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Abstract
Some evolutionary radiations produce a number of closely-related species that continue to coexist. In such plant systems, 
when pre-pollination barriers are weak, relatively strong post-pollination reproductive barriers are required to maintain spe-
cies boundaries. Even when post-pollination barriers are in place, however, reproductive interference and pollinator depend-
ence may strengthen selection for pre-pollination barriers. We assessed whether coexistence of species from the unusually 
speciose Erica genus in the fynbos biome, South Africa, is enabled through pre-pollination or post-pollination barriers. 
We also tested for reproductive interference and pollinator dependence. We investigated this in natural populations of three 
bird-pollinated Erica species (Erica plukenetii, E. curviflora and E. coccinea), which form part of a large guild of congeneric 
species that co-flower and share a single pollinator species (Orange-breasted Sunbird Anthobaphes violacea). At least two 
of the three pre-pollination barriers assessed (distribution ranges, flowering phenology and flower morphology) were weak 
in each species pair. Hand-pollination experiments revealed that seed set from heterospecific pollination (average 8%) was 
significantly lower than seed set from outcross pollination (average 50%), supporting the hypothesis that species boundaries 
are maintained through post-pollination barriers. Reproductive interference, assessed in one population by applying outcross 
pollen three hours after applying heterospecific pollen, significantly reduced seed set compared to outcross pollen alone. 
This may drive selection for traits that enhance pre-pollination barriers, particularly given that two of the three species were 
self-sterile, and therefore pollinator dependent. This study suggests that post-pollination reproductive barriers could facilitate 
the coexistence of congeneric species, in a recent radiation with weak pre-pollination reproductive barriers.
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Introduction

Although evolutionary radiations often result in geographi-
cally separated species, some produce a diversity of coex-
isting, closely-related species (Weber and Strauss 2016). 

Relatively strong reproductive barriers are necessary to 
maintain species boundaries among such coexisting and 
recently radiated species (Mallet 2005). Reproductive bar-
riers include premating and postmating isolation barriers 
(Arceo-Gómez et al. 2016; Nosil et al. 2007). The latter can 
impose prezygotic isolation (via sperm competition and 
gametic incompatibility) and/or postzygotic isolation (e.g. 
via reduced fitness in hybrids) (Rieseberg and Willis 2007). 
In plants, most species are preserved by multiple reproduc-
tive isolation barriers, and prezygotic barriers are thought 
to be about twice as strong as postzygotic barriers (Lowry 
et al. 2008; Rieseberg and Willis 2007). Thus, understand-
ably, studies on the coexistence of closely-related species 
have predominantly focussed on premating barriers (Weber 
and Strauss 2016). However, studies from hummingbird-
pollination systems and other plant communities with high 
species diversity suggest that the frequency of heterospecific 
pollen transfer can be high (Da Fonseca et al. 2016; Fang 
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and Huang 2013), in which case postmating barriers become 
crucial.

In plants, reproductive barriers are most easily distin-
guished as pre- and post-pollination barriers. Pre-pollina-
tion barriers include geographical separation, segregation 
of flowering periods or pollinator isolation (Rieseberg and 
Willis 2007). The latter requires different pollinator guilds 
(e.g. birds, insects or wind), pollinator species or pollen 
placement sites (through differential flower morphology), 
or can arise when pollinator individuals show flower con-
stancy (foraging selectively on one plant species) (Grant 
1994; Waser 1986). When pre-pollination barriers fail, 
plants can receive heterospecific pollen and hybridisation 
could occur (Rieseberg and Willis 2007). This could lead to 
genetic swamping (Rieseberg and Willis 2007), particularly 
in closely-related species with little genetic divergence (Lar-
combe et al. 2015; Mallet 2005). Coexisting closely-related 
species are thus likely to experience reduced plant fitness 
when interspecific mating occurs, favouring the evolution of 
post-pollination reproductive barriers (Arceo-Gómez et al. 
2016), which include premating barriers at the stigma, and 
pre- and postzygotic barriers downstream of the stigma.

Even when post-pollination barriers are efficient, the risk 
of reproductive interference remains when pre-pollination 
barriers are weak. Post-pollination reproductive interference 
results in reduced seed set through interactions at the stigma, 
style and/or ovule (Brown and Mitchell 2001; Nishida et al. 
2014), which may drive selection for stronger pre-pollina-
tion barriers (Morales and Traveset 2008). The deposition of 
incompatible pollen onto stigmas before, or together with, 
compatible pollen is a common form of post-pollination 
reproductive interference in co-occurring, closely-related 
species (Weber and Strauss 2016). Furthermore, condi-
tions that drive selection for traits that enhance pollinator 
effectiveness (e.g. a flower morphology that increases pol-
len placement accuracy or flower constancy) may also, as a 
by-product, strengthen pre-pollination barriers (Hopkins and 
Rausher 2012). Such conditions include pollinator depend-
ence. Pollinator dependence results from one or more of an 
inability to reproduce (1) asexually, (2) through self pol-
lination (using external vectors) or (3) through autonomous 
selfing (without an external pollen vector; Lloyd et al. 1992). 
Therefore, an assessment of the conditions that strengthen 
pre-pollination barriers is also important for understanding 
how closely-related species coexist.

In the relatively small Cape Floristic Region (CFR, 
90 000  km2), we frequently find coexisting congeneric 
species due to the extensive major radiation of several 
clades (Linder 2003), of which Erica (Ericaceae) is by 
far the largest (Pirie et al. 2011). Some Erica species are 
almost certainly reproductively isolated by their use of 
different pollinators (Heystek and Pauw 2014; Rebelo 
et al. 1985). However, the 67 bird-pollinated species are 

predominantly pollinated by a single species, the endemic 
Orange-breasted Sunbird Anthobaphes violacea (Nectari-
niidae) (Rebelo et al. 1985). In some communities, South-
ern Double-collared Sunbird Cinnyris chalybea and Mala-
chite Sunbird Nectarinia famosa pollinate these ericas, but 
again, pollination is carried out almost exclusively by a 
single bird species within these sites (Malan 2013; Rebelo 
et al. 1984, 1985; Turner et al. 2012; Van der Niet et al. 
2014). This guild of bird-pollinated ericas often co-flower 
(Rebelo et al. 1984). Almost all have straight or curved 
tubular corollas > 15 mm in length (Rebelo et al. 1985), 
but vary in the length of their reproductive parts (Anina 
Coetzee, unpublished data). The breeding systems of only 
nine bird-pollinated Erica species have been tested, but of 
those, three displayed self-compatibility and only one was 
partially capable of autonomous self pollination (Angoh 
et al. 2017; Arendse 2015). Self-sterility in this genus 
seems to be a function of a late-acting mechanism within 
the ovule (Arendse 2015): embryo development is arrested 
after fertilisation, which prevents wasting resources on 
selfed seeds but carries the cost of reducing the number 
of ovules available for cross fertilisation (Gibbs 2014).

Regular natural hybridisations in sunbird-pollinated 
orchid and protea species have been reported in the CFR 
(Johnson 2018; Mitchell and Holsinger 2018). The success-
ful interspecific crossing and cultivating of many Erica spe-
cies by eighteenth century horticulturists (Nelson and Oliver 
2004) reveals that hybridisation is indeed possible between 
certain Erica species, too. Currently, the rate of interspecific 
pollen transfer in the natural system is unknown, but aviary 
experiments show that Orange-breasted Sunbirds forage ran-
domly between different Erica flower morphotypes (Heystek 
et al. 2014). If such random foraging occurs between species 
as well, these ericas would experience at least low levels of 
heterospecific pollen transfer.

Here, we test whether coexistence of bird-pollinated 
Erica species is enabled through pre-pollination or post-
pollination barriers, and whether they experience processes 
that could drive selection for stronger pre-pollination barri-
ers. We estimate the reduction in potential gene flow through 
pre-pollination barriers (separation of geographic range, 
flowering phenology and reproductive flower parts) and 
post-pollination barriers (by assessing seed set from hetero-
specific pollination relative to outcross pollination). Next, 
we use hand-pollination experiments to detect two condi-
tions (reproductive interference and self-incompatibility) 
that would promote evolution of pre-pollination barriers. 
First, for E. coccinea L., we test for reproductive interference 
by quantifying seed loss when applying outcross pollen three 
hours after heterospecific pollen has been applied to flowers. 
Second, we test for self-compatibility by comparing seed 
set from self and autonomous pollination to that produced 
by outcross pollination. Taken together, these tests aim to 
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provide insights into the mechanisms that enable coexistence 
of congeneric species that share a single pollinator.

Materials and methods

Study species

We conducted experiments in 2016 and 2019 at three natural 
sites, on three bird-pollinated Erica species (E. plukenetii 
subsp. plukenetii Oliver (2002), E. curvifolia L. and E. coc-
cinea subsp. coccinea L.), each of which co-flowers and 
grows intermixed with another bird-pollinated congeneric at 
each site (Tables 1, S1, Fig. 1). We applied hand-pollination 
experiments on two populations of E. coccinea at different 
sites that co-occur with different Erica species. The two E. 
coccinea populations could resprout (multiple stems at the 
base of the plant), while E curvifolia and E. plukenetii are 
non-resprouting and rely on seed for regeneration after fire.

Pre‑pollination barriers

We assessed three pre-pollination barriers: geographical, 
phenological and flower morphological isolation. Large-
scale geographical isolation was estimated from distribu-
tion range data at quarter degree square resolution, with an 
area of 23 × 23 km (Oliver and Forshaw 2012; Oliver et al. 
1983). For each maternal species (the pollen-receiving spe-
cies, Table 1), we calculated the percentage of its quarter 
degree cells that is not shared with the pollen donor spe-
cies. Flower phenological isolation between species pairs 
was determined by recording flower abundance of 26–37 
individual plants once a month for 6 months at two of the 

study sites (Cape Point and Brodie Link Nature Reserve). 
Since phenological barriers may vary in space (Johnson 
1993), a phenological isolation index was calculated for each 
site where -1 indicates complete disassortative mating, 0 
indicates random mating and 1 indicates complete reproduc-
tive isolation due to a phenological barrier (Sobel and Chen 
2014; equation 4S2).

Flower morphological isolation was quantified as the 
linear distance between the maternal species’ stigma and 
the pollen donor species’ anther. This distance represents 
the likelihood of heterospecific pollen deposition since the 
stigma and anther length may indicate the areas of pollen 
deposition and reception (Da Fonseca et al. 2016; Much-
hala 2008; Turner et al. 2012) on sunbirds as they probe 
the narrow, tubular flowers which do not restrict access to 
sunbirds. Pistil lengths and anther lengths (from corolla base 
to stigma and anther pore, respectively) were measured with 
digital callipers from two flowers per plant and averaged 
(27–38 plants per species). Although the extent to which 
stigma-anther distances reduce pollen transfer has not yet 
been quantified, we compared heterospecific distances to 
conspecific distances. For each maternal species plant, we 
calculated the mean distance (mm) between the maternal 
species’ stigma and the anthers of heterospecific individuals, 
as well as the mean distance between the maternal species’ 
stigma and the anthers of conspecific individuals. Paired 
Wilcoxon signed rank tests were applied.

Hand‑pollination experiments

For each species, 20–25 plants were used for hand-pollina-
tion experiments. Five pollination treatments were applied: 
outcross pollination (pollen transferred from other plants 

Table 1  Study species and sites of coexisting bird-pollinated Erica species

Pre-pollination barriers for maternal species were estimated as the quantity of unshared geographical space and flowering time. Indices of post-
pollination reproductive isolation (RI), autonomous selfing (IAS) and self-incompatibility (ISI) are provided for the maternal species (formulas 
provided in the footnotes)
Geographic isolation = 100

(

U

T

)

 , U = number of quarter degree cells not shared with the pollen donor species, T = total number of quarter degree 
cells
Phenological isolation =  equatiion 4S2 in Sobel and Chen (2014); 0 indicates random mating and 1 indicates complete reproductive isolation
Post-pollination RI = 1 − 2

(

H

C+H

)

 , H = average heterospecific pollination seed set, C = average cross pollination seed set
IAS =

(

A

C

)

 , A = autonomous self pollination seed set

ISI =

(

S

C

)

 , S = self pollination seed set

Study site Maternal species Heterospecific pollen
donor species

Geographic 
isolation (%)

Phenological 
isolation

Post-polli-
nation RI

IAS ISI

Brodie Link Nature Reserve E. plukenetii plukenetii E. coccinea coccinea 38 0.91 0.76 0.0 0.05
Brodie Link NR E. coccinea coccinea E. plukenetii plukenetii 27 0.91 0.80 0.01 0.03
Cape Point E. coccinea coccinea E. abietina atrorosea 95 0.13 0.85 0.03 0.14
Somerset West E. curviflora E. plukenetii plukenetii 51 – 0.49 0.12 0.42
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of the same species), heterospecific pollination (pollen 
transferred from another species), self pollination (pollen 
transferred from the same plant), autonomous pollination 
(no pollen manually added, but vector-less self pollination 
is possible) and natural pollination. We treated a subset of 
flowers per plant so that all treatments could be applied 
to each plant, with each treatment applied to a separate, 

randomly allocated branch. This accounts for differences 
between individual plants but assumes that the effects of 
resource allocation are limited by different branches with 
leaves functioning as integrated physiological units (Wes-
selingh 2007). For each treatment, three to four flowers with 
receptive stigmas were treated on an inflorescence (recep-
tive stigmas identified by stigmatic glossiness or slight 

Fig. 1  Bird-pollinated Erica species and the sites at which pollination 
experiments were conducted: a E. coccinea at Brodie Link NR; b E. 
coccinea and c E. abietina atrorosea at Cape Point; d E. plukenetii at 

Brodie Link NR; e E. curviflora and f E. plukenetii at Somerset West 
(scale bar = 20 mm)
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colour change) and marked on the calyx with a permanent 
marker pen. The number of flowers per branch differed little 
between branches. No flowers were removed, to avoid creat-
ing a bias in seed set due to disturbance in natural resource 
allocation. Inflorescences with flower buds were bagged 
in advance with an organza material bag that allows sun-
light and air flow but prevents access by birds and insects, 
and limits wind pollination. After a treatment was applied, 
the inflorescence was again covered by the exclusion bags 
(except for the natural pollination treatment) to prevent her-
bivory. Flowers lasted multiple days and their exact age and 
herkogamy at the time of the experiment was not measured.

Outcross and heterospecific pollination treatments were 
applied to test for post-pollination barriers. Pollen was col-
lected by rupturing the anther ring of donor flowers directly 
into a clean petri dish. A clean, fine paintbrush was used to 
mix the pollen and brush onto the stigma of experimental 
flowers. Separate petri dishes and paint brushes were used 
for each treatment. For the cross pollination treatment, pol-
len was collected from at least three surrounding conspecific 
plants (2–10 m away from experimental plants) that were not 
used as experimental plants (a maximum of two flowers per 
plant). Individual plants are only recruited after fire from 
seed or resprouting (thus almost all plants in a population 
are the same age), and since these species do not reproduce 
clonally, separate plants are unlikely to be genetically identi-
cal individuals. Pollen was collected in the same way from 
at least two heterospecific plants for the heterospecific pol-
lination treatment. Seed set from heterospecific pollination 
was also compared to seed set from natural pollination to 
estimate the fitness reduction relevant to the natural pollina-
tion conditions experienced. We marked open inflorescences 
without exclusion bags and allowed natural pollination. 
Orange-breasted sunbirds were observed probing flowers 
on experimental plants with exclusion bags on them, and 
therefore their pollination rate on open flowers should be 
similar to natural conditions. Three ripe and undamaged 
fruits per plant were collected to estimate natural seed set, 
which biased the counts towards higher than average seed 
set, since unpollinated flowers were not considered. Never-
theless, comparisons of seed set between treatments were 
informative.

In order to test for reproductive interference, an additional 
treatment was applied to E. coccinea at the Cape Point site. 
Heterospecific pollen was applied to flowers and then con-
specific cross pollen was applied three hours later.

The ability to self pollinate was assessed in two ways. 
First, in the self pollination treatment, pollen was collected 
from flowers on the same inflorescence or plant and applied 
directly onto the stigma. Second, to test for autonomous self 
pollination, flowers were left unmanipulated in exclusion 
bags.

The treated flowers’ mature fruit capsules were collected 
before opening (4–8 weeks later), dissected in the lab, and 
seeds, aborted seeds and ovules counted with a Leica Zoom 
2000 dissecting microscope under 20 × magnification. 
Seeds were distinguished from ovules by their larger size 
(E. plukenetii and E. curviflora), glossy texture (E. coccinea) 
or “honey-combed” seed testa (E. plukenetii). Aborted seeds 
were intermediate in size, and the testa texture differed from 
seeds. We excluded fruits that were partly or heavily dam-
aged by insects or fungi (< 18% for all treatments except 
for the reproductive interference treatment with 41%). The 
average (± standard error) fruit content (ovules + viable and 
non-viable seed) were as follows: E. coccinea 303 ± 7, E. 
plukenetii 211 ± 4 and E. curviflora 86 ± 4.

We tested the difference in seed set (number of seeds per 
fruit as a proportion of the total seeds, aborted seeds and 
ovules) between treatments with a generalised linear mixed-
effect model with a binomial error structure (glmer function 
from the lme4 package (Bates et al. 2015); R version 3.6.0). 
Plant identity was added as a random factor, and we used an 
observational level factor to account for overdispersion. This 
was followed by multiple comparisons of means with Tukey 
contrasts (glht function from the multcomp package; 
Hothorn et al. 2008). Post-pollination reproductive isolation 
was calculated as 1 − 2

(

H

C+H

)

 , where H is average hetero-
specific pollination seed set and C is average cross pollina-
tion seed set (Sobel and Chen 2014). This estimates the 
proportional reduction in gene flow compared to what might 
be expected if there were no reproductive isolation. We also 
calculated indices of self-incompatibility 

(

S

C

)

 (Lloyd and 

Schoen, 1992) and autonomous selfing 
(

A

C

)

 for each species, 
where S is seed set from self pollination and A is autono-
mous selfing seed set.

Results

Pre‑pollination barriers

Geographical isolation was low for three of the four popula-
tions (Table 1). The exception was Erica coccinea at Cape 
Point, although this is simply because the pollen donor spe-
cies, E. abietina atrorosea, has a small distribution com-
pletely overlapping that of E. coccinea. Phenological isola-
tion was strong at one of the two sites where it was measured 
(Table 1). In the two E. coccinea populations, heterospecific 
stigma-anther distances between co-occurring species were 
significantly greater than conspecific distances, suggest-
ing relatively strong morphological floral isolation (Brodie 
Link population p < 0.001, V = 560, median heterospecific 
distance 3.3 mm, median conspecific distance 1.8 mm, Cape 
Point population p < 0.001, V = 372, median heterospecific 
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distance 4.5 mm, median conspecific distance 2.8 mm, 
Fig. S1). Weak floral isolation was found for E. plukenetii 
(p < 0.001, V = 43, median heterospecific distance 2.2 mm, 
median conspecific distance 3  mm) and E. curviflora 
(p < 0.001, V = 43, median heterospecific distance 2.7 mm, 
median conspecific distance 3 mm) since their heterospecific 
stigma-anther distances were smaller than their conspecific 
distances (Fig. S1).

Post‑pollination barriers

All species produced significantly lower seed set from het-
erospecific pollination compared to outcross pollination 
(26–53% lower, Fig. 2), indicating that post-pollination bar-
riers exist. Compared to natural pollination seed set, hetero-
specific pollination produced 2–50% lower seed set. Seed set 
from heterospecific pollination was similar to that produced 
by self pollination, except for E. coccinea at Brodie Link 
NR, in which it was higher. Post-pollination reproductive 
isolation was relatively strong between all species pairs but 
weakest in E. curviflora (Table 1).

Reproductive interference

When heterospecific pollen was added before outcross pol-
len, seed set was 32% lower compared to outcross pollina-
tion only (Fig. 2b), indicating that reproductive interference 
exists. The reproductive interference treatment produced 
significantly greater seed set than the heterospecific treat-
ment (Table S2).

Self‑compatibility

Seed set was low for all three species in the self 
(mean = 0.08 ± 0.1 per fruit) and autonomous selfing 
(mean = 0.02 ± 0.06 per fruit) treatments, and these were 
both significantly lower than the outcross pollination seed 
set (mean = 0.5 ± 0.3 per fruit, Fig. 2, Table S1). Only E. 
curviflora can be considered self-compatible (ISI > 0.3; 
Table 1). The low seed set from autonomous selfing also 
suggests that wind pollination makes only a small contribu-
tion to the total seed set, if any.

Complete results of the multiple comparisons of seed set 
are provided in Table S2. Total fruit set per treatment (the 

Fig. 2  Median seed set per fruit (black horizontal lines) resulting 
from hand-pollination treatments: outcross (cross), heterospecific 
outcross (hetero), self pollination through an external vector (self), 
autonomous self pollination (autogamy) and natural pollination (natu-
ral). Reproductive interference was tested at Cape Point, where treat-
ment h + c involved the application of heterospecific pollen 3 h prior 

to cross pollination. Medians that share the same letter are not sig-
nificantly different (p > 0.05, Table S1). Flower images in each panel 
show the pair of maternal species (top, names indicated in the panel) 
and heterospecific pollen donor species (bottom: a E. plukenetii, b E. 
abietina, c E. coccinea and d E. plukenetii)
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percentage of treated flowers that set fruit across all plants 
from a population) supported the findings from compari-
sons of seed set (Fig. S2), but we have not expanded on this 
because of the low sample of flowers per treatment within 
plants.

Discussion

This study tested for reproductive barriers in co-flowering, 
bird-pollinated Erica species, to explain their coexist-
ence. Three of the four populations had only one rela-
tively strong pre-pollination barrier. The low seed set from 
heterospecific pollination treatments suggests that post-
pollination reproductive barriers are effective. Despite 
this, reproductive interference (through heterospecific 
pollen deposition prior to outcross pollen) reduced seed 
set, indicating that there should be selection for traits that 
enhance pre-pollination barriers. Such selection may be 
strengthened by self-sterility, which was present in three 
of the four study populations.

Pre‑pollination reproductive barriers

Only one of the four populations had relatively strong 
pre-pollination barriers. This, taken together with previ-
ous work, indicates that this sunbird-Erica system may 
comprise a relatively rare case of a radiation in which a 
diversity of congeneric species coexist despite weak pre-
pollination barriers. Bee-pollinated Erica species expe-
rience similarly weak pre-pollination barriers (Bouman 
et al. 2017), but flower constancy by honeybees appears 
to be the mechanism that limits interspecific pollen flow 
(van der Niet et al. 2020). Differences in floral traits and/
or the dominance of certain sexes or individuals may 
induce flower constancy by sunbirds, as has been seen in 
hummingbirds (Aldridge and Campbell 2007; Gowda and 
Kress 2013), but this remains to be tested in a multispecies 
context. Two study populations may avoid interspecific 
pollen transfer via differences in flower sizes among spe-
cies in the same community, which should influence where 
pollen is positioned on sunbirds’ bills. Experimental tests 
are still needed to test the extent to which this imposes 
reproductive isolation, especially given that Erica species 
have slightly explosive pollen release (Geerts and Pauw 
2011). Phenological isolation was strong for one of the 
study species pairs. Flowering phenology may be the most 
common pre-pollination barrier in this guild, considering 
the low bird pollinator diversity across the CFR (Rebelo 
1987) and the rather seasonally unconstrained flowering 
of Cape Erica (Johnson 1993). Overall, these ecological 
factors indicate that strong post-pollination barriers are 

required in this system to maintain species boundaries. 
At least one study has shown that strong post-pollination 
barriers can enable coexistence of congeneric species in 
the face of very weak pre-pollination barriers (Schemske 
1981).

Post‑pollination reproductive barriers

This study reports on the first formal heterospecific polli-
nation experiments conducted on the speciose Erica genus 
(c. 680 species) from the CFR. Since an estimated 9% of 
plant species (Mallet 2005) are involved in hybridisation at 
some point (Whitney et al. 2010), the production of a small 
amount of hybrid seed is perhaps unsurprising. However, 
all species pairs showed strong reproductive isolation, 
indicating that the post-pollination reproductive barriers 
are well developed. This is interesting considering that 
many hybrid Erica cultivars have been created by horti-
culturists (Nelson and Oliver 2004), although the number 
of successful crosses between bird-pollinated species is 
unknown. By contrast, three Satyrium species in the CFR 
showed greater interspecific compatibility than the Erica 
species in this study, with seed sets of 20–78% from heter-
ospecific pollination treatments (Ellis and Johnson 1999).

Despite all species in this study showing some of degree 
of reproductive isolation, it varied in extent. Previous studies 
have shown that this variation may be explained by phyloge-
netic distance (Larcombe et al. 2015) or phenotypic diver-
gence (Suni and Hopkins 2018), but here, the variation was 
not associated with phylogenetic distance, stigma-anther dis-
tance or corolla colour distance (Table S1, Fig S1), although 
more cases should be examined. Any of these factors could 
influence the success of different combinations of pollen 
donor and recipient species (Arceo-Gómez et al. 2019): for 
example, both E. coccinea and E. curviflora received pollen 
from E. plukenetii, but seed set was much more reduced in 
E. coccinea. We expected the greatest reproductive isolation 
between the non-resprouting species, since natural selection 
should act faster in species with a more rapid turnover of 
generations (Ojeda et al. 2016). However, we found the low-
est reproductive isolation in E. curviflora and E. plukenetii, 
which are obligate reseeders, compared to the resprouting 
E. coccinea. Nonetheless, all species pairs suffered fitness 
costs of heterospecific pollination that may drive selection 
for pre-pollination reproductive barriers such as divergence 
in flower colour and size (Table S1, Fig S1), which appear to 
be labile traits in the Cape Erica (Pirie et al. 2011).

Reproductive interference

Even though post-pollination barriers were strong, het-
erospecific pollen deposition prior to outcross pollen did 
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reduce seed set significantly in the one species we tested. 
This shows that this type of reproductive interference results 
in fitness losses, and so may consequently drive selection 
for pre-pollination barriers. Selection against interspecific 
pollen transfer may also be further driven by the male com-
ponent of fitness loss, through pollen lost to heterospecific 
stigmas (Morales and Traveset 2008). Some flower traits, 
such as style length, may determine the degree of repro-
ductive interference, since long-styled species may receive 
more heterospecific pollen (Mazer et al. 2016; Tong and 
Huang 2016) perhaps due to increased contact with pollina-
tors’ bodies, although they could also prevent heterospecific 
pollen tube growth more effectively (Tong and Huang 2016). 
In this guild of Erica species, pistil lengths vary at least 
between 15–31 mm (n = 10 species, Anina Coetzee unpub-
lished data, Turner et al. 2012). This variation may prevent 
reproductive interference and interspecific mating.

Self‑compatibility

If there is selection for pre-pollination barriers in this sys-
tem, it may be strengthened by pollinator dependence. Two 
of the three species had low self-compatibility, suggesting 
that their reproduction is highly pollinator dependent. This 
concurs with the general pattern found for this guild of Erica 
species (Angoh et al. 2017; Arendse 2015), and contrasts 
with the high prevalence of self-compatibility the compara-
ble system of a large diversity of coexisting Bromeliaceae 
species that share hummingbird pollinators (Matallana et al. 
2010). Our results confirm that E. plukenetii is self-ster-
ile, although the index values of self-incompatibility and 
autonomous selfing were lower than the previously found 
values of 0.13 and 0.27, respectively (Arendse 2015), hinting 
at a possibility of interpopulation variation in self-sterility. 
There was no linear association between the degree of self-
compatibility and herkogamy (distance between the stigma 
and anther within flowers, Table S1) of the study species. 
Interestingly, E. curviflora had the highest self-compatibility 
and interspecific compatibility, perhaps supporting studies 
that have proposed a link between these two types of com-
patibilities (Rieseberg and Willis 2007). Overall, a conclu-
sion from our findings is that any selection on pollination 
enhancement traits should be strengthened by their high 
dependence on pollinators.

Conclusion

This study suggests that segregation of flowering phe-
nology and flower reproductive parts potentially serve 
as pre-pollination barriers in closely-related, pollinator-
sharing plant species. Where these barriers are weak, 

well-developed post-pollination isolation barriers can 
facilitate their coexistence. However, reproductive inter-
ference could still cause significant female fitness costs 
in such systems, which may drive selection for pre-pol-
lination barriers. An investigation of the historical and 
contemporary gene flow between coexisting species would 
confirm the reproductive barriers found in this study. The 
findings indicate that we should expect pollinators to have 
a strong influence on plant coexistence and flower evolu-
tion in this, and similar, systems.
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