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We used randomizations to analyse patterns of co-occurrence of sexual and
apomictic (asexual) members of the North American Crepis agamic complex
(Asteraceae). We expect strong asymmetry in reproductive interactions in
Crepis: apomicts produce clonal seeds with no need for pollination and are
not subject to reproductive interference from co-occurring relatives. However,
because they still produce some viable pollen, apomicts can reduce reproduc-
tive success of nearby sexual relatives, potentially leading to eventual local
exclusion of sexuals. Consistent with this, randomizations reveal that sexuals
are over-represented in isolated sites, while apomicts freely co-occur. Incorpor-
ation of taxonomic and phylogenetic evidence indicates that this pattern
is not driven by local origins of asexuals. Our evidence that patterns of local
co-occurrence are structured by reproductive interference suggests an under-
appreciated role for these interactions in community assembly, and
highlights the need for explicit tests of the relative contributions of ecological
and reproductive interactions in generating patterns of limiting similarity.

1. Introduction

The failure of close relatives to co-occur is most often attributed to the short- or long-
term outcomes of ecological processes such as competition [1-4]. This framework
traces back at least to Darwin [5, chapter 3, p. 74], who noted ‘we can dimly see why
the competition should be most severe between allied forms, which fill nearly the
same place in the economy of nature’. The expectation that recent shared ancestry
imparts similar traits and ecological requirements [6—8] suggests that if close rela-
tives co-occur, competition for a shared limiting resource could lead to the exclusion
of weaker competitors [2]. Exceptional cases of co-occurring close relatives are then
variously taken as evidence of habitat filtering, transient neutral dynamics, identical
niche requirements or environmental heterogeneity with cryptic niche divergence
[1,4,8]. Despite a long tradition of interpreting phylogenetic limiting similarity as
evidence for the importance of ecological processes in structuring communities,
there is increasing recognition that the resemblance of close relatives extends
beyond shared resource acquisition traits, notably to reproductive traits, and that
these similarities may also impact the likelihood of co-occurrence [1,9].

As predicted for competitive interactions, reproductive interactions are also
expected to be stronger between close relatives (e.g. congeners and sister taxa),
because shared recent ancestry can also yield shared reproductive traits, including
similarities in the timing of reproduction, mate recognition, pollination system and
gamete recognition [9]. Until recently, reproductive interference, the negative con-
sequences of reproductive interactions between species [10], has less often been
considered a potential force in generating patterns of co-occurrence. Given that
interspecific reproductive interactions usually reduce fitness relative to conspecific
interactions [11], reproductive interference provides an alternative (or additional)
explanation for the tendency of close relatives to avoid co-occurrence [1,9]. The
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Figure 1. Schematic of expected reproductive interactions (left column) and their short- (centre column) and long-term (right column) outcomes under three
scenarios. (a) Two closely related sexual lineages (each species indicated by different-coloured petals). Arrows above the flowers indicate the direction of potential
interspecific pollen flow. The smaller size of offspring suggests lower fitness than their parents. (b) Two (obligate) apomictic lineages (designated with a stylized ‘A’
in the ovary), indicating no pollen flow, no hybrid formation and stable co-occurrence. (c) Reproductive interactions of a sexual and an apomictic lineage, showing
unidirectional pollen flow from the apomict to the sexual recipient. (Online version in colour.)

costs of interspecific reproductive interactions can lead to local
reproductive exclusion, in which the species most negatively
impacted by reproductive interactions is eventually extirpated
[9], and may also promote spatial separation of species through
ecological character displacement or niche divergence [12].
Alternatively, if reproductive interference is a primary force lim-
iting co-occurrence, then the existence of weaker reproductive
interactions should favour co-occurrence of close relatives.
Studies that can isolate the impact of one or the other mechan-
ism and thus disentangle their contributions to coexistence are
thus of special importance.

Sexual—asexual complexes provide a unique window on
co-occurrence because closely related sexuals and asexuals
differ in their vulnerability to reproductive interactions. In
effect, the polymorphism in the reproductive system allows
us to test predictions about co-occurrence of sexuals and asex-
uals that rest solely on their reproductive interactions. Our
study focuses on agamic complexes in plants, which comprise
closely related sexual and apomictic lineages. Sexuals are
usually outcrossing, hermaphroditic diploids [13], while apo-
micts (plants that produce clonal seeds by various
developmental pathways; cf. gametophytic apomicts) are typi-
cally polyploids [14]. Many apomicts produce at least some
viable pollen [15], probably as a vestige of their recent sexual
past [16]. In these groups, three types of reproductive inter-
actions—sexual—-sexual, asexual-asexual and sexual-
asexual—can occur, yielding different predictions about
short- and long-term co-occurrence (figure 1). For example,
two related sexuals that co-occur (figure 1a) may produce

hybrids of varying fitness, impacting co-occurrence in multiple
ways: asymmetric costs can lead to local exclusion of the most
negatively impacted species [17], or to ecological character dis-
placement, niche divergence and eventual spatial separation.
Alternatively, reproductive character displacement could
permit stable co-occurrence of sympatric sexuals [18]. These
diverse outcomes make it difficult to derive expectations
about how frequently we expect co-occurrence of sexuals to
occur, or how long we expect it to persist. Reproductive inter-
actions between asexuals, and between asexuals and sexuals
yield clearer expectations of co-occurrence (figure 1b,c),
which we focus on here. When two asexuals co-occur
(figure 1Db), the absence of reproductive interactions (i.e. pre-
suming nearly obligate or obligate asexuality) predicts stable
co-occurrence (assuming that reproductive interactions are
the primary limit to co-occurrence). When a sexual and an
asexual co-occur (figure 1c), asymmetric or unidirectional (if
asexuality is obligate) reproductive interactions through inter-
specific pollen transfer from apomicts to co-occurring sexuals
may either reduce seed set, yield hybrid offspring or both.
Hybrids of intermediate ploidy are commonly produced via
natural and experimental crosses between apomicts and sex-
uals [19], but unless they are apomictic, interploidy hybrids
are often of lower viability or fertility [20] than non-hybrid off-
spring. While transfer of apomixis to hybrids can occur and
yield viable and fertile progeny (e.g. [21]), it removes those off-
spring from the sexual population. We emphasize that in terms
of the fates of co-occurring sexuals and asexuals, the key point
is that the presence of apomicts generates a recruitment cost for
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the sexuals relative to the apomicts; when they co-occur, we
expect female function and seed set of the apomict to be unaf-
fected, while the sexual suffers greater negative impacts via
reduced recruitment of sexual diploid offspring (through
reduced seed set, or by the production of interploidy offspring
that are either of low fertility (if sexual) or apomictic). These
predicted outcomes for co-occurrence of sexuals and apomicts
form the basis of our test: if reproductive interactions are the
primary determiners of co-occurrence of close relatives, then
we predict a relationship between reproductive mode and pat-
terns of co-occurrence; if co-occurrence is limited primarily by
resource competition, we expect no such relationship.

Here, we test the predicted outcomes of reproductive
interactions between sexuals and asexuals using patterns of
co-occurrence in the North American Crepis agamic complex.
This group, broadly distributed in the sagebrush-steppe zone
of western North America, comprises eight taxonomic species
(some of which are further divided into subspecies, for a total
of 17 taxa). Species can include diploid sexual outcrossing
lineages and an array of derivative polyploid apomictic
lineages that reproduce via clonal seeds [22,23]. The taxonomy
of the complex is therefore somewhat artificial, given that many
of the polyploid apomictic lineages are allopolyploids and that
differences in ploidy and the reproductive mode (sexual versus
apomictic) contribute to isolating barriers between apomicts
and sexuals [22,23]. A notable feature of the complex is that
local sites can comprise one to many species and one to
many ploidy levels within taxonomic species [22,24]. Within
these sites (which have the spatial properties typical of popu-
lations of a single species), individuals of Crepis are typically
more or less continuously interspersed at low-to-moderate
densities within the sagebrush matrix. Apomixis in Crepis is
autonomous (pollen is not required for embryo initiation or
formation [25]), but apomicts almost always produce some
viable pollen (see the electronic supplementary material,
table S1 for available pollen data for a subset of our samples).
Apomicts can serve as pollen donors where they co-occur
with sexuals, yielding interploidy hybrids [19]. In addition,
apomictic embryos in North American Crepis are known to
develop precociously (they are often initiated before flowers
open), and therefore, their ovules are probably unavailable
for fertilization [25], emphasizing that these apomicts should
be impervious to reproductive interference.

We hypothesized that if reproductive interference is key in
limiting coexistence, sexual cytotypes should tend to occur
in isolation because of the reproductive costs of co-occurrence
that arise from pollen flow from asexual counterparts. By con-
trast, distinct apomicts should freely co-occur because they are
immune to pollen flow from other asexuals or from sexuals,
and therefore experience no reproductive cost of co-occurrence.
In addition, where sexuals do co-occur with apomicts, we
expect to find evidence of reproductive interference, through
the presence of hybrid lineages of intermediate ploidy.
We test our hypotheses about the expected frequencies of co-
occurrence of sexuals and asexuals, and explore alternative
explanations for our findings, using randomizations.

2. Material and methods

(a) Data sources
We use data on patterns of distribution from 589 individuals at 121
sites, surveyed for a phylogenetic study of the North American

Crepis agamic complex [22]. These sites are scattered throughout
the core range of the complex (northern California, eastern
Oregon and central Washington), which includes all sexual
diploids, and the bulk of the diversity of polyploid apomicts
[22,23]. Over five field seasons, we targeted collecting efforts to
fill in coverage of regions with ecological or taxonomic diversity,
based on prior examination of herbarium specimens and the mono-
graph of Babcock and Stebbins. We sampled sites as encountered,
with no a priori knowledge of whether they included one or more
species or ploidy level; all sites are comparable in scale to popu-
lations, whether one or more Crepis species was present. At each
site, we sampled at least one individual of each distinct species
and morphotype. We could not distinguish sexuals from apomicts
in the field.

Taxonomic keys were used to determine species, and flow
cytometry used to infer ploidy [22]. In this paper, ‘ploidy” refers
to the assigned DNA-ploidy from estimates of DNA content
[26]. As previously reported [22], we assigned each sample to a
‘cyto-taxon” — a particular ploidy level of a particular species or
subspecies (e.g. 4x Crepis atribarba subsp. originalis is counted as
distinct from 5x of the same subspecies, and from 4x C. atribarba
subsp. atribarba), and treated each cyto-taxon as a distinct sexual
or asexual lineage. Although it was uncommon for multiple
samples of the same morphotype from the same site to differ in
ploidy, it remains possible that we under-sampled cryptic ploidy
variation within morphotypes.

Starting with the range-wide ploidy determinations in Sears &
Whitton [22], we double-checked the assignment of individuals
of the same species at the same site that had been assigned con-
secutive ploidy levels above 4x (e.g. 5x and 6x C. atribarba).
The ranges of DNA content values are wider at these ploidy
levels, so we grouped such individuals under a single ploidy
level when their genome sizes differed by less than 10%. In our
subsequent analyses, our pool of ‘closely related species’ is, in
fact, a pool of all of the distinct cyto-taxa that we detected in our
sampling. Across the 17 species and subspecies in the complex,
we identified a total of 47 distinct cyto-taxa. We treated all diploid
cyto-taxa as sexual and all polyploids as apomictic, based on
previous characterization of this system [25].

We found a total of 214 occurrences of cyto-taxa in the 121
surveyed sites, with sites comprising one to eight cyto-taxa
(figure 2a; see the electronic supplementary material, table S1
for the list of sites and cyto-taxa and electronic supplementary
material table S2 for the randomization data). Among sites,
there were 42 total observations of diploid and 172 of polyploid
cyto-taxa. In the randomizations, we refer to each detection of a
cyto-taxon at a site as a distinct cyto-taxon occurrence. For
example, there are six occurrences of the cyto-taxon ‘tetraploid
Crepis pleurocarpa’ across the 121 sites; site 5014 includes a total
of three cyto-taxon occurrences, including diploid and tetraploid
C. pleurocarpa and tetraploid Crepis occidentalis.

(b) Randomizations

To test the hypothesis that sexual diploids are more likely to occur
on their own than the apomictic polyploids, we asked whether the
pattern of occurrences of each ploidy level is distinct from what we
would expect if they co-occurred randomly across our 121 sites.
Each of the 1 million randomizations reshuffled the cyto-taxon
occurrences across the 121 sites, maintaining the number of obser-
vations of each cyto-taxon and the number of distinct cyto-taxa at
each site. Thus, a cyto-taxon observed at 10 sites would have a par-
ticular null expectation of how many of those occurrences would
be in a site alone.

In a secondary analysis, we repeated the randomizations after
grouping together all polyploid occurrences of the same taxonomic
species at each site, therefore considering sites to have multiple
polyploids only if these were identified as different species. This
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Figure 2. Observed and random expectations for the number of cyto-taxa per
site in the North American Crepis. (a) Histogram of observed complexity at
121 sites, broken down separately for apomicts and sexuals (e.g. of the
46 cyto-taxon observations representing the 23 sites with two cyto-taxa,
there are 10 observations of diploids (sexuals) and 36 observations of poly-
ploids (apomicts)). (b,¢) Histograms comparing observed and expected (based
on randomizations) occurrences of sexuals (b) and apomicts (c).

was done to explore whether patterns of co-occurrence could result
from frequent local origins and establishment of apomicts via, e.g.
occasional crossing to produce a new apomictic lineage in situ.
Grouping all polyploid cytotype occurrences of the same taxo-
nomic species at the same site in this manner only reduced the
number of occurrences of polyploid cyto-taxa from 172 to 152 (i.e.
in most cases, co-occurring cyto-taxa were not identified as the
same species).

As described below (Results), we found support for an over-
representation of sites in which sexual diploids occur in
isolation, consistent with a role for reproductive interference
in limiting co-occurrence. Given this, we examined the cases in
which diploids co-occur with apomicts to see whether there was
evidence of hybridization between them (which we would
expect if the pollen from apomicts is effective in fertilizing sexual
ovules, as predicted; figure 1c). We focused on sites at which
sexual diploids co-occur with at least one tetraploid cyto-taxon
(tetraploids are the most common polyploids), and the expectation
that these would probably also include a suitable triploid (i.e.
identified as the same species as either the co-occurring diploid

or tetraploid), plausibly generated by hybridization. In the
observed data, we counted the number of sites at which a diploid
and tetraploid co-occur, and then counted the number of those
sites in which a suitable triploid also occurs. To derive the null
expectation for the proportion of such diploid —triploid —tetraploid
co-occurrences, our randomization of 1 million replicates held the
data as observed constant, except for the triploid occurrences. The
triploid occurrences were removed and then randomly assigned
back to sites, regardless of whether the site originally held a tri-
ploid or not, constrained only to avoid placing two occurrences
of the same cyto-taxon at the same site (which would have reduced
them to a single occurrence) (see the electronic supplementary
material for the code used in randomizations).

3. Results
(a) Are diploids over-represented in isolated sites?

Comparison of observed frequencies of isolated and co-occur-
ring cyto-taxa (figure 2a) against a null expectation from 1
million randomizations of cyto-taxa among simulated sites
indicates that sexual cyto-taxa occur alone far more frequently
than expected based on their observed frequency in our sample
(figure 2b; p < 0.002, frequency of randomizations in which
diploids were alone in as many or more sites as observed).
The pattern of co-occurrence of apomictic cyto-taxa matches
a random expectation (figure 2c) for ploidies 3 through to 9
(p=0.96,0.97,0.63,0.87,0.14, 0.71, 0.34).

Our results were unchanged when we repeated the ran-
domizations after reclassifying all co-occurring polyploids of
the same species at each site as one cyto-taxon: apomicts still
matched random expectation of co-occurrence (p = 0.99) and
sexuals remained over-represented in isolated sites relative to
the null expectation (p = 0.02).

(b) Is there evidence that diploids and tetraploids have
hybridized where they co-occur?

We observed 21 occurrences of a diploid (sexual) co-occurring
with tetraploid, and in 11 of these cases, a suitable triploid
(assigned to the same species as the co-occurring diploid or tet-
raploid) was also present at the site. In a number of cases, a
diploid co-occurred with more than one tetraploid, and in
such cases, it could be argued that each diploid-tetraploid
pair should not be counted as an independent opportunity
for hybridization. Accordingly, we reduced the data to count
each site with diploid-triploid—tetraploid co-occurrences
only once, yielding a count of 11 sites with a diploid and at
least one tetraploid present, four of which also include at
least one suitable triploid. Comparing our observations of
diploid -triploid —tetraploid co-occurrences against expec-
tations generated by randomizing triploids among sites
indicates that suitable triploids occur at sites with diploids
and tetraploids more often than expected, whether we assess
their occurrence relative to the 11 sites (p < 0.002) or 21
occurrences of diploid-tetraploid sets (p < 0.001).

4. Discussion

We detected frequent co-occurrence of apomicts contrasted
against a significantly stronger tendency for sexuals to occur
in isolation in the North American Crepis agamic complex.
This pattern is consistent with the action of asymmetric
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reproductive interference, in which pollen of apomicts reduces
the reproductive success of co-occurring sexuals, leading to
their eventual local exclusion. Previous findings in Crepis [19]
and other agamic complexes document asymmetric reproduc-
tive interactions, providing support for the mechanism that
we invoke, while alternative explanations, discussed below,
are limited in their ability to account for observed patterns of
co-occurrence. We wish to underscore the potential to use
such sexual—-asexual systems (and other systems with asym-
metric reproductive interactions, e.g. between selfers and
outcrossers [27,28]) to explore the relative role of reproductive
versus ecological interactions in limiting co-occurrence.

(a) Asymmetric reproductive interference as a threat to
the persistence of sexuals

Our previous studies of this complex support the view that the
persistence of sexuals can be threatened by reproductive inter-
ference from nearby apomicts. Hersh et al. [19] conducted
crosses using pollen from apomictic polyploid (8 x) Crepis barbi-
gera to fertilize ovules of sexual diploids of C. atribarba in one of
our sites (no. 4011, electronic supplementary material, table S1).
Relative to the success of diploid—diploid crosses, they found
no decline in seed set, but seeds from crosses with apomicts
were mainly hybrids of intermediate (approx. 5x) ploidy [19],
indicating that diploid recruitment can be reduced by the pres-
ence of nearby apomicts. Indeed, individuals of intermediate
ploidy were also detected among open pollinated seeds and
the standing population [19]. Most apomictic Crepis that we
have surveyed produce some viable pollen (see the electronic
supplementary material, table S1), and evidence of ongoing
local hybridization has previously been found [13,24],
suggesting that the potential for reproductive interference is
widespread in this system. Furthermore, it is worth noting
that even if pollen from apomicts fails to produce viable off-
spring, recruitment of sexual diploids can still be reduced
through stigma clogging, or embryo or seedling abortion [10].
We also found indirect support for the ability of pollen from
apomicts to reduce recruitment of sexual diploids, as we inter-
pret the tendency of triploids to occur where diploids and
tetraploids are also present as evidence of hybridization.
While limited crossing data are available from the Crepis
agamic complex, the potential for asymmetric reproductive
interference driven by male function of apomicts has been
documented in multiple additional systems. Evidence ranges
from quantifying the amount of viable pollen in apomicts
[15], to showing the transmission of apomixis to the offspring
of apomicts and sexuals [29], and demonstrating that hybridiz-
ation between apomicts and sexuals yields new apomicts [30].
Support for the ability of apomictic pollen to threaten the per-
sistence of sexuals also comes from the triploid apomictic
common dandelion, Taraxacum officinale. Brock [31] found
that pollen moves freely between non-native apomictic
T. officinale and the native sexual diploid Taraxacum cerato-
phorum. Although hybrids are rare, hybrid seeds are
produced in crosses with mixed pollen loads, and rates of
hybridization probably depend on the relative abundance of
the two species [32]. In Japan, the native sexual diploid Tarax-
acum japonicum is declining in response to expansion of the
exotic apomictic T. officinale [33]. In this case, the decline results
from reduced seed set of the native species owing to pollinator
preference for the abundant apomict. In Taraxacum, many of
the hybrids between apomicts and sexuals are weak or infertile,

but the fertile offspring are typically apomictic [29]. The work
in Taraxacum supports asymmetric reproductive interference
from apomicts as a mechanism that threatens recruitment
and eventual persistence of co-occurring sexuals.

Theoretical models of the longer-term impacts of reproduc-
tive interactions between sexuals and apomicts [34-37]
generally find little support for stable coexistence, although
some (e.g. [38]) predict long periods (thousands of generations)
of co-occurrence. These models assume that sexuals have a
fitness advantage (through survival), and therefore when
apomixis dominates, it is because pollen transfer from apo-
micts reduces the reproductive fitness of sexuals sufficiently
to outweigh their survival advantage.

(b) Alternative explanations for spatial isolation of
sexuals

We considered two alternatives to reproductive interference
that could generate a tendency for spatially isolated sexuals:
frequent local origin of apomicts and ecological divergence
between sexuals and apomicts.

(i) Local origins

Our more conservative randomizations, in which we pooled
different ploidy levels within apomictic lineages, suggest
that local origins are not the primary drivers of patterns of
co-occurrence, but we also consider here the inferences
of local origins from plastid DNA sequence data in Sears &
Whitton [22]. Because plastid DNA is usually maternal inher-
ited in flowering plants, co-occurrence of phylogenetically
distinct haplotypes can be taken as evidence of establishment
via seed dispersal (and not local origins), as previously inferred
in this [24,39] and other groups [40-42]. Haplotype data are
available for a total of 50 cyto-taxa co-occurring in 21 sites in
the online supplementary data in [22]. Among these, 40 cases
involve co-occurring cyto-taxa with distinct haplotypes (i.e.
that differ by more than a single mutation in figure 4 of [22]).
Although we expect local origins to add to the establishment
of novel cyto-taxa in Crepis over time, combining information
on haplotype co-occurrence with the results of the conservative
randomizations, we are confident in asserting that the patterns
of co-occurrence of apomicts that we observe are not driven
predominatly driven by local origins.

(ii) Ecological divergence

Ecological divergence of sexuals and related apomictic poly-
ploids could also contribute to the greater tendency of sexual
diploids to be found in isolation from apomicts, for example,
if niche divergence between lineages of different reproductive
types is sufficient to preclude co-occurrence. There are no data
available to directly assess niche divergence among diverse
lineages of sexuals and apomicts of the North American
Crepis. We note, however, that while our previous sampling
prioritized the collection of sexual diploids for phylogenetic
studies, over several field seasons we have not detected obvious
distinctions between the places where sexuals and apomicts
grow. Our best strategy for finding sexual diploids continues
to be to go to the places where these were previously found
[23,43] and confirm ploidy using flow cytometry. In addition,
over the 18 sites where we found co-occurring sexuals and apo-
micts, there are examples of each of the eight sexual diploid
species, suggesting that ecological divergence does not
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consistently preclude co-occurrence of sexuals and apomicts
(see the electronic supplementary material, table S1). Also,
regional taxonomic treatments of the complex (e.g. the recent
flora of California [44]) do not distinguish sexuals from apo-
micts. We also note that sexual diploids have ranges that are
fully overlapping with the ranges of multiple apomicts (maps
in [23,43]). While these are admittedly anecdotal arguments,
we believe they support the view that, over broad areas and
timescales, apomicts and sexuals are capable of colonizing the
same sites, suggesting that additional factors (i.e. reproductive
interference) contribute to observed patterns of co-occurrence.

(c) Longer-term outcomes of reproductive interactions
The types of reproductive interactions that we highlight in
Crepis have the potential to contribute to niche divergence via
broader-scale eco-evolutionary dynamics [45]. For example, if
reproductive interference consistently reduces the fitness of
sexual diploids (e.g. [38]), selection could favour traits in the
sexuals that reduce the potential for reproductive interference
via maladaptive hybridization, leading to ecological or repro-
ductive character displacement [46]. Under such a scenario,
ecological character displacement may contribute to generating
distinct distributions of sexuals and asexuals [47], as postulated
by Lynch [46]. However, depending on the fitness conse-
quences of hybridization, the life histories of organisms and
the colonization history of sites (e.g. whether sexuals or apo-
micts have precedence at a site), long periods of co-occurrence
of sexuals and asexuals could be part of the normal cycles of
sexual—-asexual complexes [38]. Nonetheless, over the long
term, in systems where male function of asexuals is maintained,
the persistence of sexuals may rest upon their ability to avoid
extinction by hybridization [17], and their chances of persisting
would be greatly enhanced by niche divergence that prevents or
reduces co-occurrence with apomicts.

The unusual features of the North American Crepis agamic
complex provided us with a unique window onto the role of
reproductive interactions in co-occurrence of close relatives,
but studies of other congeners that occur in sympatry, and of
species assemblages that share reproductive resources (e.g.
plants that share pollinators) have also highlighted the role of
divergence in reproductive traits in permitting co-occurrence
[48-50]. For example, Eaton et al. [48] showed that among a
set of 116 species of Pedicularis that co-occur in various combi-
nations on the Tibetan Plateau, there was greater divergence
and lower variance in floral traits in sympatry. They inferred
that lability in pollinator-related floral traits facilitates
co-occurrence by reducing reproductive interference. More
broadly, plant—pollinator interactions are increasingly recog-
nized as contributing to community assembly [50], primarily
through their impact on pollination efficiency, which reduces
reproductive interference and thus increases reproductive suc-
cess of individual species. Following these and other authors,
our work suggests that reduced reproductive interference can
favour co-occurrence.

(d) The relative importance of reproductive and

competitive exclusion
We noted that a key challenge to teasing apart the relative
importance of competitive and reproductive interactions in
limiting co-occurrence is that both types of forces are predic-
ted to be strongest between close relatives, i.e. recent shared
evolutionary history increases the likelihood of shared traits

related to resource use and reproduction. It follows that tests [ 6 |

of community structure that include or focus on close relatives
and are based simply on patterns of co-occurrence will con-
found the effects of reproductive and ecological interactions.
Patterns of species co-occurrence fall squarely in the realm of
community ecology, so it is understandable that competi-
tion and other ecological processes have served as focal
mechanisms for probing community assembly. Given that
reproductive interactions are the traditional domain of studies
of speciation and reproductive isolation, the lack of emphasis
on their role in explaining community assembly also makes
some sense. It is notable that studies of plant—pollinator inter-
actions, which bridge the divide between reproductive
isolation and community dynamics, have a stronger, but still
limited track record of incorporating reproductive and ecological
interactions in analysis of community assembly [49-52].

While there are few studies that consider the separate and
joint roles of reproductive interference and resource compe-
tition, the models of Kuno [53], and Kishi & Nakazawa [54]
predict that, for a given strength of interaction, reproductive
interference can more readily prevent coexistence than
resource competition. Furthermore, Kishi & Nakazawa [54]
show that the addition of reproductive interactions restricts
conditions for coexistence, i.e. conditions that predicted coex-
istence under resource competition alone lead to exclusion
when reproductive interference is added.

Differences in the expected spatial reaches of reproductive
versus resource interactions further support our argument that
the former may dominate when gametes disperse over greater
distances than the individuals that produce them [52], as is
expected for most plants. In accordance with this expectation,
Takakura et al. [55] found negative effects of interspecific
pollen transfer from non-native apomictic dandelion, T. officinale,
on seed set of the native T. japonicum at scales of 2—-5 m, well
beyond the mean distance between nearest neighbours of the
two species. Under these sorts of spatial conditions, we envisage
that competitive interactions may be too weak to lead to com-
petitive exclusion, and thus the ecological conditions that
permit coexistence may be relatively common, which could tip
the balance towards a greater role for reproductive interactions.

5. Conclusion

While there is evidence that close relatives share traits
that influence resource acquisition, there is also an emerging
realization that competitive hierarchies may fail to predict
community composition owing to a diversity of factors. Our
study highlights a different set of interactions — reproductive
interactions — that are probably at play in determining coexis-
tence, especially among sister species and close congeners, and
that are typically not considered part of the remit of studies
of community assembly. Given that these two sets of interactions
can contribute to setting the conditions that permit
co-occurrence or drive ecological divergence, clarifying their
relative roles is important to our understanding of the forces
that govern the distribution of related species. Furthermore,
while we focus here on close relatives in which evidence of repro-
ductive interference can be readily described, we note that the
range of mechanisms of reproductive interference extends to
interactions among more distantly related species [10], and we
therefore urge a more careful and explicit consideration of the
potential impacts of these interactions on community dynamics.
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