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* Background and Aims In dioecious plants, sexual reproduction requires close proximity to potential mates,
but clonal growth can increase this distance and, therefore, reduce the probability of mating. Reduction in sexual
propagules can lead to decreased dispersal and gene flow between populations. Gene flow and clonal growth may
be further influenced by the size of the habitat patch. The effects of habitat size and reproductive mode (sexual
or asexual reproduction) on spatial genetic structure and segregation of the sexes were tested by quantifying the
distributions of genotypes and the sexes using the dioecious liverwort Marchantia inflexa.

* Methods Plants were sampled from five pairs of small-large habitat patches to identify within- and among-
population spatial genetic structure using 12 microsatellite markers. Spatial distributions were calculated as the
likelihood that pairs of individuals were the same sex or genotype, and it was determined how that likelihood was
affected by habitat patch size (small/large).

* Key Results Asexual reproduction dominates within populations, and asexual dispersal also occurred across
populations. Spatial segregation of the sexes was observed within populations; males were more likely to be near
individuals of the same sex than were females. Although the likelihood of both sexes being near members of the
same sex was similarly greater on small habitat patches, on large habitat patches male genotypes were almost 15
% more likely to be near clonemates than were female genotypes.

* Conclusions The results show a sex difference in clonal clumping that was dependent upon habitat size, sug-
gesting differential colonization and/or survival between males and females. The sexes and genotypes being
structured differently within and among populations have implications for the persistence of populations and the
interactions between them. This study demonstrates that studying only the sexes and not their genotypes (or vice
versa) can limit our understanding of the extent to which reproductive modes (sexual or asexual) influence genetic
structure both within and between populations.
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INTRODUCTION

Many plant species use both clonal reproduction and sexual
reproduction, where clonal reproduction allows plants to main-
tain and spread their populations and sexual reproduction ensures
the advantages of the sexual process, particularly evolutionary
potential (Frankham, 1995). Despite this benefit of clonal repro-
duction, extended periods of clonal growth can cause both spa-
tial segregation of the sexes (SSS) and spatial genetic structure
(SGS) within populations, leading to the reduction or complete
loss of sexual reproduction (Barrett, 2015). As parental geno-
types, or genets, increase in size through clonal expansion, their
proximity to an individual of a different sex or a different geno-
type increases. This increase in distance can increase inbreed-
ing among clones, or ramets, in self-compatible species (Eckert,
2000; Raabova et al., 2015) and can limit sexual reproduction

in obligate outcrossing species, such as self-incompatible and
dioecious species (Hu et al., 2017). The lack of sexual mates can
enhance reliance on asexual reproduction, leading to a further
reduction of genotype diversity and available mates. However,
species that produce asexual propagules, such as bulbils or
gemmae, may not experience the high clumping of genotypes
caused by vegetative growth. Dispersal of asexual propagules
within a population may allow genotypes to be interdigitated,
thereby breaking up the clumps of genotypes that result from
vegetative growth (Vallejo-Marin et al., 2010). For outcrossing
species, identifying the spatial distribution of ramets and genets
within a population can provide information on the prevalence
of asexual vs. sexual reproduction. Assessing sexual reproduc-
tion is important to better predict population persistence and
maintenance of genotypic diversity, and ultimately evolutionary
potential.
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Clonality can also limit interactions between nearby popula-
tions by reducing dispersal. Colonization and among-popula-
tion dispersal mainly occur via sexual propagules (Starfinger
and Stocklin, 1996; Eriksson, 1997; Vanderpoorten et al., 2008),
probably because sexual propagules are generally smaller than
clonal fragments or asexual propagules (Tackenberg et al.,
2003; Korpelainen et al., 2005). However, in aquatic habitats,
long-distance dispersal of asexual propagules is possible and
may allow gene flow between populations (Johansson and
Nilsson, 1993), which may be the only dispersal occurring if
sexual propagules are not being produced. Interactions between
populations, specifically the prevalence of dispersal, can be
quantified by identifying spatial distributions of genets and
ramets between populations. If dispersal between populations
occurs via sexually produced propagules, we predict that the
same genotype would not be found across different populations
and there would be low genetic differentiation between popu-
lations. If there is any dispersal by asexual propagules, then
we expect identical genotypes in multiple, physically discon-
nected, populations.

Despite the importance of the sexes being near one another
as a requirement for sexual reproduction, studies of SGS on
dioecious species do not always include sex of an individual
(Alberto et al., 2005; Ramaiya et al., 2010; Korpelainen et al.,
2013; but see Eppley et al., 1998; Vandepitte et al., 2009;
Mizuki et al., 2010; Dering et al., 2016). This omission is most
probably because determining the sex of an individual is gener-
ally limited to observing individuals at the time when gametes
are being produced, detecting physical connections of an indi-
vidual of unknown sex with another individual of known sex or
matching genotypes of known sex with genotypes of unknown
sex. However, including sex as a variable is important because
clonality can drive SSS within populations (Melampy, 1981)
and lead to populations composed of only one sex (McLetchie
et al., 2002; Crowley et al., 2005), preventing sexual repro-
duction even though there are multiple genotypes present.
Quantifying the sex ratio instead of identifying the spatial dis-
tribution of the sexes can lead to incorrect conclusions regard-
ing the potential for sexual reproduction within a population.
For example, populations may contain the same number of
males and females, but the sexes could be clumped within the
populations, restricting sexual reproduction due to limited male
gamete dispersal (Eppley, 2005).

Because dispersal and establishment differ between sex-
ual and asexual propagules, we can identify the importance of
reproductive mode (sexual or asexual) to population persist-
ence or to gene flow by quantifying SGS. If the production of
sexual or asexual propagules varies between populations that
experience differing environmental variables, then propagule
production, and any SGS that occurs as a result, can be linked
to that environmental variable. SGS has been previously linked
to environmental variables associated with specific sites, allow-
ing an association to be made between that variable and the dis-
persal patterns of sexual and asexual propagules. These studies
include self-compatible species (Chung et al., 2006; Arnaud-
Haond et al,, 2007a) and outcrossing species, including
self-incompatible (Raabova et al., 2015) and dioecious (Dering
et al., 2016) species, and across several environmental vari-
ables, including disturbance regimes (Kostrakiewicz-Gieratt,
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2013), light (Vandepitte et al., 2010), elevation (Sun et al.,
2001) and habitat size (Kettenring et al., 2010).

Habitat size can potentially have a large impact on between-
population dynamics. If habitat quality is constant, a large
habitat patch is associated with higher immigration rates when
compared with smaller habitat patches (Johnson, 2005), and
more immigrants could lead to more unique genotypes and
potentially greater mating opportunities. Conversely, smaller
habitat patches may have more limited immigration and
reduced genetic variation (Biere et al., 2012), and there is a
greater chance of losing one sex, therefore reducing or even
eliminating mating potential. This reduced mating potential
may cause greater reliance on asexual reproduction, which
then limits among-population dynamics and affects the long-
term persistence of the population particularly because smaller
habitats can experience increased emigration rates (Thomas
and Hanski, 1997; Johnson, 2005) and are more susceptible to
demographic or environmental stochasticity (Lande, 1988).

Using the dioecious bryophyte Marchantia inflexa Nees et
Mont., we quantified SGS of genotypes within and among popu-
lations in different size habitat patches (the environmental vari-
able) and subsequently tested for (1) the signature of sexual vs.
asexual reproduction on SGS; (2) the spatial association of the
sexes across ramets within genets; and (3) the dependence of (1)
and (2) on the size of the habitat patch. Within populations, if
asexual reproduction is the main form of reproduction, we pre-
dict that overall most individuals within a population will consist
of multiple copies of the same genotype. Additionally, if asexual
reproduction is the main form of reproduction, then we predict
significant genetic differentiation between populations and high
SGS because asexual propagules generally stay within the source
population. If sexual reproduction is the main form of reproduc-
tion within a population, then most individuals will be unique
genotypes. Because sexual propagules could stay within the
source population and would also disperse among populations,
we would expect to see genetic mixing among populations. We
also predict that there will be gene flow evidenced by the lack of
significant genetic differentiation, so low SGS, between popula-
tions. Alternatively, both reproductive methods could be occur-
ring and affecting SGS and gene flow. In this case, we expect
to observe both unique genotypes and genotypes with multiple
clones within and between habitat patches and that the level of
genetic differentiation will indicate the prevalence of gene flow.

In a dioecious species, there could be differential cluster-
ing between the sexes leading to SSS. Because females of the
focal species have a higher vegetative growth rate and lower
asexual propagule production rate than males (McLetchie and
Puterbaugh, 2000; Fuselier and McLetchie, 2002), we predict
that female ramets of the same genet will be more clustered
than male ramets of the same genet. Lastly, relative to popula-
tions in large habitat patches, we predict that populations in
small habitat patches will have low genetic diversity, which may
be attributed to fewer resources (Kareiva, 1985), lower immi-
gration rates (Johnson, 2005) and/or greater susceptibility to
demographic stochasticity (Lande, 1988). These forces can also
result in more variable sex ratios in smaller populations relative
to large populations due to two factors: a pattern of reduced or
no sexual reproduction producing new genotypes and the reli-
ance on asexual reproduction for population persistence.
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MATERIALS AND METHODS

Study organism

Marchantia inflexa is a thalloid liverwort (phylum
Marchantiophyta) with separate male and female plants (dioe-
cious). The distribution of M. inflexa ranges from the southern
US to northern Venezuela (Bischler, 1984). Marchantia infl-
exa occurs as spatially separated populations along streams
on distinct habitat patches of substrate (boulders and bedrock)
separated from other habitat patches by water, creating distinct
populations that are distant enough from each other to prevent
fertilization between individuals from different populations
(Garcia-Ramos et al., 2007; Stieha et al., 2016). The photosyn-
thetic stage is haploid, and sex determination is under genetic
control (Bischler, 1986). Due to the presence of heterogametic
sex chromosomes, spores (sexual propagules) produced by the
diploid sporophyte, which is matured on the female plant, are
expected to have a 1:1 sex ratio (Bischler, 1986). Both sexes can
reproduce asexually by both asexual propagules and extension
by growth. Asexual propagules (gemmae within a cup) are pro-
duced on the thallus surface and are dispersed by water (Brodie,
1951). The gemmae can be dispersed aerially by water splashing
in the cup (within-patch dispersal) or downstream by floating
in flowing water (among-population dispersal) (C. Stieha, pers.
obs.). Plants also grow horizontally by dichotomous branch-
ing of the thalli, and disintegration of older tissue results in
fragmentation and production of physiologically independent
plants. Male and female plants produce distinct sex structures
seasonally that are elevated above the plant (antheridiophores
and archegoniophores, respectively) permitting clear sex identi-
fication when present. However, when sex structures are absent,
sex is not visually distinguishable, requiring plants to be grown
in a greenhouse or growth chamber to develop sex structures. To
identify genets (unique genotypes) and ramets (genotypic clones
or clonemates) of genets, 12 polymorphic microsatellite mark-
ers have been previously developed (Brzyski et al., 2012).

Field sampling

Sampling took place in July 2011 along a 3 km section of the
Quare River on the island of Trinidad, the Republic of Trinidad
and Tobago. Representative specimens of M. inflexa were
vouchered at the Missouri Botanical Garden (St. Louis, MO,
USA, specimen numbers M0292113 and M092115) and at the
National Herbarium of the Republic of Trinidad and Tobago
(St. Augustine, Trinidad, specimen number TRIN34616, D.N.
McLetchie, collector).

We quantified patterns of SGS in populations where both
sexes co-occur but where the plant samples were initially of
unknown sex and could be determined in the lab. This approach
avoids possible biases of sampling only individuals with sex
structures or only populations with individuals in the sexual
phase. Five habitat patch pairs with M. inflexa were sampled,
with each pair consisting of a small patch (1-3 m at its longest
length) surrounded by water and a large patch (>7 m at its long-
est length) connected to the stream bank (Supplementary data
File 1). The distance between each small and large patch pair
ranged from 2.0 to 12.5 m (measured with a measuring tape,
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TABLE 1. Sizes and interpatch distances of the five small-large
habitat patch pairs containing Marchantia inflexa sampled along
Quare River

Pair Small (m) Large (m) Interpatch
distance (m)

1 2.5 16.0 12.5

2 35 25.0 5.0

3 2.1 7.0 11.0

4 2.6 7.0 6.0

5 2.0 12.0 2.0

Mean size = s.e. for the small habitat and large habitat were 2.54 + 0.27 and
13.4 = 3.35 m, respectively.

Table 1). Each patch pair was separated by at least 20 m from
another patch pair, with pairs 1, 2 and 3 being within 200 m of
each other and pairs 4 and 5 being approx. 1 km apart from the
other pairs. Pairs are numbered in order from the most upstream
pair (pair 1) to the most downstream pair (pair 5). Within a pair,
the small patch and large patch were not necessarily upstream
or downstream from each other.

Before sampling, we determined the longest transect length
for each patch. A random point was located along this transect
and a second transect (1 m long and within 1 m of the random
point) was placed to intersect as many M. inflexa thalli as pos-
sible, and was located from the water edge to the interior of the
patch. One exception was the small patch of pair 5 where the
transect touched water on both ends. Sex expression was not
occurring at the time of collection. At every 2 cm interval of the
transect, if a plant was present we collected one growing thal-
lus tip for a possible total of 50 plants per patch (Fig. 1). Most
plants were small (<5 mm) and none of the transects intersected
mats of overlapping thalli. Plants were returned to the USA and
grown in a greenhouse at the University of Kentucky to deter-
mine sex by monitoring for sex expression and to obtain suffi-
cient tissue for DNA extraction. Individuals that did not develop
sex structures in the greenhouse were placed in a growth cham-
ber (14 h at 20 °C and 10 h at 16 °C in 24 h light, fluorescent
and incandescent light at approx. 35 pmol m= s™') to promote
sex expression. Nine plants died before expressing sex and four
never expressed sex. These individuals were removed from all
analyses.

Genotyping

DNA was extracted from the thallus tissue of each plant
sample using a modified cetyltrimethylammonium bromide
(CTAB) method (adapted from Doyle and Doyle, 1987) and
amplified using 12 polymorphic microsatellite primers specif-
ically developed for M. inflexa (Brzyski et al., 2012). Primers
were fluorescently labelled during PCR, and multiple loci were
combined for fragment analysis. Genotyping took place at
the University of Kentucky’s Advanced Genetic Technologies
Center on a 3730 DNA Analyzer (Applied Biosystems, Fortune
City, CA, USA) using the ROX 400HD internal size standard.
Fragment analysis was performed with Peak Scanner version
1.0 (Applied Biosystems).
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FiG. 1. Spatial schematic of Marchantia inflexa plants as collected along ten 100 cm transects on five small-large habitat patch pairs. Plants, if present, were col-
lected every 2 cm along the transect, with the location at 0 cm representing the water’s edge. Each unique genotype (genet and its genotypic clones) is represented
by a letter combination. For example, genotype C is a different genotype from CC and CCC.

Descriptive genetic statistics

The majority of plants differed in alleles at two or more
loci. There were 31 incidences where one plant differed from
another at only one locus. Of these, 13 differed in their frag-
ment lengths by 2 bp, but the others differed by up to 10 bp,
suggesting that scoring error was not the cause of these single-
allele differences. Therefore, for subsequent analyses, these 31
plants were treated as unique genotypes. To ensure that identi-
cal genotypes were of the same clone, we calculated P__, which
is the probability, based on the observed allele frequencies,
that two individuals could have the same genotype by chance
because of sexual reproduction (derived from Arnaud-Haond
et al., 2007b). When the P value is <0.01, the identical geno-
types can be considered to be of the same genet (Arnaud-Haond
et al., 2007b).

Descriptive statistics of overall genetic variation were cal-
culated using GDA 1.1 (Lewis and Zaykin, 2001) including
allelic richness (number of alleles per polymorphic locus) and
number of unique alleles. Because plant tissues are haploid,
heterozygosity values and inbreeding coefficients could not be
calculated. Instead, we calculated Shannon’s unbiased diversity
measurement using GenAlEx 6.5 (Peakall and Smouse, 2012),

which was also the program used to identify multilocus geno-
types, done by matching across loci.

Genotypic richness of a patch was calculated as G/N where
G is the number of genotypes (genets) and N is the total number
of plants (ramets) sampled across all genotypes (Ellstrand and
Roose, 1987). Sex ratios for both genets and ramets were calcu-
lated as the proportion of males. Habitat patch size was treated
as a categorical variable designated as either small or large. To
determine the relationship of habitat size to genotypic richness,
allelic richness, unique alleles and sex ratio, we used paired
t-tests, where we paired small and large patches based upon our
sampling procedure described above. To test for a relationship
of genotypic richness and sex ratio (genet and ramet) between
ramets and genets, we used the Pearson correlation coefficient
(7). For the analyses involving the number of unique alleles and
the sex ratios, we used the non-parametric Spearman’s coeffi-
cient (p) due to violation of the normality assumption for the
residuals. Lastly, overall biases in sex ratios were tested at the
genet and ramet levels. To test if the sex ratios of populations
from small patches were more variable than populations from
large patches, we used Levene’s test to detect if the variances
differed between these two groups (Vandepitte et al., 2010) at
the genet and ramet level.
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Fatterns of spatial distributions of the sexes and genotypes within
habitat patches

To study the spatial distribution of the sexes and spatial
genetic structure within a habitat patch, we quantified how dis-
tance, sex and habitat patch size (small/large) affected the like-
lihood that pairs of individuals were the same sex or genotype.
To determine the likelihood that two individuals were the same
sex, which corresponded to the level of SSS within a patch, the
patches needed to contain both sexes; therefore, we excluded
the three single-sex patches from the analysis of the spatial dis-
tribution of the sexes (the small patch in patch pairs 2 and 5, and
the large patch in patch pair 3). To determine the likelihood that
two randomly selected individuals were the same genotype,
which measured the SGS within a patch, we used individuals
from all genotypes within all patches. To quantify the clump
size of a genotype based on sex and patch size, we only used
individuals that were from genotypes with multiple individuals
in a single patch.

To perform our analyses and account for the SGS of indi-
viduals within the patches, we first converted the transect data
to pairwise comparisons between individuals within a patch.
We included the pairwise comparisons of an individual with
itself, i.e. when the distance between two individuals equals
0 cm; removing these comparisons did not qualitatively affect
the results. Because each pairwise comparison has two indi-
viduals, we used each comparison twice when analysing our
data. In one instance, one individual was the focal individual.
In the next instance, the other individual was the focal indi-
vidual. For each pairwise comparison, we computed the spatial
distance (in centimetres) between the two individuals. For the
focal individual, we included its sex, genotype, individual iden-
tification number related to its spatial location within the patch,
the patch size and the patch pair identification number. For each
pairwise comparison, we determined the binary response vari-
ables of whether or not the two individuals were the same sex or
genotype. Therefore, to analyse our data, we employed logistic
regression with both fixed and random effects using the lme4
library (Bates et al., 2014) in R (R Core Team, 2013). Besides
analysing our data focusing on whether two individuals were
the same genotype, we also analysed our data by computing the
genetic distance between individuals within a patch, which can
account for mutation within a clone and the history of sexual
reproduction (Supplementary data File 2; Table S1, Fig. S1).
However, this analysis gave similar results to the above ana-
lysis; therefore, we focus on the analysis of whether two indi-
viduals were the same genotype.

In our statistical model, we included the fixed effects of
the sex of the focal individual, habitat patch size and distance
between the two sampling units, and the random effects of patch
pair identification number, genotype and individual identifica-
tion code. Patch pair identification number accounted for simi-
larities between the two patches within a patch pair. Genotype
as a random effect encompassed the potential life history dif-
ferences among genotypes. We included an individual identifi-
cation code nested within genotype to account for the fact that
each sampled individual had multiple pairwise comparisons.
We employed both random intercepts and random slopes with
respect to the relationship between genotype, individual and
distance. Different genotypes could have life history differences
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(such as more vegetative growth or more asexual reproduction)
that would affect how far individuals of that genotype could be
dispersed from other individuals of that genotype. By includ-
ing the interaction between genotype, individual and distance,
we can focus on the sex of the genotype, the distance between
two individuals and the patch size that was measured, and their
effects on whether or not the neighbouring individual is the
same sex or genotype.

To determine which fixed effects significantly explained the
probability that two individuals were the same sex or genotype,
we performed model reduction (Crawley, 2007). We started
with a full model containing all the random effects, the interac-
tions between distance and individual nested within genotype,
all the fixed effects and interactions among fixed effects. To
determine the significance of the fixed effects, we computed
the deviance between a model with the term and a model with-
out the term and tested for significance in the difference in the
deviance using a x* test. When the interaction terms were sig-
nificant, we used a z-test to determine differences among the
combination of the fixed effects. We performed these compari-
sons by setting one combination as the reference and testing
whether the coefficients for the other combinations (and there-
fore the change in the coefficient from the reference level) were
significantly different from the reference.

Patterns of genetic differentiation among habitat patches

We calculated genetic differentiation between the five patch
pairs as well as among all patches with Shannon’s Mutual
Information Index (sHua) using GenAlEx 6.5 (Peakall and
Smouse, 2012). This index provides the same information as
Fg, (Wright, 1951) but with the advantages of being more sen-
sitive to rare alleles, incorporating sample sizes and providing a
more robust estimate of dispersal than other methods (Sherwin
et al., 2006; Sherwin, 2010). Genetic differentiation values
range from zero to one, with zero indicating complete overlap
of genotypes across all habitat patches, and one indicating that
no alleles are shared between patches. We also performed an
analysis of molecular variance (AMOVA) to quantify hierarchi-
cal genetic differentiation within and among populations using
GenAlEx 6.5 (Peakall and Smouse, 2012).

RESULTS
Descriptive genetic statistics

We sampled 128 plants from small patches and 98 plants from
large patches for a total of 226 plants (Table 2). After geno-
typing, 13 individuals contained at least one locus that did not
successfully amplify and were removed from all analyses. Of
the remaining 213, there were 79 multilocus genotypes, with 34
having multiple ramets and 45 being single unique genotypes
(Fig. 1). The probability of an identical genotype being pro-
duced by distinct sexual reproductive events was significantly
low (P_ < 0.001), allowing us to conclude that individuals of
the same genotype are the products of asexual reproduction.
The overall average allelic richness was 2.5 alleles/locus per
patch (range 2.00-3.12; Table 2). Small patches had, on aver-
age, higher numerical values for allelic richness (2.53 compared
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TABLE 2. Genetic descriptive statistics of Marchantia inflexa collected within each habitat patch pair, including sample size, the average
number of alleles per locus and the number of total alleles unique to that patch, Shannon’s unbiased diversity measurement, genotypic
richness (G/N) and sex ratios (proportion of males) for genets and ramets

Substrate pair Substrate size n Alleles/locus Unique alleles Diversity GIN Genet sex ratio  Ramet sex ratio
1 Small 24 2.90 3 0.336 0.33 0.75 0.92
Large 38 2.73 1 0.343 0.63 0.67 0.63
2 Small 28 2.14 0 0.339 0.14 0 0
Large 13 2.56 0 0.088 0.31 0.50 0.15
3 Small 22 2.45 0 0.277 0.36 0.38 0.45
Large 8 2.00 0 0.330 0.25 1.00 1.00
4 Small 20 2.33 3 0.522 0.25 0.40 0.20
Large 16 3.12 2 0.260 0.56 0.78 0.75
5 Small 25 2.81 1 0.266 0.32 0 0
Large 19 2.00 0 0.271 0.37 0.43 0.58

with 2.48), unique alleles (seven compared with three) and
diversity (0.35 compared with 0.26) than large patches, but
none of these variables was statistically different or correlated
with one another (p = 0.37-0.57, d.f. =9, P > 0.2). Average
patch genotypic richness was 0.35 (range 0.14-0.63; Table 2).
In all but one patch pair, small patches had lower genotypic
richness (average = 0.28) than large patches (average = 0.42),
but this was not statistically significant (paired #-test, d.f. = 4,
P=0.14).

Three populations contained only one sex, one large male-
only patch and two small female-only patches, and all con-
tained more than one genotype (Fig. 1; Table 2). Overall, genet
sex ratio (0.52, proportion of males) did not differ from 0.5
(* = 0.1139, d.f. =1, P = 0.736) and ramet sex ratio (0.44)
tended to be female bias (y? = 3.4318, d.f. =1, P = 0.064).
Based on patch pairs, genet sex ratios were more male biased
on large patches than on small patches (paired #-test, d.f. = 4,
P =0.04), but ramet sex ratio was not associated with patch size

(paired #-test, d.f. =4, P = 0.14). Variance in sex ratio did not
differ between the populations from the large and small habitat
patches (genet sex ratio F = 0.6543, d.f. =1, P = 0.4420; ramet
sex ratio F = 0.5251, d.f. =1, P = 0.4893). Over all patches,
ramet and genet sex ratios were highly correlated with each
other (r=0.9072, d.f. =9, P < 0.001).

Patterns of spatial distributions of sex and genotypes within
habitat patches

The likelihood that two individuals were the same sex was
affected by the sex of the focal individual, the patch size and
the distance between the two individuals, but was not affected
by the interactions between these main effects (Table 3). As the
distance between the two individuals increased, the probability
that they were the same sex decreased from about 0.7 at O cm to
about 0.4 at 100 cm between individuals (Fig. 2), which suggests

TABLE 3. Statistical tests for both the comparison between the sexes and the comparison among genotypes

Term Base model Adeviance d.f. P
Comparison between the sexes Distance x sex x size Distance + sex + size + distance x sex + distance x 1.0756 1 0.2997
size + sex x size
Sex x size Distance + sex + size + distance x sex + distance x 0.2151 1 0.6428
size
Distance x sex Distance + sex + size + distance x size 1.0556 1 0.3042
Distance x size Distance + sex + size 1.6034 1 0.2054
Size Distance + sex 7.4035 1 0.00651
Ssex Distance + size 7.6285 1 0.005745
Distance Sex + size 5.0022 1 0.02531
Comparison among genotypes Distance x sex x size' Distance + sex + size + distance x sex + distance x 10.735 1 0.0011
size + sex x size
Distance x sex Distance + sex + size + distance x size + sex X size 0.8148 1 0.3667
Distance x size Distance + sex + size + sex x size 15.188 1 <0.0001
Sex x size Distance + sex + size + distance x size 5.5102 1 0.0189

We performed a model reduction by starting with a full model containing all fixed effects and all interaction terms among the fixed effects, and removed one

term at a time until we were left with the simplest model. To determine whether or not a term was significant, we computed the change in deviance (Adeviance)
when we compared the statistical fit of the base model with the statistical fit of the base model and the term. If the change in deviance was significant based on a y*
test, we left the term in. These models also included the effect of genotype and individual identification number nested within genotype as random intercepts, and
the interaction between distance, genotype and individual nested within genotype as a random slope. Terms in bold are the highest order terms included in the final
statistical model. If the interaction term was significant, all the main effects of that interaction term were also included. For example, in the ‘Comparison among

genotypes’, the sex x size interaction is significant, so we retained the interaction term as well as sex and size by themselves.

"Differences between statistical models with and without the term were significant, However, the coefficient for the term was not significantly different from 0.
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Fi1G. 2. As the distance between two individuals increased, the probability that
they were the same sex decreased. In our populations, we observed clumping of
the sexes, where individuals in close proximity were more likely to be the same
sex (dashed black line) than expected in a completely mixed population (dashed
grey line). We controlled for the size of the habitat patch and the sex of the
focal individual, but these factors did not interact with distance (see Table 3).
The black dotted lines are the bootstrapped upper and lower 95 % confidence
intervals computed based on 1000 simulations using the bootMer function in
the Ime4 package (Bates et al., 2014). Boxes are the raw data on whether pairs
of individuals were the same sex (y = 1) or the opposite sex (y = 0). We added
jitter along both axes to make all the data visible. To be able to plot distance = 0
on a logl0 graph, we computed logl0(distance + 1) and adjusted the x-axis
labels to account for this transformation.

spatial segregation of the sexes. However, the spatial segrega-
tion of the sexes was asymmetrical with respect to the sexes and
the patch size. Males were about 28 % more likely to be near
other males than females were to be near other females (sig-
nificant main effect of the sex of the focal individual; Table 3).
Individuals on small patches were about 46 % more likely to be
near individuals of the same sex than were individuals on large
patches (significant main effect of patch size; Table 3).
Although the likelihood that two individuals were the same
sex was affected only by the main effects, the likelihood that two
individuals were the same genotype depended on the interaction
of patch size with both distance and the sex of the focal indi-
vidual (Table 4). The probability that two individuals were the
same genotype decreased to zero as the distance between the two
individuals became greater than 6 cm; this probability decreased
faster on small patches than on large patches (Fig. 3). The effects
of patch size also depended on the sex of the focal individual.
Males on large patches were about 13 % more likely to be next to
the same genotype relative to males on small patches (z =—1.88,
P =0.060) and about 15 % more likely than females on large
patches (z = -2.23, P = 0.026). Females on small patches were
not significantly more or less likely to be next to individuals of
the same genotype than individuals from different combinations
of sex and patches (vs. female on large patches, vs. males on
small patches and vs. male on large patches; all P > 0.19).
When we determined the size of a genotype clump by
focusing on focal individuals whose genotype was observed
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more than once within a patch, we found that the likelihood
that two individuals were the same genotype reached zero as
the distance between the two individuals approached 40 cm
(Adeviance = 23.98, d.f. = 1, P < 0.0001; Fig. 3), compared
with the 6 cm distance when all focal individuals were used.
Neither patch, sex nor any interaction terms was significant
(P > 0.16 for all interactions and main effects besides distance;
analysis not shown).

Fatterns of genetic differentiation among habitat patches

Of the 53 total alleles identified, ten (18.9 %) were shared
among all habitat patches. Five genotypes were found in more
than one patch with no consistent pattern (one male and one
female genotype were found in both patches within a pair,
while three genotypes, two females and one male, were found
across patch pairs), but there were no genotypes found in more
than two patches.

Genetic differentiation between patches within patch pairs
averaged 0.23 and, when averaged across all patches, was 0.27
(range = 0.08-0.57; Table 4). The results of the AMOVA indi-
cated that 64 % of the existing genetic variation was found
within populations and 36 % among populations (P < 0.001).

DISCUSSION

In the clonal, dioecious system of Marchantia inflexa, we docu-
mented both spatial segregation of the sexes (SSS) and spatial
genetic structuring (SGS) of genotypes that differed by sex.
Among habitat patches, we observed segregation of both the
genotypes and the sexes (see the variation in sex ratio among
the patches). Within habitat patches, sexes were spatially seg-
regated, with males being more clumped than females, whereas
genotypes were also clumped but the degree of clumping
depended on the interactions with habitat patch size and sex.
From our results, we found that among populations, the distri-
bution of genotypes is influenced by both sexual and asexual
propagules, while within-population dynamics were strongly
influenced by asexual reproduction.

Among-population dynamics, specifically gene flow between
patches, was demonstrated genetically to be minimal. Our data
suggest limited gene flow as indicated by the presence of sig-
nificant genetic variation among patches (36 %) and relatively
high levels of genetic differentiation (sHua) among patches
(average = 0.27 + 0.02). Large habitat patches tended to have
higher genotypic diversity than small patches, which suggests
that sexual reproduction occurs more often in large patches or
that large patches receive more immigrants than small patches.
Because the spatial distance between genets is shorter in small
patches, suggesting better sexual reproduction potential in
smaller than in larger patches, we suspect immigration is the
most likely explanation for this trend. Asexual propagules are
generally considered not to contribute to long-distance dis-
persal and are more important for within-population dynam-
ics of seed plants (Starfinger and Stocklin, 1996; Santamaria,
2002). As reported for other bryophytes (Laaka-Lindberg et al.,
2003; Pohjamo et al., 2006), our study showed that these prop-
agules can actually influence among-population dynamics by
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TABLE 4. Genetic differentiation (sHua) of Marchantia inflexa populations
sHua 1S 1L 28 2L 3S 3L 45 4L 5S 5L
1S
1L 0.227
28 0.255 0.193
2L 0.280 0.227 0.082
3S 0.268 0.140 0.196 0.232
3L 0.441 0.323 0.421 0.502 0.383
4S 0.243 0.167 0.173 0.257 0.200 0.371
4L 0.262 0.234 0.290 0.316 0.238 0.570 0.248
5S 0.281 0.246 0.145 0.186 0.206 0.465 0.253 0.293
SL 0.259 0.132 0.168 0.232 0.163 0.459 0.165 0.348 0.215

The comparisons between small-large habitat pairs are in bold.

dispersing between populations via the water as evidenced by
identical genotypes observed across populations. We found five
incidences of asexual dispersal, occurring among either patch
pairs 1, 2 and 3, or between patch pairs 4 and 5. Patches 1-3
were all located within a 200 m river stretch and were separated
from patches 4 and 5 by approx. 1 km. These distances suggest
a potentially large dispersal distance of asexual propagules of
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Fi1. 3. The probability that two individuals (ramets) were the same genotype
decreased as the distance between the two individuals increased. The patch size
affected this relationship, where individuals on small patches (black, dashed
line) were less likely to be near genetically identical individuals than individu-
als on large patches (black, dotted line). If individuals were randomly distrib-
uted within a patch (null model), the probabilty that any two individuals were
the same genotype would be about 0.1 despite the distance between individuals.
This result means that, across all individuals (ramets) and genotypes (genets),
clumping of genotypes occurs and the spatial extent of the clumping of genets
is smaller for small patches than for large patches. Because many genotypes are
represented by multiple individuals within a patch, we can account for the gen-
otypes that are found in only one individual and focus on the spatial clumping
of a genotype. These individuals are not dispersed equally throughout the patch
(null model is grey, solid line), but form clumps up to 40 cm wide (black, solid
line). Boxes show whether the two individuals in each pairwise comparison are
the same genotype (y = 1) or are not the same genotype (y = 0). We added jitter
along both the x-axis and y-axis so that all the data points could be observed.
Distance is graphed as logl0O(distance + 1) to allow us to plot a distance of
0 cm; the labels on the x-axis correct for the transformation.

up to 200 m but <1 km. Rarefaction curves (data not shown)
indicated that our sampling protocol was adequate to quantify
genetic variation but, because only a sub-set of the population
was sampled, additional identical genotypes between popula-
tions are possible. There are minimal data on the actual distance
travelled by asexual propagules in bryophytes (Korpelainen
et al., 2005; but see Pohjamo et al., 2006), but simulations
have suggested that the lower limit of the average long-distance
travel of asexual propagules in M. inflexa is expected to be 2-5
m (Stieha et al., 2014). When gene flow is measured in other
bryophytes (Korpelainen et al., 2005; Paasch et al., 2015),
clonality does not appear to limit dispersal potential as long as
the habitat is aquatic. However, the movement of asexual prop-
agules in our experiment is probably not a common occurrence
given the significant genetic differentiation among popula-
tions. When compared with other values of genetic differenti-
ation in liverworts, which have been reported to be as high as
0.928 (average = 0.614 in Korpelainen et al., 2005; 0.480 in
Baczkiewicz, 2013), our value is much lower but it is important
to note that these studies have mostly been on a large scale of
hundreds of kilometres.

Within populations, asexual reproduction was prevalent and
had a strong influence on SGS. Genotypic diversity, though var-
iable, was low on average, suggesting prevalent asexual repro-
duction. Both clonal growth and asexual propagules, which fall
near the parent plant, would result in the genotype clumping
observed in this study, where individuals were likely to interact
with other individuals of the same genotype up to 6 cm away.
This amount of clumping alone reduces the potential for sexual
reproduction (Wyatt, 1977; Reynolds, 1980; McLetchie, 1996).
However, clumping was also observed in the sexes, caus-
ing spatial segregation of males and females and even further
reducing proximity to mates. Interestingly, SSS differed by sex
and by habitat patch size. On larger patches, which were male
biased, male genotypes were more clumped than female geno-
types, whereas in populations on small habitat patches male
and female genotypes did not differ with respect to clumping.
This patch difference in the clumping of genotypes between
the sexes indicates the effects of environmental conditions
(including patch age) on the dynamics of our study organism.
Identifying these specific environmental conditions will require
further studies.

Environmental effects have been shown to drive aggrega-
tion of the sexes in many seed plant species. For example,
in the dioecious perennial Mercurialis perennis, male genets
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grew more in high light conditions than females, which led to
strong segregation of the sexes in high light areas due to large
male genets, but no segregation of the sexes in low light areas
(Vandepitte et al., 2010). Our results demonstrate a sex differ-
ence based on the size of the habitat, and this can be readily seen
when the average population-level parameters of the large and
small patches are compared (Table 2). On average, male-biased
sex ratios occur on large habitat patches relative to small habitat
patches (0.622 + 0.139 vs. 0.314 + 0.176, means =+ s.e., respec-
tively) and are linked to more male genotypes and not more
ramets per genet in males. On average, large habitat patches
contained twice as many male genotypes as female genotypes
(6.01 £ 2.67 vs. 3.18 + 1.34), but females were favoured in
the overall numbers of ramets per genet (overall males had
2.36 + 0.61 and females had 2.82 + 0.89 ramets per genet). On
the other hand, small habitat patches contained on average half
as many male genotypes as female genotypes (2.19 + 1.10 vs.
4.36 = 1.03), and females were favoured in the overall numbers
of ramets per genet (overall males had 3.00 + 0.51 and females
had 3.81 + 1.09 ramets per genet). Additionally, the two single-
sex populations in small patches are female and the one single-
sex population in a large habitat patch was male. Assuming
similar spore colonization rates by the sexes, these patterns sug-
gest higher establishment or survival rates for male genotypes
relative to females in large relative to small habitat patches, and
females that do survive tend to have more ramets per genet than
males. In seed plants, male-biased sex ratios have been linked
to higher cost for sexual reproduction in females where, as pop-
ulations age, the sex ratio becomes more male biased due to
lower female survival (Geber, 1999; Obeso, 2002; Field et al.,
2013). In M. inflexa, higher female cost to sexual reproduc-
tion assumes that sperm is not limiting but it actually might be
because sperm dispersal distance is on the order of centimetres
in bryophytes (Wyatt, 1977; Reynolds, 1980; McLetchie, 1996),
and we know that at these small distances individuals are more
likely to be near individuals of the same sex than individuals of
the opposite sex, causing SSS and females to be unfertilized.
Sperm limitation coupled with higher pre-fertilization cost in
males relative to females has been hypothesized to contribute to
female-biased sex ratios among bryophytes (McLetchie, 1992;
Stark et al., 2000).

We propose that the high number of female genets in small
habitat patches may be the result of a high establishment rate
by either spores (sexual propagule) or gemmae (asexual prop-
agule). Females and males are likely to have similar coloniza-
tion rates via sexual propagules due to the 1:1 spore sex ratio.
However, because there is low gemma production in females
relative to males (McLetchie and Puterbaugh, 2000), females
are less likely to colonize via gemmae than males. Thus the
presence of a female-biased sex ratio in populations on small
habitat patches might better reflect higher levels of establish-
ment and persistence of females rather than colonization rates.
Relative to males, higher female survival can occur as a result
of higher dehydration tolerance in females at the gemma (Stieha
et al., 2014) and thallus (Marks et al., 2016) stages. Higher
dehydration tolerance in females coupled with more variabil-
ity in moisture conditions in small vs. large habitat patches
that might occur in the drier periods of the year would favour
females over males. However, variation in moisture of different
habitat sizes has not yet been documented.
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Due to its self-perpetuating cycle of mate reduction
through clonal growth, asexual reproduction often becomes
the dominant form of reproduction in mixed reproductive
mode (sexual and asexual) species (i.e. Brzyski and Culley,
2011), thereby having a potentially large influence on both
within- and among-patch dynamics. In dioecious species,
spatial segregation of the sexes may greatly increase the dis-
tance to the nearest potential mate because even though a
neighbouring individual may be a different genotype, it may
be the same sex. Therefore, it is imperative to identify both
the sex and the genotype of individuals. In doing so, we were
able to show that SSS occurs both within populations, which
depends on sex and habitat patch size, and among populations
because some populations are of only one sex, and the sex
ratio pattern we observed is consistent with sex differences in
physiology. Lastly, the sex ratio pattern corroborates the intui-
tive prediction of a positive relationship between ramet and
genet sex ratio inferred for clonal seed plants (Eppley et al.,
1998; Vandepitte et al., 2009; Petzold et al., 2013; and see
McLetchie and Garcia-Ramos, 2017 for the explicit model of
this relationship in clonal dioecious plants that includes a non-
linear component). Quantifying the distribution of the sexes
and the distribution of genotypes both within and between
populations provides a more complete picture of individual
and population dynamics.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. File 1: a schematic
diagram representing a map of population pairs and their posi-
tion relative to each other and the stream bank. File 2: Methods
and Results of computing the genetic distance between indi-
viduals within a patch. Table S1: likelihood ratio test analysis.
Figure S1: effect of spatial distance on genetic distance between
two individuals.
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