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Abstract Gene flow in plant populations is heavily affected
by species sexual systems. In order to study the effect of sex-
ual systems on genetic structure, we examined plastid and
nuclear DNA of 12 dioecious (males and females) and 18
trioecious (males, females and hermaphrodites) populations
of Salix myrsinifolia—a boreal shrub with slow range expan-
sion. Populations were located along latitudinal gradients
across submarginal and marginal parts of the range.
Individuals of each sex morph were all hexaploid. We identi-
fied 10 chloroplast DNA haplotypes and scored 205 polymor-
phic bands with amplified fragment length polymorphism.We
found dioecious populations that differed from trioecious pop-
ulations via the presence of four unique haplotypes and sig-
nificant difference in Nei’s gene diversity index (0.119 vs.
0.116) and down-weighed marker value (1.17 vs. 1.02). The
latter parameter, together with haplotype and nucleotide diver-
sity, significantly decreased with latitude similar to the expan-
sion front. Also, we found that 89% of hermaphrodite individ-
uals belong to one distinct in tree parsimony network

haplotype. This frequency significantly decreased with lati-
tude towards the expansion front.We suspect that the presence
of hermaphrodites in trioecious populations may represent a
trade-off between the possibility of producing progeny by
single hermaphrodites and genetic variability loss through au-
togamy. S. myrsinifolia benefits from trioecious sexual sys-
tems under colonization events. This phenomenon is no lon-
ger a gain closer to the core of the species range.
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Introduction

Patterns of species’ geographic range and genetic diversity are
strictly shaped by life history traits such as reproduction type,
breeding system(s) and dispersal mechanisms as well as nat-
ural processes or human impacts (e.g. isolation, fragmenta-
tion, climate changes) (Hamrick and Godt 1996; Barrett and
Husband 1990; Gitzendanner and Soltis 2000; Nybom 2004).
In order to disperse, species harness evolutionary potential
and adopt various strategies enabling survival, reproduction
and geographic expansion. Phenotypic variation positively
affects adaptive potential of expanding species and the source
of this plasticity lays in genetic variation. Different patterns of
genetic variation during range expansion can be found both in
theoretical assumptions and experimental studies. In a com-
prehensive review (134 studies and 115 species), Eckert et al.
(2008) detected a decrease in genetic diversity in 64.2% of
species. There was an increase in genetic differentiation in
70.2%. During human-mediated introductions, newly
established populations most often suffered losses of allelic
richness and heterozygosity, but rarely also underwent signif-
icant increase in both parameters (Dlugosch and Parker 2008).
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Recently, more attention has been paid to the consequences of
natural, contemporary range expansions (Banks et al. 2010;
Garroway et al. 2011; Swaegers et al. 2013). These studies
showed that the current range expansion may not only gener-
ate more independently replicated edge populations but also
likely results in different population genetic patterns through-
out the expansion front. Those differences may derive from
population-specific features.

In plants, one species may be characterized by different
sexual systems. Sex determines the gene flow direction and
rate. In this context, an interesting and poorly studied problem
is the relationship between genetic diversity and phylogeo-
graphic patterns of plants characterized by different sexual
systems—especially in the course of expansion to new terri-
tories. In plant species characterized by polymorphic sex, we
expect spatial separation of two or three sex morphs. Apart
from well-known dioecy, females and/or males may persist
with hermaphrodites in either gynodioecious (pistillate and
perfect flowers on different plants), androdioecious (staminate
and perfect flowers on different plants) and/or trioecious (sta-
minate, pistillate and perfect flowers) populations, respective-
ly (Sakai and Weller 1999).

In dioecious populations, the two sexes are separated fully
into male and female individuals, and cross-pollination is the
only possible option (Vamosi et al. 2003). In other polymor-
phic sexual systems, both obligate outcrossing (females) and
mixed mating (hermaphrodites) may occur. In plant species,
sexual systems affect their ability to establish new popula-
tions. In the case of dioecy, females and males may be less
likely to colonize unoccupied habitat than plants from her-
maphroditic populations. This often requires only one individ-
ual to establish new populations (Pannell and Barrett 1998).
This concept was already given by Baker (1955, 1967), who
stated that under long-distance dispersal, self-compatible indi-
viduals are more likely to establish new populations than self-
incompatible ones (so-called Baker’s law). This law can be
extrapolated to the general context of colonization events
(Pannell and Barrett 1998).

Importantly, sexual systems influence the genetic diversity
at the population and species level (Dorken et al. 2002;
Obbard et al. 2006; Korbecka et al. 2011). In entomogamous,
hermaphroditic colonizers, the founding individuals are often
isolated by space and pollinators (avoiding small and sparse
plant populations). This could also favour uniparental repro-
duction (Barrett et al. 2008). Such possibility enables popula-
tion development, but at the cost of inbreeding. Indeed, genet-
ic variation is most often reduced, i.e. in introduced vs. native
parts of the range (Kliber and Eckert 2005, Lin et al. 2009).
Despite this disadvantage, most invasive species in South
Africa were capable of uniparental reproduction including
100% of surveyed woody species (Rambuda and Johnson
2004). This finding is surprising, because woody species are
largely long-lived and therefore have shown higher chance for

outcrossing during their lifetime or can wait out unfavourable
conditions. This assumption is supported by high ratio of di-
oecy in trees (i.e. van Dulmen 2001; Gross 2005) comparing
to other angiosperms (Renner 2014). Thus, we suspect that
departure from dioecy may be induced in woody species by
other benefits during colonization phase. The most important
benefit is availability of uniparental reproduction (selfing), but
there is also a higher probability of cross-pollination and
higher fruit sets.

Obbard et al. (2006) conducted a unique study on the rela-
tion between polygamic sexual system and genetic diversity
patterns in the annual plant Mercurialis annua. This spans a
range of systems from self-compatible monoecy through
androdioecy to dioecy. The authors assumed that monoecy
would be favoured during colonization, dioecy under stable
conditions and androdioecy in intermediate ones. They
showed that monoecious populations of this species displayed
lower within-population genetic diversity than androdioecious
populations and higher genetic differentiation than dioecious
and androdioecious populations. This fits the assumption on
the ‘colonization’ role in monomorphic individuals in plants
capable of reproduction via different sexual systems. In turn,
Dorken et al. (2002) showed a slightly lower (but not statisti-
cally significant) genetic variation between monoecious and
dioecious Sagittaria latifolia populations. The substantial
levels of selfing and inbreeding depression were expected in
monoecious species but not dioecious ones. They proposed
that sexual systems were maintained as the result of habitat
differentiation and life history strategy.

The phylogeographic studies of plant species that exhibit
variation in sexual systems are extremely scarce, but they
explain the important way in which evolution of plant poly-
morphic sexual systems relates to patterns of colonization and
extinction in the metapopulation sense (Dorken and Barrett
2004; Alonso and Herrera 2011). These authors stressed the
origin of a given sexual reproductive system. For example,
dioecy could be a result of historical factors and could be
evolved from monoecy (Dorken and Barrett 2004; Panell
and Dorken 2006). Similarly, hermaphroditism emerged as
the most likely condition from gynodioecy during two events
(Alonso and Herrera 2011). Furthermore, these studies, simi-
lar to Obbard et al. (2006), unravelled the metapopulation
hypothesis for the distribution of sexual system.

Trioecy has received scant attention in population biology
and genetic diversity studies because of its rarity in nature
(3.6% of flowering plant species, Richards 1997; Albert
et al. 2013) as well as difficulties with its identification and
complexity. In the context of these unresolved issues, the
large, cosmopolitan Salix genus provides an excellent biolog-
ical system to study phylogeographic and population genetics.
They enable a better understanding of the relationship be-
tween polymorphic sexual systems in the context of geograph-
ic expansion. The majority of species from this genus are
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dioecious, but at least 18 hermaphroditic, monoecious or
trioecious species were noted (Mirski 2014).

One of the polygamic species with co-existing dioecy and
trioecy populations is the hexaploid dark-leaved willow, Salix
myrsinifolia (Faliński 1998, Mirski and Brzosko 2015, Mirski
2016). It is a boreal Eurasian, entomogamous and
anemochorous shrub or small tree (Meikle 1984; Mirski and
Brzosko 2015). This species was rare in Poland at the begin-
ning of the twentieth century (Skvortsov 1968; Chmelař and
Meusel 1986); but a few decades later, it spread in the south
and west of Poland, often on anthropogenic habitats (Zieliński
1976, Faliński 1998, 2004, Sugier et al. 2011).

Faliński (1998, 2004) studied S. myrsinifolia popula-
tions in Lithuania and Poland and herbaria specimens
across Europe and found that dioecious populations oc-
curred in central and submarginal parts of the range. The
trioecious populations were established across the border of
Eastern Poland (Fig. 1a). He suspected that S. myrsinifolia
hermaphrodites are characterized by bigger size, faster
growth and higher reproductive potential. However, Mirski
and Brzosko (2015) showed that hermaphrodites had interme-
diate values of morphological and reproductive traits between
male and female individuals. They further showed that species
with high reproductive potential (regardless of sex) produced
hundreds of catkins containing several dozens or over hun-
dreds of flowers. The sex structure of S. myrsinifolia popula-
tions showed a north/south gradient (Lithuania-Poland) at the
periphery of distribution with female-biased structure in the
north and balanced in the south. Furthermore, there was an
increase in the frequency of hermaphrodites in recent decades,
but only in the populations in the southwestern periphery of
the species’ range (Mirski 2016).

Given the potential of S. myrsinifolia to expand its
European geographic range (north/south direction), we
studied the consequences of sexual systems on
phylogeography and population genetic structure using
chloroplast DNA (cpDNA) and nuclear molecular
markers (amplified fragment length polymorphism,
AFLP). We considered the polyploidy, dioecy/trioecy,
dynamics of geographic range in last few decades and
presence of hermaphrodites in S. myrsinifolia. We
hypothesise that (i) genetic diversity of S. myrsinifolia
is high because it is a polyploid with high sexual repro-
ductive potential; (ii) dioecious populations maintain
higher genetic diversity than trioecious ones in Poland
because of the obligatory outcrossing; and (iii) the occur-
rence of hermaphrodites in S. myrsinifolia trioecious
populations at the southern periphery of range is linked
to a restricted subset of the cpDNA haplotypes vs. dioe-
cious populations; and (iv) hermaphroditism occurring in
the southern part of the European range is not an ances-
tral trait within this species but is an evolutionary tran-
sition from dioecy.

Methods

Sample collection

Thirty (12 dioecious and 18 trioecious) S. myrsinifolia popu-
lations were studied previously by Faliński (1998, 2004, see
Introduction). These were selected along the north/south
(Lithuania-Poland) latitude gradient (Fig. 1a, b; Table 1) at
the periphery of geographic range. Leaf samples were collect-
ed from 4 to 20 individuals per population (depending on
population size). The leaves were taken from individuals at
least 2 m apart to avoid collecting clones. Where possible,
samples were gathered randomly at corresponding to each
population sex structure (ratio between males, females and
hermaphrodite). If number of hermaphrodites was less very
low (<3 individuals), all were taken. The 339 samples (132
from males, 146 from females and 61 from hermaphrodites)
were studied with genetic analyses (Table 1).

Flow cytometry measurements

The genome size was estimated in fresh and young leaves of
S. myrsinifolia that were collected from eight random
trioecious populations. The flow cytometry samples were
prepared according to Galbraith et al. (1983) with minor mod-
ifications. Plant tissues were diced with a sharp razor blade in
a plastic Petri dish with 1 mL of Galbraith’s buffer [45 mM
MgCl2, 30 mM sodium citrate, 20 mM 3-[N-morpholino]
propanesulphonic acid, 0.1% (v/v) Triton X-100, pH 7.0] sup-
plemented with propidium iodide (PI, 50 μg/mL) and ribonu-
clease A (50 μg/mL). The nuclei suspension was passed
through a 50-μm mesh nylon filter. For each sample, 7000–
10,000 nuclei were measured using Partec CyFlow SL Green
flow cytometer (Partec GmbH, Münster, Germany) equipped
with a high-grade solid-state laser with green light emission at
532 nm and side (SSC) and forward (FSC) scatters. Analyses
were performed on 25 replicates for male, 37 for female and
28 for hermaphrodites of plant tissue over 3 days. Plants were
raised in a growth chamber adjusted to a 16-/8-h, 26/20 °C
day/night cycle. Leaves of Vicia villosa ‘Minikowska’
(2C = 3.32 pg; Dzialuk et al. 2007) were used as the internal
standard. The histograms were analysed using the FloMax
software (Partec, Münster, Germany). Means and standard
deviations (SD) of the nuclear DNA content (in picograms,
pg/2C) and nuclear DNA fluorescence index (DI = 2C of
S. myrsinifolia/2C of V. villosa) of each of the three sex
morphs of S. myrsinifolia were calculated. The genome size
was estimated using the linear relationship between the ratio
of target species and the internal standard 2C peak positions
on the histograms. The mean coefficients of variation of the
2C DNA content were estimated for all S. myrsinifolia sam-
ples. The 1C genome size were obtained after converting
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values in picograms into base-pair numbers using the factor
1 p g = 9 7 8 M b p ( D o l e ž e l e t a l .
2003). Ploidy level was designated by comparing the samples
to diploid standard of other species of the same genus - Salix
caprea (DI = 0.220).

DNA extraction, cpDNA sequencing and data analyses

DNAwas extracted from 0.2 g of leaf tissue with a Genomic
Mini AXE Plant kit (A and A Biotechnology, Poland) accord-
ing to the manufacturer’s instructions. Three fragments out of
15 non-coding and coding regions of chloroplast DNA
(cpDNA) were analysed. Polymorphism was observed in the
intron of the chloroplast trnL (UAA) gene and intergenic
spacers of trnT-trnL (Taberlet et al. 1991) and of accD-psaI
(Small et al. 1998). Fragments were amplified by PCR in a
10-μL volume containing 2 μL of DNA; 5 μL of QIAGEN
Multiplex PCR Master Mix (with HotStarTaq® DNA poly-
merase, QIAGEN); 2 μL of H2O and 1 μL of 2 pmol of each
primer. The PCR profiles comprised the following: initial

denaturation at 94 °C for 15 min, 30 amplification cycles of
denaturation at 94 °C for 30 s, annealing at 57 °C for 1 min
and 30 s, extension at 72 °C for 1 min and a final extension of
30 min at 60 °C. Sequencing was performed using BigDye
Terminator V 3.1 (Applied Biosystems) according to the man-
ufacturer’s instructions. Samples were run on an ABI 3130
Genetic Analyser (Applied Biosystems). Sequences were as-
sembled and edited using BIOEDIT 7.04 (Hall 1999).

Nucleotide (π) and haplotype (h) diversity, and Tajima’s D
(Tajima 1989), Fs (Fu 1997) and R2 (Ramos-Onsins and
Rozas 2002) statistics were calculated with DNASP 5.0
(Librado and Rozas 2009). Ramos-Onsins and Rozas (2002)
demonstrated that Fs and R2 statistics have the greatest power
to detect population expansion for non-recombining regions
of the genome under a variety of circumstances especially
when the population sample sizes are large (~50, Fu’s Fs) or
when sample sizes are small (~10, R2). They also found that
the power of the R2 statistic is relatively high when the number
of segregating sites is low (e.g. ~20). The significance of Fu’s
Fs and R2 was obtained by examining the null distribution of
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1000 coalescent simulations of these statistics using DNASP
5.0. The significantly negative Fu’s Fs and significantly pos-
itive R2 values suggest population expansion. Quadratic re-
gression in MS Excel (formula written using Visual Basic
language) was performed to describe the relation between
haplotype diversity and the frequency of a particular haplo-
type in the latitude gradient. To test the phylogeographic struc-
turing of the haplotypes, theGST (based on haplotype frequen-
cies) and NST (based on haplotype frequencies and genetic
distance between haplotypes; Pons and Petit 1996) were cal-
culated using DNASP 5.0. A chi-square test was applied to
pairwise comparisons of haplotype frequency data among
populations.

To investigate the relationships between haplotypes, phyloge-
netic analyses were carried out using a Bayesian approach im-
plemented in BEAST 2.0 (Drummond et al. 2012) with Populus
tremula as an outgroup. This showed that the Populus genus
belongs to a clade having a sister relationship to the Salix genus
(Cronk et al. 2015). We used the BEAUTI program to unlink the
substitution models of the data partitions and to implement the
models of sequence evolution identified as optimal by
JMODELTEST 0.1.1 (Posada 2008). Themodel fit of nucleotide
substitution models was assessed via the Akaike Information
Criterion (AIC). Simulations were run using the Markov Chain
Monte Carlo (MCMC) for 10,000,000 generations with a store
of 10,000 in the BEAUTI program. Finally, we discarded the
trees as burn-in and summarized the trees using
TREEANNOTATOR 1.7.2; trees were visualized with
FIGTREE 1.3.1 (Rambaut 2010). Bootstrap values >50% and
posterior probabilities >0.95 were defined as evidence for sup-
ported relationships.We also constructed haplotype networks for
each sequence using TCS 1.21 (Clement et al. 2000) to obtain a
non-bifurcating perspective of relationships. We used the default
settings with a 95% connection limit.

AFLP procedure and data treatment

The AFLP procedure followed Vos et al. (1995), but was mod-
ified according to the Applied Biosystems protocol (AFLP™
Plant Mapping). First, the 16 primer pair combinations were
tested on four selected samples. The fluorescence-labelled selec-
tive amplification products were mixed with 500 Liz-labelled
size standards (Applied Biosystems) and were run on an ABI
3130 Genetic Analyser. From this analysis, two primer combi-
nations (EcoR1-AGC/MseI-CAT and EcoR1-AGG/MseI-CAC)
that gave polymorphic, clear, reproducible fragments of homo-
geneous intensity were chosen. Variable fragments in the 70–
500 bp size range were scored as present (1) or absent (0) using
GENEMAPPER 4.0 (Applied Biosystems). To test the repeat-
ability of AFLP results, two individuals from each population
were completely replicated starting from the restriction/ligation
reaction of AFLP. Potential resampling of clones was checked
with AFLPDAT R-SCRIPT (Ehrich 2006).

We studied Nei’s gene diversity (Hj), proportion of
polymorphic loci (PPL, AFLPSURV 1.0, Vekemans
2002), down-weighed marker value (DW, AFLPDAT R-
SCRIPT, Ehrich 2006), and the Shannon diversity index
(I, POPGENE 1.31, Yeh et al. 1999) in populations across
the north/south gradient. These were tested for correlation
with latitude.

The populations differed in the number of individuals and
the ratio of sexes. Therefore, the number of samples could
influence the genetic diversity indices (including sexual sys-
tem comparison). To overcome this bias, we conducted resam-
pling using R Software. We randomly drew six individuals
from each population—two of each possible sex morph. We
complemented the lacking samples with random-sex individ-
uals in dioecious populations or trioecious where the number
of particular sex morphs was below two. We obtained 180
elements in the dataset and used them to calculate AFLP ge-
netic diversity parameters. After 1000 iterations, the mean
parameter value and its standard deviation were calculated.
The Kendal Tau coefficient was used to test if data pre- and
post-resampling were correlated.

We assumed that the population size (N), latitude (Lat),
hermaphrodite ratio (HR), forest cover (FCOV) and open land-
scape cover (OCOV) might impact the population genetic di-
versity. The FCOV was assumed as a possible barrier to gene
flow in this entomogamous species. It was measured in
ArcGIS 10.0 software (upon Corine Land Cover 2006 data)
as ratio of all forests over a 5.5-km radius around the popula-
tions. The distance used here was assumed to be a reasonable
length to overcome a common pollinator like honey bees
(Beekman and Ratkiens 2000; Hagler et al. 2011). The
OCOV represents possible habitats for S. myrsinifolia and bet-
ter conditions for pollinator movement. This supports cross-
pollination and gene flow. The Pearson correlation was used
to create a matrix between genetic diversity indices and select-
ed variables. The Spearman rank correlation was used only
with DW because it differed from normal distribution
(Statistica 10.0).

To infer population structure and assign individuals to pop-
ulations, the model-based clustering method described by
Pritchard et al. (2000) was used as implemented in
STRUCTURE 2.3.4. The AFLP datasets were coded with a
top row indicating 1 as the recessive allele in STRUCTURE
2.3.4 including studies using dominant markers (Falush et al.
2007). Data were analysed with an admixture model with
correlated allele frequencies elaborated by Falush et al.
(2003). Ten replicates were run for all possible values of the
number of clusters (K) up to K = 15 (Online Resource 2).
Following the recommendations by Evanno et al. (2005), the
ad hoc statistic ΔK, based on the rate of change in the log
likelihood of data between consecutive K values, was calcu-
lated. All runs were based on 500,000 iterations after a burn-in
of 100,000 iterations.
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We investigated the population genetic structure among
sample locations calculating pairwise FST values and testing
their significance with Fisher’s exact tests after 10,000 permu-
tations as implemented in ARLEQUIN 3.11 (Excoffier et al.
2005). The partitioning of variation at different levels (the
whole data set and dioecy and trioecy population groups, re-
spectively) was calculated by analysis of molecular variance
(AMOVA) in ARLEQUIN 3.11 using 1000 permutations. The
relationships between genetic and geographic distance (isola-
tion by distance, IBD) among all studied populations were
estimated by correlating FST/(1 − FST) with ln geographic
distance (km) in a Mantel test using GENALEX 6 (Peakall
and Smouse 2006); 9999 random permutations were studied.
Genetic relationships between individuals were identified by
principal coordinate analysis (PCoA, based on Jaccard simi-
larities) computed in PAST 2.01 (Hammer et al. 2001) and
visualized in Statistica 10.0 (StatSoft Inc.). The differences
in average values of PC1 and PC2 between individuals were
tested by one-way ANOVA.

Past, present and future species distribution models

Range expansion of S. myrsinifolia on south-western edge of
its distribution is poorly documented; therefore, we carried out
predictive species distribution models (SDM) in order to con-
firm and follow species expansion. SDMs were done for the
past, present and future under bioclimatic variables.
Modelling was done in MaxEnt 3.3.3k software (Phillips
et al. 2006). Species occurrence data was computed from a
few sources: the Global Biodiversity Information Facility
(GBIF) database (2016), published data on species distribu-
tion range and 30 self-studied populations. The GBIF data-
base covered mostly northern and western Europe and there-
fore, the dataset had to be reduced and completed with other
locations in eastern Europe. Therefore, 500 localities were
randomly drawn from the GBIF database, and 500 points were
also randomly marked (in Quantum GIS 2.10 software) inside
European species distribution according to Chmelař and
Meusel (1986). The final dataset covered all European species
range with nearly equal density. Thus, the model was not
influenced by an unproportional number of data from different
areas.

Climatic variables derived from the CMIP5/PMIP3 multi-
model ensemble were downloaded from ecoClimate database
(Lima-Ribeiro et al. 2015) over four periods: pre-industrial
(piControl-1760), historical (1900–1949), modern (1950–
1999) and future (2080–2100). The climate change scenario
used for the projections included two representative concen-
tration pathways (RCPs) reported in the IPPC5 data: RCP 8.5
(~8.5 W m2 stabilized after 2100, slightly more severe than
SRES A2) and a stronger mitigation scenario RCP 4.5
(~4.5 W m−2 stabilized after 2100, which is similar to the
lowest-emission scenarios (B1) assuming the imposition of a

series of emission-mitigation policies. In all periods/scenarios,
we used all of the accessible ecoClimate database models and
averaged the output habitat suitability raster in ArcGIS 10.0.
Future data included the following global climate models
(GCM): CCSM, CNRM, FGOALS, GISS, IPSL and
MIROC. The past and present data also included MPI and
MRI models.

First, the present climatic data (19 variables) were extracted
for species occurrence points in ArcGIS 10.0 and were inter-
correlated. From the Pearson correlation matrix, we picked all
the variables that were not correlated with any other with
correlation coefficient greater the 0.7 including annual mean
temperature (BIO1), mean diurnal temperature range (BIO2),
isothermality (BIO3), max temperature of the warmest month
(BIO5), temperature annual range (BIO7), annual precipita-
tion (BIO12) and precipitation seasonality (BIO15).

The habitat suitability model for ‘modern’ conditions was
built in MaxEnt and has been projected to other periods. To
validate the model, occurrence points were divided into two
sets that train the model (75%) and test it (25%). The logistic
output inMaxEnt estimates the probability of presence assum-
ing that the sampling design is such that typical presence lo-
calities have a presence probability of ca. 0.5; however, this
value is fairly arbitrary (Liu et al. 2005; Phillips et al. 2006).
Therefore, we selected those catchments corresponding to
MaxEnt values indicating maximum training sensitivity plus
specificity. This is a more robust approach (Liu et al. 2005).

Results

Nuclear DNA content and ploidy level

The genome size estimated for males, females and hermaph-
rodites of S. myrsinifolia was 2.172, 2.164 and 2.160 pg/2C
DNA, respectively, with no significant differences between
these groups (Online Resource 1). The average nuclear
DNA content for this species was 2.165 pg/2C, which corre-
sponds to 1059 Mpb. The resulting histograms were good
quality with mean CVs between 3.83–4.07% for the target
(Supplementary information Table S1, Fig. S1). The internal
standard, V. villosa, presented a mean coefficient of variation
(CV) value of 3.40%. The mean nuclear DNA fluorescence
index of all studied samples ranged from 0.651 to 0.654
(Online Resource 1). Nuclear DNA shows that all examined
individuals (regardless of sex and population) were hexaploid.

Plastid DNA analysis

The lengths of the trnL and trnT-trnL and of accD-psaI
were 449, 354 and 588 bp, respectively. The concatenated
alignment was 1264-bp long. The 315 individuals analysed
for three regions yielded 10 cpDNA haplotypes. Of these,
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six (H1–H6) were noted for dioecious and trioecious pop-
ulations that were shared by at least two populations. Four
were unique (H7–H10) and appeared only in dioecious
populations (Fig. 1a, b) and only in the submarginal part
(Lithuania). The dominant haplotypes (H1 and H2) were
found in 80 and 90% of all populations, respectively, while
other common types were shared among 13–56% of all
populations.

Each population consisted on average of 3.2 haplo-
types. Dioecious populations contained insignificantly
more haplotypes than trioecious populations (3.6 vs. 2.9,
U = 137, p = 0.113). Haplotype diversity (h) reached on
average 0.57 (0.60 and 0.55 in dioecious and trioecious
populations, respectively). Nucleotide diversity (π)
reached 0.90 × 10−3; 0.98 in dioecious and 0.85 in
trioecious populations (Table 1). Neither parameter dif-
fered between groups (U = 117, p = 0.719 and U = 123,
p = 0.542, respectively). There was a marginally signifi-
cant spatial pattern for h in the latitude gradient
(r2 = 0.13, p = 0.05, Fig. 2a). Estimates of Tajima’s D
(0.358), Fu’s Fs (−0.654) as well as R2 statistic (0.078)
were not significant (p > 0.05). The observed mismatch
distribution also differed from sudden range expansion
(Online Resource 2). The total NST (0.205) was nearly
the same as GST (0.206) indicating a weak phylogeo-
graphic structuring of the haplotypes.

The most frequent haplotypes (H1 and H2) were dis-
tributed both in dioecious and trioecious populations
(Fig. 1b). Haplotype H1 was noted in 45% of females,
43% of hermaphrodites and 12% of males (Fig. 3).
Other common haplotypes (H2, H3) were more balanced
in males and females; the hermaphrodites were accessory
(<3%) (Fig. 3). The haplotype H1 was found in 89% of
hermaphrodites and distributed among every trioecious
S. myrsinifolia population. In addition, the haplotypes
H2, H3 and H5 were shared between the remaining her-
maphrodite individuals (1, 2 and 8%, respectively). Only
the frequency of haplotype H1 had a significant increase
in the south (r2 = −0.39, p < 0.001, Fig. 2b).

The strict consensus tree revealed one well-supported
S. myrsinifolia haplogroup with 100% posterior probabil-
ities (Fig. 1c). Within this group, unique haplotypes H9
and H10 as well as H8 and H7 formed two separate and
well-supported subgroups (62 and 100% bootstrap sup-
port, respectively); haplotypes H3 and H6 occurred in
the third subgroup (99% bootstrap support) (Fig. 1c).
The network tree resulted in a star-like shape with the
most frequent haplotypes H2 in the centre of the network
tree surrounded by remain haplotypes with lower frequen-
cy. The haplotype H1 represented almost all hermaphro-
dites in the southern part of the species’ range with a
similar high frequency to H2. This was observed on the
edge of the parsimony network (Fig. 1d).

Nuclear DNA analysis

Two hundred and five polymorphic bands were scored
with AFLP. The average genotyping error rate was estimat-
ed at 3.4%. The results prior to and after resampling were
significantly and positively correlated. Coefficients of
Kendall’s tau reached 0.406 for PPL, 0.875 for Hj, 0.783
for I and 0.862 for DW. Differences prior to and after re-
sampling were statistically significant in all studied param-
eters: PPL (H = 9.1, p = 0.0025); Hj (H = 4.3, p = 0.038); I
(H = 11.4, p = 0.0007) and DW (H = 34.8, p < 0.0001).
Values of above genetic indices after resampling were rel-
atively moderate and reached slightly higher values in the
dioecious than in the trioecious populations (Table 1). The
mean percent of polymorphic loci was 32.8 ± 3.2%, and
there was no significant difference in PPL values between
the dioecious (33.4%) and trioecious populations (32.4%,
Mann–Whitney test, U = 126.0, p = 0.281). We found
significant differences in the total Nei’s gene diversity
(Hj) between dioecious and trioecious populations (0.119
vs. 0.116; U = 620, p = 0.039), but not in the Shannon
index (I) (0.121 vs. 0.118; U = 87, p = 0.384). The mean
values of those indices were 0.117 and 0.119, respectively.
The frequency down-weighed marker value (DW) equalled
1.08 ± 0.27 and differed significantly between dioecious
and trioecious populations (1.17 vs. 1.02; Mann–Whitney
test, U = 151, p = 0.036).

The correlation matrix between genetic diversity indices
and population size, latitude, ratio of hermaphrodites and
afforested and open habitats showed few significant correla-
tions (Online Resource 3). The population size was signifi-
cantly and negatively correlated with h (r = −0.50, p = 0.02)
andπ (r = −0.36, p = 0.024), and latitude was significantly and
negatively correlated with DW (r = −0.46, p = 0.048), but
positively with π (r = 0.32, p = 0.044).

Stepwise clustering performed in STRUCTURE separated
individuals into two groups (Online Resource 4). At
K = 2, clusters were not distinguished geographically or
genetically from each other, but specimens from almost
all populations represented a mixture of two diverse ge-
netic backgrounds. Two gene pools were balanced in all
populations but these were slightly dominated by one
gene pool (green) at the southern periphery of the range
(Fig. 4).

The populations were weakly differentiated (FST = 0.064,
p < 0.001) in this part of its European range. The Mantel test
revealed a significant correlation between genetic and
geographic distances (Fig. 5, r2 = 0.024, p = 0.025).
Analysis of molecular variance (AMOVA) based on all pop-
ulations indicated that the majority of genetic variation
(93.7%) occurred within populations, while the variation bet-
ween populations was 6.3%. AMOVA-based on dioecy and
trioecy group division gave a similar result (93.6% variation
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within populations, 6.2% variation among populations within
sexual systems, 0.2% among sexual systems groups)
(Table 2).

The PCA indicated that male, female and hermaphrodite
individuals from populations of different sexual systems were
mixed together on the PCoA diagram plot. The first two com-
ponents explained 15.4 and 8.8% of the variance. Females,

males and hermaphrodites were not grouped together in rela-
tion to sex (Fig. 6).

Species distribution model

The MaxEnt model of climatically suitable areas showed high
reliability when training data were compared to a test subset of
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occurrence points—the AUC value reached 0.966. The
jacknife test revealed that the annual mean temperature
(BIO1), mean diurnal temperature range (BIO2) and max-
imum temperature of the warmest month (BIO5) had the
greatest impact on the model training. Models illustrated a
climatically suitable area that slowly spread southwards in
the last centuries (ca. 80 km/century) (Fig. 7). However,
future projection of the model shows a rapid decline of
habitat suitability—not only in this area, but also in most
parts of Central Europe, both under RCP 4.5 and 8.5

scenarios (Online Resource 5). At the end of the twenty-
first century (2080–2100), Fenno–Scandia, Northern
Russia and parts of the Alps and Scotland may remain
climatically suitable.

Discussion

Hermaphroditism is a rather rare phenomenon in regularly
dioecious Salicaceae family, and S. myrsinifolia is an in-
teresting model species to investigate the relationship bet-
ween sex and genetic structure. For the first time, we report
here the genome size of this species (2.165 pg/2C) as well
as for any hexaploid species in the Salix genus (Online
Resource 1). We found hexaploids in each of the indivi-
duals investigated with flow cytometry, confirming the
results of Håkansson (1955), Dreschler (in Neumann
1981) and Buechler (2010) concerning the ploidy level in
this species and supporting our assumptions connected
with the ecological and molecular consequences of the
polyploidy level and the methods used to study it (Comai
2005, Birchler 2012).

Genetic variation in willows is quite high vs. other woody
species (Lin et al. 2009). This can be attributed to obligate
outcrossing in dioecious populations, anemochory (contribut-
ing to long-distance dispersal) and the general commonness of
individuals (supporting the probability of cross-pollination).
We found that S. myrsinifolia has relatively moderate genetic
diversity (PPL = 32.8; Hj = 0.117, I = 0.119), mostly lower
than other Salix species, i.e. Salix herbacea (PPL = 96.5,
Hj = 0.03–0.16; Alsos et al. 2009); Salix daphnoides
(diploid, PPL = 55.5; Sochor et al. 2013) or Salix phylicifolia
(PPL = 56–75; Egelund et al. 2012). Both haplotype and nu-
cleotide diversity (h = 0.57; π = 0.90 × 10−3) were relatively
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Table 2 Analysis of molecular variance (AMOVA) among all Salix
myrsinifolia populations and among dioecious and trioecious groups

Source of variation Sum of
squares

Variance
components

Percentage
of variation

All populations

Among populations 607.5 0.801 6.3

Within populations 3669.1 11.990 93.7

Diocecious vs trioecious populations

Among sexual systems 25.3 0.028 0.2

Among populations within
sexual systems

582.1 0.787 6.2

Within populations 3669.1 11.990 93.6

FSC = 0.061***

FST = 0.063***

FCT = 0.002 ns

***p < 0.001



lower than in Salix arctica (tetraploid, h = 0.77–0.80); Salix
viminalis (diploid, π = 6.55 × 10−3) and Salix schwerinii (dip-
loid, π = 8.49 × 10−3) (Steltzer et al. 2008, Berlin et al. 2011),
but there are only a few studies of plastid DNA inside this
genus for comparison. In other members of Salicaceae, genet-
ic diversity was usually also higher, i.e. Populus nigra
(Hj = 0.139–0.183; Smulders et al. 2008) and Populus alba
(PPL = 39–72, I = 0.239–0.327; Castiglione et al. 2010). One
surprising finding is that h and π were negatively correlated
with population size. This is opposite of the widely acknowl-
edged principle of positive relation between population size
and genetic variation (Frankham 1996). In our case, a few
populations proved to be the most variable, although small
in size (population nos. 6D, 7D, 8D, 21T, 22T; Table 1).
Correlations between population size, h and π were no longer
significant when those populations were excluded. As men-
tioned, small populations are located in two groups (Fig. 1b).
This is possibly supported by longitudinal expansions; there-
fore, the reverse relationship between plastid DNAvariability
and population size is most probably an artefact.

Overall, our hypothesis (i) on high genetic diversity of
S. myrsinifolia was not supported by data gathered. Our
assumption of high genetic diversity of this species was
based on its polyploidy. Both theoretical and empirical
studies showed that the ploidy level benefits genetic vari-
ance (Stebbins 1984, Luttikhuizen et al. 2007). But if poly-
ploidy is a rather recent phenomenon, then it requires some
time to ‘recover’ equilibrium between mutation and drift
(Luttikhuizen et al. 2007). Such situations are likely under
glaciation episodes that are would affect our species of
interest. Relatively moderate genetic variance of
S. myrsinifolia may result from bottlenecks during range
contractions in glaciation episodes. Finally, we have stud-
ied only the marginal and submarginal parts of the range.
In general, populations on the border of the range often

suffer from lower genetic variation and episodes of range
expansion and contraction. This might underlie the genetic
variation (Lesica and Allendorf 1995, Eckert et al. 2008).

Genetic diversity patterns between dioecious and trioecious
populations partially confirmed hypothesis (ii). Haplotype and
nucleotide diversity were slightly higher in the first group.
However, cpDNA variation revealed no significant differ-
ences between dioecious and trioecious populations.
Moreover, higher AFLP diversity for dioecious than
trioecious populations were observed, although only differ-
ences in Hj and DW were statistically significant (Table 1).
However, the AMOVA results showed that the difference in
variance between groups of different sexual systems was not
strongly pronounced.

Similar comparison between marginal and submarginal
parts of S. myrsinifolia range showed a spatial trend in haplo-
type diversity. The northern (submarginal; Lithuania) popula-
tions contained a higher number of haplotypes than the south-
ern (marginal; East Poland) ones (Fig. 1b). These also includ-
ed the only four unique haplotypes that are distinctive in the
tree parsimony network (Fig. 1d). Moreover, there was a sig-
nificant and decreasing spatial trend of both h (Fig. 2a) and π
(Online Resource 3) in the south direction. The haplotype
distribution along the north/south gradient showed the
unimodal pattern in S. myrsinifolia. The peak level of the
haplotype diversity occurred between submarginal and mar-
ginal populations. This interesting finding indicates that a bot-
tleneck may occur under more recent range expansion of the
S. myrsinifolia European range. This was confirmed by simu-
lations of the climatically suitable area, which increased from
pre-industrial–1760 to 1950–1999 periods (Fig. 7). Thus, low
nucleotide diversity should be expected in a recent range ex-
pansion. Of the calculated nuclear DNA indices, the same
spatial trend was significant only for DW (Online Resource
3). This showed a gradual decrease towards the south.
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populations)
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Literature survey and climatic models showed that
S. myrsinifolia is currently expanding its range by about
0.8 km per year. This fits the velocity of 0.01–1.5 km/year
expected for natural expansion of other plant species (Corlett
and Westcott 2013). At the same time, studies on
S. myrsinifolia (Mirski and Brzosko 2015, Mirski 2016)
showed that trioecy in S. myrsinifolia is common on the
fringes. It is advantageous at this location.

However, in this paper, we suggested that it might be dis-
advantageous (comparing with dioecy) in terms of genetic
diversity (closely related to phenotypic variation). Therefore,
we suspect that the distribution of dioecious and trioecious
S. myrsinifolia populations may result from a trade-off be-
tween sexual reproduction and benefits from uniparental re-
production during range expansion. Several facts below indi-
rectly confirm this hypothesis.

First, the distribution of hermaphrodites in S. myrsinifolia
follows the expansion front (Mirski 2016), but there was no
advantage of this sex morph over males and females other

than better colonization properties of self-compatible her-
maphrodites (Mirski and Brzosko 2015). Even if only one
hermaphrodite individual appears at the new site, it is capable
of seed set through selfing (Mirski, pers. observ.). On the other
hand, selfing is known to negatively affect population genetic
variation and hermaphroditismmay no longer be an advantage
when populations are well established. This is visible in the
central parts of the species range, where Faliński (1998) ex-
amined S. myrsinifolia herbaria specimens and found her-
maphroditism only as an exceptional phenomenon. Also, re-
cent sex structure monitoring showed that the frequency of
hermaphrodites decreased in the submarginal range, but in-
creased in the marginal part; the male-to-female ratio was
constant over time (Mirski 2016). Most probably, the frequen-
cy of hermaphrodites still increased closer to the moving ex-
pansion front, but decreased with the distance to its edge and
time.

The adjustment of sex to environmental conditions (incl.
spatial sex structure) is a common issue in plants, but is rare in
dioecious species. Understandably, hermaphrodites are the
most convenient to adjust; but in many dioecious plants, the
mechanisms of sex determination are already quite consoli-
dated. That is, the evolution of sex chromosome is an ongoing
process in some plants (Vyskot and Hobza 2004), and thus the
turnover is rare. However, this is the case of a few other taxa
like Acer negundo (Mędrzycki et al. 2006),M. annua (Pannell
et al. 2008), S. latifolia (Dorken and Barrett 2004) and
Wurmbea dioica (Barrett et al. 1999). Also, in the Salix genus,
in which sex is determined by one locus or a few (Pucholt
et al. 2015), many species show sex-plasticity, but frequency
of hermaphroditism is still very rare (Mirski 2014). Since all
other sexual systems evolved from hermaphrodite ancestors
(Charlesworth 2002), the drawback is still possible, even in
species with already established chromosomes. A body of
literature documents such sex changes in dioecious species
and points out responsible environmental factors (Freeman
et al. 1980).

The geographic patterns of willow genetic variation have
not thus far been extensively described, but in general popu-
lations at the edge of distribution often shows lower values of
variation than more central ones (Eckert et al. 2008). For ex-
ample, in Salix arbutifolia, genetic variation was lowest in the
most peripheral populations (He = 0.217 and 0.362 vs. 0.602
on average, Nagamitsu et al. 2014). In other species—
S. daphnoides, also studied at the edge of its geographical
distribution, genetic variation was moderate, but considerably
higher in primary than in the secondary habitat (He = 0.323–
0.618 vs. 0.125–0.375, Sochor et al. 2013). In contrast, the
widespread S. viminalis showed higher genetic variability
across Europe (mean He = 0.62), but also significant differen-
tiation between studied regions. Also, populations from
Western Russia, which are closer to the centre of the whole
Eurasian range, were slightly more variable than those from
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Fig. 7 Borders of the optimal climatic suitability areas (suitability index
>0.5) for Salix myrsinifolia in different periods modelled with MaxEnt
software. Models built under seven bioclimatic variables (BIO1, BIO2,
BIO3, BIO5, BIO7, and BIO12) from eight different global climate
models (CCSM, CNRM, FGOALS, GISS, IPSL, MIROC, MPI, MRI)
and averaged
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more westwards parts of Europe (Berlin et al. 2014). High
genetic variability was also shown in an Irish study of other
widespread and common species—Salix caprea (mean
He = 0.58), but rarer and spatially restricted subalpine species
in Britain, like Salix lanata, Salix lapponum and S. herbacea
also possessed high genetic variation (He = 0.706, 0.703 and
0.527, respectively) (Stamati et al. 2007). All of these exam-
ples concern European species of similar reproductive strate-
gies (dioecious, entomogamous and anemochorous). The dif-
ferences in their genetic variability values show that their po-
sition in the geographic range influences genetic variability as
well as other population-specific factors.

In dioecious species, genetic variation is heavily affected
by the probability of gene exchange through seeds or pollen.
Van Puyvelde and Triest (2007) showed low gene flow in
S. alba that was restricted to distances of 1–3 km. On the
contrary, Perdereau et al. (2014) reported a high gene flow
in S. caprea to distances over 200 km. Thus, we cannot expect
one pattern of genetic variation in large and variable Salix
genus, which is capable of both sexual and asexual reproduc-
tion. In S. myrsinifolia, we found a gradual loss of h, π and
DW (Fig. 2a, Online Resource 2) following the expansion
front. We also found weak genetic structure but significantly
isolated by distance. The populations were slightly differenti-
ated, while genetic and geographic distances were significant-
ly correlated. The plastid and nuclear DNA results illustrated a
pattern of recent but not sudden stepping-stone expansion
across investigated area.

Recent studies on sex determination in S. viminalis and
S. suchowensis showed that sex chromosomes are in the early
stage of divergence, and sex is determined by the ZW system,
with female being the heterogametic sex (Hou et al. 2015,
Pucholt et al. 2015). However, the sex determination system
may still be unsteady in this species because hermaphroditism
occurs in different Salix species (Mirski 2014) and
S. myrsinifolia individuals are even capable of changing sex
during their life cycle (Mirski 2016). This may be caused by a
high turnover rate in sex determination mechanisms in the
ent i re Sa l icaceae fami ly (Puchol t e t a l . 2015) .
Hermaphroditism was so never previously mentioned in stud-
ies of Salicacae sex determination because it is rare. Our re-
sults are the first to deal with this issue.We show a distinct link
between S. myrsinifolia genetic structure and hermaphrodit-
ism. Considering that ploidy levels did not differ between
hermaphrodites and unisexual individuals (Online Resource
1), it is rather unlikely that hermaphroditism in this species
could be derived from hybridisation with other willows spe-
cies. There is, however, the chance of hybridization with other
hexaploid willow, but according to our knowledge, there were
no willows of the same ploidy level in the studied area.
However, hybridization with hexaploid species or hybrids of
unknown origin cannot be ruled out. We excluded different
sexual systems in populations that resulted from different

ploidy levels such as M. annua (Pannel et al. 2008).
However, the spatial distribution of hermaphroditism (Mirski
2016) suggests a possible genetic mechanism for this phenom-
enon. This study revealed that hermaphroditism follows a
spatial genetic structure that we assumed in hypothesis (iii).
Only a few hermaphroditic individuals spread to other haplo-
types (H2, H3 and H5), and 89% of hermaphrodites belonged
to one haplotype (H1) (Fig. 3).Moreover, out of two dominant
haplotypes (H1 and H2), only the ‘hermaphroditic’ one (H1)
significantly increased the frequency towards the southern
range margin in accordance with expansion front (Fig. 2b).
Also, the tree parsimony network showed that the H1 haplo-
type is distinctive from the others.

In sum, this proves that hermaphroditism is bonded with a
particular haplotype and follows its spatial distribution. The
possible mechanism underlying the spread of hermaphrodit-
ism might be gene surfing, described in this context by
Excoffier et al. (2009). The alleles responsible for hermaph-
roditism could originate anywhere and stayed at low frequen-
cies as a neutral mutation. However, at the distribution edge,
they became advantageous and were propagated by the expan-
sion wave. We suspect that the main advantage of hermaph-
roditism is its ability to be the ‘best colonizer,’ because each
individual is capable of producing seeds. The other haplotypes
appear later, and the sexual structure is balanced at dioecy
stage. In addition, S. myrsinifolia on the SWedge of its distri-
bution most often inhabits the anthropogenic habitats. These
are often under succession or anthropogenic changes (Faliński
1998, Mirski 2016). Therefore, its populations are rather
short-lived (Mirski 2016). These features of a good colonizer
are needed to last in unstable conditions.

Another question is the genesis of hermaphroditism in reg-
ularly dioecious species like willows. We hypothesised this
trait is not-ancestral and could be expected from general pat-
terns of sexual systems evolution (Barret et al. 2002) or even
from particular cases of similar sex systems transitions, i.e. in
the case of subdioecious Daphne laurelola (Alonso and
Herrera 2011). Rather, we suspect that the hermaphroditism
in S. myrsinifolia individuals is an evolutionary transition
from dioecy to trioecy. The following facts support this hy-
pothesis: haplotypes in trioecious populations are the restrict-
ed subset of those found in dioecious ones, and the genetic
diversity is lower in trioecious than dioecious populations.
This proves that dioecy is the ancestral condition to hermaph-
roditism in these species.

We showed that hermaphroditism is bonded with margins
of S. myrsinifolia range and governed mostly by particular
haplotype. An interesting question is: will this feature last
under changes of distribution range and if so, where? SDM
confirmed that climatic conditions have thus far supported
range expansion southwards and westwards, but future pro-
jections show climatic conditions will get steeply worse for
this species (Online Resource 5). Hermaphroditism should be
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still favoured as advantageous in low population density and
under unstable conditions during the predicted range contrac-
tion. However, if conditions rapidly worsen, then the southern
hermaphroditic ‘colonizer’ haplotype (H1) may be lost due to
genetic drift.
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