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Global synthesis indicates that limitation of plant fecundity by pollen

receipt (pollen limitation) is positively related to regional plant diversity

and is higher for self-incompatible than self-compatible species. While

self-incompatible species are always dependent on pollinating agents, self-

compatible species may be pollinator-dependent or autofertile. This should

cause variation in pollen limitation among self-compatible species, with

lower pollen limitation in autofertile species because they do not depend on

pollinators. We hypothesized that the intensity of pollen limitation in self-

incompatible compared with pollinator-dependent self-compatible species

should depend on whether pollen limitation is determined more by quantity

than quality of pollen received. We compared pollen limitation between

these three groups using a dataset of 70 biotically pollinated species from bio-

diverse regions of South Africa. Comparison with a global dataset indicated

that pollen limitation in the South African biodiversity hotspots was generally

comparable to other regions, despite expectations of higher pollen limitation

based on the global plant diversity–pollen limitation relationship. Pollen limit-

ation was lowest for autofertile species, as expected. It was also higher for

pollinator-dependent self-compatible species than self-incompatible species,

consistent with increased pollen-quality limitation in the former group due to

negative consequences of pollinator-mediated self-pollination. However, there

was a higher frequency of plants with zygomorphic flowers, which were also

more pollen-limited, among pollinator-dependent self-compatible species.

Thus, we could not attribute this difference in pollen limitation exclusively to

a difference in pollen quality. Nevertheless, our results indicate that comparative

studies should control for both pollinator dependence and self-incompatiblity

when evaluating effects of other factors on pollen limitation.
1. Introduction
Experiments comparing naturally pollinated flowers with those receiving hand

cross-pollination (pollen supplementation) infer that reproduction is pollen-

limited when pollen supplementation increases fecundity [1]. Pollen limitation

arises when stigmas receive inadequate quantity or quality of pollen or both [2].

Despite methodological criticisms [2,3], hundreds of such experiments have

now been reported [4]. Comparative analyses based on these studies indicate

that pollen limitation is greater for self-incompatible than self-compatible species,

for trees than herbs and shrubs, for pollinator-specialized than pollinator-

generalized species and increases with regional plant diversity [4–7].

The global pollen limitation–plant diversity relationship suggests that high

diversity regions should have above average pollen limitation. Consistent with

this is a perception of low pollinator visitation and high pollen limitation in
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Figure 1. Pollen limitation (mean+ s.e. log response ratio) for (a) self-compatible and self-incompatible species in South Africa and the rest of the world,
(b) autofertile, pollinator-dependent self-compatible and self-incompatible species in South Africa. Different letters above bars indicate that treatments are signifi-
cantly different. Numbers above bars indicate sample size (number of species). Slightly different datasets were used for South Africa in (a) and (b) (see Material and
methods section). Inset shows position of study region, comprising the Greater Cape Floristic Region (GCFR) and South-Eastern Summer Rainfall Region (SESRR),
within South Africa.
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South Africa’s Greater Cape Floristic Region (GCFR), arising

from anecdotal accounts and data from certain plant groups

and sites [8–10]. However, the hypothesis of regionally

high pollen limitation in the GCFR has not been tested [11].

Biotically pollinated self-incompatible plants depend on

pollinators by definition, while self-compatible ones may be

able to produce seeds by self-fertilizing after autonomous

self-pollination (autofertile species [12]) or rely on pollinators

to effect pollen transfer before self-fertilization can take

place (pollinator-dependent species). This suggests that

three breeding system classes should be considered in ana-

lyses of pollen limitation: (i) autofertile self-compatible

(AF), (ii) pollinator-dependent self-compatible (PD-SC)

and (iii) pollinator-dependent self-incompatible (SI). We

hypothesize that differences in pollen limitation between

groups will depend on differences in both pollen-quality

limitation and -quantity limitation [2].

As flowers frequently receive mixed pollen loads of self- and

cross-pollen [13], self-pollen receipt should be an important

source of pollen-quality limitation, although effects should

vary between breeding system classes. In SI species, self-pollen

is prevented from fertilizing ovules while in self-compatible

species, self-fertilized ovules may form seeds less successfully

than outcrossed ones due to inbreeding depression. Pollen

limitation should be lowest for AF species, which should

have low pollen-quantity limitation by definition. Self-

fertilization should also result in low pollen-quality limitation

in this group on average, as many species will have high

rates of self-fertilization, which leads to evolution of reduced

inbreeding depression [14].

Under pollen-quantity limitation and mixed pollen loads,

SI species should have higher pollen limitation than PD-SC

species. This is because only cross-pollen will fertilize

ovules in SI species but additional ovules will be fertilized
by self-pollen in PD-SC species, increasing fruit and seed

set despite any abortion due to inbreeding depression. How-

ever, higher pollen limitation in SI than PD-SC species could

also be an artefact. If pollinator-mediated self-pollination

occurs before the experimenter applies supplementation

and self-pollen fertilizes some ovules, inbreeding depression

will reduce seed set in the supplementation treatment, redu-

cing estimated pollen limitation in PD-SC species [2]. By

contrast, when pollen quantity is not limiting, mixed pollen

loads should result in higher pollen limitation in PD-SC

than SI species because, in the former, self-pollen may ferti-

lize ovules that could have been fertilized by cross-pollen,

reducing seed set via inbreeding depression [2].

We compiled a dataset of pollen limitation from biodiverse

regions of South Africa and compared it with a global dataset

to test for regionally high pollen limitation. Using the South

African dataset, we tested for hypothesized differences in

pollen limitation between AF, PD-SC and SI species.
2. Material and methods
Data on pollen limitation of fruit set were obtained by searching

published and unpublished literature (see the electronic

supplementary material) and Rodger et al. [15] for studies report-

ing fruit set from natural and supplemental pollination (flowers

either cross-pollinated and exposed to natural pollination or

cross-pollinated and pollinators excluded) for biotically pollinated

species in highly biodiverse regions of South Africa (greater than

or equal to 3000 species per 10 000 km2) [16]. This included

the GCFR [17] and a region that we call the southeastern

summer rainfall region (SESRR; figure 1 inset) [18]. Data from

the rest of the world were obtained from the global dataset of

Vamosi et al. [6]. Pollen limitation was calculated from fruit set

as PL ¼ ln[supplemental pollination/natural pollination] [6].



Table 1. Indices and cut-off points used for breeding system classification of South African data.

breeding system
variable index

formula (using fruit set
from pollination treatments) categories

self-incompatibility index of self-

incompatibility (ISI)

12(hand-self/hand-cross) [12] self-compatible

ISI , 0.8

self-

incompatible

ISI � 0.8

pollinator

dependence

autofertility index

(AFI)

autonomous self/

hand-cross [19]

autofertile

AFI � 0.2

pollinator-dependent

AFI , 0.2

combined variable both of the above both of the above autofertile (AF) pollinator-dependent

self-compatible

(PD-SC)

self-

incompatible

(SI)
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South African species were classified according to self-

incompatibility, pollinator dependence and a combined variable

incorporating both these components, where data were available

(table 1). Species were also categorized for the following pollina-

tion specialization variables: floral symmetry (actinomorphic;

zygomorphic), denoting phenotypic specialization, with zygo-

morphic regarded as specialized; pollinator richness (one to five

species—few; greater than five—many), denoting ecological

specialization and pollinator orders (one; greater than one—

many), denoting functional specialization [20]. For the global

dataset, the classification of Vamosi et al. [6] for the same variables

was used. Trees were excluded from all analyses due to poor

representation in the South African dataset.

Pollen limitation was compared between South Africa and the

rest of the world in a one-way analysis and, for species with

self-incompatibility information, in an analysis including self-

incompatibility and self-incompatibility � region. Data from a

South African study, where selection of species was biased

towards autofertile ones with low pollen limitation (M van Kleu-

nen 2008, unpublished data), were excluded from this analysis,

because a lack of pollinator dependence/autofertility information

for the rest of the world prevented us from controlling for this bias

(see the electronic supplementary material). As residuals of gener-

alized least squares (GLS) showed significant phylogenetic signal

( p ¼ 0.008) [21], phylogenetically controlled least-squares analy-

sis (PGLS) with the function pgls in the CAPER package in R [22]

was performed (phylogenetic tree and additional details in the

electronic supplementary material). The analysis was repeated

(i) excluding the SESRR to compare the GCFR specifically with

the rest of the world and (ii) comparing South Africa only

with lower biodiversity regions of the rest of the world (fewer

than 3000 species per 10 000 km2).

Effects of breeding system on pollen limitation were assessed for

South African data in separate GLS analyses for self-incompatibility,

pollinator dependence and the combined breeding system

variable (table 1). These models were compared with Akaike

information criterion with correction for finite sample sizes

(AICc) values. This analysis was repeated for the GCFR alone.

Additionally, we tested whether species with more specialized

pollination systems were more pollen-limited and if the GCFR

was more pollen-limited than the SESRR within South Africa in

GLS analyses also including breeding system (electronic

supplementary material). Phylogenetic analyses were not applied

as GLS residuals showed no phylogenetic signal.
3. Results
Pollen limitation data were obtained for 94 non-tree species

from high plant diversity regions of South Africa, but only
70 had breeding system information. The total included 75

herbs, 19 shrubs, 70 GCFR species and 24 SESRR species.

In total, 19 families were represented, with Iridaceae (37),

Orchidaceae (14) and Amaryllidaceae (8) being most frequent

(electronic supplementary material, table S1). As patterns of

pollen limitation within Iridaceae were similar to the rest of

the dataset (JG Rodger 2016, unpublished data), dominance

of Iridaceae is unlikely to bias findings.

Pollen limitation did not differ between South Africa

and the rest of the world, in either the one-way analysis

(LR ¼ 0.27, p ¼ 0.607) or two-way analysis (LR ¼ 0.64, p ¼
0.425), in which the interaction with breeding system was

also not significant (LR ¼ 2.05, p ¼ 0.152) (figure 1a; elec-

tronic supplementary material, tables S2 and S3). These

findings were unchanged when comparing (i) only the

GCFR with the rest of the world and (ii) South Africa with

lower diversity regions of the rest of the world (electronic

supplementary material, tables S2 and S3).

All three breeding system variables significantly affected

pollen limitation in South Africa (electronic supplementary

material, table S4), but the combined breeding system

variable (LR¼ 14.04, p , 0.001) was far superior to either

self-incompatibility or pollinator dependence alone (DAICc .

10; electronic supplementary material, table S4). Pollen limit-

ation was highest for self-compatible pollinator-dependent

species, lowest for autofertile species and intermediate for

self-incompatible species (figure 1b; electronic supplementary

material, table S5). Results were the same for the analysis on

data from the GCFR alone (electronic supplementary material,

tables S6 and S7).
4. Discussion
Overall, we did not find evidence of particularly high pollen

limitation in South African biodiversity hotspots relative to

the rest of the world, although there was a non-significant

trend for higher pollen limitation in self-compatible species

in South Africa (figure 1a; electronic supplementary material,

table S3). This trend may be related to a higher frequency of

pollination specialization (phenotypic and ecological special-

ization) among self-compatible species in South Africa than

in the rest of the world (electronic supplementary material,

tables S8–S10), as more pollination-specialized species are

more pollen-limited, both in South Africa (electronic sup-

plementary material, figures S1a–c and tables S11,S12) and

in other regions [6,7]. Nevertheless, together with a study
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focusing on the Brazilian Atlantic Rainforest [7], South African

results show that biodiversity hotspots do not necessarily have

exceptional pollen limitation.

The combined breeding system variable incorporating both

pollinator dependence and self-incompatibility (figure 1b)

proved superior for explaining pollen limitation in South

Africa to either component separately. AF species had the

lowest pollen limitation, consistent with expectations of low

pollen-quantity and -quality limitation in this group. Only

the abovementioned Brazilian study previously assessed the

relationship between autofertility and pollen limitation, but

did not find a significant effect [7].

There was also higher pollen limitation in PD-SC than SI

species in South Africa (figure 1b). This is consistent with

increased pollen-quality limitation due to negative conse-

quences of pollinator-mediated self-pollination in PD-SC

species. However, we could not attribute this difference exclu-

sively to pollen-quality limitation because there was also a

higher frequency of plants with zygomorphic flowers, which

were also more pollen-limited, among PD-SC species (electronic

supplementary material figure S1 and table S13) and the effect

of breeding system was no longer significant when floral sym-

metry (phenotypic specialization) was controlled for in an

analysis including only these two groups (electronic sup-

plementary material table S14). Thus, studies distinguishing
between pollen-quantity and -quality components [2,23,24]

are needed to resolve the functional relationship between breed-

ing system and pollen limitation. Future comparitive studies of

pollen limitation should also take into account effects of both

pollinator dependence and self-incompatibility, for instance

by using the combined three-category breeding system variable

presented here.
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