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† Background and Aims A vast quantity of empirical evidence suggests that insufficient quantity or quality of pollen
may lead to a reduction in fruit set, in particular for self-incompatible species. This study uses an integrative approach
that combines field research with marker gene analysis to understand the factors affecting reproductive success in a
widely distributed self-incompatible species, Prunus virginiana (Rosaceae).
† Methods Twelve patches of P. virginiana distributed within three populations that differed in degree of disturbance
were examined. Two of the sites were small (7–35 km2) remnants of forest in an intensively used agricultural
landscape, while the third was continuous (350 km2) and less disturbed. Field studies (natural and hand cross-
pollinations) were combined with marker gene analyses (microsatellites and S-locus) in order to explore potential
factors affecting pollen delivery and consequently reproductive success at landscape (between populations) and
fine scales (within populations).
† Key Results Reductions in reproductive output were found in the two fragments compared with the continuous
population, and suggest that pollen is an important factor limiting fruit production. Genetic analyses carried out in
one of the fragments and in the continuous site suggest that even though S-allele diversity is high in both populations,
the fragment exhibits an increase in biparental inbreeding and correlated paternity. The increase in biparental inbreed-
ing in the fragment is potentially attributable to variation in the densityof individuals and/or the spatial distribution of
genotypes among populations, both of which could alter mating dynamics.
† Conclusions By using a novel integrative approach, this study shows that even though P. virginiana is a widespread
species, fragmented populations can experience significant reductions in fruit set and pollen limitation in the field.
Deatiled examination of one fragmented population suggests that these linitations may be explained by an increase in
biparental inbreeding, correlated paternity and fine-scale genetic structure. The consistencyof the field and fine-scale
genetic analyses, and the consistency of the results within patches and across years, suggest that these are important
processes driving pollen limitation in the fragment.

Key words: Prunus virginiana, Rosaceae, pollen limitation, self-incompatibility, SI, S-locus, biparental inbreeding,
spatial genetic structure, fragmentation.

INTRODUCTION

Pollen limitation, caused by a reduction in the amount of pollen
deposited (quantity of pollen) and/or a reduction in the effective-
ness of available pollen in achieving fertilization (quality of
pollen), has been advocated as one of the most important proxim-
ate causes of reduced reproductive success in plant populations
(Aizen and Harder, 2007). A survey that included 306 plant
species found that in 73 % of the studies, there was evidence of
pollen limitation at some sites or during some years, suggesting
that insufficient pollen receipt is a major cause of reduced fruit
production (Knight et al., 2005).

Different evolutionary and ecological factors may affect the
prevalence and magnitude of pollen limitation; including breed-
ing systems (Larson and Barrett, 2000), ecological perturbations
(Aguilar et al., 2006; Winfree et al., 2009) and/or fine-scale
genetic processes (Aizen and Harder, 2007). These factors are
not mutually exclusive and their combined effects shape many
aspects of plant reproduction. At a local scale for example, fine
genetic structure and density may affect the quality of pollen

arriving at the stigmas if closely related individuals are arranged
in dense patches throughout a population (Cunningham, 2000;
Uchiyama et al., 2009). For species with self-incompatibility
(SI) systems in particular, reductions in pollen quality can be par-
ticularly important (Larson and Barrett, 2000), because of the in-
herent restrictions that SI systems impose on mating.

Self-incompatibility is a genetically based mate recognition
system, controlled by the gene products of the highly variable
S-locus, in which only individuals that express different
S-proteins can reproduce. In members of the Rosaceae and
Solanaceae, SI is determined by allele-specific interactions
between S-RNase proteins expressed in the pistil and F-box pro-
teins expressed in the haploid pollen grain (so-called gameto-
phytic self-incompatibility; GSI) (Ushijima et al., 2003; Sassa
et al., 2010). In species with GSI, the probability of finding a
compatible mate is dependent on the frequency, number and dis-
tribution of S-alleles in populations which, in turn, is dependent
on population size and structure (Busch and Schoen, 2008). For
instance, high levels of fine-scale genetic structure at the S-locus
may increase pollen deposition from genetically related donor
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plants and result in biparental inbreeding and/or a reduction in re-
productive success (Nason and Ellstrand, 1995; Hirao, 2010).

Here we use an integrative approach that combines field
research with marker gene analysis to understand the factors
affecting reproductive success in a widely distributed self-
incompatible species, Prunus virginiana (Rosaceae). First, we
performed a series of hand and open pollinations, to look for evi-
dence of pollen limitation in patches of plants in fragmented vs.
continuous landscapes. Then, to harness the greater sensitivity of
the S-locus to changes in population size and structure, we com-
pared levels of genetic variation in the forest fragment and con-
tinuous populations to look for evidence of genetic structure at
both landscape (among populations) and fine (within popula-
tions) scales at both neutral loci (microsatellites) and the selected
S-locus. To assess whether differences in levels of pollen limita-
tion between populations were mirrored by changes in the mating
system, we further analysed progeny arrays to determine if bipar-
ental inbreeding was greater and the estimated number of pater-
nal donors per tree lower in the fragment population as expected.
Overall, we find evidence of significantly greater pollen limita-
tion in the forest fragments; moreover, this reduction in fruit
set is associated with changes in mating system dynamics and
the distribution of genotypes at a fine scale.

MATERIALS AND METHODS

Species description and sampling

Prunus virginiana is a common large shrub or small tree native to
North America. It reproduces vegetatively via rhizomes which
can form networks extending up to 15 m from the base of the
tree (Geyer et al., 2008), and sexually using animal pollination
by early-flying bees, especially in the genera Andrena and
Bombus (Vicens and Bosch, 2000), but also by fly and ant
species (pers. obs.). Each tree produces from one 140 inflores-
cences (mean 29.61, s.d. 36.16), and each inflorescence can
bear from three to 47 flowers (mean 23.51, s.d. 7.43), each
with a life span of 2–4 d. Since both flowers within an inflores-
cence and inflorescences within a tree bloom asynchronously,
the entire bloom period may last 1–2 weeks. Multiple pieces
of evidence collected in our lab indicate that the species harbours
the SI system typical of other members of the Rosaceae (GSI).
For example, we first identified pistillate proteins of the same
size and pI as S-linked RNases in other members of the
Rosaceae (32–33 kDa and highly basic pI; data not shown),
and later amplified multiple S-alleles from genomic DNA
using primers developed for other Prunus species (see methods
and results below). Additionally, following self-pollination
(assisted) and closed controls (unassisted) we found that the
species is categorized as self-incompatible (Suarez-Gonzalez,
2011).

To assess variation in fruit set and pollen limitation, we
sampled natural populations of P. virginiana at three sites that
differed in degree of disturbance (Fig. 1). Two of the sites are
small remnants of forest in an intensively used agricultural land-
scape (BP, 7 km2; and BH, 35 km2), while the third is continuous
and less disturbed (GB, 350 km2). The short length of the flower-
ing season (approx. 1 week) together with the vast extension of
agriculture and urban areas in Southern Manitoba hampered
ourability to includeanadditional continuous site for the analysis;

however, our sampling design enabled us to assess ecological and
genetic variation both within and among populations, and thereby
explore the potential factors causing pollen limitation (see sam-
pling design below).

The fragments arose following modification of the landscape
in Southern Manitoba, which occurred approx. 120 years ago,
due to increasing urbanization in the Winnipeg area and intensive
agricultural practices (Ramankutty and Foley, 1999). The three
sites exhibit considerable variation in density, estimated as the
number of flowering trees in ten patches of 50 m2. The mean
density in BP and BH is higher than that in GB (Supplementary
Data Fig. S1), but only significantly different in BH [tGB–BH(18)¼
2.29, P , 0.05]. BP also holds patches with few or no
P. virginiana trees due to regular flooding, although the mean
density of trees was not significantly different from that of GB
[tGB–BP(18)¼ 1.02, P¼ 0.17].

Ecological aspects

Reproductive success and pollen limitation. In 2009, 20 trees, each
with at least ten inflorescences, were selected from four patches
within each population (five trees per patch). By sampling
patches randomly distributed at the edge and interior of each
population, we were able to explore variation in reproductive
success and pollen limitation within populations. The trees
were located at least 20 m apart to avoid sampling of clones for
the pollination experiments (see below). During two consecutive
years (2009 and 2010), four inflorescences, each with at least
15 flowers (mean ¼ 26.26, s.d. ¼ 7.81), were chosen from separ-
ate branches of each tree to avoid competition for maternal
resources (Vogler et al., 1998). Two of the inflorescences were
used to estimate the production of fruits following open pollin-
ation, and the other two were used to look for pollen limitation
by covering them with bridal veil bags prior to anthesis. Once
the flowers inside the bags opened, fresh pollen from one
donor located .20 m away (to avoid pollination within clones)
was applied to all the stigmas in both inflorescences. By using
a single pollen donor, we were able subsequently to assess the
effect of relatedness of the paternal donor and recipient maternal
tree (biparental inbreeding) on fruit production. These results
have been reported elsewhere (Suarez-Gonzalez, 2011) and
will be summarized in the Discussion. Although using a single
pollen donor in supplemented pollinations may bias estimates
of pollen limitation if control flowers receive higher pollen diver-
sity (Ashman et al., 2004), we estimated that only a few pollen
donors sired seeds per maternal tree following open pollinations
(3–5; see the Results ‘Mating system analyis’). Furthermore,
hand pollination treatments consistently produced higher fruit
set, indicating that employing a single pollen donor in cross-
pollinations provided aconservative estimate of pollen limitation
in these P. virginiana populations.

To avoid seed predation, the inflorescences from both open
and hand cross-pollination treatments were covered with bridal
veil bags 3 weeks following flowering. Fruit set was estimated
as the number of mature fruits divided by the number of
flowers present at anthesis in each inflorescence, and, for subse-
quent analyses, the mean fruit set of both inflorescences in each
treatment (open and cross-pollinations) was used. Pollen limita-
tion was assessed per tree using the pollen limitation index (L) as
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1 – Po/Pc, where Po is the fruit set from open controls, and Pc fruit
set from hand cross-pollinations (Larson and Barrett, 2000).

Pollen production and receipt. Since fruit set may be limited by
either the production or receipt of pollen, we additionally
counted pollen grains from anthers and pistils in covered and
uncovered controls, respectively, during 2011 in the same
60 trees that had been used for the pollen limitation analysis in
2009/2010. To quantify pollen production, three flowers per
tree were collected in glass vials, and pollen grains were
counted following the sonication protocol of Dafni et al.
(2005). To estimate pollen receipt, 4–5 stigmas per tree were
carefully extracted and stored in a 9:1 mixture of 70 % ethyl
alcohol to glycerine. Because the amount of pollen that arrives
on stigmas is affected by floral age, we collected all the flowers

on the second day of bloom. To count the number of pollen
grains on receptive stigmas, stigmas were stained with basic
fuchsin gel, individually mounted on slides and visualized
with a compound scope at ×100 magnification.

Data analysis. We used generalized linear mixed models
(GLMMs) to test for variation among populations in open fruit
set and pollen limitation (L) using year and population as fixed
effects and patch nested in each population as random effects
(to detect and account for variation among patches within each
population). To asses variation in open fruit set, we used the bi-
nomial distribution and logit link function with a two-vector re-
sponse variable that included the number of successes (number
of fruits) and the number of failures (number of flowers that
did not make it to fruits). To asses variation in pollen limitation,

Land cover
Agricultural cropland
Trees
Water
Grassland/Rangeland
Wetland
Forage
Urban/Transportation10 km

GB

BH

WinnipegBP

FI G. 1. Land cover map of the two fragments of forest (BP and BH) and the continuous population (GB) used to detect variation in fruit set and pollen limitation in
P. virginiana. Adapted from AgriMap–Manitoba # 2001 Her Majesty the Queen in Right of Manitoba, as represented by the Minister of Conservation.
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we used the Poisson distribution and log link function. The
minimal adequate model for each response variable was
then selected based on Akaike information criteria (AIC;
Supplementary Data Table S1). Each model was simplified by re-
moving year (fixed factor), since it did not show significant inter-
actions with population (fixed factor) or a significant effect on the
response variables (i.e. open fruit set and pollen limitation, re-
spectively). To test for variation in pollen receipt and production,
we implemented GLMM using population as the fixed effect and
patch nested in each population as the random effect. We further
used multiple comparisons of means for generalized linear
models to perform post-hoc pairwise comparisons between popu-
lations. The GLMMs and multiple comparisons were performed
in ‘lme4′ and ‘multcomp’ packages using ‘lmer’ and ‘glht’ func-
tions, respectively, in R 2.13.2 (R Development Core Team,
2012). We also used one-tailed paired t-tests to see if the supple-
mental hand pollination treatments produced significantly more
fruits than the open pollination treatments within each population.

Genetic aspects

Microsatellite genotyping. For the genetic analyses, only samples
from BP (one of the fragments) and GB (continuous population)
were analysed. BP was selected because it is geographically
further from GB (Fig. 1), is embedded in agricultural fields and
has an overall smaller population size and higher density than
GB, making it a better contrast from the continuous population.
Four trees located at least 20 m away from each other were add-
itionally sampled in each population to increase the sample size
from 20 to 24 maternal trees (parental generation) per site. To es-
timate mating system parameters, ten embryos (offspring gener-
ation) per mother were obtained from seeds by carefully
removing the endocarp, testa and endosperm. DNA from a total
of 150 embryos (from 15 maternal trees) was then extracted
using ID labs extraction kits, while DNA from leaves (maternal
trees) was extracted using a modified version of the cetyltrimethyl
ammonium bromide (CTAB) method (Cheng et al., 1997). Eight
microsatellite primers (Supplementary Data Table S2) designed
for peach (Prunus persica), that were found to be polymorphic
and transferable to other species of Prunus, were used to assess
genetic variation within and between our populations of
P. virginiana.

Microsatellite data and sample locations have been submitted
to DRYAD (http://datadryad.org/).

S-allele genotyping. To explore genetic diversity at the putative
S-locus within and among populations, eight trees (also located
at least 20 m away from each other) were additionally sampled in
BP and GB, for a total sample of 32 trees per population.
S-alleles were identified based on the size of the PCR product by
using consensus degenerate primers flanking the polymorphic
second intron of the S-allele in the Rosaceae (Sutherland et al.,
2004).After sequencingPCRproductsofequal sizes fromdifferent
individuals multiple times (from two to 11 times), we confirmed
that bands of equal size had the same nucleotide sequence,
whereas products of different size corresponded to different haplo-
types. A total of 22 putative S-RNase alleles (GenBank accessions
JQ627789–JQ627810) were detected from the 82 sequences, and
55 additional alleles were genotyped based on the amplification
patterns (Supplementary Data Table S3).

Genetic diversity and structure. To compare the total number of
S-alleles in the parental generation of each population,
Paxman’s (1963) estimates of S-allele number were obtained
via iteration and rounded to whole numbers. Since this estimator
assumes that all alleles occur at the same frequency (i.e. iso-
plethy), we tested for isoplethy in each population using the
Markov chain Fisher’s exact test implemented in CHIFISH
with 500 000 iterations (Ryman, 2006). A synthetic population
of identical size, in which all S-alleles had equal frequencies,
was compared with the observed distribution of S-alleles in the
respective population (Hoebee et al., 2011).

To compare levels of genetic diversity and genetic differenti-
ation in the parental generation at the simple sequence repeats
(SSRs), allelic richness (AR) and the Weir and Cockerham esti-
mator of FST were estimated using FSTAT 2.9.3 (Goudet,
2001). We also estimated the expected heterozygosity (He) and
fixation index (FIS) using GENEALEX 6.2 (Peakall and
Smouse, 2012). To avoid the effect of family structure on mea-
surements of genetic diversity in the offspring generation, one
offspring per maternal tree was randomly chosen 100 times to
create 100 data sets consisting of 15 offspring each using a
sampling algorithm written in R 2.13.2 (R Development Core
Team, 2012). Differences in gene diversity parameters
between populations or parental and offspring generations
were considered significant if their 95 % confidence intervals
(CIs) did not overlap.

Mating system analysis. The multilocus outcrossing rate (tm),
single-locus outcrossing rate (ts), biparental inbreeding (tm –
ts) and multilocus paternity correlation (rp) were estimated
using MLTR V.3.2 (Ritland, 2002). Since there was no evidence
of genetic differentiation based on the FST analysis, gene fre-
quencies were assumed to be homogeneous between popula-
tions, and gene frequency estimates based on the pooled mean
were employed in subsequent analyses to provide more statistical
power. Standard errors (s.e.) were obtained using 1000 bootstrap
replicates and family as the resampling unit, and then used to cal-
culate 95 % CIs for (tm – ts) and rp. Significant differences
between populations were declared if the 95 % CIs of the param-
eter estimates did not overlap. To determine whether the values
were significantly lower than 1 (tm; ts) or greater than zero (tm
– ts), the mean+ 1.96 × s.e. was used. The number of pollen
donors contributing to a maternal tree (i.e. neighbourhood
size) was then estimated as 1/rp.

The maximum-likelihood method of MLTR compares multi-
locus data within sibships to estimate the correlated paternity
among siblings and the mean number of pollen donors
(Ritland, 2002). To estimate correlated paternity based on the
pattern of differentiation within sibships relative to that among
sibships, we used the TwoGener model (Smouse et al., 2001).
In TwoGener, the pairwise differentiation between pollen
clouds of maternal trees (wFT) is estimated as a measure of
pollen pool structure which itself is based on the correlated pater-
nity between sibships. In the absence of inbreeding, it is expected
that wFT ¼ rp/2 (Hardy et al., 2004). To detect a significant dif-
ference inwFT between the fragment and continuous population,
95 % CIs around wFT were calculated based on the estimated
standard deviation (sw) assuming a normal distribution. The
standard deviation was calculated from the variance, s2w, follow-
ing Smouse et al. (2001). The number of effective pollen donors
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(Nep) is estimated by the equation Nep ¼ 1/(2wFT). The
TwoGener-based analysis was performed in POLDISP 1.0c
(http://poldisp.googlepages.com).

Spatial autocorrelation analysis. To look for spatial genetic struc-
ture (SGS) at both the neutral (SSR) and selected (S-locus) loci,
the spatial genetic autocorrelation coefficient (r) was estimated
and plotted at five distance classes. For this analysis, 999 permu-
tations were used to estimate the two-tailed 95 % CI around the
null hypothesis of no autocorrelation (r ¼ 0). To take into
account possible bias due to small sample size, we additionally
used a bootstrap method to generate a CI around the observed es-
timate of r by drawing (with replacement) from pairwise compar-
isons within each distance class. The presence of a positive
significant autocorrelation was declared within each distance
class when the estimate of r was greater than the 95 % CI
based on the permutation test indicating no autocorrelation,
and when the bootstrap CI did not overlap with r ¼ 0. This
spatial autocorrelation analysis was performed using the soft-
ware GENALEX 6.2.

RESULTS

Reproductive success and pollen limitation

Reproductive output and pollen limitation (L) were significantly
different among populations as shown by the corresponding
minimal adequate model (Table 1, Fig. 2A, B). This model indi-
cates that mean fruit set was lowest in the most disturbed fragment
(BP), intermediate in the other fragment (BH) and highest in the
continuous population (GB) (Tukey’s tests P , 0.001) and this
effect was consistent across patches and in both years (see the
Materials and Methods). Moreover, the mean level of pollen limi-
tationwas not significantlydifferentamongfragments but wassig-
nificantly lower in the continuous population (GB) (Tukey’s tests
P , 0.05).Furthermore, when fruit set following cross-pollination
was compared with that in the open controls, we found that crossed
fruit set was significantly higher in the fragments (BP, t34¼ 4.08,
P , 0.001; BH, t38 ¼ 2.36, P , 0.05) but not in the continuous
population (GB, t38 ¼ 0.54, P ¼ 0.6) (Fig. 2A). Overall, these
results show a consistent population effect on reproductive
output and pollen limitation in P. virginiana.

Pollen production and receipt

Pollen production did not differ among populations; however,
the receipt of pollen was significantly different among popula-
tions in 2011, the only year it was tested (Fig. 3, Table 1). The
total number of pollen grains in stigmas was significantly
higher in GB compared with both fragments of forest (Tukey’s
tests P , 0.001), and there was no significant difference
between the fragments (Tukey’s test P ¼ 0.186). Additionally,
pollen receipt was found to be positively correlated with the
mean reproductive success of trees in 2009 and 2010 (rs58 ¼
0.35, P , 0.05) and negatively correlated with the average
pollen limitation in 2009 and 2010 (rs58 ¼ –0.39, P , 0.05).

High genetic diversity and lack of genetic structure

SSR loci. All eightSSR loci were found tobepolymorphic, collect-
ively accounting for 82 alleles across loci and populations. In both

TABLE 1. Results of generalized mixed linear models (GLMMs)
performed to assess the variation in open fruit set, pollen
limitation, pollen production and pollen receipt among two
fragments of forest (BP, BH) and one continuous population (GB)

of P. virginiana

Response variable Statistics P-value Random effect s.d.

Open fruit set* F2,96 ¼ 13.305 < 0.001 2.72E-06
Pollen limitation† F2,87 ¼ 6.8713 < 0.01 0
Pollen production† F2,44 ¼ 3.478 0.18 0.16267
Pollen receipt† F2,42 ¼ 11.113 < 0.01 0.14195

Only the minimal adequate models are shown, with population as the only
fixed effect and patch nested in each population as random effect.

Significant values are given in bold.
*GLMM with binomial distribution function.
†GLMM with Poisson distribution.
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FI G. 2. Histograms showing (A) the mean fruit set following open controls and cross-pollinations; and (B) the pollen limitation index as estimated during two con-
secutive years for three populations (BP, BH and GB) of P. virginiana trees. Shared letters above columns indicate that the average open controls are not statistically
different among populations. Asterisks indicate when fruit set from cross-pollinations was significantly higher (**P , 0.01; *P , 0.05) than that in open controls after

one-tailed paired t-tests between the two treatments within a population.
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the parental and offspring generations BP revealed a reduction in
genetic diversity (AR and He) comparedwithGB;however, the dif-
ferences were statistically significant only in the offspring gener-
ation (Table 2). In BP, comparison of genetic diversity parameters
between generations revealed a reduction in diversity in the off-
spring compared with the adults, whereas in GB the trend was
the reverse; however, none of the differences was significant.
The fixation index was negative for both the offspring and adult
generations in both populations, revealing no evidence in inbreed-
ing, as expected. Finally, effectivelyno genetic differentiationwas
observed among populations at either the neutral loci (FST¼
0.009, s.d. 0.002) or the S-locus (FST ¼ 0.007).

S-locus. For the S-alleles, we found that PCR bands of equal size
had identical nucleotide and amino acid sequences, whereas pro-
ducts of different size corresponded to different haplotypes. This
supports the robustness of the method of using band size to iden-
tify unique S-alleles; however, substitutions occurring in some
sequences of equal size may not have been detected, leading to
a possible slight underestimation in the number of S-alleles
(Busch et al., 2010). Although this and other commonly used
techniques to detect S-allele polymorphism (e.g. SSP in Busch

et al., 2010) share this problem, these approaches are convenient
and considered robust when examining a large number of
samples from natural populations.

The continuous population harboured 20 different S-alleles, of
which two were unique. On the other hand, BP had 19 S-alleles,
only one of which was unique, indicating a substantial overlap in
S-alleles (18 out of a total of 21) between the two populations.
The maximum likelihood estimation of the number of S-alleles
in each population (after adjusting for incomplete sampling,
Paxman, 1963) increased minimally, by one allele in each popu-
lation, compared with the observed value (BP ¼ 20, GB ¼ 21),
and the frequency of alleles within populations did not deviate
from isoplethy (BP ¼ 9.42, P ¼ 0.97; GB ¼ 17.38, P ¼ 0.69).

Mating system analysis

Estimates of the mating system parameters from the fragment
(BP) and continuous population (GB) are shown in Table 3. The
multilocus outcrossing rates were not significantly lower than 1
(tm + 1.96 × s.e. ≥1) in either population, indicating an
absence of self-fertilization. The single-locus outcrossing rate
was significantly lower than 1 (ts + 1.96 × s.e. ,1) and levels
of biparental inbreeding were low but significantly greater than
0 (tm – ts – 1.96 × s.e. .0) in both populations. Biparental
inbreeding and correlated paternity were significantly higher in
BP (tm – ts ¼ 0.313, rp 0.346) than in GB (tm – ts ¼ 0.102, rp

0.180). Similar results for correlated paternity were obtained
with the TwoGener method (Table 3); however, this analysis
indicated a higher correlated paternity than that obtained with
the MLTR model (rp ¼ 2FT) in GB (2wFT ¼ 0.260) but not in
BP (2wFT ¼ 0.326). Simulation studies have shown that
MLTR’s rp underestimates correlated paternity at the family
level (Hardy et al., 2004), which may explain the higher corre-
lated paternity found in GB based on TwoGener. In any case,
using either method we observed fewer pollen donors in BP
than in GB (Table 3), suggesting that more matings between
related individuals are occurring in the forest fragment, even
though the S-allele in the pollen was probably different from
that in the maternal tree.

Spatial autocorrelation analysis

The results from the fine genetic structure analyses using the
microsatellite loci showed that the values of r (autocorrelation
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FI G. 3. The numberof pollengrains depositedon P. virginiana stigmas fromtwo
fragments of forest (BP and BH) and one continuous population, after 2 d of
bloom. Shared letters above columns indicate that averages are not statistically

different.

TABLE 2. Genetic diversity parameters, including expected heterozygosity (He), allelic richness (AR) and fixation index (FIS), and their
95 % CI at eight microsatellites for adult and offspring populations from one fragment of forest (BP) and one continuous population

(GB) of P. virginiana

Adults Offspring

BP GB BP GB

n 24 24 150 150
AR 8.091 8.999 6.085 13.125

(5.471–10.712) (6.193–11.734) (5.166–7.004) (9.394–16.856)
He 0.726 0.752 0.706 0.735

(0.686–0.766) (0.708–0.796) (0.704–0.709) (0.732–0.738)
FIS –0.143 –0.146 –0.070 –0.085

(–0.236 to –0.050) (–0.249 to –0.043) (–0.08 to –0.061) (–0.091 to –0.079)
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coefficient) from BP at the first distance class (30 m) fell outside
the confidence belt where no spatial structure is assumed
(Fig. 4A). This and the fact that the r value was considerably
higher in BP (0.268, 95 % CI ¼ 0.119–0.512, P , 0.01) than
in GB (0.009, 95 % CI ¼ –0.08 to 0.106, P ¼ 0.396) suggests

that a pair of individuals between 0 and 30 m apart have a
greater probability of being related if they are in BP compared
with GB. We found similar structure at the S-locus; although
the 95 % CIs of r at 30 m overlap (BP ¼ 0.176, 95 % CI ¼
0.013 – 0.377; GB ¼ 0.06. 95 % CI ¼ –0.075 to 0.219), both
statistical tests (i.e. bootstrap and permutation BP P , 0.05;
GB P ¼ 0.172) show evidence of genetic structure in BP, but
not in GB (Fig. 4B). These results collectively suggest that
the greater spatial genetic structure in the forest fragment com-
pared with the continuous forest may be a factor limiting fruit
production.

DISCUSSION

In this study, we explored ecological and genetic processes influ-
encing reproductive success and pollen limitation in a species
harbouring gametophytic SI, by analysing both breeding
system data and genetic variation at neutral loci (SSRs) and the
selected S-locus. Our results underscore how ecological and
fine-scale genetic processes can influence pollen limitation and
mating system dynamics, in particular for self-incompatible
species. Widely distributed self-incompatible species, such as
P. virginiana, have intrinsic characteristics that maintain homo-
geneity at a landscape scale; however, we found that small forest
remnants had lower reproductive success and greater pollen limi-
tation than a larger, continuous population. Furthermore these
reductions in reproductive success were associated with lower
pollen receipt, greater spatial genetic structure and increased

TABLE 3. Results from the mixed mating system and pollen
structure model analyses using MLTR and TwoGener,
respectively, in one fragment (BP) and one continuous population

(GB) of Prunus virginiana

Model BP GB

Mixed mating (MLTR) tm 1.200 (0.002) 0.994 (0.093)
ts 0.887 (0.020) 0.892 (0.025)
tm – ts 0.313 (0.079) 0.102 (0.091)

(0.303–0.323) (0.056–0.148)
rp 0.346 (0.053) 0.180 (0.051)

(0.319–0.373) (0.154–0.206)
1/rp 2.9 5.5

Pollen pool structure wFT 0.163 0.130
(TwoGener) (0.150–0.180) (0.129–0.145)

Nep 3.0 3.8

The parameter estimates included the multilocus outcrossing rate (tm), mean
single-locus outcrossing rate (ts), biparental inbreeding rate (tm – ts),
correlation of paternity (rp), paternity differentiation between families (wFT)
and neighbourhood size as (1/rp) and Nep. Standard errors from the mixed
mating model are shown in parentheses next to the estimates. 95 % confidence
intervals are shown for tm – ts, rp and wFT.
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FI G. 4. Correlograms showing the spatial genetic structure for BP and GB, using microsatellite loci (A) and the S-locus (B). The continuous line represents the auto-
correlation coefficient (r). The dotted lines represent the 95 % CI around the null hypothesis of no autocorrelation (r ¼ 0) based on the bootstrap method. The vertical

bars represent the 95 % CI for the observed estimates of r based on the permutation test.
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biparental inbreeding and correlated paternity despite the finding
of high levels of genetic diversity and little genetic differenti-
ation between populations. This demonstrates that reductions
in fruit set caused by pollen limitation were affected by fine-scale
genetic processes (e.g. spatial structure of genotypes), and asso-
ciated with ecological differences in habitat type (disturbed vs.
continuous forest).

Ecological factors affecting reproductive success
and pollen limitation

We found a striking reduction in reproductive success in two
forest fragments compared with that in the continuous population
during two consecutive years. Pollen limitation and limited ma-
ternal resources are among the most important factors associated
with a decline in fruit set in natural populations (Stephenson,
1981). In a previous study, we evaluated the effect of maternal
resources on fruit production using the first principal component
of a principal component analysis (PC1) that included the size of
the maternal tree and number of inflorescences, together with the
incidence of disease (fungal infection) (Suarez-Gonzalez,
2011); however, neither PC1 nor fungus showed a direct effect
on fruit set, indicating that maternal resources were not a
primary factor limiting fruit production. The evidence presented
here shows rather that pollen limitation is a primary driver of
reduced fruit set as demonstrated in other studies examining
the effect of fragmentation on plant reproduction (Aguilar
et al., 2006). We also show that pollen limitation is exacerbated
by fine-scale genetic events including increases in fine-scale
genetic structure and biparental inbreeding in the fragmented
sites.

Inanimal-pollinated species,manyecological factors can affect
the behaviour and abundance of pollinators which may result in
changes in the quantity and/or quality of pollination services
(Aguilar et al., 2006; Winfree et al., 2009). Our results confirmed
that flowers in the fragments are receiving significantly less pollen
compared with those in the continuous population, and although
we did not test for pollen production and receipt in 2009 and
2010, we found a significant correlation between the production
of fruits/tree between years [rs(58)¼ 0.20, P , 0.001], and also
a positive correlation between the amount of pollen received in
2011 and fruit production in 2009 and 2010. Thus, even though
pollinator ecology is well known to vary between years (Aizen
and Harder, 2007), we observed consistent reductions in repro-
ductive success in the fragments across multiple years in either
fruit set or pollen receipt.

Habitat alterations and spatial distribution of plants can influ-
ence pollination efficiency and consequently reduce fruit pro-
duction by causing variation in the local assemblage of
pollinators and/or changes in their foraging patterns (Aguilar
et al., 2006). Some studies have found that higher plant density
increases pollinator attraction and therefore visitation frequency
(Ghazoul, 2005); however, this is not always the case (Bosch and
Waser, 1999), as observed in P. virginiana where individuals in
populations with higher tree density (i.e. fragments of forest)
received less pollen than those in a less dense continuous popu-
lation. Instead, the reduction in pollen receipt may indicate
alterations in the local assemblage or abundance of pollinators
caused by either habitat loss or an alteration in the type of

matrix in and surrounding the forest remnants, both of which
are embedded in agricultural fields (see Fig. 1). The majority
of studies on pollinator diversity have found consistent decreases
in pollinator richness and abundance in fragments compared
with that in continuous populations (Aizen and Feinsinger,
2002; Winfree et al., 2009). Alterations in the composition of
pollinator assemblages can affect pollen deposition following
fragmentation when efficient pollinators are replaced by ineffi-
cient ones or by non-pollinating insects (Aguirrea and Dirzo,
2008), both of which may explain the reduced pollen receipt in
both fragments of P. virginiana compared with the continuous
site, despite the higher tree density in the former.

Effects of mating dynamics and fine-scale genetic structure
on pollen limitation

Analysis of the mating system in P. virginiana showed that al-
though outcrossing was absolute (tm ¼ 1), some mating events
occur among relatives (tm – ts .0). Biparental inbreeding was
significantly higher in BP (31 %) compared with GB (10 %); a
finding that agrees with several studies reporting higher levels
of biparental inbreeding in fragmented compared with continu-
ous populations (Fernandez-M. and Sork, 2005; Mimura et al.,
2009). Results from the correlated paternity (rp) analogues
using both the MLTR and TwoGener methods showed similar
results and indicated that a higher proportion of progeny were
produced by the same pollen donor in BP (tm × rp ¼ 42 %) com-
pared with GB (18 %).

If trees in BP are receiving related biparentally inbred pollen
from neighbouring plants, the reduction in seed set could be
attributed to early acting inbreeding depression, as has been
found in other studies (Fenster, 1991; Byers, 1998; Robertson
and Ulappa, 2004). The effect of biparental inbreeding on repro-
ductive success was supported by a recent study that found that
both fruit set and offspring fitness were reduced when the related-
ness of breeding pairs increased (Hirao, 2010). On the other
hand, reduced fruit set could be caused by reduced male fertiliza-
tion success. In SI species, fertilization is prevented when the
S-alleles expressed by the pollen donor are the same as those in
the pistil (Ushijima et al., 2003; Sassa et al., 2010). We previous-
ly reported a greater reduction in fruit set following hand cross-
pollination between full-siblings (Suarez-Gonzalez, 2011);
however, we did not investigate whether this reduction was due
to early acting inbreeding depression or differential success of
non-inbred pollen. In either case, these data provide support
for the hypothesis that the reduction in reproductive success in
fragments is caused by a reduction in the ‘quality’ of pollen, a
finding that has been observed in other studies of trees (Stacy,
2001; Lowe et al., 2005; Jones and Comita, 2008).

According to theoretical predictions and some empirical data,
an increase in correlated paternity and biparental inbreeding may
lead to higher levels of inbreeding in the fragments (Lienert,
2004; Coates et al., 2007). However, we found a negative fixation
index in the offspring and adults of both populations, suggesting
that biparentally inbred progeny do not persist to adulthood. This
negative effect of inbreeding, commonly documented in plant
populations (Husband and Schemske, 1996; Vogler and
Stephenson, 2001), has been attributed to the high levels of
genetic load maintained in SI species (Glemin et al., 2001;
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Porcher et al., 2005). Thus, inbreeding depression, in addition
to SI, probably maintains high levels of outcrossing in
P. virginiana.

Because P. virginiana harbours a gametophytic SI system, the
arrival of inbred pollen at stigmas may also result in the reduction
of fruit set if related parents share S-alleles. If fragmentation
causes a reduction in genetic diversity, and an increase in
genetic differentiation among populations, S-allele diversity can
theoretically limit fruit set. However, these conditions do not
easily arise, except in highly endangered species (Demauro,
1993), or in populations that have gone through long, protracted
bottlenecks (Busch and Schoen, 2008; Young and Pickup,
2010). Although we observed an increase in both biparental
inbreeding and fine-scale spatial genetic structure in the fragment
compared with the continuous population (see below), there was
no reduction in S-allele diversity and it is unlikely that mate limi-
tation is occurring.

In fact, the analysis of variation at the S-locus revealed high
allelic diversity, similar to that found in other trees in the
Rosaceae (Hoebee et al., 2011), which is explained by negative
frequency balancing selection operating on the S-locus
(Wright, 1939). The strength of selection favouring new alleles
strongly depends on the number of S-alleles in the population:
if the number of S-alleles is near the maximum expected for a
population of that size, new S-alleles have weaker selection coef-
ficients (Schierup, 1998). In addition to maintaining manyalleles
in populations, frequency-dependent selection is expected to
lead to equal S-allele frequencies, isoplethy, at equilibrium.
Our finding that the S-alleles are in isoplethy suggests that
there is equilibrium between mutation and selection in both the
fragment and continuous population; however, we interpret this
estimate with caution. The low statistical power of tests of equal
allele frequencies (Castric and Vekemans, 2004) may obscure
the occurrence of deviations from equilibrium. Overall, these
results suggest that maternal trees are probably not limited by
the number of compatible mates in the fragments, but rather by
the type of pollen brought by pollinators, which appears to be
biparentally inbred.

Analyses of SGS as inferred from microsatellite loci and the
S-locus showed similar results, as expected when S-allele diver-
sity is high and therefore negative frequency-dependent selection
is weak (Leducq et al., 2011). Our results revealed a significant in-
crease in the autocorrelation coefficient at small distances (30 m)
in BP compared with GB, which may be explained by an increase
in clonal propagation and limited pollen and/or seed movement in
the former. If clonal propagation is increased in BP compared with
GB, as suggested by the higher density in the former, the presence
of greater clonal patch size in BP may augment spatial genetic
structure and limit compatible pollen receipt and hence fruit pro-
duction. This would be particularly true if the pollen dispersal dis-
tance is short, as shown by a previous analysis of the pollen
dispersal curve in GB (Suarez-Gonzalez, 2011). We found a
highly leptokurtic distribution of pollen dispersal distance indicat-
ing a large number of near-neighbour mating events. Although we
could not analyse the pollen dispersal curve in BP, the consistent
pattern of small population genetic effects in BP (greater SGS in
both S-allele and SSR, and greater biparental inbreeding) suggests
that biparentally inbred mating events are probably more frequent
in the fragment and likely to result in S-allele sharing.

Lack of population structure

Theoretical analysis indicates that even low levels of migra-
tion prevent structure at the S-locus at a landscape scale
(Schierup et al., 2000; Muirhead, 2001). Consistent with the ex-
pectation for a widely distributed self-incompatible species, we
find overall high levels of genetic diversity and negligible popu-
lation structure at both neutral and selected loci.

The high levels of gene flowand genetic diversity in this species
explain the similarities in heterozygosity and gene diversity in
fragmented and continuous populations. Given that the generation
time of P. virginiana ranges from 30 to 40 years (Leigh, 1999), in-
sufficient time has lapsed for a reduction in heterozygosity to arise
since fragmentation probably occurred only 3–4 generations ago,
when a massive amount of forest was converted to cropland in
Southern Manitoba (approx. 120 years ago) (Ramankutty and
Foley, 1999). However, the concomitant changes in mating
system dynamics and SGS detected in the fragment suggest that
population isolation, changes in the surrounding matrix and its
corresponding effect on pollinators as well as genetic conse-
quences at a local scale may collectively hinder reproductive
success in this relatively widespread small tree.

Conclusions

By using a novel integrative approach, we showed that even
though P. virginiana is a widespread species, fragmented popula-
tions can experience significant reductions in fruit set and pollen
limitation in the field. These limitations were further explained in
one of the fragments by an increase in biparental inbreeding, corre-
lated paternity and fine-scale genetic structure. Even though we
examined only a single continuous site and one of the fragments
for the genetic analyses, the consistency of the field and fine-scale
genetic analyses, and the consistency of the results within patches
and across years, suggest that we have uncovered important pro-
cesses driving pollen limitation in the fragment. However, this ap-
proach should be replicated in other species and/or populations to
understand fully the interplay of genetic and ecological factors in-
fluencing species’ response to forest fragmentation (Bacles and
Jump, 2010).

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Figure S1: histogram
showing the density in three populations of P. virginiana trees.
Table S1: AIC values for model comparison. Table S2: microsat-
ellite primer names, sequences, repeat motifs, annealing tem-
peratures and size ranges previously reported and found in two
populations of P. virginiana. Table S3: number and position of
conservative and non-conservative amino acid changes in 22
S-alleles found in Prunus virginiana, compared with the most
similar (S-RNase sequence reported in other Prunus species.
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