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Abstract Fine-scale spatial genetic structure (SGS) has pro-
found ecological and genetic consequences for plant popula-
tions, and some studies indicate that clonal reproduction may
significantly enhance SGS. Clonality is widespread among
dioecious species, but little is known about the relationship
between clonal reproduction and SGS in the frame of sexual
dimorphism. We asked the following questions: (1) Is there a
sexually dependent pattern of SGS in white poplar popula-
tion? (2) What is the relationship between clonal reproduction
and SGS? and (3) Does this relationship have a sex-specific
component? Using 16 microsatellite markers, genetic struc-
ture including fine-scale SGS and clonality of females and
males of white poplar were investigated. Significant SGS
was noted for both sexes at the ramet and genet levels. At
the genet level, males had 2.7-fold higher SGS than that of

females. Clonality significantly contributed to SGS only in
females. A sibship structure revealed with pedigree analysis
and clustering-based methods among males was likely the
major factor of the observed SGS. The sexes differed in their
clonal growth strategies. Spatial positioning of ramets in fe-
male clones suggested foraging behavior and/or avoidance of
competition, while for male clones it indicated more expan-
sion and space colonization. The obtained results led us to
conclude that sexual dimorphism in life history traits may
affect the course and rate of demo-genetic processes acting
in natural populations of dioecious species. To our knowledge,
this is the first study demonstrating a sex-specific pattern of
SGS in natural populations of dioecious species.
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Introduction

The majority of plants display hermaphroditic sex expression
while separation of male and female functions on different
individuals, dioecy, is a low frequency sexual system in plants
(ca. 6 % of land plants) (Renner and Ricklefs 1995). Dioecy
provides an excellent opportunity to investigate functional
differentiation among sexes, i.e., sex dimorphism (Delph
1999; Dorken and Barrett 2004; Montesinos et al. 2012).
This is based on the fact that sexes differ with respect to their
roles and constrains, and the physical release of sexes from
unity has made them possible to be under divergent evolution-
ary trajectories. The dissimilarity between sexes in any aspect
of morphology or physiology is generally considered in the
frame of the theory of resource allocation and existing con-
flicts between realization of different functions—survival,
growth, and reproduction—in situations of limited resources
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(Bell 1980; Delph 1999). It is widely assumed that females
incur higher costs of reproduction owing to flowering and
fruiting processes (Lloyd and Webb 1977; Obeso 2002;
Vessella et al. 2015). Consequently, this may lead to resource
allocation trade-offs affecting female survival rates (Obeso
2002), growth (Iszkuło and Boratyński 2011; Iszkuło et al.
2011), clonal growth (Allen and Antos 1993) or other
fitness-related traits, which in turn may give rise to sex-
related demographic patterns.

Dioecy, beyond the self-incompatibility system and in-
breeding depression, is considered as one of the basic evolu-
tionarymechanisms that ensure high cross-fertilization in trees
which accounts for their high genetic diversity (Petit and
Hampe 2006). Nevertheless, Nazareno et al. (2013) stated that
dioecy may significantly contribute to spatial genetic structure
(SGS) in natural populations of dioecious plants. Dioecious
plant species analyzed by the authors had on average 6-fold
higher SGS than monoecious species. According to theoreti-
cal considerations and empirical studies, seed dispersal range
has a predominant impact on building SGS in natural popula-
tions (Vekemans and Hardy 2004; Heuertz et al. 2003;
Chybicki and Burczyk 2013). In dioecious species, the num-
ber of seed sources is half in compared tomonoecious species.
The reduced number of seed-producing individuals may in-
crease SGS since it leads to less overlap of the seed shadows
of maternal individuals (Heilbuth et al. 2001). Given the fact
that seeds are dispersed only by females in dioecious popula-
tions and most of the seeds are generally locally dispersed,
dioecious species may experience a reduction in the seed
range dispersal on a population scale (Heilbuth et al. 2001).

Clonal growth is a vegetative multiplication resulting in the
emergence of a new plant genetically identical to the mother
individual but potentially independent with respect to growth
and reproduction. It is very widespread among plants, includ-
ing tree species (Jeník 1994). Clonality has profound ecolog-
ical and evolutionary consequences because the dynamic in-
teraction between sexual and vegetative reproduction may af-
fect population dynamics, genetic structure, and the fitness
(Silvertown 2008; Vandepitte et al. 2010; Van Drunen et al.
2015). Since clonal plants may spread laterally, clonal growth
in a spatially explicit framework may be perceived as a par-
ticular mode of gene dispersal which is realized throughout
the emergence of every new ramet that is set somewhere in a
space. Dispersal capabilities of clonally derived individuals
depending on the clonal growth mode and architecture may
interfere with the spatial organization of genetic information
in a population affecting local SGS. Some empirical studies
suggest that clonality may indeed strengthen SGS (Reusch et
al. 1999; Setsuko et al. 2004; Chenault et al. 2011; Peng et al.
2015). Recent meta-analysis on SGS pattern in clonal and
non-clonal tree species suggested also that clonal species
may display significantly higher SGS in their populations
(Dering et al. 2015).

In dioecious and clonal species, females and males may
differ in clonal traits such as clonal architecture (Fujitaka
and Sakai 2007), genet size (Petzold et al. 2013), ramet pro-
duction (Matsushita and Tomaru 2012), clonal growth strate-
gy (McLetchie and Puterbaugh 2000), and physiological in-
tegrity with the main ramet (Isogimi et al. 2011). Sex-
dependent pattern in clonal plants has been revealed also for
mortality (Allen and Antos 1993) and reproductive success
(Matsuo et al. 2014). No doubt all of these life-history traits
may have an impact on population dynamics and demography
which are closely related with fine-scale SGS. Additionally,
spatial segregation of sexes (SSS) that is reported among di-
oecious species and leads to occupation of different microhab-
itats (Bierzychudek and Eckhart 1988; Sanchez-Vilas et al.
2012) may also contribute to divergent trajectories of demo-
genetic processes acting in patches occupied by males or fe-
males, respectively. One of the mechanisms of SSS is differ-
ential resources acquisition by sexes due to differential costs
of reproduction incurred by the sexes (Bierzychudek and
Eckhart 1988). Hence, spatial segregation of sexes could also
be a factor of differential SGS. So far, investigations on sex-
dependent genetic structure in clonal plants have not been
conducted. Consequently, nothing is known whether females
and males of clonal species differ with respect to SGS.

In this paper, we investigated the possible existence of sex-
specific SGS in dioecious and clonal tree, Populus alba L.
(white poplar). SGS was quantified and compared between
female and male individuals of white poplar that were sampled
in a natural population.We assumed that directions and rates of
demo-genetic processes may be divergent in sexes that would
result in differential characteristics of SGS. Additionally, we
examined if the white poplar shows significant SSS in occu-
pation of the habitats. Finally, we compared between sexes the
clonal architecture expecting dissimilarity in clonal life history
traits as well.

Materials and methods

Study site and sampling scheme

Sampling was conducted in the Wielka Kępa nature reserve
located near the Vistula River in Poland (53°09′07.86″N;
18°11′51.73″E). This area is a former sandy island that has
merged with the riverside, and currently it is located 120–
380 m from the riverbank. The study site covers the area of
26.6 ha (Fig. 1). In spring of 2012, all individuals (ramets) of
white poplar with a height >150 cm were georeferenced using
a GPS mapping system and Laser Vertex VL 400 rangefinder
(Haglöf, Sweden), totally 672 ramets. The sex of at least two
individuals per clone was determined during the flowering
period in 2013 and confirmed in next season. Since sex is
genetically determined in Populus (Paolucci et al. 2010;
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Geraldes et al. 2015), non-flowering individuals were sexed
through assignment to previously sexed clones defined
through genotyping.

DNA extraction, genotyping, and genetic diversity

Total DNAwas extracted according to Dumolin et al. (1995)
from the leaf tissues of 672 individuals. A set of 16 nuclear
microsatellite markers (nSSRs) developed by van der Schoot
et al. (2000) and Tuskan et al. (2004) and available at
http://web.ornl.gov/sci/ipgc/ssr_resource.htm was used in the
genotyping procedure as described in Dering et al. (2015)
(Table 2).

INEst 1.0 (Chybicki and Burczyk 2009) was used to esti-
mate genetic diversity parameters at the genet level in both
sexes: expected (He) and observed heterozygosity (Ho), num-
ber of alleles per locus (A), inbreeding coefficient of Weir and
Cockerham (1984) (FIS), and frequency of null alleles. Hardy-
Weinberg Equilibrium (HWE) was tested with Genepop

(Rousset 2008). The significance of difference in He, Ho,
and A between sexes was tested with permutation tests (10,
000 permutations).

Clonality and clonal architecture

Identification of genets (clones) in both sexes was based ac-
cording to the method implemented in the software
GeneClone 2.0 (Arnaud-Haond and Belkhir 2006), which
was also used to estimate the probability of occurrence of each
observed genotype (psex) more than 1 to n under sexual re-
production with random mating and linkage equilibrium. The
female to male sex ratio was determined at two levels: (1) the
ramet sex ratio referring to all trees present in the population
and (2) the genet sex ratio referring to defined genets present
in the population. Deviation from a 1:1 sex ratio was tested
using chi-square tests.

The clonal diversity (R) of the population was estimated as
R = (G − 1)/(N − 1) whereG is the number of genets and N is

Fig. 1 Map of the study site
Wielka Kępa natural reserve
along Vistula river in Poland
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the number of sampled individuals (ramets) (Dorken and
Eckert 2001). Clonal architecture was expressed with a clonal
dominance index (Dc) calculated following Ohsako (2010)
for each of the sexes for each clone with ≥3 ramets:

Dc = (NR − 1)/(NT − 1) whereNR is the number of ramets of
targeted genet and NT is the total number of ramets (including
ramets not belonging to this genet) occurring within the spatial
range of the targeted genet, GA (m

2). If the spatial area of the
targeted genet is occupied only with ramets belonging to this
genet, then NR = NT, and the dominance index reaches its
maximum value of 1. The lower value ofDc, the looser clonal
architecture and higher intermingling of clones is observed
which we referred here as phalanx-like type of clonal archi-
tecture. The area of the female and male genets, GA (m

2), was
defined as the sum of the areas taken by all ramets belonging
to that genet and was obtained from our previous investiga-
tions conducted in this population (Dering et al. 2015). Using
ESRI® ArcGIS 9.3, we computed the intra-clonal nearest
neighbor distance, dnear, which is the distance to the nearest
ramet of the same clone for each sex independently. The rela-
tion between the NR and mean dnear for clones withNR ≥3 was
investigated for both sexes with regression analysis using JMP
11.0.0 (SAS Institute Inc.).

The size of genets in both sexes was described as (1) the
number of ramets, NR; (2) the maximum distance between
ramets, dmax; and (3) the area occupied by the genet, GA.
Regression analysis was used in order to determine the rela-
tionship between (1)NR andGA and (2)NR and dmax for clones
of both sexes withNR ≥3 (JMP 11.0.0; SAS Institute Inc.). We
investigated the relationships between number of ramets and
spatial characteristics of clonal growth (area occupied and
inter-ramet maximum distance) in order to find out which of
the two processes, namely densification or expansion, charac-
terizes the female and male clonal growth strategy.

Spatial genetic structure and population substructure

SGS was explored for sexes separately at the ramet and genet
levels. The coordinates of genets were calculated as the clone
origin following the method of Chong et al. (2013). Spatial
autocorrelation analysis of kinship among genets and ramets
was conducted with SPAGeDi v. 1.2 (Hardy and Vekemans
2002) for both sexes separately. The average multilocus kin-
ship coefficient (Fij) was computed according to Loiselle et al.
(1995) and averagedwithin each of the 11 distance classes that
were set up after few testing analysis aiming fulfilling analysis
requirements: 10, 55, 150, 250, 360, 480, 600, 800, 950,
1.300, and 2.160 m. Average values of Fij were regressed on
the logarithm of distance ln(dij) in order to obtain the regres-
sion slope, b, which quantifies the SGS. Additionally, the Sp
statistic developed by Vekemans and Hardy (2004) was com-
puted according to the formula –b/(1 − F(1)), where F(1) refers
to the mean kinship coefficient for individuals from the first

distance class. To test for SGS under the null hypothesis of no
correlation ofFij and ln(dij), the spatial positions of individuals
were permuted 10,000 times and confidence intervals were
obtained from jackknifing over loci. Test Z was used in order
to test the significance of the difference between sexes in the
values of the regression slopes at the genet and at the ramet
level.

In order to test the population substructure that can be the
factor of SGS (Meirmans 2012), a Bayesian clustering analy-
sis was performed with Structure v.2.3.4 (Pritchard et al.
2000) under the models of admixture and correlated allele
frequencies. After testing phase, the final analysis was con-
ducted for each of the sexes separately and included modeling
the clusters from K = 1 to K = 8 for males and from K = 1 to
K = 6 for females with 10 replicates of 250,000 iterations with
burn-in phase of 100,000. To explore the result obtained with
Structure, CLUMPAK (Cluster Markov Packager Across K;
Kopelman et al. 2015) was used. CLUMPAK allowed us was
for defining the best K using method of Evanno et al. (2005)
and creating the graphical representation of the ancestry pro-
portions of individuals (bar plots) in each cluster.

Relatedness

Since the existence of family structure may be responsible for
SGS emergence due to substructuring of population, we used
Colony (Wang and Santure 2009) to infer the frequencies of
possible pairs of full sibs, half sibs, and unrelated individuals
in the studied population. The full-likelihood-based analysis
(medium likelihood precision and medium length of run) was
done under the assumption of polygamy and no inbreeding, as
suggested for dioecious species in manual. Locus-specific es-
timates of null allele frequencies were used as the surrogates
for allelic dropout rates, together with genotyping errors pro-
vided by INEst 1.0. software (Chybicki and Burczyk 2009).
Only relationships supported with a probability of >0.9 were
scored.

Spatial dependence in the occurrence of sexes

To analyze the spatial pattern of ramets, we used the methods
from the second order functional statistics. As a summary
statistics, we used the pair correlation function, g(r), being
the normalized neighborhood density function. It can be de-
fined as the expected density of points (ramets) of the average
point of the pattern at a certain distance r, divided by the mean
density (λ) of points (Illian et al. 2008; Wiegand et al. 2009;
Wiegand and Moloney 2014). We used the double-cluster
process as the null model. The double-cluster process has five
parameters: r—the distance; σ1, σ2—the size of small and
large clusters, respectively; ρ1, ρ2—the intensities of small
and large clusters, respectively (Wiegand and Moloney
2014). While univariate analysis aims to describe the spatial
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arrangement of a given type of points (individuals), bivariate
analysis is concerned with description of the spatial correla-
tion structure of the bivariate point patterns, e.g., males and
females in our study. To find out whether the process that
distributed sex attributes among the individuals acted in a
spatially uncorrelated way, we used the random labeling as
the null model. In this model, the qualitative marks (sex) are
randomly shuffled over the individuals of the unmarked pat-
tern (Illian et al. 2008; Jacquemyn et al. 2010; Wang et al.
2010; Wiegand and Moloney 2014). We contrasted the ob-
served summary statistics to that expected under the specific
null models chosen. Approximate 95 % simulation envelopes
were calculated for each distance r, using the fifth lowest and
the fifth highest values of 199 Monte Carlo simulations of the
null model.

Considering sex-related cost of reproduction found in di-
oecious species, we choose water availability factor as poten-
tially involved in SSS. Due to lack of direct data on habitat
heterogeneity with respect to water availability, we tested in-
directly this relationship by linking the sex of the individuals
with their hypsometric position assuming that microhabitats
with higher water availability will be those that are located in
lower altitudes (meters a.s.l.). Using ESRI ArcMap 9.3, a de-
tailed hypsometric map of the studied area with precision of
1 m a.s.l. was done and position of 654 individuals was spec-
ified. The relationship between location a.s.l. and sex was
explored with contingency table (chi-square [χ2] test, JMP
software; SAS Institute).

Results

Genetic diversity

Genetic diversity estimators are presented in Table 1 in
Supplementary materials. There were no significant differ-
ences between sexes in the average number of alleles per locus
(A = 4.94 in females and A = 5.25 in males, p = 0.743), aver-
age observed heterozygosity (Ho = 0.602 in females and
Ho = 0.573 in males, p = 0.822) or average expected hetero-
zygosity (He = 0.610 in females and He = 0.592 in males,
p = 0.812). Null alleles were inferred at some loci in both
sexes at similar and rather low level (on average 0.038 and
0.039 in females and genets, respectively). A significant ex-
cess of homozygotes (p < 0.001) was detected in both sexes
(FIS = 0.045 in females and FIS = 0.032 in male genets), which
may suggest inbreeding—matings among relatives in this case
(see results of pedigree analysis).

Clonality and clonal architecture

Due to problems with the determination of sex in some indi-
viduals, 654 out of 672 trees were finally included in the

genetic analysis. Among these trees, 66 different genets were
defined. Twenty-eight genotypes were singletons; they pro-
duced no ramets (18 male and 10 female). The remaining
genets were clustered into 38 genets—23 male and 15 female
with a total of 458 and 168 ramets, respectively. All ramets
within a male clone were associated with a psex <10−11 and
within female clones with a psex <10−9. A significant male-
biased sex ratio occurred at the ramet level (1:2.67, p < 0.001)
and at the genet level (1:1.64, p = 0.049).

The male clonal diversity index was lower (R = 0.09) than
that of females (R = 0.13). Male and female clones showed a
low level of intermingling and the mean dominance indexes
were high and comparable: Dc = 0.86 and Dc = 0.82
(p = 0.388), respectively. Female and male clones significant-
ly (p = 0.0013) differed with respect to the average area shared
with other clone(s), and it was 25.10 % of their own clone area
in females and 19.11 % in males. The intra-clonal distance to
the nearest neighbor, dnear, ranged in female clones from 0.10
to 11.73 m (mean 4.00 m; SD = 3.44 m) and in male clones
from 0.43 to 18.34 m (average 2.44 m; SD = 3.75 m); sexes
were not different with respect to the value of average, dnear
(p = 0.801). Neither in female nor male clones, the relation-
ship between the number of ramets and the average dnear was
statistically significant (r2 = 0.245, p = 0.0832 and r2 = 0.143,
p = 0.0835, respectively).

Female and male genet size, defined as the number of ra-
mets per genet, ranged from 2 to 45 (mean 11.20; SD = 11.5)
and from 2 to 135 (mean 19.86; SD = 27.41), respectively.
The maximum distance between ramets ranged from 17.20 to
82.69 m (mean 42.84 m; SD = 22.67 m) in females and from
14.41 to 127.47 m (mean 58.86 m; SD = 36.58 m) in males,
and the area occupied by the genet ranged from 2.90 to
165.09 m2 in females (mean 57.18 m2; SD = 42.04 m2) and
from 12.73 to 232.94 m2 in males (mean 83.82 m2;
SD = 57.99 m2). There were no statistically significant differ-
ences between sexes with regard to clone size as defined either
by the number of ramets per genets (NR) (p = 0.266), or the
maximum distance between two ramets within a genet (dmax)
(p = 0.886), or by the area occupied by the genet (GA)
(p = 0.156). A significant positive relationship was discovered
between the number of ramets (NR) and the area taken by the
genet (GA) in males (r2 = 0.444, p = 0.001) while this relation-
ship was not significant in females (r2 = 0.085, p = 0.289). For
both female and male genets, regression analysis indicated
also a significant positive relationship between the number
of ramets and dmax (r

2 = 0.553, p = 0.004 and r2 = 0.341,
p = 0.003, respectively).

Spatial genetic structure and population substructure

At the female and male ramet level, the regression of Fij over
the natural logarithm of the geographic distance produced a
significantly (p < 0.001) negative slope, b = −0.0884 and
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b = −0.0760, respectively (Table 2). A significant average Fij
was noted up to 150 m in female and up to 250 m in male
ramets (Figs. 2 and 3). At the genet level, the kinship-distance
regression slopes were also significant (p < 0.001) with the
value b = −0.0239 in females and b = −0.0575 in males (Table
1). The average significant values of Fij in female genets was
found in the first distance class (up to 55 m) and further in the
third (250 m) and fourth classes (360 m) (Fig. 2), while that in
males was found in the first three distance classes (up to
250 m) (Fig. 3). Test Z indicated a statistically significant
difference between sexes in the values of the regression slopes
at the genet (p < 0.05) but not at the ramet level. Sp statistics
was almost 3-fold higher at the genet level in males than in
females. Clonality significantly contributed to the intensity of
SGS in females, with the regression slope b of ca. 3.7-fold
higher at the ramet than at the genet level (p < 0.05). On the
contrary, the difference between male genets and male ramets
in Sp level was not significant.

The Bayesian analysis revealed the existence of substructuring
among females and males (Fig. 4). For females, the value ofΔK
was highest for K = 3, and for males for K = 2 (Supplementary
materials Fig. 1). Bar plots showed rather limited admixture for
both sexes (Supplementary materials Figs. 2 and 3).

Relatedness

For 33.3 % of genets, full-sibling relationships were inferred,
while for 72.7 % of genets, at least one half sibling was found.
Additionally, we found possible maternal-offspring and
paternal-offspring pairs among individuals present in the pop-
ulation: for eight individuals a potential father could be de-
fined (12.1 %) and for another four individuals a potential
mother tree could be defined (6.1 %) within the population.

Spatial correlations between males and females

Univariate analysis

Double-cluster model described the pattern of males very well
(Table 2, Fig. 5). Empirical pair correlation function lies with-
in the critical regions representing double-cluster process with
estimated parameters. The double-cluster process for males
captured two nested scales of clustering. Males were distrib-
uted in four large clusters with radii of 81.4 m (2σ1) and 63
small clusters with radii 7.18 m (2σ2). Large clusters consisted
of 119 individuals, on average, and 63 small clusters nested in
the large clusters. Small cluster consisted of seven males, on
average. Thus, 15 small clusters represented single large clus-
ter. Double-cluster process described the pattern of females
very well, too (Table 2, Fig. 6). Females were distributed in
eight large clusters with radii of 61.68 m (2σ1) and 28 small
clusters with radii 5.58 m (2σ2). The average number of indi-
viduals per large and small clusters was estimated as 59 and 6,

respectively. Each large female cluster contained nine small
clusters, on average.

Bivariate analysis

Males and females showed a clear tendency for spatial segre-
gation. The g12(r) function was significantly below the expec-
tation for random labeling hypothesis (Fig. 7). The distance at
which the segregation took place was ca. 105 m. Over this
distance, the empirical g12(r) function is above the expectation
indicating the mutual attraction of males and females at larger
scales.

The studied area showed hypsometric variability. The bank
of the Vistula river was located at the level of 26 m a.s.l.
similarly to the bottoms of the marshes distributed within the
study site which currently constitute the oxbow lakes. The
upper edge of the profiles of the river, marshes, and channels
present in the study site run at a height of 30 m a.s.l. that can
be considered as the border separating current and former
riverbed from the areas of higher altitude having the character
of relatively flat peaks, formed at the height of 30–32 m a.s.l.
The occurrence of the white poplar ramets was referred to this
border altitude. The ramets within the study site were distrib-
uted as follows: 27–30 m a.s.l.—201 ramets (30.73 %) and
31–32 m a.s.l.—453 ramets (69.27 %). Females occurred
mostly at lower elevated sites (53.9 %) while males prevailed
at higher elevated sites (77.94 %) (p < 0.001).

Discussion

Spatial genetic structure

Longevity of tree species such as white poplar is the basic
obstacle stymieing direct exploration of the demographic pro-
cesses as it requires long-term studies that exceed the time-
scale of the investigations presented here. Therefore, direct
testing of the relationships among clonality, demography,
and SGS was impossible to be done in the frame of this study,
especially in the context of sex-dependent changes which
would require knowledge on the sex of the offspring at the
earliest stages of recruitment. However, some of our results
suggest the impact of demographic processes, especially sex-
differential mortality, on sex-specific patterns of SGS.

According to our results, sexes differed significantly at the
genet level with respect to the intensity of SGS as indicated by
the regression slope (b), which was nearly 2.5-fold higher for
males. In our opinion, sex-dependent mortality and recruitment
patterns prevailing in this population may be involved in gen-
erating the sex-dependent pattern of SGS. Male-biased sex
ratio noted in this population at ramet and genet level suggests
lower final female input into this population, either as the result
of lower recruitment success of females (generative and
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vegetative) and/or their higher mortality. Both processes may
potentially result in fewer related female genets to be near
neighbors, decreasing in this way the level of SGS.
Especially, higher female mortality, which is frequently report-
ed in dioecious species and is ascribed to their higher costs of
reproduction (Obeso 2002), could be involved. Due to
reproductive-related resource expenditure, females are more
frequently noted in nutrient-rich microhabitats which are better
for their growth and reproduction (Iszkuło et al. 2011).
According to our results, the occurrence of the females of white
poplar was significantly related with the local depressions
(areas <30 m a.s.l.). Those microhabitats may be occupied by
females due to resource availability, in this case water. Some
studies indicated that poplar female trees exhibit less tolerance
for drought stress than male trees (Xu et al. 2008; Chen et al.
2010), which may explain the observations that on local ele-
vations (>30 m a.s.l.) males were mostly noted. However, dur-
ing the spring thawing and flooding events, those local depres-
sions are the locations of water standing over (personal obser-
vation) that may be the source of the waterlogging stress con-
tributing to female mortality. In an experiment of waterlogging
conditions, female clones of Populus deltoides were shown to
be more affected by water stress than males that generally
showed better eco-physiological response for this kind of stress
(Yang et al. 2011). Accordingly, we postulate that higher

mortality of females may be the possible factor of their lower
SGS in comparison to males, although long-term studies on
population dynamics would be necessary to fully verify this
hypothesis.

Another important factor of sex-specific SGS might be the
sex-specific competitive interactions. Intra-genet and inter-
genet competitive interactions are very important elements of
the dynamics of clonal plant populations (Watkinson and
Powell 1993; Herben and Hara 1997). Significantly greater
average area shared with other genets in case of females may
suggest lower competitive response of females (Goldberg
1996) that may also negatively affect their recruitment and/or
increase mortality.

Indirectly, analysis of SGS also suggests a high level of
relatedness in this population. The degree of co-ancestry at
0.25 indicates full-sibs and 0.125 half-sibs (Loiselle et al.
1995), and the value of the average kinship coefficient in the
first distance class for males in our study was 0.198. It sug-
gests considerable relatedness among males. In contrast, for
female genets, the respective coefficient was 0.086. As men-
tioned above, higher mortality of females could be one of the
factors lowering overall relatedness among them that would
result in lower SGS. Analysis of relatedness conducted with
Colony supported the existence of profound sibship structure
which could be the component of the SGS noted in females
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correlograms for females at genet
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showing mean kinship coefficient
(Fij) between pairs of ramets or
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and males. For over 30 % of individuals from the studied
population, full-sibling relationships were inferred, which
strongly suggests the predomination of within-population
crossings and recruitment events. Based on parentage analy-
sis, Pospíšková and Šálková (2006) indicated domination of
within-population pollinations in studied black poplar
stands—77 % of offspring were fathered by males from the
local population.

Divergent patterns of SGS between sexes are manifested
also by the variable impact of clonality. In females, clonality

largely contributed to SGS noted at the ramet level, whereas it
was not a significant factor of SGS among male ramets, either
in its strength or spatial extent. This result probably reflects a
difference in the overall level of relatedness among genets of a
particular sex, which is higher for males. Due to such high
relatedness among male genets, the contribution of clonality
to SGS seemed to be negligible, and sibship structure ap-
peared as the main driving factor of strong SGS at both the
ramet and genet levels in males.

We suppose that two processes may be responsible for
strong sibship structure and SGS occurring in females and
males in studied population: (1) low gene dispersal by both
seeds and pollen and (2) predomination of within-population
matings resulting in within-population recruitment events.
Generally, wind-dispersed and wind-pollinated tree species,
such as poplars, are expected to present a close-to-random spa-
tial arrangement of individuals (Vekemans and Hardy 2004) as
this gene dispersal mechanism is thought to prevent kin struc-
ture. There are no studies on gene flow distance in white poplar,
but a study in congeneric black poplar suggests a rather short-
distance gene flow (Rathmacher et al. 2010). On the other
hand, Imbert and Lefèvre (2003) reported that gene flow in
black poplar rely in majority on pollen movement but is largely
inefficient due to the lack of sites suitable for requirement. The
occurrence of white poplar is highly fragmented in Poland and
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Fig. 3 Spatial genetic structure
correlograms for males at genet
level (a) and ramet level (b)
showing mean kinship coefficient
(Fij) between pairs of ramets or
genets over ten distance classes

Table 1 Spatial genetic structure parameters for female and male
individuals of white poplar from the study site

Fij(55m) blog Sp

Females

Ramets 0.251 (0.0288) −0.0884 (0.0122) 0.118

Genets 0.086 (0.0124) −0.0239 (0.0033) 0.026

Males

Ramets 0.230 (0.0312) −0.0760 (0.0065) 0.098

Genets 0.198 (0.0272) −0.0575 (0.0089) 0.072

Fij(55m) average kinship coefficient between individuals from the first
distance class, blog the regression slope of Fij on log spatial distance given
with SD, Sp index of spatial genetic structure intensity
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in Europe in general, and alterations of riverine ecosystems
transformed existing habitats making them unsuitable for nat-
ural regeneration. The lack of habitats and fragmentation of
those sites that are left probably reduced gene flow, creating
conditions for SGS to arise. White poplar, which regeneration
strategy is intimately connected with flood disturbance which
forms fresh, open, and bare new alluvial deposits, rarely regen-
erates within the study site due to lack of suitable edaphic and
hydrological conditions (personal observations).

Sex-specific cost of reproduction and differential resources
requirements may lead to occupation of different microhabitats
by each sex which directly refers to SSS (Bierzychudek and
Eckhart 1988; Van Drunen and Dorken 2014). Recently, Van
Drunen and Dorken (2014) reported that SSS may be common
among clonal species. According to the authors, the positive
association between clonality and SSS may be Bfalse positive^
and stem due to non-random distribution of male and female
ramets within the genet due to clonal growth. However, our
analysis suggests that a significant relationship between sex
of the individuals and their hypsometrical location may exist.
This would mean that observed SSS could be induced with
difference in microhabitat quality and not with clonality itself.
In our opinion, SSS could be involved in generating sex-
specific SGS because different microhabitats might be the
source of different spatial patterns producing a differential

course of demographic processes (Barot et al. 1999) that stays
in close relationship with population genetic structure.

Sex-specific clonal architecture and growth

Based on dominance index, we inferred that the ramets of both
sexes presented a rather clumped occurrence within a genet, a
pattern defined as the phalanx strategy of growth, commonly
found in many woody species (Peterson and Jones 1997) in-
cluding species from Populus (Namroud et al. 2005; Chenault
et al. 2011; Cristobal et al. 2014). Spatial analysis also detect-
ed the non-random distribution of individuals (ramets) of both
sexes in space (Table 2). This kind of clonal architecture is
frequently reported in populations with significant SGS,
which suggests that it may be one of the important factors
supporting SGS (Vandepitte et al. 2009; Mizuki et al. 2010;
Dodd et al. 2013).

Generally, differences between sexes in parameters de-
scribing clonal growth such as gene size and number of ramets
per genet were not significant. Existing data on this issue in
other species are scarce and not conclusive as they show
within-species variability. The larger size of male genets com-
pared to those of females in terms of ramet number and genet
spatial extension was reported for Populus tremuloides
Michx. (Comtois et al. 1986) and Populus euphratica Oliv.

Fig. 4 Interpolated map for the ancestry coefficients obtained for male (left) and female (right) individuals of white poplar in results of population
structure analysis conducted with Structure

Table 2 Fitted parameters of the
double-cluster process for
Populus data set

Large clusters Small clusters

2σ1 100ρ1 μ1 = λ1/Ncluster1 Ncluster1 2σ2 100ρ2 μ2 = λ2/Ncluster2 Ncluster2

Males 81.40 0.00016 ≈119 4 7.18 0.00045 ≈7 63

Females 61.68 0.00013 ≈59 8 5.58 0.00012 ≈6 28

μ1, μ2mean number of individuals in large and small clusters, respectively;Ncluster1,Ncluster2 number of large and
small clusters, respectively
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(Petzold et al. 2013). In Populus nigra L., Sakai and Burris
(1985) reported a greater number of ramets in females, while
Chenault et al. (2011) reported similar genet sizes in males and
females. Matsushita and Tomaru (2012) suggested a lack of sig-
nificant sex-dependent differences in clone sizes measured with
the number of ramets in the shrub Lindera trilobata Thunb.
Perhaps, that there is no simple relationship between ramet pro-
duction and sex and other genetic or/and ecological conditions
may be involved. The difference between sexes in clumping
pattern was noticeable only at the ramet level and concerned
the scale of the process which was greater for males (Table 2).

The significant positive relationship of the number of ra-
mets (NR) with the area occupied by the clone and maximal
distance between ramets (dmax) and lack of significant rela-
tionship betweenNR and dnear (nearest neighbor distance) may
suggest that the process of clonal growth is a process of ex-
pansion for male clones. For female clones, only the relation-
ship between the number of ramets and dmax was positively

significant. This may suggest a different strategy of clonal
growth in females and males at this site. We interpret the
positive relationship between NR and dmax without expanding
the area occupied by females as directionality in their clonal
growth. Females in their clonal spread might be more oriented
towards foraging of resources or/and avoiding competition.
From that reason, they would place new ramets in a new space
and do not densify an occupied area (for female clones, the
relationship between NR and dnear was insignificant).

In our study, a significant deviation from an expected 1:1 ratio
towards males was noted at the ramet level (1:2.67, p < 0.001)
and at the genet level (1:1.64, p = 0.049) as well. Ramet-level
male-biased sex ratio is frequently reported among clonal species
and is ascribed to more intensive clonal reproduction of males
(Allen and Antos 1993; Matsushita and Tomaru 2012; Petzold et
al. 2013; Yakimowski and Barrett 2014). Male-biased sex ratios
either at the ramet or genet level are commonly attributed also to
higher mortality in females, which is linked to their higher
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resource demands (Lloyd andWebb 1977; Obeso 2002) leading
to resource allocation trade-offs affecting survival rates (Allen
and Antos 1993; Petzold et al. 2013). None of these was moni-
tored by us in field as the single-season study design precludes
tracing the dynamics of the ramet production or mortality which
requires long-term observation, especially in long-living tree spe-
cies. And so, we cannot conclude on primary factors of male-
biased ratio. However, higher female mortality serves as a feasi-
ble explanation.

Conclusions

In general, we feel that high SGS and relatedness noted in
females and males in studied population represents a rather
abnormal course of population processes. Considering overall
reproductive biology of the species (wind pollination, wind and
water dispersion of seeds produced in high amounts, high ger-
mination rate, etc.), limitations in gene dispersal should lie in
external factors such as fragmentation of the species occurrence
and lack of sites for recruitment. Dioecy and especially biased
sex ratio that both affect the effective population density may
also be responsible for SGS in the studied population.

We found clear sex-dependent patterns of SGS in a popu-
lation of white poplar. Sexes differed significantly in terms of
the intensity, spatial extent of SGS, and the factors that
governed SGS. In males, with almost a 3-fold higher Sp at
the genet level than females, SGS was mainly driven by an
overall high relatedness. Clonality was not a significant factor,
as the SGS at the genet and ramet levels were comparable. In
contrast, in females, clonality was the major factor of SGS
estimated at the ramet level, as Sp at the ramet level was 4.5-
fold higher than at the genet level. We suspect that the inten-
sity of SGS at the genet level in females was driven mainly by
the demographic cost of reproduction (i.e., higher mortality of

females due to higher reproductive expenditure) resulting in
their weaker SGS, although direct studies are needed to fully
support our hypothesis. Females and males were similar with
respect to clone sizes, but sexes showed different strategies of
clonal growth—females showed a Bforaging behavior^ and/or
escape strategy, while male genets were expanding their areas.

Data archiving statement

Genotypes of the individuals analyzed are available from the
corresponding author after request.
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