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Abstract

Variation in plant breeding systems has implications for pollinator-mediated selection on floral
traits and the ecology of populations. Here we evaluate pollinator contribution to seed production,
self-compatibility and pollen limitation in different colour forms of Drosera cistiflora sensu lato
(Droseraceae). These insectivorous perennial plants are endemic to fynbos and renosterveld
vegetation in the Cape Floristic Region of South Africa and the species complex includes five
floral colour forms (pink, purple, red, white and yellow), some of which are known to be pollinated
by beetles.

Controlled hand-pollination experiments were conducted in 15 populations of D. cistiflora s.l. (2—4
populations per floral colour form) to test whether the colour forms vary in their degree of self-
compatibility and their ability to produce seeds through autonomous self-fertilisation.
Yellow-flowered forms were highly self-incompatible, while other floral colour forms exhibited
partial self-compatibility. Seed set resulting from autonomous selfing was very low, and pollinator
dependence indices were high in all populations. Since hand cross pollination resulted in greater
seed set than open pollination in 13 of the 15 populations, we inferred that seed production is
generally pollen-limited.

Drosera cistiflora s.1. typically exhibits high levels of pollinator dependence and pollen limitation.
This is unusual among Drosera species worldwide and suggests that pollinators are likely to
mediate strong selection on attractive traits such as floral colour and size in D. cistiflora s.l. These
results also suggest that the colour forms of D. cistiflora s.l. which are rare and threatened are

likely to be vulnerable to local extinction if mutualisms were to collapse indefinitely.

Keywords: Seed production; hopliine beetle pollination; pollen limitation; pollinator dependence;

selection; self-compatibility
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INTRODUCTION

Animal pollinators are known to visit approximately 88% of all flowering plant species (Ollerton et al.
2011) and reduced pollinator visitation may directly compromise plant seed production (Lundgren et al.
2016). However, for most plants it is still unclear to what extent their seed production is reliant on
pollinators and how frequently it is limited by pollen receipt. Breeding system experiments using controlled
hand-pollinations are consequently important for unravelling the degree of ecological dependence of plants
on pollinator visits. Such information is of conservation significance since pollinator-dependent species are
vulnerable to local extirpation of pollinators (Bond 1994; Pauw 2007). This is of particular concern in
biodiversity hotspots (sensu Mittermeier et al. 1998) and in fire-prone environments such as the Cape

Floristic Region (Rebelo 1987; Anderson et al. 2014).

Intraspecific variation in floral traits is common among plants and usually represents recent ongoing
evolutionary divergence among populations (Herrera et al 2006; Moeller and Geber 2005). A classic
example is flower colour which often varies both within populations and among populations (Narbona et al.
2018). The extent to which floral colour polymorphism may be linked with variation in breeding system
traits is mostly unknown. This is in contrast to other floral traits such as flower size which are often
strongly correlated with variation in breeding systems (c.f. Wyatt 1984; Dart et al. 2012). Inter-population
variation in outcrossing rates is common in plant species and is attributed mainly to ecological factors
(Whitehead et al. 2018), but could also reflect intra-specific variation in various breeding system

components, such as self-incompatibility and degree of autogamy (Herrera et al 2001; Dart et al. 2012).

An apparent paradox among plants is that many species with specialised pollination systems also possess
mechanisms for selfing (Wessinger and Kelly 2018). However, the association between specialisation and
selfing can often be explained in terms of reproductive assurance where the ability to self may be strongly
selected for in pollinator-dependent species where specialisation increases the risks of pollination failure
(Fenster and Martén-Rodriguez 2007), especially if they are short-lived and dependent on seed for
recruitment (Bond 1994). The ability to self will confer an immediate fitness advantage if levels of
inbreeding depression are not high (Lloyd 1992; Barrett and Harder 1996; Herrera et al. 2001; Kalisz and
Vogler 2003; Moeller and Geber 2005; Sciligo 2009; Rodger and Johnson 2013). Furthermore, delayed
selfing may also mitigate some of the costs associated with inbreeding by utilising pollen and ovules which
were not going to contribute towards reproduction through outcrossing (Barrett and Eckert 1990; Vogler
and Kalisz 2001; Barrett 2003; Ashman et al. 2004; Sciligo 2009). In general, short-lived plants and those

that otherwise inhabit unstable environments are most likely to exhibit selfing strategies (Cruden 1977;
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Lloyd and Webb 1986; Herrera et al. 2001; Sciligo 2009). Self-incompatible plants often have a relatively
high likelihood of pollen limitation and seed production reduction as a result of pollinator failure because
their own pollen does not contribute to fertilisation (Larson and Barrett 2000). This problem is expected to

be less severe in self-compatible species that are pollinator-dependent.

Pollen limitation is thought to play an important role in determining floral phenotype because it should
generate strong selection for secondary sexual traits that favour more effective pollinators and higher
visitation rates (Kiester et al. 1984; Knight et al. 2005; Trunschke et al. 2017). In contrast, primarily self-
pollinating species usually limit resource investment in floral display by having small flowers (Guerrant
1989; Dart et al. 2012) and fewer pollen grains per ovule (Cruden 1977). Strong selection by pollinators,
because of pollen limitation combined with phenotype-dependent fitness differences among individuals,
may accelerate speciation rates when pollinators vary geographically (Kay and Sargent 2009), as suggested
by a correlation between high levels of pollen limitation and species richness (Vamosi et al. 2006).
However, two meta-analyses (Anderson et al. 2014; Rodger and Ellis 2016) focussed on the Greater Cape
Floristic Region (GCFR) and one focussed on the Brazilian Atlantic rainforest (Wolowski et al. 2014) did

not find evidence that these biodiverse regions were characterised by high levels of pollen limitation.

We assess the breeding systems of the Drosera cistiflora L. species complex, to determine how different
floral colour forms within the complex vary in terms of pollinator dependence, ability to self-pollinate and
pollen-limitation. Drosera cistiflora s.1. belongs to the cosmopolitan carnivorous plant family Droseraceae.
Although little is known about pollination in Drosera, some previous studies suggest that they often have a
very low dependence on pollinators for reproduction with many being facultatively autogamous and
reproducing primarily through self-pollination (Murza et al. 2006; Sciligo et al. 2007; Sciligo 2009; Cross
et al. 2018). Flowers are nectarless with pollen as the only reward (Murza and Davis 2003; Cross et al.
2018) and a variety of different flower visitors have been recorded including bees, flies and beetles (see
Wilson 1995; Murza and Davis 2005; Murza et al. 2006; Anderson 2010). Low pollinator dependence is
often associated with habitat ephemerality (Cruden 1977; Lloyd and Webb 1986; Herrera et al. 2001), and
many Drosera species are reliant on seasonal wetlands for active growth with only a small window of
opportunity for outcrossing to take place (Sciligo 2009). Only one monophyletic lineage of Drosera is
known to have xenogamous members with self-incompatibility (Chen et al. 1997). Several authors have
argued that selfing in Drosera is adaptive because it may reduce the conflict generated by capturing
pollinators (Sciligo et al. 2007; Sciligo 2009; Jiirgens et al. 2011). However, most studies suggest that
pollinator capture is unlikely to be an important selective force in Drosera (Anderson and Midgley 2001;
Murza et al. 2006; Anderson 2010). In a meta-analysis on Drosera pollinator-prey conflict, Anderson and

Midgley (2001) found no evidence to suggest that Drosera species had evolved adaptations to specifically
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resolve this putative conflict, while Anderson (2010) found that D. cistiflora s.l. never captures its
pollinators. The ability of numerous Drosera species to reproduce asexually (via stolons, older leaves that
take root when they touch the ground, scale leaves or gemmae in pygmy sundews, and/or tuber offshoots

(see D’ Amato 1998) may make many of them even less reliant on pollinators in the short term.

We hypothesised that, unlike the small-flowered Drosera species which typically self-pollinate, the large-
flowered forms in the D. cistiflora species complex would show high pollinator dependence. To date, it has
been unknown whether the various floral colour forms of D. cistiflora s.l. are self-compatible and, if so,
whether any self autonomously. It is also unknown whether natural seed production of the various forms is
pollen-limited. Showy flowers, which are otherwise costly to the plant in both energy requirements and
herbivory risk (Sletvold and Grindeland 2008), are only likely to be maintained by selection if they
promote cross-pollination. We test the hypothesis of high levels of pollinator dependence in D. cistiflora
s.l. by investigating the effects of pollination treatments on seed production in multiple populations of the

five extant floral colour forms.

MATERIALS AND METHODS

Study species

The D. cistiflora species complex is endemic to moist habitats in the fynbos and renosterveld vegetation of
the winter-rainfall Greater Cape Floristic Region of South Africa. Flowering of D. cistiflora s.l. occurs in
the austral springtime, i.e. August—September (Trinder-Smith et al. 2006). D. cistiflora s.l. displays great
variety in corolla colour, with six known floral colour forms — pink, purple, red, salmon pink, white and
yellow (Fig. 1). Three of these forms (purple, red and yellow) are exceptionally rare and one (salmon pink)
is extinct in the wild. More than one floral colour form can be found at some sites. Pink and white colours
may occasionally intergrade at some sites, suggesting that this variation is a quantitative trait and reflects a
single gene pool. However sympatric purple and red colour forms appear to be discrete, raising questions
about whether flower colour at these sites is a polymorphism or an indication of distinct gene pools of
different taxa. The cymose inflorescences presented 10—40 cm above ground level consist of 1-few large,
dark-centred actinomorphic flowers (Obermeyer 1970) which are bowl-shaped, devoid of nectar (Goldblatt
et al. 1998) and unscented to human olfaction (pers. obs). Each flower lasts 1-3 days. Pollinator
dependence is suggested by strong herkogamy (Barrett 2003) (Fig. 1). Despite a report that plants can

reproduce vegetatively, with plantlets developing from the succulent rootstock to form a clonal group
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(Gibson 2006), our experience is that clusters usually comprise groups of solitary plants and individuals
may frequently be separated from conspecifics by a metre or more, indicating that recruitment occurs

mainly or exclusively via seeds.

In their general investigation of pollination by hopliine (monkey) beetles in southern African petaloid
geophytes, Goldblatt et al. (1998) suggested that D. cistiflora L. is primarily, and likely exclusively,
pollinated by these beetles. This has been confirmed in a recent study (von Witt, 2020). Hopliine beetles
are associated with flowers of a wide range of colours, with some evidence for differing colour preferences
among species (Picker and Midgley 1996; Johnson and Midgley 2001; van Kleunen et al. 2007). All D.
cistiflora s.1. floral colour forms have dark olive- or blue-green to grey floral centres (Fig. 1), and similar
patterns of colour contrasts have been shown to increase visitation by hopliine beetles in irid geophytes

(van Kleunen et al. 2007).

Drosera cistiflora L. is taxonomically classified within Drosera L. subgen. Drosera sect. Ptycnostigma
Planch., largely using style morphology, a lack of stipules, thickened roots, corolla size and the presence of
cauline leaves as delimitations (Schlauer 1996). Seine and Barthlott (1994) treated D. cistiflora L. as a
single taxon in section Ptycnostigma, with radially symmetrical marginal tentacles in the cauline leaves and
a chromosome number of 2n = 60. However, in their phylogenetic analyses for Drosera, Rivadavia et al.
(2003) suggest that there are two clades in D. cistiflora, characterised by chromosome numbers 2n = 40 and
2n = 60. In that study, chromosome numbers (sourced from Kondo and Olivier 1979 and Hoshi and Kondo
1998) were obtained from only two sources of plant material (namely “South Africa” and “c. 11km west of
Port Elizabeth™). The D. cistiflora tbcL gene sequence was derived from a single voucher specimen, and
flower colour was not specified. The study by Rivadavia et al. (2003) may therefore underestimate the

number of operational taxonomic units in the D. cistiflora complex.

Drosera has not been comprehensively revised since Diels” (1906) classical monograph which treated D.
cistiflora L. as having two varieties, namely D. cistiflora var. o. exilis Diels and D. cistiflora var. f.
speciosa (Presl) Diels. Owing to variability of leaf size, shape, quantity, stem length, flower size and colour
in the D. cistiflora species complex (Rivadavia 2000), a multitude of other varieties, and even some
species-level splits, have been proposed (see Table S1). Of these, the D. cistiflora s.l. forms included in this
study correspond to Drosera rubripetala Debbert, D. cistiflora var. 5. rubra Thunberg or D. cistiflora var.
B. speciosa (Presl) Diels (red flowers); D. violacea Willdenow, D. cistiflora var. 5, violacea Thunberg or D.
cistiflora var. violacea (Willdenow) Sonder (purple flowers with reflexed petals); D. cistiflora ‘Purple West
Coast’ (purple crateriform corollas), and the typical D. cistiflora Linn. (pink, mauve or white flowers).

Purple-flowered forms with reflexed and non-reflexed petals were grouped together for the study, based on
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striking similarities in petal colour: purple with a strongly metallic blue-green base. The yellow floral
colour form, here provisionally named D. cistiflora ‘Piketberg’, was rediscovered in Piketberg by the first
author and a local conservation group in 2008, having previously been known from a 1930 specimen
housed in the Compton Herbarium under Drosera cistiflora L. One population of this form occurs within
lkm of a typical pink-flowered form of D. cistiflora s.l. with no signs of introgression. The distinct corolla
colour and cup-like shape additionally indicate that it warrants taxonomic investigation. In the absence of
adequate taxonomic resolution based on molecular, morphological and ecological factors, we treat D.

cistiflora as a species complex for the purposes of this study.

Study sites

We selected 12 study sites that represent 15 populations (ranging from 19 to over 250 flowering plants,
Table S2) of five colour forms of D. cistiflora s.1., three of which occurred in sympatry at three respective
sites. The sampling included four populations of the pink-flowered form, two of the purple-flowered form
(one with reflexed petals and one with crateriform corollas), three of the red-flowered form, three of the
white-flowered form and three of the yellow-flowered form (Table S2). Voucher specimens for each

population studied are housed in the Compton Herbarium (Table S2).

Breeding system experiments

To determine the degree of self-compatibility and capacity for autonomous self-fertilisation in D. cistiflora
s.l., four treatments (bagged only, open pollination, hand self-pollination and hand cross-pollination) were
applied to a minimum of eight plants per treatment (mean = 11.1, range = 8-21) per population (one flower
per plant was treated). The bagged only treatment was applied to test for autonomous selfing. For this
treatment, a fine bridal veil, mesh bag was suspended over a wire frame and placed over an unmanipulated
D. cistiflora s.l. plant with a marked flower in bud stage to ensure that pollinators could not access it. The
bag was removed after the flower had wilted. The open pollination treatment was applied to test for natural
seed set, where pollinators had access to flowers throughout their development. These flowers were not
bagged, hand-pollinated or manipulated in any way. The hand self-pollination treatment was applied to test
for self-incompatibility. Here, a marked flower was bagged in bud and when the bud opened, the receptive
stigma was pollinated using pollen from the same flower (flowers are strongly herkogamous, but, based on
some overlap of pollen dehiscence and moist papillac on the stigma, do not appear to be completely

protandrous). The flower was re-bagged to prevent subsequent pollinator-mediated contamination and the
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bag was removed after the flower had wilted. The hand cross-pollinated treatment was applied as a positive
control. These flowers were emasculated in the bud phase prior to anther dehiscence, before being bagged
to exclude pollinators. Once receptive, the stigma was pollinated using plucked stamens from a donor with
dehiscent anthers from at least five metres away to avoid treating with pollen from within a possible genet,
ie. clonal group. The plant was re-bagged and the bag was removed once the flower had wilted.
Experiments were conducted in 2009 and included a total of 335 bagged plants and 255 plants observed for

natural seed set. Sample size per treatment group is given in Table S3.

Purple-flowered plants in Durbanville had anthers that appeared to be only partially formed and produced
little to no pollen, and for this reason only natural seed set was recorded in this population. Likewise, there
were too few fully-formed white flowers at Darling site 1 for treatments (i), (iii) and

(iv) to be performed.

For all treatments, mature seed capsules were collected and seeds counted under a dissecting microscope

approximately 20 days later.

Pollination indices

Empirical mean values of seed set per flower were used to calculate all pollination indices to obtain
independent pollinator dependence, self-incompatibility and pollen limitation indices, for each D. cistiflora
s.l. population and for each floral colour form over all populations. An index of pollinator contribution to
seed production was added to assess the degree of natural pollination without artificial pollen
supplementation. Individuals not setting fruit were recorded as producing no seeds i.e. as zeroes. White-
flowered populations at Darling 1, and pink and purple populations at Durbanville were excluded since

only their natural seed set could be assessed.

Pollinator contribution to seed production (PCS)
To obtain a metric for PCS, we compared seed set from the ‘bagged only’ treatment, that tested for

autonomous self-pollination, (i) with natural seed set (ii).
We computed PCS as: PCS = 1 — autonomous self-pollination / open pollination. PCS varies from zero to

one, with a total lack of pollinator contribution yielding a value of zero and a value of one defining

maximum PCS.
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Pollinator dependence (PD)
The PD index compared seed set from the ‘bagged only’ treatment (i) with that arising from hand cross-

pollination (iv).

PD was computed as: PD = 1 — autonomous self-pollination / hand cross-pollination. Here, a value of zero
indicates independence from pollinators, while a value of one indicates high dependence on pollinators. PD
is modified from the commonly presented Index of Autofertility, AF (Lloyd and Schoen 1992), sensu
Anderson et al. (2014).

Self-incompatibility (SI)
The degree of self-compatibility was determined by comparing seed set from the hand cross-pollination

treatment (iv) to seed set from the hand self-pollination treatment (iii) [Lloyd 1965].

An index for SI was calculated as: SI = 1 — hand self-pollination / hand cross-pollination. Self-compatibility
varies from zero to one and decreases as the index approaches a value of one, i.e. complete self-

incompatibility.

Pollen limitation (PL)

PL was measured by comparing natural seed set through open pollination (ii) with seed set after hand cross-
pollination (iv) [modified from Larson and Barrett 2000], as follows: PL = 1 — open pollination / hand
cross-pollination. Pollen limitation is expressed as a number between zero and one, where complete pollen

limitation equates to a value of one while a lack of pollen limitation yields a value of zero.

Confidence intervals (CI) for the indices were calculated using a bootstrap procedure in which the mean
values, together with ratios and indices derived from the means, were computed for each of 1000 resampled
datasets. The overall mean seed set for each treatment per floral colour form was generated as the sum of

all weighted population means.

Statistical analyses

Data were analysed using generalised linear mixed models (GLMM) implemented in R (R Core Team
2018). The number of flowers setting fruit in a D. cistiflora s.l. population was assumed to be binomially
distributed. Probability of setting fruit was modelled as being dependent on treatment, floral colour form,

and population. The explanatory variables thus include categorical fixed effects for treatment and flower
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colour and a random effect for population. Note that for a study of plant genetic factors such as this,
population (rather than site) is the experimental unit and thus most appropriate random effect level. As a
result, two different colour populations occurring at the same site (at Darling 2 and Durbanville) are treated
as separate levels rather than pooled into a common one. The linear dependency between the probability of
setting fruit and explanatory variables was specified using a logit link function. The number of seeds per
fruit was overdispersed relative to the expectation of a Poisson distribution (the variance exceeded the
mean), and was thus modelled using a negative binomial distribution where the mean was dependent on
treatment, floral colour form, and population. The explanatory variables thus included categorical fixed
effects for treatment and flower colour and a random effect for population. Linear dependency was
specified using a log link function. Following model fitting, the Tukey method was used to adjust for
multiple comparisons in post hoc tests. Marginal means were obtained by back-transformation of values
from the linear scale, resulting in asymmetric standard errors. In cases in which GLMMs for seed set did
not run because of lack of variance (e.g. no fruits set for certain combinations of floral colour form and
treatment effect), a single value of one seed was substituted (sensu Zuur et al. 2009), which also makes the

test more conservative (Johnson et al. 2019).

Separate GLMMs were fitted for fruit set (proportion of flowers setting fruit) and seed set (number of seeds
per fruit). Attempts to model seeds produced per flower suffered from estimation problems relating to
overdispersion caused by the introduction of excess zeros induced by observations where no fruit was set.
Pollination indices were based on empirical means for seeds per flower which allow us to use a single set of

indices.

RESULTS

Breeding system experiments

Overall, fruit and seed production varied significantly among treatments (fruit: ¥*(3) = 101.79, p < 0.001;
seed: ¥*(3) = 123.22, p < 0.001) and D. cistiflora s.l. floral colour forms (fruit: x*(4) = 32.80, p < 0.001;
seed: y*(4) = 20.74, p < 0.001), with a significant interaction effect between treatment condition and floral

colour form for seed production (%> = 73.20, p < 0.001) [Figs 2a, b].

The effects of pollinator exclusion varied among floral colour forms, with purple- and yellow-flowered

forms showing almost no fruit production after pollinator exclusion, as opposed to c. 25% of flowers
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setting fruit following this treatment in the pink-, red- and white-flowered forms (Fig. 2a). However, seed
set arising from autonomous self-pollination was very low across all floral colour forms (Fig. 2b).
Significant differences (p < 0.001) in the marginal (model-adjusted) mean proportion of flowers that set
fruit were found between the autonomous self-pollination (mean = 0.07, 95% CI = 0.03—0.16) and hand
cross-pollination (mean = 0.94, 95% CI = 0.84-0.98) treatments. Additionally, significantly (p < 0.001)
fewer seeds were set per fruit through autonomous selfing (mean = 28.47, 95% CI = 18.19-44.54) than
hand cross-pollination (mean = 259.22, 95% CI = 184.40-364.38), with these differences being significant
for all floral colour forms (all p < 0.002)).

Hand cross-pollinated flowers showed almost 100% fruit set in the case of the pink, red and white forms
and c. 60% fruit set for the purple and yellow forms. Hand self-pollination yielded similar levels of fruit set
to hand cross-pollination for all forms, except purple and yellow, which showed a significant decrease in
fruit production for self-pollinated flowers (Table S3, Fig. 2a). Across all floral colour forms, fruit set in
hand cross-pollinated flowers (mean = 0.94, 95% CI = 0.84—0.98) was significantly (p = 0.002) greater than
that from hand self-pollination (mean = 0.70, 95% CI = 0.48-0.85). Similarly, seed set per fruit after hand
self-pollination (mean = 159.81, 95% CI = 110.69-230.72) was significantly (p = 0.003) less than after
hand cross-pollination (mean = 259.22, 95% CI = 184.40-364.38) overall, with these differences being
driven by significant differences in pink- and yellow-flowered forms (pink: z = 3.47, p = 0.003; yellow: z =

3.20, p = 0.007; other colours: z < 1.03, p > 0.735).

Levels of natural fruit set in open-pollinated flowers were similar to those following hand self-pollination
(Table S3, Fig. 2a). Natural fruit set and seed set per fruit were particularly low for the purple- and yellow-
flowered forms (Table S3, Figs 2a, b).

Mean fruit set was significantly (p < 0.001) higher in hand cross-pollinated flowers (mean = 0.94, 95% CI
= (0.84-0.98) than in open-pollinated flowers (mean = 0.63, 95% CI = 0.46—0.78). Hand cross-pollinated
flowers also set significantly (p < 0.001) more seed per fruit (mean = 259.22, 95% CI = 184.40-364.38)
than those in open pollination treatments (mean = 149.82, 95% CI = 105.98-211.79). These differences
were driven by significant differences in purple (z = 6.18, p < 0.001), yellow (z = 4.40, p < 0.001) and pink
(z=3.96, p <0.001) floral colour forms (other colours: z < 0.82, p > 0.845).

Across all treatments, purple- and yellow-flowered plants had significantly (p < 0.011) lower proportion
fruit set than did pink-, red- and white-flowered forms. They also produced significantly (0.004 < p <
0.025) fewer seeds per fruit than did red- and white-flowered forms (Figs 2a, b), with pink-flowered forms

occupying an intermediate position in the case of seed set. However, there were no significant differences
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among the colour forms (all pairwise p > 0.550) in seeds per fruit arising from the hand cross-pollination
treatment. Post hoc tests for the significance of differences between treatments applied to the various D.

cistiflora s.1. floral colour forms are provided in tables S8, S9, S10 and S11.

Pollination indices

Pollinator contribution to seed production (PCS)

Indices of overall PCS for each floral colour form, calculated using means weighted according to
population sample sizes, ranged from 0.67 to 1.00 among forms (Table 1). PCS was highest in white, red
and purple floral colour forms in an ascending order of magnitude (Table 1). The indeterminate PCS index
associated with yellow-flowered forms (Table 1) is a function of the indeterminate PCS of the Piketberg 2
population. Here, no seed was set through either autonomous self-pollination or open pollination. Site-
specific PCS indices (Table 2) for yellow-flowered populations at Piketberg 1 (0.40) and Piketberg 3 (1.00)

however show that the yellow-flowered form exhibits some degree of PCS.

Pollinator dependence (PD)

PD indices indicated that all floral colour forms are highly dependent on pollinators for seed set and that
autonomous selfing contributes little to reproductive output (Table 1). Pink-flowered forms had the lowest
dependence on pollinators (0.89) and purple-flowered forms were completely dependent on pollinators (PD
= 1.00, Table 1). Similarly, at the population level, no population had a PD index of less than 0.83 (Table
S4).

Self-incompatibility (SI)

White, red, purple and pink floral colour forms were partially self-incompatible, with SI indices ranging
from 0.29 (white) — 0.53 (pink) [Table 1]. Yellow-flowered forms displayed high levels of self-
incompatibility (0.82), since plants in only one out of three populations set seed from self-pollen, and hand
self-pollination yielded lower seed set than hand cross-pollination in all three populations. The degree of
self-incompatibility varied substantially among populations of different colours [range = 0.18 (pink,
Riverlands NR) — 1.00 (yellow, Piketberg 2 & 3), Table S5]. Self-incompatibility also varied between
populations of the same colour, particularly between pink-flowered populations. For example, the SI index
of 0.18 at Riverlands NR suggests high selfing capability, while another pink population had an SI index of
0.87, suggesting low selfing capability (Table S5).
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Pollen limitation (PL)

PL indices ranged from 0.07 in red-flowered forms (least pollen-limited) to 1.00 in purple-flowered forms
(complete pollen limitation). Seed production of pink-, purple- and yellow-flowered forms was the most
pollen-limited (Table 1). Despite plenty of variance in pollen limitation between floral colour forms (Table

1), variance within each form was low (Table S6).

DISCUSSION

This study demonstrates that all floral colour forms of Drosera cistiflora s.l. are highly dependent on
pollinators for seed production and range from partially self-compatible to almost completely self-
incompatible (Table 1, Fig. 2). In addition, seed production in most forms appears to be strongly pollen-
limited (Tables 1 and S7). These results contrast starkly with the general view that Drosera species are
often autogamous selfers with low levels of dependence on pollinators (cf. Murza et al. 2006; Sciligo et al.

2007; Sciligo 2009; Cross et al. 2018).

The partial genetic self-incompatibility and spatial separation of the anthers and stigmas of D. cistiflora s.1.
plants are likely to be contributing factors to their dependence on pollinators. Relatively high natural seed
set, in combination with low seed set from autonomous selfing, indicates high pollinator contribution to
seed production in red (98%), white (96%) and pink (67%) floral colour forms (Tables 1 and S4). However,
extremely low natural seed set was found in two yellow-flowered populations, namely Piketberg 2 & 3
(Table 2). The higher fruit and seed set after hand-crosses (Table S4) suggests a shortage of effective
pollinators in both of these yellow-flowered populations and the possibility of a mutualism collapse. von
Witt (2020) correspondingly recorded unusually low pollinator visitation in these two yellow-flowered
populations. It is uncertain why pollinators in these populations performed so poorly and whether this
situation is temporary or more permanent. It is possible that very recent fires (seven months prior to
flowering) adversely affected pollinator communities through mortality or shortages of food plants for
insects (Dafni et al. 2013). The risks of pollinator failure in D. cistiflora s.l. are mitigated in the short-term
by the fact that D. cistiflora s.l. is perennial and can reproduce vegetatively (Bond 1994); however, sexual
reproduction is considered important for the long-term persistence of species (Wuerth et al. 2018).
Remarkably low natural fruit and seed set was also found in the two purple-flowered populations (Table
S3), and purple-flowered plants at Darling 2 had low seed production even after hand-crossing (Table S4).
Infertility may be a mechanism behind overall low fruit and seed set in these purple- and yellow-flowered
populations, which is evidenced at Durbanville by the lack of pollen production by purple flowers.

Infertility could occur as a result of limited S-alleles (Reinartz and Les 1994), inbreeding depression
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(Eckert 2001; Charlesworth and Willis 2009) or alternatively as a result of a lack of vigour of F; and/or
subsequent filial generations (Johansen-Morris and Latta 2006) produced through hybridisation of
sympatrically growing floral colour forms. Purple-flowered populations grew at two of three sites in this
study which had sympatric D. cistiflora s.l. floral colour forms where introgression was possible. Although
we did not observe plants in these populations with intermediate floral colour phenotypes, their mode of
colour inheritance is not known; consequently the lack of apparently intermediate forms cannot exclude the
possibility of introgression. Preliminary experiments suggest partial genetic barriers between purple and red

floral colour forms (von Witt 2020), but further investigation into these potential mechanisms is required.

One further possible reason for low seed set per fruit in some colour forms could be a reduced number of
ovules. We did not count ovules in flowers, but found no significant overall differences among colour
forms in the number of seeds per fruit arising from hand cross-pollination (Table S10, Fig 2b), suggesting
that ovule number is unlikely to be the main factor accounting for differences in natural seed set among

colour forms.

Relative to hand self-pollination, hand cross-pollination gave rise to significantly greater fruit set in purple
and yellow D. cistiflora s.1. floral colour forms (Table S7, Fig. 2a) and in significantly greater seed set per
fruit in pink and yellow colour forms (Table S9, Fig 2b). Although this suggests that some colour forms of
D. cistiflora s.1. are fully or partially self-incompatible, it does not preclude the possibility that the plants
may be self-compatible with high levels of early inbreeding depression at the seed development stage
evident in some colour forms. The self-incompatibility index for yellow-flowered forms was particularly
high (82%, Table 1), with two populations at Piketberg appearing to be completely self-incompatible
(Table S5). Low pollinator visitation and high (90%) pollinator dependence (Table 1) in yellow-flowered

populations renders them particularly vulnerable to reproductive failure.

All D. cistiflora s.1. floral colour forms displayed some degree of pollen limitation and PL indices were
particularly high in pink-, purple- and yellow-flowered forms (Table 1). This indicates that seed set is
considerably limited by a paucity of cross-pollen reaching the stigmas. It is therefore expected that there
should be strong selection acting on traits that make the plants more attractive to pollinators or enhance the
efficiency of pollen transfer (Knight et al. 2005). Although the flowers of D. cistiflora s.l. are nectarless
and odourless, their large size, bowl shape, showy colours and conspicuous orange-yellow anthers may
make them easily visible. Floral characters such as these are commonly found in hopliine beetle-pollinated
flowers (van Kleunen et al 2007), where it has been proposed that the beetles visit the flowers in search of
food and mates (Goldblatt et al. 1998) in response to visual rather than olfactory cues (Steiner 1998).

Likewise, the elongated stems increase flower height, which may have evolved for pollinator attraction
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(Anderson and Midgley 2001; Anderson 2010; Jiirgens et al. 2015), since elevated D. cistiflora s.1. flowers

received more visits by pollinators than flowers of experimentally shortened plants (Anderson 2010).

Usually pollen limitation is calculated by comparing natural seed set with that arising from supplemental
cross-pollination of open flowers (Larson and Barrett 2000; Knight et al. 2006) and is conventionally
confirmed when plants with pollen supplementation produce more seed than control plants (Bierzychudek
1981; Ashman et al. 2004; Knight et al. 2005). Since our hand-pollinated flowers were bagged, they were
protected from seed predators, in contrast to the open-pollinated flowers that were not bagged and thus
exposed to seed predators. Consequently, if seed predators account for lower seed production in open-
pollinated flowers, then pollen limitation may be overestimated in this study. However, this is unlikely
since we observed minimal seed predation when dissecting fruits and this did not vary in an obvious
manner between treatments. Some populations had slightly negative values for the PL metric, suggesting
higher natural seed set than when flowers were hand-crossed. Slight negative values may reflect no real
difference from zero. Alternatively, these could have resulted from the fact that hand-pollinated flowers
were bagged after crosses were made and hence open-pollinated flowers may have had more mating

opportunities than hand-pollinated flowers in some instances.

Supplemental hand-pollination with pure cross-pollen can also be considered unnatural and artificially
boost seed set (Aizen and Harder 2007). By comparing natural seed set with seed set in both self- and
cross-pollinated flowers (Table S3, Fig. 2b), we could determine if pollen limitation is due only to the
quantity of pollen or if pollen quality also matters. The significantly greater seed set through hand cross-
pollination than through open pollination in D. cistiflora s.l. colour forms overall (Table S7) indicates that
seed set may be limited by pollen quantity (Aizen and Harder 2007). However, hand cross-pollinations
transferred pure intraspecific cross-pollen only while pollinators usually deposit pollen mixtures which can
include self-pollen, cross-pollen, and pollen from other plant species (Fang and Huang 2013). Open
pollination also did not usually result in more seed than hand- selfing experiments (Table S3, Figure 2b),
suggesting that much of it could potentially be the result of pollinator-mediated selfing (pollen movement
within a flower mediated by pollinators, see Lloyd 1992; Anderson et al. 2003). The general increase in
hand-crossed seed set relative to natural and hand-selfing (Table S3, Figure 2b) is further evidence that
seed production is also being limited by pollen quality. In summary, pollen quality as well as quantity
limitation appear to be acting in D. cistiflora s.1., thereby further emphasising the importance of effective
pollinator movement in ensuring the seed production of each floral colour form. Rodger and Ellis (2016)
accordingly found evidence suggesting that pollen quality was an important contributor towards pollen

limitation in pollinator-dependent plants in the GCFR.
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Striking differences in breeding system biology among the floral colour forms included in this study
suggest that these forms differ in more than just floral colour pigmentation. Strong pollinator dependence
and pollen limitation also suggest that colour may be under pollinator-mediated selection and that floral
colour variation could reflect adaptations to different pollinators. Further experimental research is required
to test the adaptive significance of floral colour variation and whether pollinators may be contributing
towards apparent divergent evolutionary trajectories within the D. cistiflora complex (cf .Tao et al. 2018).
Several examples of co-occurring floral colour forms, namely purple and red, purple and pink, purple and
white, and red and white, without the formation of obvious fertile hybrids further suggest that some, but
probably not all, of these forms deserve recognition at the species level. Some sympatric forms also differ
in subtle vegetative characters (von Witt 2020), suggesting that their floral colour differences may represent
diverged lineages, and not a simple colour polymorphism with Mendelian inheritance. Future research into
reproductive isolation barriers and the phylogeny of the complex will provide useful insights into the

taxonomic and affiliated conservation statuses of some of these rare colour forms (cf. Tao et al. 2018)

From a conservation management perspective, there is a need to study the environmental basis for
pollination failure. Statistical models that include measurements of fragment size, population size,
population density, population isolation, vegetation type, post-fire successional stage, soil fertility,
pollinator abundance and diversity, and urbanisation offer promise to explain patterns of natural seed set in
D. cistiflora s.1. floral colour forms. Such information would supplement the limited existing research on
the role of pollinators in long-term maintenance of habitat integrity and may improve understanding of the

requirements for effective environmental management strategies.
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Table 1. Overall indices of pollinator contribution to seed production (PCS), pollinator dependence (PD),

self-incompatibility (SI) and pollen limitation (PL) for the five floral colour forms of Drosera cistiflora s.1.

Indices for each colour form were calculated using empirical means weighted by sample size. PCS values

for the yellow form were indeterminate, since seed set from both autonomous self-pollination and open

pollination equal zero in Piketberg 2 (see main text for full explanation). 95% CI values are given in

parentheses.
Drosera PCS PD SI PL
cistiflora s.1.
floral colour
form
Pink 0.67 (0.51; 0.86) 0.89 (0.81; 0.94) 0.53 (0.37; 0.65) 0.66 (0.42; 0.72)
Purple 1.00 (1.00; 1.00) 1.00 (1.00; 1.00) 0.41 (-0.54; 1.00) 1.00 (1.00; 1.00)
Red 0.98 (0.96; 1.00) 0.98 (0.97; 1.00) 0.32 (-0.03; 0.57) 0.07 (-0.22; 0.28)
White 0.96 (0.90; 1.00) 0.97 (0.92; 1.00) 0.29 (0.06; 0.49) 0.19 (-0.05; 0.39)
Yellow Indet. (-5.76; 1.00) 0.90 (0.67; 1.00) 0.82 (0.53; 1.00) 0.92 (0.82; 0.98)
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Table 2. Pollinator contribution to seed production (PCS) values showing empirical means + SE of seed set
from autonomous self-pollination and open pollination for each Drosera cistiflora s.l. population, where
PCS =1 — Seed set through autonomous self-pollination/ Open pollination. Sample size (n) indicates
number of plants treated (one flower per plant). Indeterminate refers to the instance where seed set from

both autonomous self-pollination and open pollination equal zero.

Drosera cistiflora s.].  Autonomous n Open n PCS
flower colour self-pollination pollination

and site

Pink (Darling 6) 7.50£4.12 8 102.54 £26.76 11 0.93
Pink (Darling 7) 68.13 £19.64 15 196.56 + 39.55 16 0.65
Riverlands NR 2.38+1.31 8 36.90 +3.16 10 0.94
Purple (Darling 2) 0.00 £ 0.00 10 0.10+£0.10 20 1.00
Red (Darling 1) 0.00 £ 0.00 8 445.00+£ 3344 20 1.00
Red (Darling 2) 2.31+£2.31 13 180.48 £10.91 21 0.99
Red (Darling 3) 8.64 +4.98 14 159.33 + 14.78 15 0.95
White (Darling 4) 26.62 + 18.34 8 506.00 + 60.73 15 0.95
White (Darling 5) 0.00 +0.00 8 184.00+35.34 20 1.00
Yellow (Piketberg 1)  27.20 +24.83 10 45.00 +20.72 10 0.40
Yellow (Piketberg 2)  0.00 = 0.00 8 0.00 + 0.00 20 Indet.
Yellow (Piketberg 3)  0.00 + 0.00 8 0.29 £0.17 21 1.00
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Figure captions

Fig. 1 Floral colour forms in the Drosera cistiflora species complex: pink (A), purple (B), white (C), red
(D), yellow (E) and salmon pink (F). Scale bars = 1 cm. Photo (F) by Ignace Janssens.

Fig. 2 Comparison of the effects of autonomous self-pollination, open pollination, hand self-pollination
and hand cross-pollination on each Drosera cistiflora s.l. floral colour form. Values represent marginal
model mean (and asymmetric standard error) proportions of flowers setting fruit (A) and number of seeds

per fruit (B).
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