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Abstract

Clonality is often implicated in models of the evolution of dioecy, but few studies
have explicitly compared clonal structure between plant sexual systems, or between
the sexes in dioecious populations. Here, we exploit the occurrence of monoecy and
dioecy in clonal Sagittaria latifola (Alismataceae) to evaluate two main hypotheses: (i)
clone sizes are smaller in monoecious than dioecious populations, because of con-
straints imposed on clone size by costs associated with geitonogamy; (ii) in dioecious
populations, male clones are larger and flower more often than female clones because
of sex-differential reproductive costs. Differences in clone size and flowering could
result in discordance between ramet- and genet-based sex ratios. We used spatially
explicit sampling to address these hypotheses in 10 monoecious and 11 dioecious pop-
ulations of S. latifolia at the northern range limit in Eastern North America. In contrast
to our predictions, monoecious clones were significantly larger than dioecious clones,
probably due to their higher rates of vegetative growth and corm production, and in
dioecious populations, there was no difference in clone size between females and
males; ramet- and genet-based sex ratios were therefore highly correlated. Genotypic
diversity declined with latitude for both sexual systems, but monoecious populations
exhibited lower genotypic richness. Differences in life history between the sexual sys-
tems of S. latifolia appear to be the most important determinants of clonal structure
and diversity.
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Introduction

Perennial plants often combine sexual reproduction
with some form of asexual reproduction (Fryxell 1957;
de Kroon & van Groenendael 1997). Clonal reproduc-
tion allows genotypes to expand spatially through vege-
tative production of shoots (hereafter ramets, Harper
1977), and clonal propagules facilitate dispersal (Val-
lejo-Marin et al. 2010). There are several explanations
for the prevalence of clonality among perennial plants
including the ability of clones to acquire and share
resources among ramets, the greater chance of establish-
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ment and survival of clonal propagules relative to
seeds, a reduced likelihood of genet death with increas-
ing numbers of ramets and the twofold fitness advan-
tage relative to sexual reproduction (Grace 1993; de
Kroon & van Groenendael 1997; Silvertown 2008; Val-
lejo-Marin et al. 2010). Angiosperm clonal strategies
complicate the sampling of genetic variation and genet
identification. Molecular markers provide the most reli-
able means for characterizing the genetic structure of
clonal populations (Parks & Werth 1993; Reusch et al.
2000; Alberto et al. 2005).

Clonal growth can also exert constraints on sexual
reproduction with both ecological and evolutionary con-
sequences (reviewed in Vallejo-Marin et al. 2010). For
example, resource allocation trade-offs between vegeta-
tive growth and sexual reproduction may reduce ramet
and genet reproductive expenditure (Van Drunen &
Dorken 2012). Second, clonal growth can interfere with
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outcrossing in hermaphroditic populations, owing to
increased opportunities for pollen transfer between flow-
ers of a clone (geitonogamy). The number of flowering
ramets increases as clones grow, and this intensifies the
probability of this mode of self-fertilization. Geitonoga-
my has two principle mating costs: inbreeding depres-
sion and pollen discounting (Harder & Barrett 1995;
Reusch 2001; Charpentier 2002). Indeed, increased selfing
has been detected in association with increased clonality
(Handel 1985; Reusch 2001; Albert et al. 2008; Somme
et al. 2014). This leads to the prediction that clone size
may differ between hermaphrodite vs. dioecious popula-
tions, because in the latter, any constraints on clonal
expansion imposed by the costs of geitonogamy are
relieved owing to unisexuality. However, the relation
between clonality and sexual-system variation has not
been investigated explicitly in flowering plants.

Despite the theoretical prediction that 1:1 sex ratios
should be maintained by negative frequency-dependent
selection, plant sex ratios exhibit wide variation (Barrett
et al. 2010; Sinclair et al. 2011; Field et al. 2013a). How-
ever, the majority of sex ratio estimates are based on
flowering individuals because of the inability to identify
the gender of nonreproductive plants. Moreover,
because dioecy in angiosperms is often associated with
clonal propagation (Field et al. 2013a,b), data on sex
ratios are largely based on flowering ramets, raising the
question of whether ramet sex ratios accurately reflect
genet sex ratios in clonal populations. The typically
higher cost of reproduction associated with fruit and
seed maturation may limit allocation of resources to clo-
nal growth in females, resulting in smaller clone sizes
and/or reduced flowering compared to males (Lloyd &
Webb 1977; Delph 1999; Barrett & Hough 2013). If this
occurs, there may be a weak relation between ramet
and genet sex ratios within populations.

Genotypic diversity in clonal populations provides an
indirect estimate of the relative success of sexual vs.
asexual reproduction (Ellstrand & Roose 1987; Silver-
town 2008). Populations in which most recruits result
from sexual reproduction should contain higher diver-
sity than populations in which clonal propagation domi-
nates. Also, how genetic diversity is spatially structured
depends on dispersal distances of pollen, seeds and
clonal propagules, as well as the type of sexual system
and clonal strategy of a species (e.g. ‘guerilla’ vs. ‘pha-
lanx’; see Charpentier 2002; Vekemans & Hardy 2004;
Vallejo-Marin et al. 2010). Spatial patterns of isolation-
by-distance and the degree of relatedness among ramets
and genets can inform inferences about the relative
importance of sexual vs. clonal reproduction in affecting
spatial genetic structure. Estimates of spatial structure
based on ramets involve the combined effects of both
sexual and clonal reproduction, whereas the effect of
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clonality can be removed by investigating the spatial
structure of genets (Reusch et al. 1999; Alberto et al.
2005). Fine-scale mapping and the use of genetic mark-
ers are required to conduct these types of analyses.

Variation in sexual and asexual reproduction among
populations may also influence broad-scale geographic
patterns of genetic diversity in clonal plants. In some
species, sexual reproduction diminishes at range limits
owing to a variety of biotic (e.g. lack of pollinators) and
abiotic (cool temperatures and shorter growing season)
factors (Eckert 2002). This can be accompanied by a
decline in sexual fertility and a reduction in genetic
diversity at range limits (Eckert & Barrett 1993; Dorken
et al. 2004). If sexual reproduction is restricted in clonal
plant populations at range margins, we might predict
larger clone sizes in comparison with populations in
less marginal habitats, as more resources may be avail-
able for clonal growth.

Sagittaria latifolia (Alismataceae), a widespread clonal
aquatic, is useful for evaluating the scenarios discussed
above. Populations are most commonly either monoe-
cious (hermaphroditic plants) or dioecious (unisexual
plants) enabling comparisons of clone size, genotypic
diversity and spatial genetic structure. Populations can
also be subdioecious, in which females and males co-
occur with significant numbers of hermaphrodite plants
(Yakimowski & Barrett 2014); however, in this study,
we focused on dioecious populations, with only three
containing a low frequency (<10%) of hermaphrodites.
Sagittaria latifolia is also suitable for examining the rela-
tion between ramet and genet sex ratios because dioe-
cious populations exhibit a wide range of variation in
flowering ramet sex ratios (see Fig. 2 in Yakimowski &
Barrett 2014).

We mapped and sampled leaves from vegetative and
flowering ramets in 10 monoecious and 11 dioecious
populations of S. latifolia in Ontario and Quebec, where
the northern range limit of dioecy occurs. We sampled
populations during peak flowering when it is
straightforward to distinguish populations of the two
sexual systems. Using genetic markers to identify
clones, we addressed the following questions: (i) Are
ramet and genet sex ratios correlated among dioecious
populations? (ii) Are male clones larger than female
clones and do they flower more frequently? (iii) Are
clones larger in dioecious than monoecious popula-
tions, as predicted if unisexuality relieves constraints
on clone size imposed by geitonogamy? (iv) Do monoe-
cious populations exhibit stronger spatial genetic struc-
ture than dioecious populations, as might occur
because of their opportunities for selfing? (v) Does clo-
nal genetic diversity decrease with latitude, particularly
in dioecious populations as they approach their north-
ern range limit?
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Methods

Study system

Sagittaria latifolia occurs in wetland habitats throughout
Eastern North America with the northern range limit of
dioecy occurring ~46°N and monoecy extending to
~52°N (Bogin 1955). Clones of S. latifolin are composed
of vegetative and flowering ramets with inflorescences
pollinated by generalist insects, including bees, flies
and wasps (Glaettli & Barrett 2008). In dioecious popu-
lations, the gender of reproductive ramets is easily
determined from buds, flowers or by the presence of
fruit. Clonal propagation occurs through two mecha-
nisms: (i) stolon formation and the growth of daughter
ramets and (ii) corm production at the terminus of sto-
lons at the end of the season. In Ontario and Quebec,
ramets emerge in early June and flowering begins in
July (monoecious populations) and August (dioecious
populations) continuing until plants senesce in Septem-
ber, with populations regenerating from corms and seed
the following spring. Earlier studies indicate that in this
region, the two sexual systems of S. latifolia are ecologi-
cally differentiated with contrasting life history traits
(Dorken et al. 2002; Dorken & Barrett 2003). Briefly, ra-
mets are smaller in monoecious populations and pro-
duce many corms, whereas ramets in dioecious
populations are larger and produce fewer, larger corms.
These differences are associated with contrasting habitat
requirements; monoecious populations are more fre-
quent in open, ephemeral habitats, whereas dioecious
populations most commonly occur in stable wetlands
dominated by Typha stands.

Sampling strategqy and genotyping

We sampled 10 monoecious and 11 dioecious popula-
tions of S. latifolin in Ontario and Quebec, evenly
distributed from southern Ontario to the northern
range limit of dioecy at ~46°N (Fig. 1). Populations
were sampled during peak flowering from July-
August 2009 and 2010. We used a spatially explicit
sampling design to allow for comparisons of clonal
structure and diversity among populations and sexual
system. Details of our fine- and coarse-scale quadrat
sampling protocol are in Fig S1 (Supporting informa-
tion). For both types of sampling, we recorded the sex
phenotype for all flowering ramets and collected leaf
tissue.

For all 52 fine-scale quadrats within each monoecious
and dioecious population, we assayed genetic variation
for one focal ramet, or the closest ramet if a focal ramet
was absent. To estimate genet sex ratios and the relative

Fig. 1 The geographical distribution of the 10 monoecious
(grey circles) and 11 dioecious populations (white squares) of
Sagittaria latifolin sampled in this study. The northern range
limit of dioecious populations is indicated by the dotted line.

size of female and male clones, we increased our sam-
ple size by mapping locations of all flowering ramets
across fine- and coarse-scale sampling areas and chose
1-12 ramets (mean =3.0) for genotyping from each
patch of ramets clustered together of the same sex phe-
notype. If there were patches > 2 m* without flowering
ramets in the coarse-scale sample, we haphazardly
selected 1-11 (mean = 5.2) representative ramets from
these areas for genotyping, enabling assignment of non-
flowering ramets to clones that were flowering in other
parts of the population. In addition to the 52 fine-scale
ramets sampled, an average of 54.3 (range 11-96) addi-
tional ramets were genotyped in dioecious populations.
We extracted DNA and amplified 11 polymorphic mi-
crosatellite loci for each sample following methods in
Yakimowski et al. (2009). PCR products were genotyped
by The Centre for Applied Genomics (TCAG) in Tor-
onto, ON, Canada.

Due to varying quality of leaf tissue, we were not
able to assay SSR variation for all individuals and loci.
Therefore, for each population, we deleted loci and/or
individuals with missing data to optimize the number
of individuals and loci retained in a data set with no
missing data. On average, we deleted 3.4 of 11 loci and
8.5 of 52 samples; sample sizes and the number of loci
used for each population are in Table S1 (Supporting
information).

Clone assignment

For each population, ramets were assigned to genets
using the ‘Multilocus Match’” function in GENALEX 6.2
(Peakall & Smouse 2006). To determine the probability
of overestimating clonality (Pse,) due to lack of marker
polymorphism, we first calculated the probability of a
multilocus genotype occurring (Pg.,) based on I, the
number of loci, i, the number of heterozygous loci,
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and allele frequencies f and g. To obtain a more con-
servative estimate of Py, we used an estimate of Pgey,,
the probability of each multilocus genotype, which
accounts for deviations from Hardy—Weinberg equilib-
rium, such as those that occur due to selfing, by incor-
porating an estimate of Fis (GENCLONE 2.0: Parks &
Werth 1993; Arnaud-Haond & Belkhir 2007, Arnaud-
Haond et al. 2007).

!
Peen(Fis) = [ [ [(fig)) x (1 + (zi x (Fus,,)))12"
=1

1

Next, we calculated the probability that a subsample
of n ramets sharing the same multilocus genotype arose
via sexual reproduction given the total sample of N ra-
mets, Py, (GENCLONE 2.0: Parks & Werth 1993; Arnaud-
Haond & Belkhir 2007; Arnaud-Haond et al. 2007):

! A .
Psex - Zinﬁ (Pgen)l(l - Pgen)Nit

Therefore, as marker diversity increases (low Pge,) and
the number of observations of the same multilocus geno-
type increases (n), the probability that ramets resulted
from clonal reproduction becomes higher (low Pg.). In
four monoecious populations, Ps.x Was estimated to be
>0.05 for at least one genet, suggesting that some identi-
cal multilocus genotypes among these genets may have
arisen by sexual reproduction. We corrected for this by
multiplying the number of ramets assigned to these mul-
tilocus genotypes by the probability that all ramets with
the same multilocus genotype arose via clonal growth (1—
Peey). In two of the four monoecious populations, this
decreased the number of ramets assigned to the genet by
at least one ramet for two genets per population. These
four corrected values were used in our estimates of clone
size (see below).

We corrected for potential overestimates in the num-
ber of genets in a population arising from scoring errors
or somatic mutations; these can cause an overrepresenta-
tion of genotypes with very small differences in genetic
distance. We used GENODIVE v. 2.0b2 (Meirmans & Van
Tienderen 2004) to identify the threshold genetic dis-
tance above which scoring errors and mutations are unli-
kely to affect assignment of ramets to genets (Arnaud-
Haond et al. 2007). For each population, we examined
the distribution of genetic distances between individuals
and manually set the threshold distance above any visi-
ble peak in the distribution of genetic distances (see Fig.
S2, Supporting information). GENODIVE then assigns geno-
types differing by genetic distances below the threshold
to the same clonal lineage. Seven populations were unaf-
fected by this correction, and overall it decreased esti-
mates of R by 0.09 (range = 0-0.43). All subsequent
analyses that involve estimates of clone size were per-
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formed with both clonal assignments from raw data and
this corrected data. Results from the raw data are pre-
sented below, and the corrected data corroborate these
results unless otherwise noted. Finally, we used a Monte
Carlo resampling procedure (GENCLONE 2.0; ‘resample
loci” with 1000 replicates) to determine whether the
number of SSR loci used for each population provided
sufficient power to distinguish all multilocus genotypes
in the sample.

Comparisons within dioecious populations: sex ratio
estimates and clone size

For each dioecious population, we estimated the fre-
quency of female and male flowering ramets (ramet sex
ratio). We estimated the genet sex ratio by assigning
sex phenotypes to clones with at least one flowering
ramet. The mean proportion of clones for which sex
phenotype could be identified was 57% (range 43-95%),
and on average, the gender of 34 clones (range 9-61)
per population was determined. We performed Pearson
product-moment correlations to test the similarity
between ramet and genet estimates of population sex
ratios.

We calculated the per cent of ramets sampled that
were represented by each multilocus genotype (hereafter
‘clone size’). To investigate differences in flowering pro-
pensity of female and male clones, we compared the
proportion of ramets flowering between female and
male clones using generalized mixed models with a
binomial distribution (r 2.8.1, package Ime4), with sexual
system as a fixed effect and population as a random
effect. The significance of the population factor was
tested by likelihood ratio tests with one degree of free-
dom. Using GENALEX v. 6.2 (Peakall & Smouse 2006), we
estimated clone area (m?), the maximum area (m?)
covered by ramets of the same multilocus genotype,
from the raw multilocus genotype data and the spatial
location of ramets (x—y coordinates). We compared mean
area between female and male clones with a linear
mixed model with clone sex as a fixed effect and popula-
tion as a random effect.

Comparison between monoecious and dioecious
populations

Clonal diversity. For each monoecious and dioecious
population, we measured alleles per locus and geno-
typic diversity. The mean number of alleles per locus
was logjo-transformed and compared between monoe-
cious and dioecious populations with a linear model.
Given the number of multilocus genotypes (G) and
individual ramets (N), we estimated genotypic richness
for each population as:
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G-1
R=x—1
which varies from 0 to 1, where 1 represents all ramets
with a unique multilocus genotype (Dorken & Eckert
2001).

We analysed the effect of latitude and sexual system
on genotypic richness (R) using a generalized linear
model with a binomial distribution (using r v. 2.8.1).
Explanatory variables included sexual system (monoe-
cious or dioecious), latitude (continuous) and the sexual
system x latitude interaction. We compared clone size
and clone area between sexual systems using analogous
statistical models. Clone area was log;y transformed,
and variation among monoecious and dioecious popula-
tions examined using a linear mixed model (library
‘nlme’, R v. 2.8.1) fit by restricted maximum likelihood
with sexual system as a fixed effect and population as a
random effect.

Spatial architecture. For each population, we performed
an analysis of spatial autocorrelation of multilocus
genotypes with a matrix of spatial distances calculated
from the sampling grid of each population. For each
population, we performed a ramet- and genet-level
analysis using GENCLONE 2.0. (Arnaud-Haond & Belkhir
2007), which examines the relation between relatedness
and spatial distance for all pairs of ramets and pairs of
ramets from different genets, respectively. Pairwise
spatial distance values were binned into 10 categories;
the average number of pairs per bin for the ramet-level
analysis was 94 (range = 40-113) and 34 (range = 9-95)
for the genet-level analysis. We estimated relatedness
(F;) among pairs of ramets (i and j) using two meth-
ods:

(1) Hereafter referred to as ‘Loiselle’ method (Loiselle
et al. 1995):

. Yo aWia — 0ia) Pjia — Pia) + > a(Pia 17,717'”
Fii—zl[ lefd(PlaO—PIa)) ( ( 1)”

where p, is the frequency of allele a at locus I, and ; is
the number of alleles at locus |

(2) Hereafter referred to as ‘Ritland” method (Lynch &
Ritland 1999; Arnaud-Haond et al. 2007):
F” o 21(261 Xci ch ((xlciaxlcja/pla)/(ZCizcjl))) -1
v Xl(m;—1)

where [ = locus and a = alleles, ci and ¢j are homolo-
gous chromosomes, and m; represents the number of
alleles at locus I.

For the genet-level analyses, we employed a resam-
pling approach which randomly chooses one possible

spatial coordinate for each multilocus genotype at each
resampling iteration (Alberto et al. 2005). For each of the
ramet- and genet-level analyses in each population, the
magnitude of spatial autocorrelation is estimated by
beta, the slope of the regression between spatial distance
and Fj;. For the genet-level analysis, we calculated the P-
value of the regression by randomly permuting spatial
positions among genets, to simulate a random spatial
distribution of multilocus genotypes, and then compared
it to the observed distribution. For each population, we
plotted the index of relatedness F; (Lynch & Ritland
1999) for each of the 10 distance intervals for both ramet
and genet runs. The spatial scale at which the probability
of encountering clone mates approaches zero (Harada
et al. 1997, Arnaud-Haond et al. 2007) is referred to as
‘clonal subrange” and corresponds to the distance inter-
val on the spatial autocorrelogram where the ramet and
genet curves converge (Alberto et al. 2005).

We also calculated Sp, an index of spatial genetic
structure that unlike the two measures above makes no
assumption regarding levels of heterozygosity and is
thus useful for comparing populations that differ in
mating system (Vekemans & Hardy 2004):

br

R0

We used the resulting beta and F(1), the relatedness
of individuals from the first and smallest distance inter-
val, from the spatial autocorrelation analyses described
above. Variation in clonal subrange and Sp was mod-
elled with linear analysis of covariance with sexual
system as a fixed effect and latitude as a continuous
variable.

Results

Dioecious populations

Sex ratio estimates. Estimates of flowering ramet sex
ratio among the 11 dioecious populations deviated from
1:1 in several populations; one population was signifi-
cantly female biased and four were significantly male
biased (Table S2, Supporting information). Sex ratio,
estimated as female frequency, varied widely for both
ramet (0.27-0.77) and genet estimates (0.30-0.61). How-
ever, mean ramet sex ratio (0.46) was very similar to
genet sex ratio (0.44), and there was a strong correlation
between ramet and genet estimates of sex ratio among
populations (r = 0.89, d.f. = 10, P = 0.0002; Fig. 2).

Comparisons between female and male clones. There was

no overall difference in clone size between female and
male clones (GLMM: z-value = —1.43, P =0.15). The
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average female and male clone comprised 3.7% and
3.3% of the ramets sampled among all populations;
note that these averages are small due to the large
number of multilocus genotypes represented by a sin-
gle ramet (Fig. 4). Excluding these single genotypes,
on average, female and male clones made up 6.8 and
6.9% of the ramets sampled. Although populations dif-
fered in average clone size (LRT: xz =175.18, df. =1,
P <0.0001), there was no significant popula-
tion x clone sex interaction (3> =0.00, d.f. =1, P =1).
Similarly, populations varied significantly in clone area
(LRT: %> =8.69, df. =1, P <0.01), but there was no
difference in maximum area covered by female vs.
male clones (LMM: t = —0.36, d.f. = 101, P = 0.72); the
mean area of female and males clones was 1.08 and
1.39 m?, respectively. Excluding unique genotypes, the
mean area of female and male clones is 3.75 and
3.61 m?, respectively.

Comparison of the proportion of ramets flowering
within female and male clones revealed little to no dif-
ference between the sexes. Using raw clone assignments,
there was a significant effect of clone sex (GLMM: z-
value = 2.39, P =0.02), owing to a higher mean fre-
quency of flowering in male clones (0.87) compared to
female clones (0.79). However, following correction for
scoring errors/mutations, this difference in flowering
was reduced (female clones = 0.72, male clones = 0.76)
and not statistically significant (GLMM: z-value = 0.26,
P = 0.14). Populations differed in the proportion of flow-
ering ramets per clone (x* =90.514, d.f. = 1, P < 0.0001),
but there was no significant population x clone size
interaction (x* = 0.00, d.f. =1, P = 1).

0.8 1 1:1
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Phenotypic sex ratio
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T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Genotypic sex ratio

Fig. 2 The relation between ramet and genet sex ratio esti-
mated as female frequency. Line of best fit based on linear
regression is shown in black, and the 1:1 line is shown in gray.
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Comparisons between monoecious and dioecious
populations

Clonal  diversity. Monoecious populations contained
lower  allelic  diversity = (mean  alleles  per
locus = 3.98 £ 0.32) than dioecious populations (mean
alleles per locus=6.59 +0.33) (LM: Fj19=283,
P = 0.01). Although the number of loci assayed in each
population varied (range = 5-10; mean = 7.6), there was
no significant difference between the average number
of loci used in monoecious (mean 8.1 loci) vs. dioecious
(mean =72 loci) populations (LM: Fj,9=1.97;
P =0.18). On average, the minimum number of loci
needed to accurately determine genotypic richness was
~4, and in all populations, the number of loci used
exceeded this value (Table S1, Supporting information).
Genotypic richness (R) was significantly lower in
monoecious populations (mean = 0.42; range = 0.30-
0.66) than dioecious populations (mean = 0.63;
range = 0.38-0.89 GLMM: z-value = —2.467, P =0.01;
Figure 5.4.A), despite higher ramet density in monoe-
cious populations (see below). Overall genotypic diver-
sity declined with latitude for both sexual systems
(GLMM: z-value = —4.11, P < 0.0001). Using the raw
clone assignments, this decline was significantly steeper
for dioecious than monoecious populations (GLMM:
sexual system x latitude: z-value =2.33, P =0.02)
(Fig. 3c); however, using the scoring error/mutation
correction, the interaction was not significant and the
model with interaction was not the best-fit model
(Appendix S1, Supporting information).

The density of all ramets within populations of
S. latifolin (see Fig. S1, Supporting information) was
significantly higher (GLM: z-value: 11.64, P < 0.0001)
in monoecious (mean = 0.46; range = 0.21-0.75) than
dioecious populations (mean = 0.40; range = 0.25-0.69).
Latitude was not a significant factor (GLM: z-
value = —1.20, P =0.23) in explaining patterns of
ramet density; however, there was a significant sexual
system by latitude interaction (GLM: z-value = —11.52,
P < 0.0001). This was due to a decline in ramet density
in monoecious populations, whereas dioecious popula-
tions exhibited wide variation throughout the range
that was sampled.

Clone size. The frequency distribution of clone size, as
measured by the per cent ramets sampled per multilo-
cus genotype, for all populations was highly positively
skewed due to a high proportion of multilocus
genotypes represented by a single ramet (Fig. 4) [mean
frequency of unique genotypes: monoecy 0.28
(range = 0.15-0.38); dioecy 0.50 (range = 0.23-0.85)].
Overall, the probability of obtaining through random
mating the same multilocus genotype n times for the
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sample sizes we used (N) was very low (mean
P, = 0.03, population mean range = 6.7 x 107'°-0.22);
these probabilities were lower in dioecious populations
(mean Py = 1.43 x 1079 than monoecious popula-
tions (mean Pse = 0.05). After correcting the number of
ramets per clone for the four clones with a Pge, value
high enough to influence values of ramets per clone, we

10 20 30 40

=
B
? 1

0
L

found that average clone size was significantly larger in
monoecious (mean = 5.4%) than dioecious
(mean = 3.7%) populations (GLMM: z-value = —2.81,
P =0.005). However, the spatial area of clones was not
significantly =~ different among populations (LRT:
%*> =151, d.f. =1, P = 0.25) or between sexual systems
(LMM: t =176, P=0.09). Including latitude did not

B Fig. 4 Distribution of number of ramets
i associated with each multilocus genotype
for 10 monoecious (gray bars) and 11
dioecious (black) populations of Sagittaria
L latifolia. Populations appear in the same

o
[ e | | | | | [ ——
0 510152025

order as Table S4 (Supporting informa-
tion; regression analysis between these
distributions and a power-law Pareto dis-
tribution) from top-left to bottom-right.

Count

1 : L.

Number of ramets per multilocus genotype
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Fig. 5 Relation between relatedness (Rit-
land’s F;j) and geographic distance for (a)
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monoecious populations (circle symbols)
and (b) dioecious populations (square
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symbols) of Sagittaria latifolia for the
ramet (grey line)- and genet-level (black

line) spatial autocorrelations. The vertical
dotted line indicates the clonal subrange
for each population. Regression statistics

are reported for each population in
Table 1.
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improve the fit of the model and was not a significant
factor in explaining variation in clone size.

Spatial architecture. Clonal subrange, an estimate of the
spatial scale of clonality, was significantly higher in
monoecious  than  dioecious  populations  (LM:
Fi,19 =19.01, P = 0.0003; Fig. 5a, b). In monoecious pop-
ulations, clones influenced genetic structure on spatial
scales ranging from 7.4 to 43.0 m (mean = 20.5 m),
whereas in dioecious populations, these values ranged
from 2.2 to 8.0 m (mean = 6.7 m). Variation in latitude
did not improve the fit of the model. We also examined
variation in Sp, an index of spatial genetic structure for
which higher values indicated greater spatial structure.
At the ramet level, Sp estimates range from 0.0008 to
0.02 (meany yiseite = 0.008; meangigang = 0.006) in monoe-
cious populations and 0.001 to 0.06 in dioecious popula-
tions (mean; gjsene = 0.016; meang;gang = 0.012). At the
genet level, Sp estimates range from —0.001 to 0.01
(mean; gisene = 0.004; meang;gang = 0.003) in monoecious
populations and —0.0001 to 0.04 in dioecious popula-

© 2014 John Wiley & Sons Ltd

tions (meanygjselie = 0.010; meangigang = 0.007). There
was no significant difference between the two sexual
systems for indices of spatial structure at the ramet
(SPLoiseuei Fi17=119, P=029; SPRitland3 Fi,7 =137,
P =0.26) or genet level (Sppoisene: F1,17 = 2.63, P = 0.12;
Spritiand: F117 = 1.88, P = 0.19). And, although inclusion
of latitude improved model fit, it was not found to be a
significant explanatory variable for either index at ramet
(Sproisente: F1,18 = 0.97, P =0.34; Sprigana: F117 = 0.84,
P = 0.37) or genet levels (SpLoisene: F1,17 = 0.00, P = 0.97;
Spritiand: F1,17 = 0.00, P = 0.94).

There were significant patterns of spatial autocorrela-
tion of multilocus genotypes using relatedness coeffi-
cients at the ramet level for all but one monoecious
(PGH-ON) and one dioecious (PTI-ON) population.
This result was consistent using both the Loiselle and
Ritland estimates of relatedness. The average slope and
significance for the ramet-level regressions of Loiselle-
relatedness and spatial distance (1) across monoecious
and dioecious populations were b = —0.007, P = 0.009
and b= —-0.01, P=0.02, respectively. Similarly, the
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(b) Dioecious populations
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average slope and significance for the regressions of
Ritland-relatedness and spatial distance (1) across
monoecious  and  dioecious  populations  were
b = —0.005, P = 0.007 and b = —0.01, P = 0.007, respec-
tively. However, at the genet level, the two estimates of
relatedness differed; using the Loiselle estimator, there
were significant patterns of spatial autocorrelation for
60% and 73% of monoecious and dioecious populations,
respectively (Table 1). In contrast, the Ritland estimator
gave substantially higher values with 70% of monoe-
cious populations and 91% of dioecious populations
with significant spatial autocorrelation.

For the genet-level analyses, the average slope and sig-
nificance for the regression of Loiselle-relatedness and
spatial distance (1) across monoecious populations were
b = —0.003 and P = 0.09, respectively, and across dioe-
cious populations b = —0.008 and P = 0.04. The average
slope and significance for the regression of Ritland-relat-
edness and spatial distance (im) across monoecious popu-
lations were b = —0.003 and P = 0.07, respectively, and
across dioecious populations b = —0.007 and P = 0.01.

The higher rate of detection of spatial autocorrelation
using the Ritland estimator is consistent with Vekemans
and Hardy’s (2004) finding that the Ritland estimator
provides more statistical power to detect spatial autocor-
relation when using hypervariable markers, such as the
SSR markers used in our study.

Discussion

This study provides the first explicit comparison of clo-
nal structure and diversity among plant populations dif-
fering in sexual system. It revealed the following major
findings: (i) Clones in monoecious populations were sig-
nificantly larger than those in dioecious populations; (ii)
In dioecious populations, female and male clones were
not significantly different in size and thus there was a
close correlation between ramet and genet sex ratios;
(iii) Among dioecious populations, ramet and genet sex
ratios were highly correlated (Fig. 2); (iv) Genotypic
diversity and allelic richness were significantly higher in
dioecious than monoecious populations; (v) Genotypic

© 2014 John Wiley & Sons Ltd
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diversity declined with increasing latitude. Below we
interpret these findings in the context of the contrasting
life histories and reproductive systems of populations,
taking into account their ecological and geographical
circumstances.

Sex ratios, clone size and flowering in dioecious
populations

There was a close correspondence (~90%) between
ramet and genet sex ratios. This is probably because
dioecious populations were genotypically diverse rather
than dominated by a few large clones, minimizing the
potential for biases in ramet sex ratio. Moreover, we
found that the flowering propensity of male clones was
on average only slightly higher than female clones.
Therefore, differences in the extent of clonal growth
between sexes, and/or differences in flowering propen-
sity are unlikely to contribute significantly to the large
observed range of sex ratio variation in the species.

Despite evidence in S. latifolia for trade-offs between
allocation to female function and ramet and corm pro-
duction (Van Drunen & Dorken 2012), female and male
clones were not significantly different in size (based on
the proportion of total ramets per genotype), or in the
area they covered. A similar result was reported in Ru-
mex acetosella (Fujitaka & Sakai 2007) in which clone size
did not differ between the sexes. The lack of increased
allocation to clonal spread in males relative to females
may be because female clones compensate for their
higher cost of reproduction. For example, females may
produce more ramets than males early in the season,
acquiring additional resources later in the season when
fruiting occurs (Delph 1999). A recent study of S. latifo-
lin (Van Drunen & Dorken 2012) manipulated invest-
ment in female and male reproduction and found the
expected evidence of a higher cost to female function —
plants that matured seed exhibited reduced vegetative
growth and produced fewer corms of lower mass.
However, female corms exhibited higher nitrogen stores
than male corms, perhaps resulting in greater competi-
tive ability early in the growing season and counterbal-
ancing the lower number and smaller size of female
corms compared to males. Studies of the rate of growth
and competitive ability of ramets from female vs. male
corms are needed to understand whether females com-
pensate for higher costs of reproduction.

Clonal characteristics in monoecious vs. dioecious
populations

In contrast to earlier predictions that dioecious clones
may be larger than monoecious clones in S. latifolia, due
to a release from the constraints of geitonogamy (Barrett

et al. 2001; Dorken & Barrett 2003), our results indicate
the opposite pattern. This is probably because monoe-
cious populations are capable of greater rates of clonal
proliferation than dioecious populations. Both common
garden and field comparisons have demonstrated that
monoecious populations produce twice the number of
ramets and corms than dioecious populations during
the growing season (Dorken & Barrett 2003). Because
monoecious populations often occur in ephemeral envi-
ronments, we favour the hypothesis that there is stron-
ger selection for mechanisms of numerical increase than
in dioecious populations, where competitive interac-
tions probably play a more important role (Dorken &
Barrett 2003). Our results suggest that life history differ-
ences between sexual systems in S. latifolia influence rel-
ative clone size more than any constraints that might be
imposed by geitonogamy.

Our study of microsatellite loci revealed that dioecious
populations on average contain significantly more geno-
typic diversity and allelic richness than monoecious pop-
ulations. An earlier comparison of S. latifolin using 12
allozyme loci found no significant difference in several
measures of genetic variation between populations of
the two sexual systems (Dorken et al. 2002). However,
the different results are not unexpected as the greater
variability at microsatellite loci is likely to increase the
power to detect contrasting patterns of genetic variation
relative to allozymes (Eanes 1999; Leffler et al. 2012).

Several nonmutually exclusive hypotheses may
explain why there is more genetic diversity in dioecious
than monoecious populations. Differences in population
size between dioecious and monoecious populations
may play a role. Ramet census data from 51 dioecious
and 34 monoecious populations sampled from the same
geographic area as this study demonstrated that dioe-
cious populations were significantly larger in size (LM:
Fig3 =10.9, P = 0.001; data from Yakimowski & Barrett
2014). Also, the difference in genotypic diversity could
arise because of differences in mating system: higher
levels of diversity are expected in obligately outcrossing
populations than in those with mixed mating (Hamrick
& Godt 1989). A comparison of outcrossing rates
between dioecious and monoecious populations of
S. latifolia indicated the expected high levels of outcross-
ing in dioecious populations, and considerable selfing
in monoecious populations (mean s = 0.41, n = 6 popu-
lations; Dorken ef al. 2002). Our analysis of selfing rates
(Table S3, Supporting information) confirmed that
monoecious populations experience a range of selfing
rates. The contrasting life history traits of dioecious and
monoecious populations (Dorken & Barrett 2003) proba-
bly also play an important role in influencing levels of
genetic diversity. Population census data indicated
much more frequent local extirpation of monoecious

© 2014 John Wiley & Sons Ltd



than dioecious populations (Dorken & Barrett 2003).
Lower diversity in monoecious populations may there-
fore be associated with the more ephemeral nature of
populations and greater likelihood of colonization by
single founders, favoured by the hermaphrodite condi-
tion of monoecious plants.

Genotypic diversity in S. latifolia populations is struc-
tured geographically with an overall decline with lati-
tude. Reduced genetic diversity at range limits is often
found in plant populations (reviewed in Eckert et al.
2008). We have no evidence for declining population size
or increase in isolation for dioecious range-limit popula-
tions (Yakimowski & Barrett 2014). In this study, ramet
density declined with latitude for monoecious but not
dioecious populations. However, we have documented a
significant decline in the proportion of female flowers
with latitude in dioecious populations, a feature highly
correlated with seed production (Yakimowski & Barrett
2014), and it is possible that reduced reproductive capac-
ity may contribute to lower seedling recruitment and
genotypic diversity in northern populations. Seedling
recruitment may also be reduced in northern popula-
tions due to a shorter growing season or unfavourable
habitat conditions. Interestingly, there was no influence
of latitude on clone size in dioecious populations despite
the decline in genotypic diversity. This suggests that
although seedling recruitment may be reduced in north-
ern populations, clonality does not increase.

The spatial structure of S. latifolia clones also differed
between monoecious and dioecious populations. This
was manifested by different clonal subranges, the dis-
tance at which ramet- and genet-level estimates of spa-
tial genetic structure converge (Arnaud-Haond et al.
2007). In monoecious populations, the clonal subrange
was near or above the maximum spatial interval that
we sampled. In contrast, in all dioecious populations
(except HRT-ON), the clonal subrange occurred well
within the spatial distances sampled (contrast Figs. 5a
vs. b). Therefore, the pattern of isolation-by-distance in
dioecious populations is not only generated by clonal
reproduction but also by restricted pollen and seed dis-
persal. In monoecious populations, it was not possible
to differentiate between the contributions of sexual and
clonal processes to patterns of spatial autocorrelation
because ramet- and genet-level patterns did not con-
verge within the spatial scale examined.

The relatively weak pattern of spatial autocorrelation,
even in the ramet-level analysis, reflects a moderate
level of aggregation of clone mates and intermingling of
ramets among clones (see Fig. S3, Supporting informa-
tion). This is expected for a species in which the dis-
persal of clonal propagules occurs, and in which the
intermingling of ramets is made possible by long sto-
lons. Sagittaria latifolia is intermediate along the contin-

© 2014 John Wiley & Sons Ltd

CLONALITY AND SEXUAL SYSTEMS 2925

uum of clonal strategies from the aggregated ‘phalynx’
strategy to the dispersed ‘guerilla’ strategy (Charpentier
2002; Vallejo-Marin et al. 2010). Low spatial genetic
structure in S. latifolin could also arise from seedling
recruitment, as seeds are small and readily dispersed in
water. Indeed, there are several (the number depends
on relatedness estimate) monoecious and at least one
dioecious population for which we detected no signifi-
cant pattern of spatial autocorrelation. Most of the aver-
age values of the index of spatial genetic structure (Sp)
for S. latifolia were an order of magnitude lower than
mean Sp values reported for trees (0.01) and herbs
(0.04) by Vekemans and Hardy (2004), who did not
explicitly consider the influence of clonality on Sp. The
values that we estimated for monoecious (ramet: 0.007,
genet: 0.002) and dioecious (ramet: 0.02, genet: 0.007)
populations are comparable to the lowest values in their
review. The generally low values of Sp we found are
consistent with the overall finding that sexual reproduc-
tion plays an important role in shaping the population
structure of S. latifolin, despite the species’ prolific
clonal reproduction.

Clone size and sexual-system evolution

Although it is not possible to determine historically
what ecological conditions promoted the evolution of
dioecy from monoecy in S. latifola, we can assess
whether the parameters necessary for various selection
hypotheses are plausible, given contemporary knowl-
edge of the species’ ecology and population genetics.
The evolution of dioecy in S. latifolia has been proposed
to have proceeded along the gynodioecious pathway
(Dorken & Barrett 2003, 2004). According to these
authors, females invade monoecious populations when
clone sizes are sufficiently large that geitonogamous sel-
fing results in strong inbreeding depression. Observed
selfing rates and inbreeding depression measured in
several S. latifolin populations meet the necessary
requirements for female invasion (Dorken et al. 2002).
This study has provided the first genetic estimates of
clone size and has demonstrated that although clone
sizes are quite variable, some monoecious populations
contain large clones (e.g. PGH-ON, CMP2-ON, GRR-
ON), and in such populations selfing rates may be
large enough to promote the evolution of dioecy. We
estimated variable amounts of selfing among the 11
monoecious populations based on the homozygosity of
adult genets, but we detected no relation between clone
size and selfing rate (LM: F;g = 0.40, P = 0.54). How-
ever, more precise estimates of selfing rate using seed
families from assigned clones (Reusch 2001) are
required to rigorously investigate the relation between
clone size and selfing rate.
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Without phylogenetic data on the correlated evolu-
tion of clone size and dioecy, it is difficult to deter-
mine whether large clone size preceded or followed
the evolution of dioecy. This distinction in polarity is
important because the former is required for the selec-
tion model described above, whereas the latter is
expected according to the geitonogamy release
hypothesis. Our results cast doubt on the second sce-
nario, as clone sizes in dioecious populations were
not significantly larger than in monoecious popula-
tions. Therefore, it seems quite probable that increased
clone size, perhaps associated with habitat shifts,
played an important role in the evolution of dioecy in
S. latifolia.
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Data accessibility

The following listed data files necessary to replicate
analyses presented in this manuscript, R code for rele-
vant analyses, a ReadMe file documenting the content
of data files, and which files are used for each analysis
are available on Dryad doi:10.5061/dryad.gs7k6.

Dioecious populations

® Raw assignments of ramets to clones and sex pheno-
type: Clonality.Sagittaria.SexClones.xIs

e Comparison of ramet (field collected data from flow-
ering ramets) and genet sex ratio (based on SSR
markers): Sexclone_summary.txt

e Comparison of size between female and male clones:
CloneSize FvsM.txt

e Comparison of flowering frequency in female and
male clones after GenoDive correction: CloneSize_by-
Clone_GenoDive_flwfreq.txt

® Genotype and spatial position data for each popula-
tion formatted for GenAlEx: Clonality.Sagittaria.Sex-
ClonesArea.xls

e Comparison of area between female and male clones:
Clone Area_ FvsM.txt

e Comparison of flowering frequency in female and
male clones: Clone_Flw_Freq.txt

e Comparison of flowering frequency in female and
male clones after GenoDive correction: CloneSize by-
Clone_GenoDive_flwfreq.txt

Monoecious and dioecious populations

® Raw assignments of ramets to clones: Clonality.Sagit-
taria.IDClones.xls
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e Comparison of allelic diversity, genet diversity and
clone size by sexual system: CloneSize MvsD.txt

e Summary of Psex data and correction for relevant
monoecious populations: Psex.correction.xls

e Comparison of clone area between monoecious and
dioecious populations: CloneArea MvsD.txt

e Comparison of ramet density and summary of spatial
statistics by population: Spatial MvsD.txt

Spatial analysis using GenClone

- input files for each population formatting for Gen-
Clone

- output files for each population showing results of
spatial autocorrelation and clonal subrange. Sp calcu-
lations were added to each file after running soft-
ware.

Supporting information

Additional supporting information may be found in the online ver-
sion of this article.

Fig. S1 Populations of S. latifolia vary substantially in size and
shape ranging from linear populations in drainage ditches to
circular or quadrilateral shapes in shallow marshes.

Fig. S2 Choosing thresholds for clone assignment based on the
distribution of genetic distance between individuals genotyped
for 10 monoecious and 11 dioecious populations.

Fig. S3 Plots of the relative spatial positions of ramets on X-Y
grid coordinates in: (a) monoecious population PGH-ON and
(b) dioecious population PTI-ON.

Table S1 List of populations assayed for spatial genetic struc-
ture sorted by latitude.

Table S2 Summary of counts and frequencies of each sex phe-
notype (f = female, h = hermaphrodite, m = male) for both
phenotypic and genotypic estimates of sex ratio in 11 dioecious
populations of S. latifolia.

Table S3 Descriptive statistics of clonality, genetic diversity
and ramet density for 10 monoecious and 11 dioecious popula-
tions of Sagittaria latifolia.

Table S4 Regression analysis of the relation between the fre-
quency distribution of ramet number for each multilocus geno-
type (Fig. 4), and a power-law Pareto distribution for 10
monoecious and 11 dioecious populations of Sagittaria latifolia.

Appendix S1 Analysis of genotypic diversity in monoecious
and dioecious populations using raw data clone assignments.
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