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Abstract The co-occurrence of plant species within a
community is influenced by local deterministic or neutral
processes as well as historical regional processes. Floral
trait distributions of co-flowering species that share pollinators may reflect the impact of pollinator preference and
constancy on their assembly within local communities.
While pollinator sharing may lead to increased visitation
rates for species with similar flowers, the receipt of foreign
pollen via interspecific pollinator movements can decrease
seed set. We investigated the pattern of community flower
colour assembly as perceived by native honeybee pollinators within 24 local assemblages of co-flowering Oxalis
species within the Greater Cape Floristic Region, South
Africa. To explore the influence of pollinators on trait
assembly, we assessed the impact of colour similarity on
pollinator choices and the cost of heterospecific pollen
receipt. We show that flower colour is significantly clustered within Oxalis communities and that this is not due to
historical constraint, as flower colour is evolutionarily
labile within Oxalis and communities are randomly structured with respect to phylogeny. Pollinator observations
reveal that the likelihood of pollinators switching between
co-flowering species is low and increases with flower
colour similarity. Interspecific hand pollination significantly reduced seed set in the four Oxalis species we
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investigated, and all were dependant on pollinators for
reproduction. Together these results imply that flower
colour similarity carries a potential fitness cost. However,
pollinators were highly flower constant, and remained so
despite the extreme similarity of flower colour as perceived
by honeybees. This suggests that other floral traits facilitate
discrimination between similarly coloured species, thereby
likely resulting in a low incidence of interspecific pollen
transfer (IPT). If colour similarity promotes pollinator
attraction at the community level, the observed clustering
of flower colour within communities might result from
indirect facilitative interactions.
Keywords Bee vision  Flower colour  Facilitation 
Interspecific pollen transfer  Phylogenetic community
structure

Introduction
Elucidating the rules that govern the assembly of species
into communities is a central objective of ecological
research. This field has received recent stimulus through
the debate around whether communities are assembled
randomly (Hubbell 2001) or through adaptive processes
(Ackerly 2003) and through advances in the tools available
to investigate the evolutionary history of community
membership (Webb et al. 2002). Many recent studies have
found nonrandom patterns of community membership with
respect to phylogeny (reviewed by Vamosi et al. 2009) and
putatively adaptive traits (e.g. Armbruster et al. 1994;
Muchhala and Potts 2007). Studies of plant community
structure have largely focussed on the assembly of physiologically relevant traits (e.g. Keddy 1992; Weither and
Keddy 1995), thus emphasizing the role of abiotic factors

123

544

and competition between plants for these resources
(Tilman 2004) in governing species co-occurrence. The
role that pollinators play in structuring plant communities
has received less attention (reviewed by Sargent and
Ackerly 2008).
Communities are thought to be assembled by either or
both of two main non-neutral processes: (1) ecological
sorting, whereby certain preadapted species can successfully invade and persist within a community while others
cannot (Strong et al. 1979), and (2) the evolution of
interacting species, which typically leads to the divergence
of traits related to resource use (i.e. character displacement;
Brown and Wilson 1956). Pollinators can potentially contribute to the assembly of communities of outcrossing
plants through both processes. They can facilitate or
impede the establishment of particular species within a
community by either promoting or inhibiting their reproductive success. Alternatively, they may impose convergent or divergent selection on sympatric species through
differential preferences, thus permitting coexistence.
Plant species using different pollinators can coexist
without competing for pollination services. Many sympatric plant species, however, attract the same pollinators
and thus compete directly for visits as well as interact
indirectly through interspecific pollen transfer or IPT
(reviewed by Morales and Traveset 2008). Studies have
shown that IPT can have negative effects on female fitness
(Brown and Mitchell 2001; Moragues and Traveset 2005)
as well as male fitness through the loss of viable pollen to
heterospecific stigmas (Feinsinger and Busby 1987; Brown
and Mitchell 2001). Divergence in pollen placement positions likely reduces IPT and facilitates the coexistence of
plant species sharing pollinators (Armbruster et al. 1994;
Pauw 2006; Muchhala and Potts 2007). Alternatively, a
divergence in traits promoting flower constancy in pollinators may reduce the proportion of heterospecific pollen
they carry.
Flower colour plays a key role in pollinator attraction,
affecting both pollinator preference (Bradshaw and
Schemske 2003) and constancy on a particular flower type
(Hill et al. 1997). The distribution of flower colours within
flowering plant communities may therefore reflect the
impact of pollinators on their assembly. If flower colour
similarity reduces the ability of pollinators to discriminate
between sympatric co-flowering species, the fitness costs of
IPT may promote flower colour dissimilarity within communities through evolutionary divergence or ecological
filtering. However, some communities of co-flowering
congeners that share pollinators have converged on certain
flower colours and floral morphologies (e.g. Brown and
Kodric-Brown 1979). Moeller (2004) showed that
increasing the number of ecologically similar congeners at
a site leads to increased pollinator visitation, as well as
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decreased pollen limitation. In this way, co-flowering
plants that share pollinators can actually have a facilitative
effect on each other, increasing fitness and potentially
promoting similarity of flower colour within communities
(Ghazoul 2006). Thus, pollinator-mediated interactions
between plant species could result in either overdispersed
(more dissimilar than expected by chance) or clustered
(more similar than expected by chance) distributions of
floral traits within communities (Armbruster et al.1994;
Muchhala and Potts 2007).
Here we determine whether and how pollinators contribute to the assembly of flower colour within communities of co-flowering Oxalis species in the Greater Cape
Floristic Region of South Africa. Oxalis is a very speciesrich genus within South Africa, with ca. 210 species
(Dreyer and Makgakga 2003). All are geophytes with true
bulbs that produce actinomorphic flowers in inflorescences,
with some species exhibiting a reduced single-flowered
inflorescence. Most species flower from May to September,
and there is extensive variation in flower colour, with
white, yellow, orange and pink being the predominant
colours.
Oxalis in the Cape provides a useful system for investigating community flower colour assembly by pollinators
for a number of reasons. First, preliminary observations
suggest that all Oxalis species investigated share the native
Cape honeybee (Apis mellifera capensis) as their predominant visitor. Second, most of the South African Oxalis
species flower simultaneously during winter when few
other plants are flowering and thus compete with one
another for pollinators. Lastly, flower colour is highly
variable, with more than a third of the species observed in
this study exhibiting flower colour polymorphisms. We
examined both the pattern of assembly of flower colour
within Oxalis communities and the possible mechanisms
by which pollinators could generate this pattern. Specifically, we asked the following questions. (1) Are Oxalis
communities randomly assembled with respect to flower
colour? (2) Is the assembly of flower colour a result of
community-level phylogenetic relatedness and patterns of
trait evolution? (3) Does flower colour influence pollen
transfer among sympatric species? (4) Does the receipt of
foreign pollen decrease maternal fitness?

Materials and methods
Flower colour distribution in Oxalis communities
Flower colour in Oxalis
We studied the distribution of flower colour within 24
Oxalis communities, each containing two or more
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flowering Oxalis species. Communities were widely separated, spanning a geographic distance of 420 km in both
the Succulent Karoo and Fynbos biomes of the Western
Cape of South Africa. Very few other plants were flowering during the time of this study. We measured the adaxial
petal reflectance of all co-flowering congeners of Oxalis
with an Ocean Optics 4000 spectrophotometer (Ocean
Optics, Dunedin, FL, USA), coupled to an Ocean Optics
Mini–D2T light source. Three flowers of each species/
colour morph were randomly picked from plants at least
1 m apart. The fiber-optic probe was kept at a constant
distance (6 mm) and angle (45°) from the top centre of the
petal. We only measured outer corolla colour as the central
throat of the flower was yellow for all species investigated.
The spectrophotometer was regularly recalibrated between
measurements by using the Ocean Optics WS-1 diffuse
reflectance standard.
To determine the appearance of these colours from a
honeybee’s perspective, we used the model proposed by
Chittka (1992). Honeybees have three types of photoreceptors (UV, blue and green) and their differential stimulation relative to the background (leaves in this case)
under ambient sunlight results in all the colours observed
by the honeybee (Chittka 1996). The proportional stimulation of these photoreceptors was transformed to a
single x and y coordinate and plotted onto a hexagon
designed to represent bee perceptual space, which is from
here on referred to as ‘‘beespace’’ (Chittka 1992). Using
the centroid of the three replicate coordinates for each
species or colour morph, we calculated Euclidian distances between sympatric species and colour morph pairs
within beespace.
The assembly of flower colours in communities
We used the regional pool of all species and colour morphs
observed in this study and their beespace coordinates to
construct a null model. By shuffling species and colour
morphs without replacement into random communities, we
created 5,000 permutations of the observed regional cooccurrence pattern. This null model retained both the frequency of occurrence of each species/colour morph
regionally, as well as the number of species within each
community. Species or colour morphs occurring at more
than one site were first independently shuffled without
replacement to obtain a single beespace coordinate for each
draw in order to avoid the same species/colour morph
occurring more than once in a given random community.
We calculated the Euclidean colour distance in beespace
between each species/colour morph and its most similar
sympatric congener (minimum colour distance) across all
communities for each random assemblage. As test statistics
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we used: (1) the median minimum colour distance across
the assemblage, and (2) counts of species/colour morph
pairs with minimum distances less than 0.05 and 0.2,
respectively. We used minimum Euclidean colour distances because these best reflect the maximal similarity
between species/colour morphs at a site, and the cut-off
values of 0.05 and 0.2 because they are likely colour distances below which colours become indistinguishable to
bees without differential conditioning (0.05; Dyer and
Chittka 2004), or below which floral constancy was disrupted in experiments with model flowers (0.2; Chittka
et al. 2001). The median was used because minimum colour distances were non-normally distributed across
assemblages. We used two-tailed tests to determine whether the observed values of the test statistics were significantly different from the expected values generated under
random community assembly.
Phylogeny and community flower colour assembly
To investigate the role of evolutionary history in structuring
flower colour within Oxalis communities, we investigated:
(1) the phylogenetic structure of Oxalis communities, and
(2) the relationship between genetic distance and flower
colour similarity within Oxalis. An estimate of evolutionary relationships between the investigated Oxalis species
was generated by pruning the Bayesian phylogenetic tree
with the highest log likelihood score from Oberlander
(2008). As different colour morphs of the same species
were not included in the original phylogeny, we assumed
polytomies for all colour morphs within each species, and
used branch length estimates between colour morphs of 5%
of the original terminal branch length for the given species,
which is probably a conservative approximation of intraspecific divergence in Oxalis (Zietsman et al. 2009).
We assessed the phylogenetic structure of Oxalis
communities by comparing the observed phylogenetic
distance within communities to random expectation under
the independent swap null model implemented in
Phylocom (Webb et al. 2004). This procedure generates
random species assemblages by resampling from the
regional species pool, retaining both the number of species per community and the frequency of occurrence of
each species in the assemblage, which makes it directly
comparable to our colour distance null model. We tested
for phylogenetic signal (i.e. the tendency for closely
related species to have similar flower colour) using a
matrix correlation approach. A matrix of Euclidean beespace distances between species/colour morphs was
compared to a genetic distance matrix (branch lengths)
using a Mantel test. One thousand permutations were
used for all randomization procedures.
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Mechanisms through which pollinators could structure
flower colour
Honeybees as Oxalis pollinators
To determine the identity and effectiveness of Oxalis
pollinators, we observed pollinator activity within 7 of the
24 Oxalis communities used in this study. All flowers along
random walk transects were inspected for potential insect
pollinators. Observations were conducted between 9 a.m.
and 3 p.m. over 5 days in June 2008 and another 5 days in
August 2008 when temperatures were high enough for
flowers to open. At each site, between one and four honeybees were captured and examined for the presence of
Oxalis pollen. To further assess the effectiveness of honeybees as pollinators, we measured the amount of pollen
deposited on stigmas of virgin flowers of Oxalis pes-caprae
during single visits by honeybees.
Foraging behaviour of honeybees in response to flower
colour
To determine what effect the flower colour of sympatric
species had on pollinator transitions between them, we
observed honeybee foraging patterns within the same seven
Oxalis communities over the same time period. We followed individual honeybees on foraging trips for up to 20
sequential flower visits or until they were lost. We calculated the observed and expected probabilities of pollinator
transition between species as well as between and within
colour morphs of species that are polymorphic for flower
colour. To calculate the observed probability of transition
between a species pair [P(TA$B)], we divided the number
of pollinator transitions between them by the sum of within
(nAA, nBB) and between (nAB, nBA) species transitions
(Eq. 1):
nAB þ nBA
PðTA$B Þ ¼
:
ð1Þ
nAA þ nAB þ nBA þ nBB
To determine expected transitions under random
foraging, we recorded the identity and colour of 100
successive flowers along random walk transects through
each site. This method was chosen as it accounts for both
the density and degree of clumping of each species within a
community. We then calculated an expected probability of
transition between each species pair using Eq. 1. G-tests
were used to compare the observed and expected transition
probability matrices for each site.
The probability of pollinator transitions within or
between colour morphs of the same species was calculated
as the probability of a pollinator leaving the focal colour
morph (A1) and landing on the same or a different colour
morph:
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PðTA1$Ax Þ ¼

nA1Ax
f
P
x¼1

nA1Ax þ

m
P

!:

ð2Þ

nA1By

y¼1

nA1Ax represents the number of transitions from colour
morph A1 to colour morph Ax; nA1By represents the number
of transitions from A1 to another species (By) in the
community. Species A comprises f colour morphs, and the
community has m Oxalis species.
Using the observed and expected probabilities of transition, we calculated an index of floral constancy for each
pair of sympatric species or colour morphs which quantified the ability of pollinators to discriminate between species/colour morph pairs, controlling for their density and
distribution within communities. We modified the constancy index of Gegear and Laverty (2005): CI = (O - E)/
(O ? E - 2OE), where O is the observed probability of
transition between species or colour morphs and E is the
expected probability of transition. This index of constancy
ranges from -1 (complete discrimination between species/
colour morphs) through 0 (random visitation) to 1 (continuously switching between species/colour morphs).
To investigate the effects of flower colour on the probability of pollinator transitions between species/colour
morphs, we regressed the constancy index (CI) against the
Euclidian colour distance between species/colour morph
pairs in bee visual space. We used the Euclidean distance
between centroids for interspecies and intermorph comparisons, whereas we used the average Euclidean distance
between individuals of the same colour morph for intramorph comparisons. Separate regressions were run for
inter- and intraspecies transitions. Whereas the probability
of interspecies transitions may be influenced by floral traits
other than colour, intraspecific probabilities are less likely
to be affected by other traits, as these are less likely to vary
within species. Thus, the intraspecific pattern is likely to
reflect a more accurate relationship between flower colour
and the likelihood of pollen transfer.
Reliance of Oxalis species on their pollinators
To determine the dependence of Oxalis on pollinators for
seed set, we investigated the compatibility status of four
species within a single community in the Jan Marias Nature
Reserve in Stellenbosch (Western Cape Province, South
Africa—33° 55° 560 8S; 18° 51° 490 1E) between June and
September 2008. Four Oxalis species co-flowered at more
or less equal densities at our experimental site during this
time, namely O. purpurea (29%), O. glabra (17%), O.
tenuifolia (38%) and O. pes-caprae (16%). We hand-pollinated all open flowers on at least ten plants per treatment
by applying freshly dehisced pollen to the exposed stigmatic branches of virgin long-styled morph flowers. We
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removed the corollas of treated flowers to avoid future
visitation by pollinators. Inspection of the stigmas of unpollinated controls confirmed that pollinators did not visit
flowers without corollas. Pollen application by hand
delivered equivalent amounts of pollen to single visits by
honeybees to virgin flowers with receptive stigmas
(ANOVA F = 1.71; df = 1.32; p = 0.200).
First, we tested for selfing ability by comparing seed set
in selfed versus outcrossed hand-pollination treatments for
each species using Mann–Whitney U tests. Next, we
investigated pollinator limitation of seed set by using t tests
to compare open naturally pollinated controls with a supplemental pollination treatment where all open flowers
received additional outcross pollen. Sample sizes are
reported in the ‘‘Results’’ section throughout.
The effects of interspecific pollen transfer on reproductive
fitness
Pollen transfer between species within communities can
result in a reduction in female fitness through two mechanisms: (1) increased production of potentially less fit
hybrid seeds, and (2) decreased seed production due to
interference by heterospecific pollen (e.g. stigma clogging).
To distinguish between these mechanisms, we conducted
two artificial pollination experiments simulating IPT within
the same community mentioned above. We hand-pollinated
all open flowers on at least ten plants per treatment as
follows: (1) hybridization treatment, where we applied only
heterospecific pollen in the following combinations: O.
purpurea–O. glabra pollen, O. pes-caprae–O. glabra pollen, O. tenuifolia–O. pes-caprae pollen and O. glabra–O.
purpurea pollen, and (2) stigma clogging treatment, where
we applied conspecific outcross pollen 24 h after heterospecific pollen using the same species combinations. We
marked outcross control treatments and applied conspecific
outcross pollen 24 h later, but no heterospecific pollen. As
flowers generally lasted 3 days or more, this delay was
deemed a likely scenario when sharing pollinators. Mann–
Whitney U tests were used to compare the seed sets of the
hybridization and stigma clogging treatments to that of the
outcrossed hand pollination control for the four species
tested.
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polymorphic for flower colour. Oxalis flower colours were
not evenly distributed in beespace, but tended to form
several clusters of species/colour morphs with similar
flower colours (Fig. S1 of the Electronic supplementary
material, ESM). All but one community with four or more
sympatric species or colour morphs had a sympatric species pair within the same colour cluster in beespace
(Fig. 1). These were often so similar in beespace that it is
unlikely that bees could distinguish between them on the
basis of colour alone. Graphs of all communities with four
or more species are presented in Fig. S2 of the ESM.
Ninety-three percent of all observed communities had
sympatric species pairs with Euclidian distances in beespace below 0.2, which is the colour distance below which
honeybees exhibit low flower constancy on model flowers
(Chittka et al. 2001).
The assembly of flower colours in communities
The median minimum Euclidian distance between sympatric species or colour morph pairs across all communities
was significantly clustered when compared to random
assemblages. Only 81 out of 5,000 model runs produced a
lower median than the observed communities (p = 0.016),
indicating that flower colours within communities are more
similar than expected under random assembly. The
observed communities contained significantly more species
pairs with Euclidian distances below the values of 0.05 and
0.2 than random communities (p = 0.035 and p = 0.024
respectively, Fig. 2).
Phylogeny and community flower colour assembly
Only one of the 24 communities of Oxalis sampled was
assembled nonrandomly with respect to phylogeny (Table
S1 of the ESM). There was no significant relationship
between genetic and flower colour distance across the
species sampled (Mantel test r = 0.029, p = 0.719).
Mechanisms through which pollinators could structure
flower colour
Honeybees as Oxalis pollinators

Results
Flower colour distribution in Oxalis communities
Flower colour in Oxalis
A total of 309 spectral reflectance measurements were
made for 20 Oxalis species, seven of which were

At all sites, honeybees were the predominant visitors on all
Oxalis species and colour morphs (97.3% of all observed
visits), and all captured honeybees carried Oxalis pollen.
Honeybees deposited 165 ± 53 (n = 8) pollen grains per
visit on O. pes-caprae stigmas, confirming their effectiveness as pollinators. A few other insect species
(Hymenoptera, Coleoptera, and Diptera) were rare visitors
on Oxalis flowers.
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Fig. 1 The distribution of
flower colours within
representative Oxalis
communities with a four, b five,
c six or d seven sympatric
species, showing the close
proximity in flower colour of at
least two species in bee
perceptual space in each
community. B, G and UV
represent the blue, green and
UV receptors of honeybees.
This pattern holds broadly
across all communities with
four or more species, all of
which are shown in Fig. S2 of
the ESM
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Pollinator activity in response to flower colour
A total of 1,910 flower-to-flower transitions were recorded
for 142 individual bees. Ninety-three percent of these
transitions were within the same species or colour morph
and the rest were between different species/colour morphs.
In all communities studied for pollinator activity, honeybees made significantly fewer transitions between species
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or colour morphs than expected from random foraging, as
determined from flower sequences along random walk
transects through the sites (Table 1).
Sympatric species with more divergent flower colours
had a negative constancy index, indicating that pollinators
rarely switched between them while foraging (Fig. 3a).
Only 25% of the variation in the probability of pollinator
transitions between species was explained by the colour
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Table 1 Flower constancy of honeybees within communities of co-flowering Oxalis species
Community

No. of species (n)
and colour morphs

Total observed
transitions

Proportion of
interspecific transitions

G value

Turnoff flava

(3) 4

287

0.01

275.25*

Constantia neck

(3) 3

205

0.03

51.73*

Doornfontein

(4) 5

192

0.12

97.47*

Jan Marias1

(4) 4

717

0.04

407.65*

Pools

(2) 3

57

KBK

(5) 6

260

0.03

241.22*

Before waterfall

(4) 5

192

0.03

444.16*

0

43.60*

The number of Oxalis species/colour morphs per site, the total number of observed transitions by bees between flowers, and the proportion of
these transitions that were between different species/colour morphs are indicated
G tests compared observed and expected transition frequencies between all species/colour morphs at each site and indicate that bees made
significantly fewer interspecies/intermorph transitions than expected under random foraging
* p \ 0.0001

Reliance of Oxalis species on their pollinators

distance between them, suggesting that other traits possibly
also act as cues that influence pollinator choice (R2 = 0.253,
p = 0.007). The intraspecific analysis of colour morphs
revealed a similar but stronger relationship (R2 = 0.684,
p \ 0.0001; Fig. 3b). Pollinator transitions were more likely
between colour morphs with more similar flower colours.
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Fig. 3 The relationship
between Euclidean distance in
bee perceptual space and flower
constancy of bees on
a sympatric species pairs and
b colour morphs of the same
species. Negative values of the
constancy index indicate
constancy on one species/colour
morph, whereas positive values
indicate inconsistent visitation
(switching between species/
colour morph). Statistically
significant logarithmic trend
lines are plotted

None of the four Oxalis species investigated produced any
seeds in the selfing treatment (Table 2), and therefore are
probably self-incompatible and hence obligate outcrossers.
O. purpurea and O. pes-caprae were significantly pollen

R2 = 0.684
p < 0.0001
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Table 2 Experimental results from the pollen limitation and breeding system analyses, showing the reliance of Oxalis on pollen transfer for
maximal seed set
Species

Pollen limitation

Breeding system

Natural

Supplemental

O. purpurea

22.4 ± 10.5 (42)

39.5 ± 8.6 (24)

O. pes-caprae

13.0 ± 3.9 (18)

O. tenuifolia
O. glabra

3.1 ± 1.4 (17)
11.6 ± 5.7 (58)

t

–
2.6 ± 1.4 (18)
10.6 ± 4.7 (34)

Outcross

Selfing

U

6.76*

35.3 ± 10.3 (16)

0.0 (10)

0.0*

5.14*

26.4 ± 10.3 (16)

0.0 (11)

0.0*

4.0 ± 1.1 (12)
8.1 ± 3.5 (12)

0.0 (11)
0.0 (14)

0.0*
0.0*

-1.06
-0.80

Values are mean seed number (±1 SD), with sample size shown in brackets
Natural seed set (open pollination) served as the control in the pollen limitation analyses, and the outcross hand-pollination treatment served as
control in the breeding system analyses. For O. pes-caprae, we compared natural seed set to the outcross hand-pollination treatment to determine
pollen limitation because the supplemental pollination treatment was lost. Results of appropriate statistical tests are given for each experiment
(t tests and Mann–Whitney U tests, respectively)
* p \ 0.0001

df = 39, p \ 0.0001; O. pes-caprae U = 0.0, df = 39,
p \ 0.001; Fig. 4). The strongest response to stigma
clogging was a 99.05% reduction in mean seed set in O.
pes-caprae, followed by a 98.94% reduction in O. purpurea, a 70.84% reduction in O. glabra and a 60.75%
reduction in O. tenuifolia.

limited, suggesting that selection through female function
might be stronger for these species than for O. glabra and
O. tenuifolia, which are already setting maximum seed in
their natural environment.
The effects of interspecific pollen transfer on reproductive
fitness
Seed set in the hybridization treatments was significantly
lower than in outcrossed plants (O. tenuifolia U = 0.0,
df = 22, p \ 0.0001; O. glabra U = 1.5, df = 21,
p \ 0.0001; O. purpurea U = 0.0, df = 26, p \ 0.0001;
O. pes-caprae U = 0.0, df = 26, p \ 0.0001). O. glabra
(0.40 ± 1.26 seeds/capsule) and O. tenuifolia (0.09 ±
0.30) formed very low numbers of hybrid seed, whilst O.
purpurea and O. pes-caprae formed none, making it unlikely that IPT affects reproductive fitness through hybridization. Application of foreign pollen 24 h prior to
conspecific pollen in the stigma clogging experiment
drastically reduced seed set across all four species
(O. tenuifolia U = 19.5, df = 25, p \ 0.0001; O. glabra
U = 21, df = 25, p \ 0.005; O. purpurea U = 0.0,

In this study we investigated the patterns of flower colour
distribution within plant communities, as well as the
underlying mechanisms by which pollinators could give
rise to these patterns. Our null model based survey of
flower colour assembly revealed that flower colour within
Oxalis communities is significantly clustered. This result is
not concordant with recent studies that found patterns of
overdispersion in traits related to pollination (Armbruster
et al. 1994; Muchhala and Potts 2007) or that found
no difference in flower colour composition within communities from that expected under random assembly
(Arnold et al. 2009). Flower colour similarity in Oxalis

50

Outcross
Clogging

45

16

40

Seeds per fruit

Fig. 4 The effect of
heterospecific pollen transfer
and stigma clogging on the
maternal fitness of Oxalis
species. Bars are means ? 1
SD. Sample sizes are displayed
above each bar. Asterisks
indicate significant differences
between outcross and clogging
treatments within each species
(p \ 0.0001)
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communities is not a by-product of the evolutionary history
of sympatric species, as communities are randomly
assembled with regard to phylogeny and there is no relationship between genetic and flower colour distances
between species within a community.
Our pollination experiments revealed that the co-flowering sympatric Oxalis species we investigated are obligate
outcrossers and were effectively pollinated and predominantly visited by native honeybees. Indirect interactions
between Oxalis species, mediated through honeybee visitation, therefore have the potential to structure floral traits
within these communities. Since the Oxalis species investigated are self-incompatible and often pollen limited,
reproductive output in Oxalis is likely to be strongly
dependent on the attraction of pollinators. If the floral traits
of co-flowering sympatric species are perceived as similar
by their shared pollinators this may produce an effect
analogous to that of an increased density of a single species, which has been shown to increase pollen receipt and
seedset (Groom 1998). Brown and Kodric-Brown (1979)
argued that convergence of flower color in communities of
hummingbird-pollinated plants can increase the attractiveness of a community to pollinators as a whole. Recent
studies have also demonstrated that co-flowering species
can increase visitation rates to neighbouring species if they
are similar in flower colour (Johnson et al. 2003).
Kunin (1993) showed that focal plants at low densities
suffered a reduction in visitation rate from pollinators
except when sympatric co-flowering species were similar
in floral colour. However, species at low densities
experienced a reduction in seed set despite increased
visitation in the presence of co-flowering species, presumably due to IPT. Our own IPT experiments showed
that the receipt of foreign pollen significantly reduces
reproductive fitness in Oxalis. Most previous studies
have also reported a reduction in seed set due to foreign
pollen receipt, but the magnitude is generally lower than
the 61–99% reduction in seed set we report here
(reviewed in Morales and Traveset 2008; see Kohn and
Waser 1985 for an exception).
Our observations of pollinator foraging transitions
showed that honeybees are more likely to switch between
sympatric Oxalis species with similar flower colours.
Corresponding results have recently been demonstrated for
bumblebees as well (Raine and Chittka 1997; Internicola
et al. 2007). This implies that although similarity in flower
colour between co-flowering sympatric species might lead
to an increased pollinator visitation rate, it does so at the
expense of seed production due to the effects of IPT. The
clustered flower colour pattern we observe in Oxalis
communities is therefore counterintuitive, as a pattern of
overdispersion is to be expected if IPT is an important
factor structuring community assembly.
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One reason for this discrepancy could be that flower
colour functions in a variety of interactions other than
pollinator attraction that may affect fitness, such as herbivory (Simms and Bucher 1996), pathogen damage (Frey
2004) and drought resistance (Warren and Mackenzie
2001). Colour variants of species polymorphic for flower
colour have been shown to exhibit differences in fitness
components that are not necessarily related to pollinator
attraction, such as survivorship and flower production
(Levin and Brack 1995) and vegetative size and seed size
(Rausher and Fry 1993). Thus, selection on flower colour
exerted by pollinators could be countered by these alternative selection pressures (Irwin et al. 2003). Although
they were not investigated in this study, these alternative
mechanisms could contribute to the clustered distribution
of flower colours we observe within Oxalis communities,
despite strong pollinator-mediated IPT favouring overdispersion of flower colour.
Another possibility is that our experimental approach
overestimated the cost of IPT, as we applied pure loads of
heterospecific and conspecific pollen 24 h apart, whereas a
more realistic situation under indiscriminate foraging may
be the receipt of mixed pollen loads. Honeybees also
remained extremely flower constant during our observations, even when species had a very low flower colour
distance separating them. Only 3% of 1,910 observed
flower-to-flower transitions were between different species
and had the potential to lead to IPT. If IPT has a less
pronounced effect on reproduction than our experiments
suggest, or is rare within Oxalis communities due to high
pollinator constancy, the benefits of increased communitylevel pollinator visitation might indeed drive the clustered
flower colour pattern we observe.
Flower colour is an important component of flower
constancy (Hill et al. 1997; Keaser et al. 1997), but it can
also be induced by other floral traits, such as scent
(Anderson 2003) and handling times (Sanderson et al.
2006). Pollinators are also more flower constant when
flowers differ in multiple traits, such as size, colour and
complexity (Gegear and Laverty 2001) or size and odour
(Gegear and Laverty 2005). Preliminary investigations
revealed limited overlap in flower size between sympatric
Oxalis species in two communities, especially when these
species had very similar flower colours. The co-flowering
species pairs O. purpurea–O. glabra and O. versicolour–O.
lanata, for example, had flower colours which bees are
unlikely to be able to distinguish (i.e. beespace colour
distance \0.05), but differed greatly in flower size
(ANOVA F = 191.26; df = 1.68; p \ 0.0001, F = 17.36;
df = 1,58; p \ 0.0005). This divergence in floral traits
other than colour may be of importance for maintaining
flower constancy between sympatric species that are
indistinguishable to pollinators by flower colour alone.
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Pollinator observations in these communities revealed that
honeybees made very few transitions between these species
whilst foraging, despite their extreme similarity in flower
colour (2.2 and 2% of all transitions in those communities,
respectively).
Although we find that flower colour is significantly
clustered within Oxalis communities, perhaps suggesting a
role for pollinator-mediated facilitative interactions in the
assembly of Oxalis communities, our experimental results
are ambiguous as to the importance of competitive versus
facilitative interactions. Whereas previous studies of floral
traits involved in pollen placement suggest an important
role for competition (Armbruster et al. 1994; Pauw 2006;
Muchhala and Potts 2007), our results suggest that traits
involved in pollinator attraction might also be structured by
facilitative interactions. We suggest that floral traits
involved in pollinator attraction are not assembled independently of one another, and thus future studies of pollinator-driven community assembly should employ more
integrated measures of floral phenotype.
Acknowledgments The authors thank C. Peter for the use of his
beespace model, K. Oberlander for help with Oxalis phylogeny, and
F. Roets and I. Singh for assistance in the field. The Stellenbosch
municipality provided permission to work in the Jan Marais Nature
Reserve, and Cape Nature provided permits. Spencer Barrett and two
anonymous reviewers provided helpful comments on previous versions
of the manuscript. This study was funded by Stellenbosch University (to
AGE) and the NRF (to LLD, Gun number 2053585). All experiments
conducted comply with the current laws of South Africa.

References
Ackerly DD (2003) Community assembly, niche conservatism, and
adaptive evolution in changing environments. Int J Plant Sci
164:S165–S184
Anderson S (2003) Foraging responses in the butterflies Inachis io,
Aglais urticae (Nymphalidae), and Gonepteryx rhamni (Pieridae)
to floral scents. Chemoecology 13:1–11
Armbruster WS, Edwards ME, Debevec EM (1994) Floral character
displacement generates assemblage structure of Western Australian trigger plants (Stylidium). Ecology 75:315–329
Arnold SEJ, Savolainen V, Chittka L (2009) Flower colours along an
alpine altitude gradient, seen through the eyes of fly and bee
pollinators. Arthropod Plant Interact 3:27–43
Bradshaw HD, Schemske DW (2003) Allele substitution at a flower
color locus produces a pollinator shift in monkey flowers. Nature
426:176–178
Brown JH, Kodric-Brown A (1979) Convergence, competition and
mimicry in a temperate community of humming bird-pollinated
flowers. Ecology 60:1022–1035
Brown BJ, Mitchell RJ (2001) Competition for pollination: effects of
pollen of an invasive plant on seed set of a native congener.
Oecologia 129:43–49
Brown WL, Wilson EO (1956) Character displacement. Syst Zool
5:49–64
Chittka L (1992) The color hexagon: a chromaticity diagram based on
photoreceptor excitations as a generalized representation of color
opponency. J Comp Physiol 170:533–543

123

Oecologia (2011) 166:543–553
Chittka L (1996) Optimal sets of color receptors and color opponent
systems for coding of natural objects in insect vision. J Theor
Biol 181:179–196
Chittka L, Spaethe J, Schnidt A, Hickelberger A (2001) Adaptation,
constraint, and chance in the evolution of flower color and
pollinator color vision. In: Chittka L, Thomson JD (eds)
Cognitive ecology of pollination: animal behaviour and floral
evolution. Cambridge University Press, Cambridge, pp 106–126
Dreyer LL, Makgakga MC (2003) Oxalidaceae. In: Germishuizen G,
Meyer NL (eds) Plants of Southern Africa: an annotated
checklist, Strelitzia vol 14. National Botanical Institute, Pretoria,
pp 174–194R ISBN 1-919795-99-5
Dyer AG, Chittka L (2004) Fine colour discrimination requires
differential conditioning in bumblebees. Naturwissenschaften
91:224–227
Feinsinger P, Busby WH (1987) Pollen carryover: experimental
comparisons between morphs of Palicourea lasiorrachis (Rubiaceae), a distylous, bird-pollinated, tropical treelet. Oecologia
73:231–235
Frey FM (2004) Opposing natural selection from herbivores and
pathogens may maintain floral-color variation in Claytonia
virginica (Portulaceae). Evolution 58:2426–2437
Gegear RJ, Laverty TM (2001) The effect of variation among floral
traits on the flower constancy of pollinators. In: Chittka L,
Thomson JD (eds) Cognitive ecology of pollination: animal
behaviour and floral evolution. Cambridge University Press,
Cambridge, pp 1–20
Gegear RJ, Laverty TM (2005) Multicomponent floral signals elicit
selective foraging in bumblebees. Naturwissenschaften 92:269–271
Ghazoul J (2006) Floral diversity and the facilitation of pollination.
J Ecol 94:295–304
Groom MJ (1998) Allee effects limit population viability of an annual
plant. Am Nat 151:487–496
Hill PSM, Wells PH, Wells H (1997) Spontaneous flower constancy
and learning in honeybees as a function of color. Anim Behav
54:615–627
Hubbell SP (2001) The unified neutral theory of biodiversity and
biogeography. Princeton University Press, Princeton
Internicola AI, Page PA, Bernasconi G, Gigord LDB (2007)
Competition for pollinator visitation between deceptive and
rewarding artificial inflorescences: an experimental test of the
effects of floral colour similarity and spatial mingling. Funct
Ecol 21:864–872
Irwin RE, Strauss SY, Stroz S, Emerson A, Guibert G (2003) The role
of herbivores in the maintenance of a color polymorphism in
wild radish. Ecology 84:1733–1743
Johnson SD, Peter CI, Nilsson LA, Agren J (2003) Pollination success
in a deceptive orchid is enhanced by co-occurring rewarding
magnet plants. Ecology 84:2919–2927
Keaser T, Bilu Y, Motro U, Shimda A (1997) Foraging choices of
bumblebees on equally rewarding artificial flowers of different
colors. Isr J Plant Sci 45:223–233
Keddy PA (1992) Assembly and response rules: two goals for
predictive community ecology. J Veg Sci 3:157–164
Kohn J, Waser NM (1985) The effect of Delphinium nelson pollen on
seed set in Ipomopsis aggregate, a competitor for hummingbird
pollination. Am J Bot 72:1144–1148
Kunin WE (1993) Sex and the single mustard: population density and
pollinator behavior effects on seed-set. Ecology 74:2145–2160
Levin DA, Brack ET (1995) Natural-selection against white petals in
Phlox. Evolution 49:1017–1022
Moeller DA (2004) Facilitative interactions among plants via shared
pollinators. Ecology 85:3289–3301
Moragues E, Traveset A (2005) Effect of Carpobrotus spp. on the
pollination success of native plant species of the Balearic
Islands. Biol Conserv 122:611–619

Oecologia (2011) 166:543–553
Morales CL, Traveset A (2008) Interspecific pollen transfer: magnitude, prevalence and consequences for plant fitness. Crit Rev
Plant Sci 27:221–238
Muchhala N, Potts MD (2007) Character displacement among batpollinated flowers of the genus Burmeistera: analysis of
mechanism, process and pattern. Proc Roy Soc Lond B
274:2731–2737
Oberlander KC (2008) Molecular systematic study of the Southern
African Oxalis (Oxalidaceae) (Ph.D. dissertation). Stellenbosch
University, Stellenbosch
Pauw A (2006) Floral syndromes accurately predict pollination by a
specialized oil-collecting bee (Rediviva peringueyi, Melittidae)
in a guild of South African Orchids (Coryciinae). Am J Bot
93:917–926
Raine NE, Chittka L (1997) Flower constancy and memory dynamics
in bumblebees (Hymenoptera: Apidae: Bombus). Entomologica
Ger 29:179–199
Rausher MD, Fry JD (1993) Effects of a locus affecting floral
pigmentation in Ipomoea purpurea on female fitness components. Genetics 134:1237–1247
Sanderson CE, Orozco BS, Hill PSM, Wells H (2006) Honeybee
(Apis mellifera ligustica) response to differences in handling
time, rewards and flower colours. Ethology 112:937–946
Sargent RD, Ackerly DD (2008) Plant–pollinator interactions and the
assembly of plant communities. Trends Ecol Evol 23:123–130
Simms EL, Bucher MA (1996) Pleiotropic effects of flower–color
intensity on herbivore performance on Ipomoea purpurea.
Evolution 50:957–963

553
Strong DR, Szyska LA, Simberloff DS (1979) Tests of communitywide character displacement against null hypotheses. Evolution
33:897–913
Tilman D (2004) Niche tradeoffs, neutrality, and community structure: a stochastic theory of resource competition, invasion, and
community assembly. Proc Natl Acad Sci USA 101:10854–
10861
Vamosi SM, Heard SB, Vamosi JC, Webb CO (2009) Emerging
patterns in the comparative analysis of phylogenetic community
structure. Mol Ecol 18:572–592
Warren J, MacKenzie S (2001) Why are all color combinations not
equally represented in as flower–color polymorphisms? New
Phytol 151:237–241
Webb CO, Ackerly DD, McPeek MA, Donoghue MJ (2002)
Phylogenies and community ecology. Annu Rev Ecol Syst
33:475–505
Webb CO, Ackerly DD, Kembel SW (2004) Phylocom: software for
the analysis of community phylogenetic structure and character
evolution, with phylogeny tools. http://www.phylodiversity.net/
phylocom
Weither E, Keddy PA (1995) The assembly of experimental wetland
communities. Oikos 73:323–335
Zietsman J, Dreyer LL, Janse Van Vuuren B (2009) Genetic
differentiation in Oxalis (Oxalidaceae): a tale of rarity and
abundance in the Cape Floristic Region. S Afr J Bot 75:27–33

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

