
of the species on Oland, (2) to compare this molecular
diversity with the geographical distribution of adaptive
genes for morphological traits, (3) to compare adaptive
genes and environment and (4) to interpret the spatial
distribution of plastid DNA and nuclear genes in the
light of available pollen records, evolutionary processes
and the Holocene history of the species on Oland.

MATERIAL AND METHODS
STUDY SPECIES

Helianthemum is a young monophyletic genus of
Mediterranean origin in Cistaceae (Aparicio et al.,
2017). Helianthemum oelandicum is one of several
species complexes originating in the Pliocene—
Pleistocene (Aparicio et al., 2017; Martin-Hernanz et
al., 2019). Indumentum is the morphological marker
in much of the differentiation of Helianthemum,
especially in two of the most widespread lineages, the H.
oelandicum aggregate (agg.) and the H. nummularium
(L.) Mill. agg. (Janchen, 1907, 1909; Soubani, Hedrén
& Widén, 2014, 2015; Widén, 2015, 2018a, b; Volkova
et al., 2016).

Helianthemum oelandicum subsp. oelandicum is a
young (cf. Aparicio et al., 2017), diploid (2n = 22), self-
incompatible, wind pollinated (T6rnblom, 1908; Janzon,
1983) and short- to long-lived (cf. Froberg et al., 2009)
dwarf shrub belonging to the H. oelandicum complex
(Widén, 2010, 2018a, b). The species is represented
by two endemic varieties, H. oelandicum subsp.
oelandicum var. oelandicum and H. oelandicum subsp.
oelandicum var. canescens (Hartm.) Fr., which differ
in flowering phenology (Widén, 1980, 2010, 2018a, b).
The type variety (var. oelandicum from hereon) has a
short, concentrated flowering (CF) period in early June
based on inflorescences borne on the previous year’s
growth. Helianthemum oelandicum subsp. oelandicum
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var. canescens (var. canescens from hereon) has a
protracted flowering (PF) period from June till October
with one flowering peak in June (inflorescences borne
on the previous year’s growth) and one flowering peak
in July—August (inflorescences borne on the current
year’s growth) (Widén, 1980). Both varieties show
variation in indumentum, from glabrous plants to
plants with bristles in var. oelandicum and plants with
only bristles to plants with a dense cover of stellate
hairs on the abaxial surface of the leaves in var.
canescens (Widén, 1988, 2018a, b).

The distribution of the two varieties is allopatric;
var. canescens is restricted to the southernmost part
of Oland and var. oelandicum has a wide distribution
on the Great Alvar and on isolated alvars in the
central and northern part of the island (Fig. 1). In
the southernmost part of the Great Alvar, where the
two varieties meet, narrow hybrid zones have been
established (Widén, 1980, 1988). In the following,
we use CF and PF plants synonymously with var.
oelandicum and var. canescens, respectively.

Figure 1. Distribution of Helianthemum oelandicum subsp.
oelandicum on the Balticisland of Oland, SE Sweden. A, The
Baltic area. B, The Baltic island of Oland. The distribution
of H. oelandicum (black) according to Sterner (1936). The
Great Alvar coincides with the continuous distribution of H.
oelandicum on the southern third of Oland. C, A simplified
representation of the distribution of H. oelandicum on the
southernmost part of Oland. Black indicates the area where
> 90% of the plants belong to var. canescens and stripes
indicate the distribution of var. oelandicum. The rectangle
shows the hybrid zones discussed in Figure 6D, E (see also
Supporting Information, S5). The area marked with black
in the southernmost part of Oland represents the outer
border of several small, more or less isolated patches of var.
canescens south of the Great Alvar.

THE STUDY AREA

During the Last Ice Age (maximum 22-20 000 years
BP), Fennoscandia was covered with a thick ice sheet
(Svendsen et al., 2004; Binney et al., 2017). As the
main ice sheet retreated from Fennoscandia (starting
c. 15 000 years BP), plants and animals re-colonized
the region from different directions and source areas
(Hewitt, 1999; cf. Soubani, 2010, for references).

The bedrock of Oland is made up of Ordovician
limestone pavements. The southern half of the island
is dominated by the Great Alvar, a more or less
treeless steppe covering about 250 km? characterized
by an extremely flat limestone plateau (Fig. 2), which
is mostly completely exposed or covered by a thin layer
of weathered soil or glaciofluvial deposits (Kénigsson,
1968; Rosén, 1982).

The Great Alvar and a number of restricted alvar
areas outside the Great Alvar on Oland are often
subjected to extreme drought in summer, frost
perturbation in winter and waterlogging in autumn
and spring. Most summers have periods of low
precipitation and severe drought occurs at intervals
of approximately ten years (Prentice et al., 1995), the
most extreme year during the last 50 years being 2018
(B. Widén, in prep.).

The present-day distribution of H. oelandicum on
Oland is restricted to a mosaic of habitats in the open
grasslands, either on horizontal bedrocks with thin layers
of weathered soils or on shallow gravel deposits, or on open
bedrocks with fissures and cracks, filled with soil (Sterner,
1936; Albertsson, 1950; Konigsson, 1968; Bengtsson et
al., 1988). The patchy distribution of such habitats on
the Great Alvar promotes the growth and colonization
of more or less continuous and large populations of H.
oelandicum over thousands of square metres, making it
one of the most conspicuous and important plants on the
Great Alvar today (Fig. 2; Widén, 2018b).

DATA COLLECTION

Thisstudyisasynthesis, partlybased on arecompilation
of data collected for H. oelandicum on Oland over
decades. The sampling of sites originally took place
during the mid-1970s in a randomized procedure,
described in Widén (2018a, b). The successive sampling
was intended to be representative for the detected
diversity. In the following, all plants from a site are
considered a ‘local population’, although it should be
observed that the distribution of H. oelandicum subsp.
oelandicum in many alvar areas on Oland is patchy,
with more or less continuous stands.

Population samples

In the original field sample 1 (cf. Widen, 2018b), 106
sites of var. oelandicum, 29 sites of var. canescens
(Widén, 2018a, b) and 19 sites from the narrow zones
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Figure 2. The Great Alvar is coloured yellow by the flowering of Helianthemum oelandicum subsp. oelandicum. A,
Flowering of var. oelandicum during a few weeks in early summer: a south-east view just southeast of Vickleby, 13 June
2010. Photograph: E. Rosén. B, The colour of the Great Alvar dominated by H. oelandicum turns dark after the flowering of
var. oelandicum. An eastwards view along the section C in the Albrunna transect in Figure 5C, 15 July 2003. C, The yellow
colour of the Great Alvar occupied by var. canescens often has a pale intensity but a longer duration than in var. celandicum.
The peak flowering of var. canescens often occurs in mid-late July. A south-east view from the core area of section PF in
Figure 5C, 3 July 2001.

between the two varieties were sampled (cf. Widén,
1988). Some of the sites in the zone were difficult to
locate accurately and have been discarded (cf. Widén,
1988). We allocated the 12 sites in the zones included
in this study to var. oelandicum, if the proportion of CF
plants at the site was > 0.5, otherwise to var. canescens
(Supporting Information, S1).

Plastid samples

Based on earlier knowledge of the spatial pattern of
morph distribution of H. oelandicum subsp. oelandicum
on Oland (Widén, 1980, 1988), 123 sites were sampled
on a regional scale in the early 2000s. All sampled sites

could be referred to a distinct variety. The sampling was
particularly dense in areas that had shown variation in
morphology in previous studies. Sites were usually > 100
m apart. At each site (within a radius of 10 m), leaves (from
at least two plants) were stored in silica gel until used
for DNA extraction and five adult plants (at flowering
or post-flowering stage) were sampled and pressed for
morphological analysis (Supporting Information, S2).

Allozyme samples

The sites, sampled in the early 1990s (Fig. 3),
constituted a proportion of the sites in the 'population
sample', representing diversity and geographical
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range (cf. Widén, 2018a, b). Cultivated plants used
for the allozyme study were derived from cuttings
of plants in permanent plots or an offspring derived
from seeds sampled from individual plants within the
original sites and cultivated 1992-1996 in the common
garden at Lund University. Plants from 14 sites were
classified as var. oelandicum, and plants from 12 sites
as var. canescens.

Hybrid zones

The distribution areas of the two varieties are often
separated by habitats not suitable for H. oelandicum
[e.g. wet meadows, temporal pools or dense stands of
the shrub Dasiphora fruticosa (L.) Rydb.]. Populations
consisting of a mixture of the two varieties and various
intermediates frequently occur when the distribution
of continuous populations of the two varieties meet in
narrow zones (hereafter called hybrid zones). Scattered
individuals of var. canescens (i.e. individuals with at
least a few inflorescences borne on the current year’s
growth and probably of hybrid origin) can be found
in continuous areas of var. oelandicum at a distance
of several hundred metres from the border between
the distributions of the two varieties (cf. Widén,
1980). However, no individuals of var. oelandicum
(i.e. individuals with only inflorescences borne on the
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previous year’s growth) have been ascertained within
continuous areas of var. canescens (Widén, 1980).

Ignoring outliers of var. canescens in the areas
of var. oelandicum, the spatial extent of the zones
between the two varieties was estimated in mid-
July to August of 2004 (and some in 2011) by the
following procedure. Walking across the zones (based
on knowledge acquired since the early 1970s, cf. fig. 13
in Widén, 1980), the coordinates of the most marginal
patch (the mid-point of a plot with a radius of 10 m) of
pure populations of var. canescens (PF sites) and var.
oelandicum (CF sites), respectively, were determined
with a GPS device. Coordinates for patches with both
varieties (mixed sites) were recorded and the patches
(radius 10 m) were roughly classified as (1) dominated
by CF plants, (2) no dominance of any variety and (3)
dominated by PF plants (a more detailed examination
of hybrid zones will be published elsewhere).

Transects

One W-E transect across the alvar in the northern,
central and southern part of the Great Alvar,
respectively, was used to estimate (1) the frequency of
dead plants after the catastrophic drought in 2018 (see
fig. 2 in Widén, 2018b) and (2) to record pubescence,
especially the allele frequency for hair markers (see
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Figure 3. The allozyme samples of Helianthemum oelandicum subsp. oelandicum on the Baltic island of Oland, SE
Sweden. A, The distribution of samples. Variety oelandicum (CF) and var. canescens (PF). B, Principal coordinates analysis
of allozymes. The first and second axes explained 23.8 and 18.2%, respectively, of the variation.
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next). The northern transect (established in 2019)
comprised c¢. 1 km of the westernmost edge of the
alvar, just south of the village of Vickleby (the Vickleby
region). The middle transect (established in 2019 in
the Storasen region), and the southern transect made
between the villages of Albrunna and Kvinnsgréta in
2020 (the Albrunna region, cf. Widén, 1980, 2018a, b),
extended across the entire width of the Great Alvar.

If any H. oelandicum was present (dead or alive)
within a radius of 10 m at each 50-m interval (GPS
determined) along a transect, the distance (a site) was
recorded as occupied by the species, and two samples
(1-m?) were chosen. To estimate the death rate at each
site, a first plot was sampled by throwing a frame to the
nearest patch with at least five plants of H. oelandicum
(dead or alive). A second plot was subjectively chosen
within the site to include at least five living plants (if
possible). The position of the frame was adjusted to
include a maximum number of individuals. A sample
of plants alive within the plots (excluding seedlings
with only cotyledons and fewer than three pairs of
leaves) was classified according to hair phenotype and
to flowering phenotype (if possible). To obtain a rough
estimate of the population continuity along transects
we calculated the proportion of 50-m intervals that
contained any plants (dead or alive) along different
section of a transect (population continuity = the
number of intervals with plants/ the total number of
50-m intervals).

Topography

The spatial distribution of sites was estimated using
the national grid system (SW99TM). The position
of most sites in the population sample (cf. Widén,
2018b) was estimated from the national topographical
maps (Topografisk karta 6ver Sverige) in the 1970s.
The coordinates for sites used for population studies
after 2003 (the plastid samples, the hybrid zones and
transects) were determined by using a GPS device
(Magellan). The coordinates in the population sample
were therefore less accurate than in other samples.
We used the digital maps from Lantmé&teriet to
obtain an estimation of the topographical variation
at each sampled site. The altitude was recorded with
an accuracy of 0.1 m in a grid of 1 m. We collected
data from each grid in three/four areas around each
sampling point: within a radius of 10 m (N = 80),
20 m (N =310), 30 m (N = 710) and 50 m (N = 1968),
respectively. The more variation in elevation among
sampling points in an area, the more heterogeneous
the topography. We assumed that the local drainage
conditions were correlated with heterogeneity of
the topography at each site. As a measure of the
heterogeneity of topography we used the range and SD
of the altitudes for each sampled radius.

DATA PROCESSING
DNA extraction and PCR-RFLP analysis

Three hundred and two individuals representing 123
sites (usually N = 2 individuals/site, but sometimes
as many as ten plants/site) were used for DNA
extraction and PCR-RFLPs analysis (see Supporting
Information, S2). Total genomic DNA was extracted
following the CTAB-based extraction protocol (Doyle &
Doyle, 1990), with some minor adjustments according
to Lodhi et al. (1994) to optimize the protocol for
Helianthemum. Based on Soubani (2010), four primer
pairs that showed considerable variation in the PCR-
RFLPs were used for screening of the entire material
(see Soubani (2010) and Supporting Information, S2
for details).

Allozyme extraction and electrophoresis

Trials with different extraction methods using leaves
gave mucilaginous extracts with bad resolutions in
subsequent electrophoresis. To avoid the problem
of resolution we extracted only flower buds (petals,
stamens and ovaries). The details of extraction and
electrophoresis are given in Supporting Information, S3.

Classification of indumentum

Widén (1988) introduced a protocol to describe the
complex variation of hairs in H. oelandicum agg. (cf.
Janchen, 1907). The density of hairs on different parts
of the plant was classified in hair scores (Hair , score,
x = type of hairs on specific part of the plant) according
to a template, increasing from 0 to 3 in intervals of 0.5
(Widén, 2018a, b). Here we combined hair scores in
different parts of the plant in a hair index, which is the
average of the hair scores for (1) stellate hairs on the
abaxial surface of the leaves (Hair_  score), (2) bristles
on leaves (Hair, ; score), (3) hairs on inflorescences, (4)
stellate hairs on sepals, (5) bristles on sepals and (6)
glandular hairs on inflorescences (cf. Widén, 1988).
Hair phenotypes in the transects were classified in
the field using a hand lens, and applying a simplified
version of the hair scores (0, 1, 2 and 3) for Hair
and Hair,  (see previously), summarized in the
hair index HI,. Plants in all other samples were
phenotyped under a dissecting microscope in the lab
using the original protocol. For the population sample,
six hair scores were included in the hair index HI g
In the plastid sample, Hair, , and Hair_, scores (see
previously) were included in the hair index HI ,.

Allele frequencies for indumentum

The overall density of hairs on leaves is determined
by quantitative genes, whereas a threshold density is
determined by recessive alleles of Mendelian genes
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in both varieties (Widén, 2018a, b). Provisionally, we
treat the analysed indumentum characters on leaves
of H. oelandicum as representing separate genes in the
two varieties. Glabrous plants (Hair,  score = 0 and
Hair __  score = 0) of var. oelandicum were classified as

homozygous for the glab allele (cf. Widén, 2018b) in the
locus GENEL1. Plants of var. canescens were classified
as homozygous for the can allele in the locus GENE2
if the density of stellate hairs on abaxial surface of
the leaves (Hair  score) was > 2 on the scale 0 to 3
(see Widén, 2018a, for more information). Interaction
between GENE1 and GENE2 in hybrids between var.
oelandicum and var. canescens is complex and not yet
fully understood (B. Widén, unpublished). Therefore,
we simplified the calculation of gene frequencies in the
few mixed sites by referring individual sites to either
var. oelandicum or var. canescens.

DATA ANALYSIS
Plastid DNA

The molecular data was scored as multistate
characters where each primer—enzyme combination
was considered a character and the different banding
patterns (as a result of differences in the size and
numbers of fragments) as character states (Supporting
Information, S2).

Allozymes

The genetic analysis was based on seven polymorphic
allozyme loci (Supporting Information, S2), and
performed using the GENALEX v.6.5 program
(Peakall & Smouse, 2006, 2012). It has been argued
that allozymes provide a poor estimation of neutral
population differentiation, since allozyme loci may
be subjected to natural selection (Riginos, Sukhedo
& Cunningham, 2002; Dhuyvetter, Gaublomme &
Desender, 2004; Li et al., 2015). We tested for any
association between allele frequency and topography
(the environmental factor in focus of the present
study). The total genetic diversity (mean over loci)
was shown by H,, and the within-population genetic
diversity by H (Nei, 1973). The between-population
genetic diversity was estimated by F, (Fy, = (H,—
H)/H ). The deviation from the Hardy—Weinberg
equilibrium tested (Chi-square test) for each locus
and population (Nei, 1973) was based on the observed
number of heterozygotes (H_, ) and the expected
number of heterozygotes under the Hardy—Weinberg
equilibrium (H_ ). AMOVA was used to partition the
genetic diversity between the two varieties and among
population (SPSS 27). A Mantel test, implemented in
PAST v.4.04 software (Hammer & Harper, 2006) based
on pair-wise F,, was performed to test for correlation

ST?
between genetic and geographical distances.

GIS data

The raw data was scrutinized to exclude sampled radii
where obstacles in the bedrock, such as escarpments,
man-made cavities or stone walls could increase the
heterogeneity measures despite an underlying smooth
bedrock. Large erratic boulders in some areas with
glacial deposits could also increase the recorded
heterogeneity. We therefore excluded a few data
representing radii of 30 to 50 m when the ranges in
elevation exceeded 2 m, and radii of 10 to 20 m when
the ranges of elevation exceeded 1 m.

RESULTS
ALLOZYME DIVERSITY

We found no significant correlation between allele
frequencies and topography after Bonferroni correction
(see Supporting Information, S3). Ninety percent
of alleles did not deviate from Hardy—Weinberg
equilibrium (Supporting Information, S3). The total
diversity H = 0.377, F,, = 0.054 and 1 and 4% of
the diversity were partitioned among varieties and
populations, respectively (Table 1). The PCA analysis
showed a geographical structure in the genetic
diversity (Fig. 3), with populations of var. oelandicum
north of the Great Alvar found to the left on axis 1 and
var. canescens to the right (the correlation between
axis 1 and latitude is significant, r = 0.74, P < 0.01).
A Mantel test showed significant positive correlation
between genetic and geographical distances (Table 1).

DISTRIBUTION OF PLASTID HAPLOTYPES

Two plastid haplotypes were recorded on Oland,
H1 and H2 (Supporting Information, S2). The 13
populations of var. canescens were fixed for H1. Of the
110 populations of var. oelandicum, 49 populations
contained H1, 57 populations contained H2 and
four showed a mixture of the two plastid haplotypes
(Supporting Information, S2).

The distribution of the two haplotypes was mainly
allopatric with H1 covering the southern part of Oland
and a disjunct area in the northern part of the Great
Alvar (Vickleby region), whereas H2 was found in the
rest ofthe Great Alvar and further to the north (Fig.4A).
A Mantel test showed significant positive correlation
between haplotypes and geographic distance (Table 1).
Mixture of the two plastid haplotypes (within sampling
plots) was only found in the northern Great Alvar, in
four sites along the border between the distribution of
the two haplotypes (Fig. 4B). A narrow contact zone
between the two haplotypes across the alvar was
found in the southern part of the Great Alvar in the
Storasen region (Fig. 4B). In the southernmost part of
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Table 1. Population genetics of Helianthemum oelandicum subsp. oelandicum

A, Partitioning of variation in the allozyme study

Source Percentage of variation
Between varieties 1

Between populations 4

Between individuals 4

Within individuals 91

B, Population genetics based on the allozyme data

Mean over loci and populations SE
F 0.012 0.030
F, 0.066 0.029
Fg, 0.054 0.007
H, 0.366 0.016
H, 0.373 0.015

C, Distance matrices

Distance matrix Correlation coefficient P value Number of populations
Allozymes vs. geography 0.573 0.01 26

Haplotypes vs. geography 0.093 0.000 123

HI vs. geography: 0.011 0.37 147

HI, vs. geography 0.001 0.33 123

D, F, for hair alleles™

Allele Sample Variety Fg, P value Number of populations
can Population sample canescens  0.306 0.000 28
can Plastid sample canescens  0.356 0.000 13
glab Population sample oelandicum 0.509 0.000 107
glab Plastid sample oelandicum 0.567 0.000 110

TPopulation sample.

*Plastid sample.

*4Fg, was calculated as AMOVA according to Weir and Cockerham (1984) with significance test based on 10 100 permutations. Sites with both var-
ieties in population sample were excluded from the calculations (see text).

Oland, all plants had the H1 haplotype, irrespective of
taxon (Fig. 4B).

Helianthemum oelandicum var. oelandicum has
a continuous distribution in the central part of the
Great Alvar around the contact zone between the two
haplotypes in Storasen region. The central part of the
contact zone was often distinct; populations displaying
different haplotypes were sometimes separated by
only 100 m, but were often intermixed with habitats
without H. oelandicum. The south-easternmost part of
the contact zone, on the other hand, was more diffuse
with large areas without H. oelandicum.

The bedrock of the Great Alvar dips slightly to the
south-east (Supporting Information, S4). The highest
elevation on Oland (55.0 m a.s.l.) is found in the centre
of the island, just north of the Great Alvar. We recorded
both haplotypes in var. oelandicum at elevations > 45 m
in the northern part of the Great Alvar in the Vickleby

region, close to the village of Resmo, eight sites with
haplotype H2, three sites with haplotype H1 and one
site with both haplotypes (Fig. 4A, B). Haplotype H2
in var. oelandicum just north of the Great Alvar was
recorded at 35 m, whereas H1 in var. oelandicum was
recorded at all elevation intervals on the Great Alvar.

The most northern record of H1 in var. canescens
was at an elevation interval > 15 m. The highest
elevational record of H1 in var. canescens south of
the Great Alvar was at an elevation below 15 m a.s.l.
Haplotype H2 in var. oelandicum in the northern half
of Oland was also recorded < 15 m (Fig. 4A).

VARIATION IN HAIR INDEX

Variation in pubescence showed significantly higher
values in var. canescens than in var. oelandicum,
when measured as HI ; in the population sample, as
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Figure 4. The haploid sample of Helianthemum oelandicum subsp. oelandicum on the Baltic island of Oland. A, The
distribution of the two plastid haplotypes (H1 and H2) in H. oelandicum on Oland. CF = var. oelandicum and PF = var.
canescens. The distribution of samples above different altitudes (indicated on the horizontal axis). V = Vickleby region. S
= Storasen region. A = Albrunna region. The area north of V (outside the Great Alvar) is denoted Northern Oland in Table
2C. B, Plastid haplotype distribution in enlarged areas in Vickleby, Storasen and Albrunna regions. The figures indicate the
origin of x and y coordinates for the area in the Swedish coordinate system (SW99TM). C, Frequency of the glab allele in the
plastid sample of H. oelandicum in the Vickleby, Storasen and Albrunna regions, as well as the frequency of the can alleles
in the Albrunna region. The origins of x and y coordinates in the Swedish grid system (SW99TM) are shown.
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well as for HI, in the plastid sample (Table 2A, B). A
Mantel test showed no significant correlation between
pubescence [HI  or HI,] and geographical distance
(Table 1). No differences in HI, between regions
within the distribution of var. oelandicum could be
established in the plastid sample (Table 2C), although
diversity in the Storasen region was heterogeneous
in the plastid sample (Table 2D). The heterogeneity
of pubescence in the Storasen and Albrunna regions

revealed by the transect sample is shown in Table 3.

FREQUENCY OF HAIR ALLELES

Variation in pubescence within sites in the transect
sample was homogeneous. The correlation between
the two samples within sites in the transect sample
was significant for the frequency of the glab allele
in the Storasen transect (r = 0.912, P < 0.001) and
for CF sites in the Albrunna transect (r = 0.517,
P <0.001), but not in the Vickleby transect. The
correlation of the can allele for the PF sites in the
Albrunna transect was also significant (r = 0.734,
P <0.05).

The spatial pattern of the glab-allele frequency
differed among regions (Fig. 4C) and transects as well
as between sections within transects (Fig. 5, Table 3A).
The frequency was zero at the western margin of the
Vickleby transect and increased after 350 m along
the transect (Fig. 5A, Table 3B). The frequency of the
glab allele differed significantly between the western
and eastern half of the Stordsen transect, with an
increasing frequency eastward in the western half to
close to 1.0 in the eastern part (Fig. 5B, Table 3C, see
also Fig. 4C). The Albrunna transect cuts across the
northern part of the distribution of var. canescens in
the centre of the Great Alvar (cf. Figs 1 and 5C, Table
3D), and the shift between the two varieties is abrupt,
and it was only at the eastern edge of the distribution
of var. canescens that a mixed population was
encountered (Fig. 5C). The frequency of the glab allele
shows a remarkably similar and symmetric pattern
on each side of the distribution area of var. canescens
(Fig. 5C). Few PF plants (with inflorescences borne
on the current year’s growth) were found outside the
core area of var. canescens (Fig. 5C), only a few at the
easternmost part of the Albrunna transect. In contrast,
scattered plants with a dense cover of stellate hairs
on the abaxial surface of the leaves (Hair_ score > 2)
in var. oelandicum were found outside the core area
of var. canescens (Fig. 5C). Only one individual with
Hair, score = 3 was found in var. oelandicum in
the easternmost part of the Storasen transect (a CF
plant). The differentiation between local populations
with respect to the recessive alleles was pronounced,;
F . =0.502 for the glab allele and F, = 0.282 for the

can allele in the population sample, and F, = 0.567 for
the glab allele and F, = 0.356 for the can allele in the
plastid sample (Table 1).

POPULATION CONTINUITY ALONG TRANSECTS ACROSS
THE GREAT ALVAR

The estimated population continuity varied among
transects and sections within transects (Table 3B-D).
The western section of the Storasen transect showed
an especially low value for the estimated population
continuity (Table 3C). The distribution of H. oelandicum
is more or less continuous along the western and
central part of the Albrunna transect, with estimated
population continuity between 0.82 and 0.89, but the
distribution is interrupted by a mosaic of habitats not
suitable for the species in the easternmost part of the
transect with a low value for the estimated population
continuity (0.43) (Fig. 5C, Table 3D).

EFFECTS OF DROUGHT

Drought in 2018 had a great impact on the survival
of H. oelandicum, with large heterogeneity among
sites. The survival of plants in the Albrunna transect
averaged only ten percent and was slightly higher in
the other transects (Fig. 5C, Table 3A) based on the
random sample at each site. Survival was especially
low at the western margin of the Vickleby transect
(Fig. 5A, Table 3B), whereas survival showed more
heterogeneity along the Storasen and Albrunna
transects (Fig. 5B, Table 3C, D).

There was no overall correlation between the
frequency of hair alleles and survival of the
drought in 2018, but different trends among and
within transects (Table 3A). A significant negative
correlation between survival and frequency of the
glab allele was found in var. oelandicum in the
Albrunna transect (Table 3A). Glabrous plants also
seem to have a disadvantage over pubescent plants
at the margin of the Vickleby transect, since the
frequency of the glab allele decreased between 1975
and 2019 (Table 3B). The same trend was found in
the western section of the Storasen transect (Table
3C). The differences between 1975 and 2019 in other
sections of the transects at Vickleby and Storasen
were non-significant.

DISTRIBUTION OF VARIETIES ACROSS HYBRID ZONES

The border between the distribution areas of var.
oelandicum and var. canescens is sharp in the northern
third of the distribution of var. canescens on the Great
Alvar (marked in Fig. 1, Supporting Information, S5).
Narrow hybrid zones < 100 m wide can be identified

© 2023 The Linnean Society of London, Botanical Journal of the Linnean Society, 2023, 202, 270—293

€202 Joquiaydas €z uo 1sanb Aq 2850€0./0/2/2/202/2101HE/UBSUUII0G/WOY"dNO"D1WSPED.//:SA)IY WO PaPEOjuMOd


http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boac047#supplementary-data

2.

.WIDEN ET AL.

280 B

Downloaded from https://academic.oup.com/botlinnean/article/202/2/270/7030587 by guest on 23 September 2023

JuUROYIUSIS Jou = su ‘ozIs o[dwes = N7

090°0 €6 (€890°0) €LT°0 €€ (8680°0) €12°0 SNIper W 0GB UM (IS
¥70°0 €6 (L8T'0) 88°0 €¢ (0¥€°0) S0°'T SNIPBI W (G B UIHIA (W) 9pny[e Ul aFuey
8T0°0 €2 (16€0°0) ¥IT°0 G€ (0890°0) GST'0 SNIper W Og e UlyIm (IS
G000 €2 (3591°0) 99°0 S€ (¥62°0) LL'O STIPET W Og B UYL (W) 9pnin[e ur aduey
€¥0°0 €2 (3€€0°0) 980°0 G€ (9%50°0) TIT0 SNIper W (g & Urqiim (Is
€100 €2 (TE€T°0) 5¥°0 S€ (672°0) 99°0 STUIPRI W (g B UIY}IM (W) 9pnj[e ur aguey
950°0 €2 (9020°0) 8%0°0 G€ (9€€0°0) ¥90°0 Sniper w 0T & Ulqiim (Is
1900 €2 (380°0) T30 §€ (831°0) LTG0 SMIPEI Wl (T B UIYIIM (W) 9pnin[e ur afuey
(qm19)

1000 > €2 (¥82°0) 8L°0 g€ (98€°0) 63°0 syueld snoiqe3 10j S[a[[e dAISSE0L 8Y3 Jo Louonbarg
000°0 €2 (892°0) 9°0 S€ (L¥2°0) 85°0 “1H
d % odfjordey 1 ed£jordey ey,
‘(erdures pryserd o1y3) uorda1 ussero}g ut Ayderdodol pue wnopun]ao ‘IeA Jo 9duadsaqnd ‘q

9 €280 €5°0 Buuniqry

89 T0€°0 S0 UasBI0}S

(1) a8%°0 LG°0 £qaPPIA

9 90€°0 a¥0 pue[Q WIdYION

su=g N as @Y o8e1eay uorSey
ordures pryserd oY) Ul wnI1puUN]a0 "TRA UL Xopul I1eH )

er €6G°0 69'T SUIISIUDD "TeA

OTT §62°0 670 wndIPUD]I0 “TBA

0000=d N as “IH o8e1esy uoxe,
-ardures pryserd 8y} UT (3X8) B[} 99S) WNIPUD]20 *[] UL XopUI ITeH ‘g

€¥6°0 GEL0 1960 d

3€(090°0) 6T°0
GOT (180°0) 6T°0

%€ (050°0) ST°0
OTT (6L0°0) ¥T°0

3¢ (¥€0°0) 800
TTT (€590°0) 80°0

SU2ISIUDD "TeA
WNIIPUD]I0 "TeA

W ()G JO SIPEI B UIYILM

W (g JO SNIPE € UIHTM

apnine jo S aSeroay apninye jo (S oSeroAy W () JO SNIPRI B UIY)IM 9pnjn[e Jo (IS oSeroay UOXE],
GLS0 1€5°0 1€9°0 000°0 d
G€(89€°0) ¥0'T 3¢ (03€°0) 08°0 GE (BLT°0) ¥€°0 GE (83€°0) LV'T SU2ISIUDI "TBA

GOT (6L€°0) 66°0

OTT (33€°0) 3L0

I1T (¥05°0) €€°0

PIT (992°0) 960

WNIIPUD]I0 "TeA

W Qg Jo sniped & ulirm
apnjrye Jjo oSurl 93BIAY

W Og Jo sniped e ulrm
apnjye Jjo adurl 93BI0AY

W QT Jo sniped g ulrm
apnjye Jjo adurl 93BISAY

I} xoput aref]

UoXe],

‘wnorpujao fy ut sejdures uoryendod oy ut Ayderdodo) pue (3xo3 9Y) 99S) Xopul IR} Y

701d yoes 9e jurod-prur oY) punode W  Jo pLIS B UL W T°() JO A0BIN0OR UR JIM PaInseoll opnjijfe
Jo (IS pue aguel se peanseow sem Aydersoda], -ozis o[dwes ((JS) UBSA “wnoipun)ao ‘dsqns wnorpunjao wnwayjunijafy ul Ayderdodol pue sousdseqnd g S[qe],

© 2023 The Linnean Society of London, Botanical Journal of the Linnean Society, 2023, 202, 270-293



EVOLUTION IN HELIANTHEMUM 281

Downloaded from https://academic.oup.com/botlinnean/article/202/2/270/7030587 by guest on 23 September 2023

“JuedyIuSIS-uou SU ‘G’ > 4 1€ yuedyrusis,,
"(£/%) 669MG UI S9TBUIPIO0]) L

000°0 000°0 000°0 0000 su d

6 (I€0°0) T00 6 (9€1°0) 6070 6 (880°0) 90°0 6(691°0) ¥T'T 6 (ELT°0) 8T 0 V0 1589

¥ (880°0) 20°0 ¥T (€12°0) 80°0 $T (092°0) S5°0 P (€25°0) 09°0 ST (€70°0) 300 280 [er3u=d

€T (000°0) 00°'T €T (89T°0) 98°0 €T (290°0) 50°0 €T (08€°0) 623G GI(TLT'0) 0T'0 L80 ad

¥ (000°0) 00°0 ¥ (960°0) €0°0 ¥ (L0E°0) S€°0 ¥8 (¥LG0) LL'O ¥6 (961°0) TT°0 680 Isom

0203 0%0g Ut 9[o] 030g 810¢ ur 1ySnorp Kymuryuod jo9sueI)

ur syue[d JJ Jo Aouenbai] -[e uvo oy} Jo Louenbary ur ofe[[e qpi8 oY) Jo Louenbei]  0Z0g Ul CTH oSeieay o[} JO [RATAING uorjendog 9y} JO U0T}I9g

YIMOIS S IB0K JUSLIND S} U0 WI0q SeouddsaIopgur yjim sjueld uo peseq st syue[d JJ Jo Louanbai *(3xe) a3 99S) g < 2.100S
U0 paseq St a]o[[e U2 a1} Jo Aouenbadj oy, *G "SI, 99S J99SURI} JO UOIILG “109SURI) BUUNIQ[Y 9Y) Suo[e seousnbay a[e([e pue (

@).

1re] Yy syuerd
TH) SeXepul Jrey ‘Tearatns Kymurnyuos uorerndod ‘(

0000 0000 000°0 000°0 2100 d
9g (G¥T°0) 06°0 ¥ (880°0) T6°0 6€ (£L0°0) 96°0 6€ (9TT°0) 90°0 6€ (8ST'0) L1°0 89°0 Js89
8T (861°0) ¥€°0 8T (261°0) LZ'0 £z (¥1£°0) £2°0 €% (L33°0) 19°0 6% (60T°0) L0°0 8¢°0 LERY

9161  100SUBI} UL 916T T J99SURT) UI S[O[[R 6102 8107 ur £ymury j09sURL)

9[a[[® qn}5 oY) Jo Aouanbarg

Qo8 oY) Jo Aouenbaurg

ur o[e[[e qn}5 a3 Jo Aouenba g

6T0g ut “1H 98eroay

1Y3N0Ip 81} JO [BAIAING

-u0d uoryerndog

o1y} Jo woyoeg

‘UOT}09S TWIPISED OY) UI J0U JNq ‘S)99SURI) 9/,6T UYI0( JI0J TEA[Y JBILL) 9] JO UOIJIDS UIOISIM

) UI (GO0 > J) YUBIYIUSIS 9I9M ST U99M)O( SOIoUaNDaLJ S[o[[R UT SEIUAISIIP YT, "(1Xd) Y} 99S) TG UIPIA UI £, 9[qe} 89S 96T Ul g PUE T S}09SURI) 0, TBA[Y JEAIL) 91[} JO S[ppIw

oY) UT 93pPLI USSEI0)G 91} JO 9SPa UI)SEa oY) J€ 39S SeM J09sURI) o) Jo red UI9)Sed PUL UIS)SOM U99M)a( JOPIOq YT, J09SUL.I} USSBI0}S oY) SUOTe wWno1pun]ao "TeA Ul UOTJELIBA D)

su 0000 su §G0°0 d
8 (9T2°0) 99°0 6 (6LT°0) 89°0 6 (FLT°0) TF'0 6 (ILT°0) 6T°0 69°0 W QOTT-0G€ 1588
¥ (677°0) 970 €(00°0) 00 € (T0T°0) ¥9°0 ¥(00°0) 0°0 L9°0 W Q0E—0 Isom
GL6T ut 610G Ut o[o[[e 8T0g ut (93pe uIe)sem woy) ¢ 199sURL)
S[9[[e gn}S a1} Jo Louenbauy q©]5 813 Jo Louenbauy 6107z ut “IH o8e1eay 9ySnoip oy jO [BAIAING Aymurjuod uorpendog G161 Pue 109suRI) GTOZ 93 JO UO0TJ00S
"(A8T0% ‘UPIM) GLET UI € 1095ULL) KGD[IIA PUB GT(G 1995UBI) AQIIIA Y} SUO[E WNIIPUD]20 "TEA UT UOTJRLIBA ‘G
{SUT60°0-}.67€°0~ (69°L)86  (0LT'0)0T0 (€7'L) T'GT 09 0L8G¥29/v99L8S 0203 Buunqry
SU$26'0 (80°0T) €9T  (9%T°0) €T°0 (89'6) L'LT 79 T9967¢9/90¥88¢ 6102 UasgI0lg
SUTIVO (99'8) €'6T  (L9T°0) €T°0 (6T°8) T'ST €T GLG0LGI/cVS68S 6102 KQOPIA
{o1e11e U2} o[a[[e 9IS 1ySnoap 8107 urt 8102 WNI1PUD]20 L WNIIPUD]I0
oy} Jo Louenbauj pue [eAIA oY) Joye ;w Jod syueld  JySnoap oyj ur ;ur Jed sjued jo ‘H U)IM S90UBISIp ‘H y3im jo1d wrajsem
-INS U99M}9( UOTIB[O.LIO)) JO IequINU 93RIOAY JO [BATAING  JoqUINU dSBISAY w-(G JO JaquInN 1S0OW 91[} JO UOTIISOJ STISUSD JO TBOX j00sURIL],

'(g "S1 ‘o) JRA[Y JBALY) OU) SSOIOR $)I9SULL) 99IY) Y} Ul UOTJRLIBA ‘Y

JUBOYTUSIS-UOU = SU ‘S9}IS JO JOqUINU PUB ((IS) UBSIA (3%} 9} 99S)

JTE] pue

(119) ey

0] xoput arey = @[] ‘W (T Jo SNIPeI B UryiIm (§T0g Ul 1YSN0Ip oY) I99J€ SAI[R 10 PBIP) WNIIPUD]20 ‘I JO STENPIAIPUL KUR SUTBIUOD JBY} J09SUBI} 9} JO UOIP09S B Ul
seouR)SIp W-(G Jo uorprodoad ayy st A3murjuod uorpendod ‘g1 (g Ul 3ySnoip oY) Ioje pejunod sjue[d peep pue SUIAIAINS JO WNS 9} U0 paseq sem gT(0g ut sjuerd jo
Jaqunu 9y, ‘syued aarjonporder-uou pue sjued jnpe yjoq pepnoul pue sjo[d omj} uo paseq sem sjue[d SUIAI[ JO JoQUINU ‘@0URISIP W ()G Yord e pojduwes (;ur 1)
70[d WOPURI 9UO UO PASB( PAIB[NI[RI SBM [BAIAINS O], TRA[Y JBAIY) 9]} SSOIOR §109SURI) Ul WNI1PUn]a0 “dSqNs wniipun]ao wWnwayjun1jaf ul UoTeLIBA *€ S[(e],

© 2023 The Linnean Society of London, Botanical Journal of the Linnean Society, 2023, 202, 270—293



282 B.WIDEN ET AL.

! |Vickleby 1
5
& “-"@Q\; o s
% / OT—n 2
= » == =3
o ,f) 0 2}
e / = O
[ /
an .
0| = :é/ = : : 0
0 1 2
1 o . Fool 1
Storasen o Fo TP IR
° 5o
o/ -
>‘ ,J o (_U
2 2
g " . " =
o = . 7))
Q -
- & N
M [ ]
L.
u® [] 4
T . .l- T 0
5 6 7
= survival frequency of PF plants
o frequency of the glaballele v  frequency of the can allele
1 Albrunna 1
(@]
= o°
9 Fak 3
= Cef £
8‘ o) ;,/v \ w
b L / "
e’ /r’ L ?. \
/.\/.I/ 3
0 @éw - 0
W
0 1 2 3 4 5

Distance from the western edge of the Great Alvar (km)

Figure 5. The distribution of Helianthemum oelandicum subsp. oelandicum in transects across the Great Alvar in the
Vickleby, Storasen and Albrunna regions (cf. Fig. 4). Survival of plants after the drought in 2018 was based on one randomly
1 m? plot sampled at 50-m intervals with Helianthemum and the frequency of alleles was based on two plots (see text). The
red curves are produced by the option smooth in the Curve Fit of the KaleiaGraph program and are based on average of
allele frequencies in three neighbouring samples. The letters on the x-axis at Albrunna indicate sections of the transect;
var. oelandicum occupies the western (W), central (C) and eastern (E) sections, and var. canescens occupies the PF section
(see Table 3D).
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on both the western and eastern edges of the northern
part of the distribution of var. canescens (cf. Fig. 5C),
although scattered individuals of var. canescens can
be found in the area of var. oelandicum far from the
border. The hybrid zones become more diffuse further
to the south at the southern edge of the continuous
distribution of var. oelandicum (Supporting
Information, S5).

HETEROGENEITY OF TOPOGRAPHY

The average ranges of differences in altitude at each
site increased from 0.3 m at a radius of 10 to 1.0 m at a
radius of 50 m around the mid-point in the population
samples (Table 2A), and from 0.3 to 1.1 m in the
haplotype samples (Table 4). Neither the range nor the
standard deviation of the elevations around the mid-
point of each site were significantly different between
the two varieties at any radius in the population
samples (Table 2A).

The heterogeneity of the bedrock measured both
as the range and standard deviation of altitudes
around the mid-point of each sampled plot was
significantly greater in radii between 30 to 50 m at
sites with haplotype H1 than at sites with haplotype
H2 (Table 4).

The heterogeneity of the bedrock showed significant
differences along the transects at both Storasen and
Albrunna (Fig. 6), with the greatest heterogeneity in
topography in the western parts of transects.

TOPOGRAPHY ACROSS HYBRID ZONES

The topography across the distinct hybrid zones in the
northern part of the distribution area of var. canescens
(markedin Fig. 1;Supporting Information, S5) differed
between CF, PF and mixed sites, with the greatest

heterogeneityin sites occupied by PF plants (Table 5A,
B, Fig. 6). The topography was more heterogeneous
at the eastern than at the western borders between
the distributions of the two varieties (P < 0.001)
for all radii (cf. Table 5A, B). The differences in
heterogeneity of the bedrock between PF, CF and
mixed sites in the more diffuse hybrid zones in the
southernmost part differed from the northern hybrid
zones (Table 5C). Here, PF sites tended to be less
heterogeneous than CF sites, but the differences
were only significant at a radius of 10 m (Table 5C).
The differences between the three types of site did
not change if mixed sites dominated by CF plants
(category 1) were re-classified as CF sites, and
mixed sites dominated by PF plants (category 3)
re-classified as PF sites (data not shown).

TOPOGRAPHY AND PUBESCENCE

Hair indices increased with heterogeneity of the
topography, measured as the standard deviation
at different radii around sampling points when
the positions of the sites were determined with a
GPS device (Fig. 7), but not with the less accurate
position determination in the population sample (see
the Supporting Information, S6). The increase was
significant for the radii 10 to 30 m in var. oelandicum,
and for radii 30 and 50 m in var. canescens (Fig.
7). The relationship between the heterogeneity of
topography and the frequency of the two recessive
alleles varied in different directions. The frequency
of the glab allele in var. oelandicum decreased with
the heterogeneity of the topography (significant at
all distances around the sampling point, except the
50 m radius). The can allele in var. canescens first
decreased and then increased with the heterogeneity
at different distances, though not statistically

Table 4. Topography in the plastid samples of H. oelandicum subsp. oelandicum. Topography was measured as range and
SD of altitude measured with an accuracy of 0.1 m in a grid of 1 m around the mid-point at each site

Haplotype = Number Average range of Average range of Average range of Average range of

of sites altitude within a altitude within a altitude within a altitude within a
radius of 10 m radius of 20 m radius of 30 m radius of 50 m

H1 62 0.305 0.553 0.770 1.058

H2 57 0.316 0.529 0.658 0.908

P 0.745 0.595 0.031 0.012

Haplotype = Number of Average SD withina  Average SD within Average SD within Average SD
sites radius of 10 m a radius of 20 m a radius of 30 m within a radius

of 50 m

H1 62 0.072 0.113 0.152 0.207

H2 57 0.070 0.103 0.122 0.169

P 0.822 0.277 0.006 0.006
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Figure 6. Heterogeneity of the alvar plain with Helianthemum oelandicum subsp. oelandicum in different sections of
transects across the Great Alvar (Table 3) and the northern hybrid zones marked in Fig. 1 (see also Supporting Information,
S5), measured as standard deviation of altitudes in areas (radius) around sampling points; see text. A, Vickleby transect, B,
Storasen transect, C, Albrunna transect and D, E, the hybrid zones.
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Table 5. Topography in hybrid zones between the distribution of H. oelandicum subsp. oelandicum var. oelandicum
and var. canescens in the southern part of the Great Alvar (cf. Fig. 1, Supporting Information, S5). Height around each
sampling point was measured in a grid of 1 m within three radii (see the text). Mean (SD) and number of plants. CF = var.

oelandicum, PF = var. canescens and Mixed = both varieties

A, The north-western part of the hybrid zone between the distribution of H. oelandicum var. oelandicum and var. canescens (see Fig. 1 and

Supporting Information, S5).

Flowering phenology Average range of altitude Average range of altitude Average range of altitude
within a radius of 10 m within a radius of 30 m within a radius of 50 m

CF 0.35 (0.138) 52 0.75 (0.224) 51 0.97 (0.220) 51

PF 0.44 (0.184) 55 0.78 (0.259) 53 0.94 (0.197) 51

Mixed 0.36 (0.136) 53 0.78 (0.254) 50 1.00 (0.277) 49

P 0.007 0.811 0.452

Flowering phenology Average SD within a Average SD within Average SD within
radius of 10 m a radius of 30 m a radius of 50 m

CF 0.09 (0.038) 52 0.15 (0.053) 51 0.18 (0.052) 51

PF 0.11 (0.056) 55 0.17 (0.082) 53 0.18 (0.059) 51

Mixed 0.08 (0.031) 53 0.16 (0.050) 50 0.19 (0.061) 49

P 0.03 0.555 0.277

B, The north-eastern part of the hybrid zone between the distribution of H. oelandicum var. canescens and var. oelandicum (see Fig. 1 and

Supporting Information, S5).

Flowering phenology Average range of altitude Average range of altitude Average range of altitude
within a radius of 10 m within a radius of 30 m within a radius of 50 m

CF 0.22 (0.066) 30 0.57(0.139) 30 0.77(0.186) 30

PF 0.29 (0.096) 42 0.63 (0.123) 42 0.84 (0.177) 42

Mixed 0.22(0.076) 28 0.60 (0.178) 28 0.83(0.205) 28

P 0.001 0.177 0.278

Flowering phenology Average SD within Average SD within a Average SD within
a radius of 10 m radius of 30 m a radius of 50 m

CF 0.05 (0.018) 30 0.10 (0.037) 30 0.14 (0.045) 30

PF 0.07 (0.023) 42 0.13 (0.037) 42 0.16 (0.043) 42

Mixed 0.05 (0.020) 28 0.12 (0.042) 28 0.15 (0.046) 28

P 0.001 0.008 0.132

C, Southern part of the hybrid zones (cf. Fig. 1 and Supporting Information, S5)

Flowering phenology Average range of altitude Average range of altitude Average range of altitude
within a radius of 10 m within a radius of 30 m within a radius of 50 m

CF 0.31(0.181) 83 0.68 (0.295) 82 0.93 (0.337) 80

PF 0.28 (0.120) 124 0.62 (0.234) 123 0.86 (0.268) 122

Mixed 0.26 (0.125) 156 0.62 (0.216) 154 0.87(0.260) 153

P 0.019 0.169 0.136

Flowering phenology Average SD within Average SD within Average SD within a
aradius of 10 m aradius of 30 m radius of 50 m

CF 0.07 (0.044) 83 0.14 (0.058) 82 0.18 (0.065) 80

PF 0.06 (0.035)124 0.14 (0.052) 123 0.17 (0.061) 122

Mixed 0.06 (0.034) 156 0.13 (0.048) 154 0.17 (0.056) 153

P 0.043 0.189 0.406

significant (Fig. 7, Supporting Information, S6). The DISCUSSION

average ranges in elevation around sampling points
showed the same trends as standard deviations (data

not shown).
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Helianthemum oelandicum subsp. oelandicum showed
a pronounced spatial structure in molecular and
morphological markers on Oland. The association
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Figure 7. The relationship between pubescence in Helianthemum oelandicum subsp. oelandicum and heterogeneity in the
topography of the alvar plain (measured as standard deviation of altitudes in areas within radii 10, 20, 30 and 50 m around
sampling points) in samples where site position was accurately established with GPS (the haploid and transect samples).

Pubescence is represented by the hair indexes [HI,,

] and the frequency of the glab allele in var. oelandicum (CF) and the

frequency of the can allele in var. canescens (PF). The R? of the regression line is shown within brackets for each radius.

* P < 0.05, % P < 0.01.

between topography on a larger geographical scale
(elevation a.s.l.) and distribution of plastid haplotypes
(Fig. 4) and allozymes (Fig. 3) suggested plausible post-
glacial migration routes, whereas correlation between
topography at a local scale and allele frequencies for
morphology indicated local adaptation (cf. Figs 5 and
7). Thus, current patterns of diversity on Oland in the
neutral markers (allozymes and plastid haplotypes)
reflect historical processes (migration and gene flow),

and the patterns in morphological diversity reflect the
action of natural selection (historical and/or present-
day) on H. oelandicum (cf. Widén, 1980, 1988, 2018a,
b). These conclusions were supported by the significant
distance effects on plastid and allozyme markers and
non-significant distance effects on morphological
markers revealed by the Mantel tests.

We did not find any significant correlation between
allozyme and topography and assume that allozymes
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are neutral with respect to topography. Allozyme
diversity showed little differentiation between the
two varieties (1%) and between populations (4%) on
Oland. Our study, thus, indicated extensive historical
gene flow among populations. The between-population
differentiation in allozymes of H. oelandicum is of the
same magnitude as in other investigated outbreeding
species on Oland (Prentice, 1992; Rosquist & Prentice,
2000).

POST-GLACIAL HISTORY OF HELIANTHEMUM
OELANDICUM SUBSP. OELANDICUM

We found two plastid haplotypes (H1 and H2) at
elevations > 45 m (Fig. 4) close to the highest elevation
on Oland, indicating the same arrival route for
both lineages. Soubani (2010) found a pronounced
geographical structure in the distribution of plastid
haplotypes across Europe, with no correlation between
morphology (taxonomy) and haplotypes. Two plastid
lineages reached Oland after LGM (Soubani, 2010):
H1 (the west European lineage) and H2 (the east
European lineage). We suggest, based on microfossils
and the current distribution of plastid haplotypes, that
var. canescens with the western plastid lineage (H1)
arrived first during the Younger Dryas period to the
northern part of the present Great Alvar and expanded
southwards as more of the island rose above sea level.
Variety oelandicum with the eastern haplotype (H2)
must have arrived in the middle of Oland soon after
the first migration wave. The H2 lineage (cf. Fig. 4A)
was the only one to expand northwards when northern
Oland rose above the sea level (Bjorck, 1995). Pollen
records show that after the initial periods of open,
treeless vegetation, a forest period prevailed on
Oland during the wetter Boreal and Atlantic periods
(Konigsson, 1968). The vegetation on the Great Alvar
was more closed (forest dominance) than today, and
the records of pollen of Helianthemum Mill. declined.
We therefore suggest that H. oelandicum survived
the Boreal and Atlantic periods in small isolated
populations restricted to areas with well-drained, open
bedrock.

We have no direct evidence of which variety (var.
oelandicum or var. canescens) or phenotype survived
the last glacial period and immigrated to Oland, since
extant populations close to Scandinavia deviate from
the character combination found in subsp. oelandicum
(for a more detailed discussion see Soubani, 2010).
Available data suggest that H. oelandicum with H1
survived the last glacial period in the periglacial
landscape northwest of the Alpine and south-west of
the Scandinavian ice sheets (Soubani, 2010). Potential
glacial refugia of H. oelandicum with the plastid
haplotype H2 (Soubani, 2010) were located south-east
of the Scandinavian ice sheet (cf. Hirsch et al., 2015) or

in the Penega region in northern Russia (Yuzepchuk,
1974; Meusel et al., 1978, Widén et al., in prep.).

Pollen records demonstrate that Helianthemum
was abundant in Denmark and in the southernmost
part of Sweden (Blekinge) in the first ice-free areas
in the Older Dryas. (Iversen, 1944; Berglund, 1966;
Mortensen et al., 2011). At that time, most of Oland
was still submerged under the Baltic Ice Lake (Bjorck,
1995). The first records of Helianthemum pollen
from Oland are from the Younger Dryas (Berglund,
1966) and the Preboreal period (Konigsson, 1968), at
which time central Oland had risen above sea level.
Konigsson (1968) reported abundant pollen records
from central Oland during Preboreal period, when
northern Oland was still submerged under the Baltic
Ice Lake (Bjorck, 1995). According to Konigsson (1968),
pollen of Helianthemum was recorded later (during
the Boreal period) on the southern part of Oland.

The pollen records of Helianthemum continued to
be low in the central part of Oland (Kénigsson, 1968),
where contemporary populations of H. oelandicum
are restricted to a few small alvar areas in a mosaic
of forests, grazed pastures and arable fields. On the
Great Alvar, pollen records show that Helianthemum
increased dramatically in the Sub-Boreal period
and has become abundant since then (Kénigsson,
1968). This increase in pollen frequency coincided
with an increased human impact on the landscape,
which gave rise to more open vegetation on the
Great Alvar (Konigsson, 1968; cf. Mottl et al., 2021).
The distribution of H. oelandicum expanded and the
present-day geographical pattern of plastid haplotype/
flowering morphs became established.

Recently, Martin-Hernanz et al. (2019, 2021) showed
that H. oelandicum radiated rapidly in the Pleistocene.
They used five taxa of H. oelandicum in a phylogenetic
reconstruction of Helianthemum based on genotyping-
by-sequencing and found a geographical structure
among the five subspecies of H. oelandicum. Two
geographical clusters, one in Spain and one south of
the Alps, comprised the range of key morphological
traits in the taxonomy of the H. oelandicum agg. The
diversity within these clusters mirrors the diversity of
H. oelandicum subsp. oelandicum on Oland, and the
morphological diversity both in southern Europe and
on Oland could, therefore be the result of adaptive
radiation, but at different time scales (Pleistocene and
Holocene, respectively).

HABITAT HETEROGENEITY AND PUBESCENCE

We found a positive correlation between hairiness and
topography in both varieties; plants of H. oelandicum
characterized by high values of hair indexes were
usually more frequent in heterogenous habitats. When
variation in pubescence was partitioned into the two
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phenotypes governed by simple recessive Mendelian
alleles, it was obvious that natural selection acts in two
contrasting directions (Fig. 7). The phenotype governed
by the glab allele in var. oelandicum decreased with
heterogeneity of the habitat. The correlation between
allele frequency and habitat heterogeneity was more
complicated in var. canescens (probably due to the
small sample size), where the can allele decreased
with heterogeneity within narrow radii at the site and
then increased at radii of 30-50 m (Fig. 7).

The bedrock of Oland dips to the south-east, and
shallow glaciofluvial deposits hinder runoff after rain
and snow melting, contributing to the heterogeneity of
habitats on the Great Alvar with both local and regional
differences (Fig. 6). We assume that the drainage of the
alvar plain is correlated with the local heterogeneity of
thehabitats.Widén (2018b)madeasubjectiveestimation
of the topography in the mid-1970s in both Vickleby
and Storasen regions and found significant differences
along transects. The differences corresponded with our
more objective measures of topography using GIS data.
Well-drained habitats with H. oelandicum (Bengtsson
et al., 1988), such as the shallow glaciofluvial deposits,
dry out early in the summer, but are normally not
flooded during wet seasons. Areas with weathered
soil on flat bedrock are often submerged after heavy
rain or snow melt. Inundation frequency was one of
the most important factors for species composition in
bryophyte communities on the Great Alvar (Tyler et al.,
2018). Plants of H. oelandicum in water-saturated soil
are often uplifted by frost heaving during the winter
(Sterner, 1936), and seedlings are especially sensitive.
Our findings of correlations between allele frequencies
for hairs and topography (Fig. 7) correspond with the
suggestion of Widén (2018b) that glabrous plants of
var. oelandicum are better adapted to frost heaving
than hairy plants and that a dense cover of pubescence
is favourable in dry habitats (Widén, 2018a). However,
the low R? values in our regression analysis (Fig. 7)
showed that only part of variation in pubescence was
explained by topography. Alternatively, our method
of measuring heterogeneity of the topography has to
be improved, for instance by removing more obstacles
(stone walls and erratic boulders) in the bedrock from
our data.

The correlations between pubescence and topography
werenot significantin the population sample. One reason
could be the low accuracy of the spatial coordinates of
the sites in the population sample. The coordinates were
determined by using a topographical map in the 1970s
(a GPS device was used for establishing site positions
in the other samples). Given the mosaic distribution of
habitats (cf. Bengtsson et al., 1988; Tyler et al., 2018)
occupied by H. oelandicum, a small deviation from the
exact position of a sample can distort the correlation
between pubescence and topography.

Common to sites with a high frequency of glabrous
plants are high values of population continuity
and habitats with flat topography over large areas
resulting in long periods of inundation. Large areas
with a flat topography are more or less lacking in the
distribution area of var. canescens, which may explain
the absence of the glab allele in this taxon. Only a
restricted area south of the Great Alvar is dominated
by flat, sometimes inundated topography. Here, the
can allele is rare or absent (Widén, 2018a).

Local differentiation of H. oelandicum across the
hybrid zones on southern Oland (Fig. 5) resembles
population differentiation found as response to
edaphic conditions such as serpentine outcrops and
mine-tailings (Kruckeberg, 1951; Jain & Bradshaw,
1966; Antonovics & Bradshaw, 1970; Snaydon, 1970).
The most obvious edaphic transitions can be observed
in the northern part along the eastern border between
the two varieties (Fig. 6E). Here var. canescens occurs
on coarse grey weathered soil in a rugged topography,
whereas var. oelandicum inhabits more fine-grained
red soil on flat pavements (cf. Fig. 2C and Fig. 2B,
respectively), indicating different geological origins
(B. Widén, unpublished). The mosaic distribution of
edaphic conditions in other parts of the Great Alvar
can create selection gradients over distances of metres
or even tens of centimetres (Prentice et al., 1995, 2000).
The homogeneous within-site variation of pubescence
that was found in the transect samples as well as in
the population samples in Widén (2018a, b) indicates
that selection gradients affecting H. oelandicum
usually cover distances of > 50 m.

PUBESCENCE AS A MORPHOLOGICAL MARKER

The use of hair scores for indumentum in different
parts of the plant and summarizing the overall
pubescence in hair indexes are handy methods
for describing population differentiation in
Helianthemum (Widén, 1988, 2015, 2018a, b).
Repeated samples within the local population (site)
gave stable results (the present study and Widén,
1988,2018a,b) and each population was characterized
by its own ‘finger print’, i.e. distribution of plants
with different hair scores or hair indexes (see figure
5 in Widén, 1988, and figure 7 in Widén, 2018b). This
‘finger print’ in pubescence seems to be ubiquitous
throughout the H. oelandicum agg. (cf. Proctor, 1957,
B. Widén, in prep.).

Hairs are often considered to be adaptive, such as
protection against herbivores (e.g. Westerbergh &
Nyberg, 1995; Karkkéinen et al., 2004; Kivimaki et
al., 2007) and UV radiation (Espigares & Peco, 1995),
and for control of water and temperature regulation
(Wagner, Wang & Shepherd, 2004). Hairs may have
several functions and can be part of an adaptive
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strategy together with other traits; plants with low
HI values in H. oelandicum subsp. oelandicum are
often darkly coloured by anthocyanins, whereas high
HI values usually imply less anthocyanin colour (cf.
fig. 4 in Widén, 2018b). A number of studies have
shown simple genetic background of variation in
pubescence (e.g. Westerbergh, 1992; Karkkdinen
& Agren, 2002; Widén, 2018a, b). Kirkkiinen et al.
(2004) studied discrete populations of the insect
pollinated, self-incompatible Arabidopsis lyrata (L.)
O’Kane & Al-Shehbaz, polymorphic for trichome
production in an area covered by the ice during
the last glaciation in central Sweden. They found
F_ =0.45 for glabrousness (a recessive allele of a
Mendelian locus) and F = 0.133 for eight allozyme
loci, indicating more local genetic differentiation for
allozymes, but similar differentiation for hairiness as
in H. oelandicum on a comparable geographical scale
(cf. Table 1).

CLIMATIC IMPACT

Oland is situated in the rain shadow of the mainland
of southern Sweden, which explains an average low
precipitation during summer (Sterner, 1936; Widén,
1980; Rosén, 1982). The death rate of H. oelandicum
can be substantial during years with severe drought,
which has occurred at approximately ten-year
intervals during the last 50 years (Prentice et al.,
1995; B. Widén, personal observation). The average
death rate in H. oelandicum over large areas in 2018
(Fig. 5) has never before been so high (0.85-0.90)
during the last half-century, a possible consequence of
climate change impact (cf. Sévellec & Drijthout, 2018;
B. Widén, in prep.).

CHANGES IN ALLELE FREQUENCIES

Changes over time in allele frequencies can be
estimated for the glab allele in two transects (Vickleby
and Storasen), based on data in Widén (2018b). The
frequency of the glab allele at the western edge of
the Vickleby transect (0-300 m) changed from 0.4 to
0.0 between the mid-1970s and the late 2010s (Table
3B). This section of the transect coincided with high
death rate during the 2018 drought, but it should be
noticed that estimation of allele frequencies was based
on few surviving plants. The same trend was found
in the western section of the Storasen transect, with
significantly higher death rate in the 2018 drought
compared with the eastern section of the transect and
a lower frequency of the glab allele in 2019 than in
1976 in the western section (Table 3C). Other changes
in pubescence between the 1970s and the 2010s were
marginal and a comparison over time has to wait until
the population structures have been restored after

the 2018 drought and the sampling design in the two
periods can be the same. The effects of the extreme
2018 drought showed pronounced regional variation
irrespective of pubescence. To fully understand how
drought as well as drainage of the habitat acts as
selection agencies, other stages of the life cycle than
survival of adults, for instance, seed production and
seedling establishment, have to be studied (B. Widén,
in prep.).

THE GREAT ALVAR — A HOTSPOT FOR ECOTYPIC
DIVERSITY

According to Turesson (1922), ‘the term ecotype is used
as an ecological sub-unit to cover the product arising as
aresult of the genotypical response’ to the environment.
The diversity of pubescence in H. oelandicum on Oland
and its correlation with topography can be seen as an
example of classical edaphic ecotypic differentiation.
In this respect, the species corresponds well with
many taxa that have developed putative ecotypes in
the unique habitats on Oland. Several taxa belong
to species complexes with marginal populations on
Oland, and they are recognized as endemic species
[e.g. Festuca oelandica (Hack.) K.Richt. in the F. rubra
L. agg., Galium oelandicum (Sterner & Hylander)
Ehrend. in the G. pumilum Murray agg. and Artemisia
oelandica (Besser) Krasch. close to Artemisia laciniata
Willd.] or suggested as endemic subspecies [e.g. Crepis
tectorum L. subsp. pumila (Liljeblad) Sterner in C.
tectorum] (Jonsell & Karlsson, 2004; Jonsell, 2011). The
Holocene origin of diversity in H. oelandicum subsp.
oelandicum on Oland is probably representative of that
for several endemic taxa with marginal distributions
in alvar habitats on the island.

CONCLUSIONS

The present geographical pattern of diversity in
molecular markers, pubescence and flowering
phenology in H. oelandicum subsp. oelandicum on
Oland reflects migration history, a period of restricted
distribution on the island and natural selection
in different habitats during the Holocene. Genetic
admixture between two post-glacial migration
lineages through hybridization and introgression
of nuclear genes produced three morphological/
cytoplasmic lineages: var. canescens (with haplotype
H1), var. oelandicum (with haplotype H1) and var.
oelandicum (with haplotype H2) with sometimes
sharp borders between the distribution of haplotypes
(100-200 m). Natural selection probably during
the last 5000 years (after the Neolithic opening of
the landscape) has created the present-day spatial
structure in morphology with sometimes remarkably
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sharp borders (50 m) between the distribution of
morphs. The morphological differentiation rests
mainly on a few putative Mendelian genes and a
number of interacting quantitative genes (two loci
determining pubescence and a few loci determining
flowering phenology) (Widén, 1980, 2018a, b; B.
Widén, in prep.). Helianthemum oelandicum subsp.
oelandicum adds to a number of taxa with ecotypic
morphs in marginal populations on the Baltic island
of Oland.
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S1. Population samples — pubescence (allele frequency and hair index) and location.

S2. Plastid samples — methods, pubescence, location, primers and banding patterns.

S3. Allozyme samples — methods, allele frequencies, Hardy-Weinberg equilibrium and correlation between allele
frequency and topography.

S4. Transect samples — altitudes along transects.

S5. Hybrid zones — borders between the distribution of var. oelandicum and var. canescens.

S6. Regression coefficients between pubescence (allele frequency and hair index) and topography in the plastid,
population and transect samples.
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