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Current evidence suggests that plants in biodiversity hotspots suﬀer more from pollen limitation of reproduction than
those in lower diversity regions, primarily due to the response of self-incompatible species. Species in biodiversity hotspots
may thus be more at risk of limited reproduction and subsequent population decline. Should these species have restricted
ranges (i.e. be endemics to a certain region), pollen limitation within highly diverse regions may pose an important threat
to global plant biodiversity. We further dissect the global pattern by exploring whether pollen limitation of range-restricted
(endemic) species is distinctive and/or relates diﬀerently to species diversity than that of widespread (non-endemic) species.
To provide a preliminary test of this prediction we conducted both cross-species and comparative phylogenetic meta-analyses to determine the eﬀect of endemism on the magnitude of pollen limitation and its relationship with regional species
richness. Our data set included 287 plant species belonging to 78 families distributed world-wide. Our results revealed
that endemism and self-compatibility contribute to the global association between pollen limitation and species richness.
Self-incompatible species were more pollen limited than self-compatible ones, and the PICs analysis indicated that transitions to endemism were associated with transitions to self-compatibility. The relationship between pollen limitation and
species richness was signiﬁcant only for the self-incompatible species, and was monotonically increasing in non-endemic
species but accelerating in the endemic species. Thus, self-incompatible endemic species from biodiversity hotspots are at
the greatest risk of pollination failure, a previously unknown aspect suggesting this group of species as a top priority for
future development of conservation strategies. In contrast, reproduction of self-compatible species appears to be unrelated
to plant diversity, although we caution that current data do not account for the reproductive limitation due to the quality
of pollen received. Understanding the mechanisms underlying these patterns requires further investigation into plant–plant
pollinator mediated interactions and the dynamics of pollen transfer in communities diﬀering in species diversity.

Pollen limitation of plant reproduction is a widespread
phenomenon (reviewed by Ashman et al. 2004). Ecological
disturbances such as decline of pollinators, habitat fragmentation, introduction of alien species, and climate change may
increase pollen limitation (Knight et al. 2005, Memmott
et al. 2007). This phenomenon has direct consequences for
human welfare because fruit or seed production from 76%
of the 115 leading global food crops is dependent upon animal pollination (Klein et al. 2007). Pollen limitation also
poses challenges for conservation of wild ﬂora because most
plants threatened by extinction occur in small or sparse
populations as well as in fragmented or specialized habitats,
characteristics that are expected to amplify the risk of pollination failure (Wilcock and Neiland 2002). In fact, in the
wild ﬂora, a signiﬁcant positive relationship between pollen
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limitation and species richness was found at the global scale
(Vamosi et al. 2006) – a pattern that deserves further analysis because many rare, globally-threatened and endangered
species inhabit the most species rich areas on earth (Myers
et al. 2000). One functional explanation of this pattern is
that plants occurring in species-rich communities experience greater interspeciﬁc competition for pollinators than
those in species-poor communities (Vamosi et al. 2006).
Otherwise, environmental factors related to variation in
regional species richness on a global scale, such as high
elevation and cold weather (Mutke and Barthlott 2005,
Ohlemüller et al. 2008), can directly correlate with pollen
limitation and generate such pattern. Another non-exclusive possibility unexplored so far is that the occurrence of
range-restricted species (hereafter referred to as endemics),

which are often restricted to rare local climates (Ohlemüller
et al. 2008), is higher in communities with greater species
richness and contributes to the higher level of pollen limitation observed.
Why would endemism aﬀect pollen limitation? We predict that endemics might be more pollen limited because 1)
in the few cases in which they have been compared within
a given region endemics diﬀer from widespread species in
many plant features related to the attraction of, and reliance
on, pollinators for reproduction (Kruckeberg and Rabinowitz
1985, Kunin and Shmida 1997, Lavergne et al. 2004),
some of which (e.g. fewer and smaller ﬂowers) are associated with increased pollen limitation (Knight et al. 2005);
2) endemics also have smaller population sizes, reduced
density and/or stronger habitat speciﬁcity than widespread
species (Rabinowitz 1981, Lavergne et al. 2004, Thompson
et al. 2005) features that can also increase pollen limitation (Knight et al. 2005); 3) endemics tend to produce
signiﬁcantly fewer seeds than widespread species (Murray
et al. 2002, Lavergne et al. 2004, Thompson et al. 2005)
potentially indicating pollen limitation of seed production; and 4) a small number of direct comparisons between
endemic and non-endemic congeners found stronger pollen limitation in the endemics (Karron 1987, Rymer et al.
2005). Taken together, these points raise the possibility that
endemics are poor competitors for pollinators within their
communities and, given the higher prevalence of endemism
in species rich regions (Myers et al. 2000), drive the positive relationship between pollen limitation and species richness. In addition, endemics may suﬀer more from quality
aspects of pollen limitation relative to more widespread
species owing to features such as low genetic diversity or
lack of compatible mates associated with small population sizes (Byers 1995, Cole 2003, Kirchner et al. 2005).
However, if endemics tend to be self-compatible and have
traits that promote autonomous self-pollination (Krukeberg
and Rabinowitz 1985, Kunin and Shmida 1997, Lavergne
et al. 2004) then they may be buﬀered against increasing interspeciﬁc competition for pollinators. In this case,
pollen limitation of endemics would not vary with changes
in community diversity.
To provide a preliminary test of these predictions we
conducted meta-analyses of published studies of pollen limitation. We employed both cross-species (TIPS) and phylogenetically corrected (PICs) meta-analytical approaches, both
of which have been used to analyze the association between
pollen limitation and plant traits (Larson and Barrett 2000,
Knight et al. 2005, Vamosi et al. 2006). In doing so, we
sought to answer the following questions:
1. Are studies of pollen limitation on endemic species
more often conducted in regions with high species
richness?
2. Do endemic species exhibit higher pollen limitation
than non-endemic species? Does the answer depend
on self-compatibility?
3. Does the relationship between pollen limitation and
regional species richness diﬀer for endemic and nonendemic species at the global scale? If so, is it consistent
across the whole range of species diversity (i.e. is the
relationship monotonically increasing or accelerating)?

Methods
Data set
For our study we started with the data set (241 species from
studies published between 1981–2003) used by Vamosi
et al. (2006), and updated it by adding data from studies
published between 2004 and 2007. We searched ISI Web
of Science using the same key words used to create the base
data set (pollen limit*, supplement* poll*, hand poll*, Knight
et al. 2005). In addition, we searched speciﬁcally for studies
on endemic species using the key words endemi* and pollinat*
across the entire span of publication years 1981–2007. Altogether we obtained data on pollen limitation for 299 species,
most of which were represented by a single location. In the
seven cases for which a species had been evaluated in two locations that diﬀered in species richness, we included the data for
both studies as independent data points, thus the initial data
set had 306 entries. Pollen limitation estimates were based on
fruit set (fruits/ﬂowers) of plants given supplemental pollen
compared to those receiving ambient pollen loads. Fruit set
was the most commonly measured response variable reported
in the literature, and it is a reasonably good indicator of pollen limitation in the number of seeds produced by the entire
plant, arguably the best estimate of female ﬁtness (Knight
et al. 2005). We used author’s descriptions of their study systems and several web sources to determine geographic ranges.
While including geographic range size as a quantitative variable would be ideal, detailed species range maps are not currently available for most of the species in our dataset. Thus, we
reduced our range variable to a categorical one, based on species descriptions as either: 1) range-restricted species, i.e. those
conﬁned to a geographically restricted region (e.g. Sonoran
desert, Florida, Cape region, Iberian Peninsula) – we refer to
these as ‘endemics’; and 2) species that do not meet the criteria
for group (1) – we refer to these as ‘non-endemics’. We were
not able to conﬁdently characterize the geographic range of six
species and thus, these were eliminated from further analysis.
Local population size and habitat speciﬁcity, other important
aspects of plant rarity (sensu Rabinowitz 1981) that may also
aﬀect pollen limitation could not be quantiﬁed for most of
the species in our dataset, and thus were not strictly analysed.
Only the eﬀects of the local size of the study population could
be coarsely explored. To do so, we distinguished between large
and small populations based on the author’s (largely qualitative) descriptions of their study systems. Given the importance of self-compatibility in propensity for pollen limitation
(Knight et al. 2005), and for the association between species
richness and pollen limitation (Vamosi et al. 2006), we also
recorded whether each species was self-compatible or selfincompatible. We could not determine self-compatibility of
six species; consequently these species were excluded from
analyses. The ﬁnal data set had 294 entries, with 287 species
belonging to 78 families, half of the families being represented
by a single study species (Fig. 1; see Supplementary material
Appendix 1 for species list and endemism classiﬁcation).
Following Knight et al. (2005), the magnitude of pollen
limitation was calculated as the natural log response ratio
(ln R), where R is the ratio between the mean proportion
fruit set (fruit/ﬂower) of plants receiving supplemental and
ambient pollen loads. An estimate of regional plant species
1193

Figure 1. Summary phylogenetic tree showing the frequency of endemism and magnitude of pollen limitation in the 287 study species
mapped onto the phylogeny of plant families. Grey scale in the two boxes indicate the three quantiles (low: 0.25, mid-range: 0.250.75,
high: 0.75, respectively) for percent endemic species per family (‘% end’) and the average pollen limitation eﬀect size for the species in
that family (‘PL’), respectively. Numbers indicate the number of study species per family. Only pollen limitation exhibited phylogenetic
signal.

richness at the standard area size of 10 000 km2 was obtained
from BIOMAPS (Barthlott et al. 1999) and log-transformed
[log(Sr)] before analysis to reduce heteroscedasticity.
TIPS statistical analyses
TIPS analyses treated species as independent data points
and thus would largely reﬂect the ecological relationships
of pollen limitation among contemporary species. Unless
otherwise stated, analyses were performed using the SAS statistical package (SAS Inst. 2002). We used χ2-tests to evaluate
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the association between endemism and self-compatibility in
our data set. We performed a non-parametric Kruskal-Wallis
test to determine whether endemic species were studied in
regions with higher species richness than non-endemics.
To test whether endemic species exhibited higher
pollen limitation than non-endemic species, we used a
two-way ANOVA. The model took into account the eﬀect
of endemism and self-compatibility as well as the potential interaction between both eﬀects, the estimation of the
covariance parameters was performed by residual maximum
likelihood (REML).

We used non-parametric regression to assess the shape of
the relationship between pollen limitation and regional species
richness in endemics and non-endemics. In non-parametric
regression, no assumptions are made regarding the speciﬁc
form of the function linking the dependent and independent
variable, other than that it is smooth. Cubic splines were ﬁtted
to the data that minimized a generalized cross-validation score,
as described by Schluter (1988) and implemented in software
GLMS ver. 4.10 (www.zoology.ubc.ca/~schluter/software.
html>). Conﬁdence intervals of ﬁtted regressions were obtained
by bootstrapping (1000 times). Because self-compatible and
self-incompatible species showed contrasting relationships in
the base data set (Vamosi et al. 2006), we analysed endemic
and non-endemic species separately by self-compatibility.
PICs statistical analyses
We also adopted a phylogenetic meta-analytic approach, taking into account the evolutionary relationships among the
study species. A hypothesized phylogenetic tree for the species
included in our data set was obtained by using the maximally
resolved supertree in PHYLOMATIC (www.phylodiversity.
net/phylomatic>). This supertree is based on the hypothesized
phylogenetic relationships of angiosperm families according to
the APG taxonomy (APGII), modiﬁed and updated by Stevens
(2008). Branch lengths were calibrated from the minimum age
of clade divergence from Wikström et al. (2001) using the
BLADJ function within PHYLOMATIC. To assess whether
the response variable (pollen limitation) and the explanatory
traits studied (endemism, self-compatibility and regional species richness) show phylogenetic association within our data set
we used the lambda (λ) parameter (Freckleton et al. 2002). If
λ is signiﬁcantly diﬀerent from zero, this indicates the presence
of a phylogenetic signal, where closely related species are similar with regard to a particular trait. Phylogenetic independent
contrasts (PICs) were calculated using the software application
PHYLOCOM (Webb et al. 2008). To assess whether binary
traits (such as endemism or self-compatibility) were correlated with higher pollen limitation, we analyzed the PICs in
pollen limitation eﬀect size with every transition to the trait
of interest (e.g. endemism) with one-tailed Wilcoxon signed
rank tests. Because it is not yet straightforward to perform
phylogenetically-correct multivariate statistics, we separated
our dataset into self-incompatible and self-compatible species.
Within each subset we repeated our examinations of associations between endemism and pollen limitation. To analyze the
relationships between species richness and pollen limitation, we
regressed the contrasts in pollen limitation against the contrasts
in regional species richness, forcing the regression through the
origin (Garland et al. 1992), and also examined whether the
relationship between species richness and pollen limitation was
stronger in endemics than non-endemics.

Results
Characterization of the data set
Phylogenetic signal

Our analyses revealed that the magnitude of pollen limitation
exhibit a strong phylogenetic signal (λ  0.45, p  0.0006;

Fig. 1), indicating that close relatives were more similar in
pollen limitation level than expected by chance. Among the
explanatory variables analyzed only endemism did not show
phylogenetic signal in our data set (λ  0. 0005, p  1),
while the other traits did exhibit a strong phylogenetic signal
indicating that closely-related species are more similar in selfcompatibility (λ  0.23, p  0.001), and species richness of
their communities (λ  0.82, p  0.0001) than expected by
chance.
Endemism and local population size

Based on our classiﬁcation of endemism, 31% of the species
in our dataset were endemic. Furthermore, our coarse classiﬁcation of species population size distinguished 224 species
with large populations and 63 species with small populations. As is often observed, endemism and local population
size were related (Rabinowitz 1981). In fact, 53% of the
endemic species in our data set were characterized by small
local population sizes. This contrasts with only 8% of the
non-endemic species being classiﬁed as having small local
population sizes.
Geographic distribution

The study species were located in regions that cover the whole
range of global diversity zones described by Barthlott et al.
(1999), with a log(Sr) that ranged from 2 to 3.78, which
is equivalent to a range of 100–6000 vascular plant species
per 10 000 km2 (Supplementary material Appendix 1). Most
of the studies were conducted in North America (n  113)
and Europe (n  57), two geographic areas largely characterized by modest species richness (Barthlott et al. 1999).
Of the studies conducted in North America and Europe,
22% involved endemic species. In contrast, of the studies conducted in all other geographic areas, 44% involved
endemics. The percentage of endemic and non-endemic
species studied was similar in tropical and non-tropical
regions of the world (χ21  0.1665, p  0.68).
Self-compatibility

Fifty-eight percent of the species in our data set were self-compatible, and the frequency of self-compatibility did not diﬀer
between endemics and non-endemics (χ21  0.07, p  0.78).
However, the PICs analysis detected an association between
self-compatibility and endemism; in all six instances where
both self-incompatibility and endemism change in the phylogeny, a transition towards endemism was accompanied by
a transition towards self-compatibility (p  0.031).
Location of pollen limitation studies of endemics
Endemic species were studied in regions with higher species
richness than non-endemics (2040 sp./10 000 km2 vs 1350
sp./10 000 km2; χ21  33.03, p  0.0001). Furthermore,
49% of studies conducted in regions of high biodiversity
(i.e. above the median species richness) involved endemics whereas only 17% of the studies conducted in regions
with low diversity (i.e. below the median species richness)
involved endemics. These patterns are as expected, given
the higher prevalence of endemism in species rich regions
(Myers et al. 2000).
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Pollen limitation: the effects of endemism and
self-compatibility
Overall, the plants in our data set were signiﬁcantly pollen
limited (t  10.8, n  294, p  0.0001), with an average pollen limitation eﬀect size (ln R) of 0.59  0.93 (range: –1.59
to 4.28). This is equivalent to 1.80-times higher fruit set after
supplemental pollination relative to natural pollen receipt.
In the two-way ANOVA, we found that self-incompatible
species were more pollen limited than self-compatible ones
(ln R: 0.90  0.09 vs 0.45  0.07; F1,290  14.9, p  0.0001),
a result consistent with previous studies (Knight et al. 2005).
We also found that endemic species were more pollen limited than non-endemic species (0.82  0.10 vs 0.53  0.06;
F1,290  5.88, p  0.016). This diﬀerence is not directly attributable to higher pollen limitation in tropical regions (Larson
and Barrett 2000) because the percentage of endemic and
non-endemic species included did not diﬀer between tropical
and non-tropical regions. The interaction between self-compatibility and endemism was not signiﬁcant (F1,290  1.32,
p  0.25), indicating that each factor acts additively. Within
endemic species there was no signiﬁcant eﬀect of local population size on mean pollen limitation eﬀect size (small vs
large populations: 0.79  0.15 vs 0.74  0.14; F1,89  5.88,
p  0.81).
When we controlled for phylogenetic relatedness we
found similar eﬀects of self-compatibility on pollen limitation. Self-incompatible clades were far more pollen limited
than their self-compatible relatives (W  424.5, DF  53,
p  0.0001). However, no consistent divergence in pollen
limitation was found between endemics and non-endemics
in the complete data set (W  50.0, DF  47, p  0.34) or
when the analysis was restricted to self-incompatible species
(W  –10.0, DF  23, p  0.39).
Pollen limitation and regional species richness:
is the relationship similar for endemic and
non-endemic species?
For the self-incompatible species, pollen limitation increased
with regional species richness, but the strength and shape
diﬀered depending on endemism. Endemic species showed
an accelerating relationship between regional species richness
and pollen limitation (non-parametric eﬀect: F1,3  5.97,
p  0.002; Fig. 2A). Whereas, the relationship for nonendemic species was best described by a positive linear
relationship (F1,84  10.76, p  0.0015) and there was no
signiﬁcant non-linear contribution (non-parametric eﬀect:
F1,3  0.83, p  0.48; Fig. 2B). Not surprisingly, when selfcompatible species were considered, pollen limitation did
not change with regional species richness either in endemic
(Fig. 2C) or non-endemic species (Fig. 2D) (p  0.05 for
the non-parametric and linear eﬀects in both models).
The PICs analysis conducted for self-incompatible species
supported the ﬁndings of the TIPS analyses. Pollen limitation increased with regional species richness more strongly
in endemic (n  25 contrasts, F  7.06, p  0.014; Fig. 3),
than in non-endemic self-incompatible species (n  63 contrasts, F  0.72, p  0.40; Fig. 3). For self-compatible species, pollen limitation did not change with regional species
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richness in endemic (n  43 contrasts, F  0.417, p  0.83)
nor non-endemic species (n  72 contrasts, F  0.037,
p  0.85).

Discussion
Our meta-analyses indicate that self-incompatible species in
species-rich areas are particularly prone to pollen limitation,
a result in agreement with Vamosi et al. (2006). Whether this
result will pose an extinction threat to plant species depends
on whether a species is present only in these diverse areas and
thus will be globally aﬀected by inadequate pollination. Our
results indicate so because endemics are more prone to pollen limitation in general but particularly so in highly diverse
regions. In the following paragraphs we discuss our main
ﬁndings, highlighting those obtained when controlling for
phylogenetic relatedness. We also suggest experimental studies to uncover the underlying mechanisms and consequences
of variation in the diversity of ﬂowering plant communities
for reproductive success of endemic and widespread species.
Pollen limitation and its relationship with regional
species richness in endemic versus non-endemic
species
Our cross-species analyses of 287 species indicated that pollen limitation was higher for endemics, regardless of their
local population sizes, suggesting that some of the intrinsic
or ecological features characteristic of endemic species mentioned in the Introduction increase the magnitude of pollen
limitation. However, the PICs analysis did not support the
TIPS ﬁnding. The conﬂicting results from these two analyses
may be attributable to the fact that the trait most strongly
associated with propensity for pollen limitation – selfcompatibility – showed a strong phylogenetic signal in our
data set and tended to be phylogenetically associated with
endemism in the direction that would counter its eﬀects.
Speciﬁcally, in the context of our phylogeny, endemism was
coupled with self-compatibility, a ﬁnding that could suggest
evolution of self-compatibility as a mode of ‘escape’ from
the limitation experienced by self-incompatible endemics.
Within self-incompatible clades, however, there was still little independent eﬀect of endemism on mean pollen limitation. This may be due to the fact that the diﬀerence in pollen
limitation between both groups of species does not remain
constant because the relationship between pollen limitation
and regional species richness accelerated at the high end of
diversity for endemics, but was linear for non-endemic species across the entire range (Fig. 2A–B).
In our analysis studies of pollen limitation in highly
diverse regions included a higher frequency of endemics
and, thus, endemic species likely contribute to the global
pattern of increased pollen limitation with regional species
richness (Vamosi et al. 2006) both by their increased representation in highly biodiverse areas (Myers et al. 2000)
and by their stronger relationship between pollen limitation
and species richness. Based on our ﬁndings, we expect lower
pollen limitation and a weaker relationship with increasing
local diversity in modestly diverse plant communities that
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Figure 2. Non-parametric spline relationships between pollen limitation and regional species richness in endemic and non-endemic species
by self-compatibility. In all graphs solid symbols denote self-incompatible species and open symbols self-compatible species. (A) Selfincompatible, endemic species, (B) self-incompatible, non-endemic species, (C) self-compatible, endemic species, and (D) self-compatible,
non-endemic species. Dashed curves indicate  1 SE of predicted values from 1000 bootstraps.

are poor in endemics (Motten 1986, Hegland and Totland
2008) than in highly diverse communities rich in endemics
(Zjhra 2008).
Finally, we did not ﬁnd a signiﬁcant relationship between
pollen limitation and diversity in self-compatible species
(Fig. 2C–D). This result was not entirely unexpected given
that many self-compatible species have an ability to autonomously self pollinate (Fenster and Martén-Rodríguez 2007)
and thus are likely to show low levels of pollen limitation
regardless of the diversity of their community or even beneﬁt from the presence of co-occurring plants, i.e. through
mitigation of an Allee eﬀect (Feldman et al. 2004). However,
we must note that current data do not account for the possibility that reproductive limitation may still occur via the
quality of pollen received, an issue that should be explicitly
addressed in the future.
Future work: uncovering the mechanisms
The patterns obtained by our meta-analysis at a global scale
cannot identify the direct and indirect plant–plant pollinator interactions that may link species pollen limitation to
the diversity of the local plant community in which they
are imbedded, and that may account for the diﬀerential
responses based on self-compatibility and endemism. Indeed,
we cannot rule out the possibility that other environmental

and historical factors related to diﬀerences in regional species richness on a global scale (Mutke and Barthlott 2005,
Ohlemüller et al. 2008) may contribute to the variation in
pollen limitation observed. We propose that further research
in plant–pollinator interactions that is performed at the
level of the community, accounts for quantity and quality of
pollen transfer, and is conducted simultaneously on endemic
and non-endemic species will clarify the mechanisms
underlying the patterns outlined here.
Understanding the functional relationship between
diversity and pollen limitation

Over the last few decades the central focus of research on
plant-pollinator interactions has broadened from pair-wise
interactions to community-wide assemblages (Bronstein
1994, Stanton 2003, Sargent and Ackerly 2008). Questions
concerning the extent to which co-existing plants share pollinators (Waser et al. 1996), compete for or facilitate pollination (Levin and Anderson 1970, Feldman et al. 2004, Mitchell
et al. 2009), and inﬂuence each others pollination suﬃciency
(Ashman et al. 2004) and ultimately reproductive success and
species coexistence (Rathcke 1983, Ghazoul 2006, Sargent
and Ackerly 2008) have come to the forefront.
It is at the community scale that a change along a species
richness gradient in the plant–plant interaction from facilitation to competition for pollinator visits (Rathcke 1983)
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Figure 3. Standardized phylogenetic independent contrasts between
sister groups in the phylogenetic tree obtained from PHYLOMATIC. Correlation analysis indicates that increases between sister
groups in pollen limitation, measured as the eﬀect size of fruit set,
are correlated with increases between sister groups in community
species richness only in self-incompatible endemic species. Along
the x axis are the absolute value of contrasts in regional species richness among sister groups, and along the y axis are the corresponding
pollen limitation contrasts. The ﬁgure shows the slope of the
relaionship forced through the origin for self-incompatible endemic
(solid symbols and straight line) and non-endemic (open symbols
and dashed line) species.

could explain the increase in pollen limitation in species rich
communities. Thus, a ﬁrst step in understanding whether
plant diversity aﬀects pollination suﬃciency via its inﬂuence
on per capita pollinator visitation rate is to conduct pollinator observations on focal species across a wide range of
diversity levels and determine whether visitation rates and
magnitude of pollinator sharing varies with community
diversity. While the eﬀects of diversity on species-speciﬁc
visitation rate have been studied in experimental arrays with
a small number of species (Ghazoul 2006), the eﬀects have
been studied much less frequently in natural communities
(Hegland and Totland 2008, Lázaro et al. 2008) or in highly
diverse communities including endemics (Zjhra 2008).
To be able to identify whether there is a threshold of species diversity at which the type of plant–plant interaction
changes from facilitation to competition, studies will have to
be conducted with larger ranges of diversity than has generally been attempted in the past.
Why might endemic species be more susceptible to pollen
limitation?

Studies of indirect plant–plant pollinator interactions will
need to include both endemic and non-endemic species in
the same location to determine whether endemics within
speciﬁc communities have characteristics that make them
poorer competitors for pollinators (Karron 1987, Lavergne
et al. 2005).
In addition to reduced visitation rates, increased heterospeciﬁc pollen transfer (reviewed by Morales and Traveset
2008) can lead to increased pollen limitation of plant reproduction through the quantity component, i.e. by reducing
ovule fertilization. Heterospeciﬁc pollen deposition might
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be especially damaging for endemic species if they are
neo-endemics and receive pollen from close taxonomically
related species that not only clogs the stigma but germinates,
interferes with conspeciﬁc pollen growth or even usurps
ovules (Harder et al. 1992). Tropical endemic species with
a long evolutionary history under similar environmental
conditions might be exceptional in avoiding heterospeciﬁc
pollen deposition (Zjhra 2008), although for these species
extremely reduced visitation rates (Zjhra 2008) may still
lead to stronger pollen limitation in tropical communities
(Larson and Barrett 2000). Documentation of the pattern of
conspeciﬁc and heterospeciﬁc pollen transfer with increasing community diversity, combined with hand-pollinations
with various mixes of pollen applied in amounts similar to
natural pollen loads will be needed to assess the eﬀect of heterospeciﬁc pollen on seed production in both endemics and
non-endemics and to determine whether these mechanisms
could be responsible for the more extreme pollen limitation
response to species richness exhibited by endemics.
Quality aspects of the conspeciﬁc pollen received have
been given less attention than quantity aspects (Ashman
et al. 2004, Aizen and Harder 2007) but they may explain
the diﬀerences in pollen limitation between endemic and
non-endemic species, and whether the apparent lack of
association between pollen limitation and regional species
richness for self-compatible species is real (Fig. 2C–D). Standard methods for assessing pollen limitation will be insufﬁcient to disentangle the quality from quantity mechanisms,
so methods that assess the relationships between natural
pollen loads, pollen tube growth and seed production, combined with more rigorous tests of pollen limitation including
self- and out cross-pollinations of emasculated ﬂowers that
are not excluded from pollinators in addition to the control
open pollinated ﬂowers (Motten 1986, Alonso 2005, Aizen
and Harder 2007) will provide important insights.
We expect that endemics will suﬀer more reproductive
limitation in the form of poor quality conspeciﬁc pollen
received or lack of compatible mates (Byers 1995, Kirchner
et al. 2005) than non-endemic species, provided endemics
are more genetically depauperate as has often been found
(Cole 2003). Furthermore, for self-compatible plants, we
expect reduced pollen quality of pollen received with increasing diversity because recent studies show that the addition of
a co-ﬂowering species can lead to reduced outcrossing rates
as a result of improper pollen transfer (Bell et al. 2005).
Knowledge of the extent to which endemic self-compatible
species are obligate selfers will also be of great value because
it would support our prediction that one evolutionary trajectory is for endemics to evolve self-compatibility or autogamy
as a means to reduce reliance on pollinators and persist in
their characteristically highly diverse communities (results
above, Kunin and Shmida 1997; but see Murray et al. 2002).
Lastly, comparisons of quantity and quality of pollen transfer between endemics and non-endemics along a gradient of
species diversity will clarify whether or not self-compatible
species are aﬀected by increasing diversity via a reduction in
the quality of pollen received, and thus do actually respond
to diversity as observed for self-incompatible species.
Altogether, if our ﬁnding that self-incompatible endemic
species from biodiversity hotspots are at greatest risk of
pollination failure is conﬁrmed by the additional studies

proposed above, then we suggest that increased eﬀort should
be devoted to the assessment of consequences for plant fecundity and population demography (Bevill and Louda 1999) in
those areas. Such information will be useful in developing
and prioritizing conservation strategies of wild ﬂora, especially if the current scenario of pollinator decline, habitat
fragmentation, and climate change eﬀectively increases pollen limitation of plant reproduction (Knight et al. 2005,
Memmott et al. 2007) as well as reduces the area of rare,
localized, climatic conditions in which plant endemics prevail (Ohlemüller et al. 2008).
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