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Coexisting plants that share pollinators can compete through interspecific pollen transfer. A long-standing
idea holds that divergence in floral morphology may reduce this competition by placing pollen on different
regions of the pollinator’s bodies. However, surprisingly little empirical support for this idea exists.
Burmeistera is a diverse neotropical genus that exhibits wide interspecific variation in the degree to which
the reproductive parts are exserted outside the corolla. Coexisting Burmeistera share bats as their primary
pollinators, and the degree of exsertion determines the site of pollen deposition on the bats’ heads. Here we
study the mechanism, process and pattern of floral character displacement for assemblages of coexisting
Burmeistera. Flight cage experiments with bats and pairs of Burmeistera species demonstrate that the greater
the divergence in exsertion length, the less pollen transferred interspecifically. Null model analyses of
exsertion lengths for 19 species of Burmeistera across 18 sites (each containing two to four species)
demonstrate that observed assemblage structure is significantly overdispersed relative to what would be
expected by chance. Local evolution, rather than ecological sorting, appears to be the primary process
driving this pattern of overdispersion because local adaptation of the nine widespread species accounts for
a large portion of the observed pattern. Taken together, results of this study provide strong support for the
idea that competition through interspecific pollen transfer can drive character displacement in plants.
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pollen placement; flight cage experiments

1. INTRODUCTION

Many well-documented examples demonstrate that
competitive mechanisms can select for evolutionary
divergence in phenotype (reviewed by Schluter 2000 and
Dayan & Simberloff 2005). This evolutionary process,
termed character displacement (Brown & Wilson 1956),
causes interacting species to diverge in resource use, which
reduces competition. Competitive mechanisms could also
lead to another process, termed ecological sorting, in
which competitive exclusion prevents the invasion and/or
causes the local extinction of ‘incompatible’ species. In a
community of many interacting species, either or both of
these processes may lead to an overall pattern of
phenotypic overdispersion (or ‘community-wide character
displacement’; sensu Strong et al. 1979).

Simply observing differences in the phenotypes of
sympatric species is not sufficient to invoke a pattern of
overdispersion; observed assemblages must be shown to
differ significantly from randomly generated assemblages
(Strong et al. 1979; Simberloff & Boecklen 1981). Such
non-random patterns of assemblage structure have been
found in a diverse array of taxa (e.g. Losos 1990; Kingston
et al. 2000); however, relatively few studies also show the
mechanisms/processes underlying these patterns (Schluter
2000; Dayan & Simberloff 2005). Furthermore, the
overwhelming majority of cases focus on animals.
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For plants, competition for pollination might be
expected to impose strong selective pressures on coexisting
species, given that pollination is critical to reproduction
and thus to fitness (Rathcke 1983; Waser 1983). In support
of this idea, a recent meta-analysis of pollination studies
demonstrated a global pattern in that plants in regions with
the greatest species richness face the highest levels of pollen
limitation (Vamosi ez al. 2006). When multiple species
share the same guild of pollinators, visitation patterns can
lead to competition through interspecific pollen transfer
(sensu Waser 1983), a form of reproductive interference
(sensu Armbruster er al. 1994) that imposes fitness costs,
such as pollen loss to foreign stigmas and stigma blockage
by foreign pollen (Campbell & Motten 1985; Caruso &
Alfaro 2000; Brown & Mitchell 2001). Competition
through interspecific pollen transfer differs from
traditional forms of competition in that the pollinator
‘resource’ need not be limiting for the negative effects to
be manifested. Such competition can be reduced by
specializing on different pollinators (Armbruster & Herzig
1984; Sargent & Otto 2006) or by flowering at different
times of the day or the year (Pleasants 1980; Ashton ez al.
1988; Stone er al. 1998). Alternatively, competing species
that share pollinators and overlap in flowering time can
diverge in floral morphology in order to partition
pollinator’s bodies spatially. When such differences in
floral morphology are observed for sympatric plants,
character displacement is often inferred (Dressler 1968;
Howell 1977; Brown & Kodric-Brown 1979; Miyake &
Inoue 2003; Tschapka et al. 2006); however, such
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patterns have only rarely been examined statistically
(Armbruster 1986; Armbruster ez al. 1994; Murray et al.
1987; Hansen ez al. 2000).

The genus Burmeistera (Campanulaceae) provides an
ideal system to explore the effects of competition for
pollination on assemblage structure of coexisting plants. It
is highly diverse and multiple species typically co-occur
within a given site. The potential for competition between
sympatric species appears high as populations flower
throughout the year and, with the exception of the humming-
bird-adapted Burmeistera rubrosepala, all species use bats as
their primary pollinators (Muchhala 2003, 20065). Bats
indiscriminately visit all local species of Burmeistera, as
evidenced by the fact that individuals were typically carrying
the pollen of multiple Burmeistera species on their fur at the
time of capture (Muchhala & Jarrin-V 2002; Muchhala in
press). This low flower fidelity leads to interspecific pollen
transfer; a detailed study of nine Burmeistera species found
that approximately 20% of the pollen grains a flower received
were heterospecific and the majority of these belonged to
other species of Burmeistera (Muchhala 20065).

Although bat-pollinated Burmeistera display little inter-
specific variation in aspects of floral morphology such as
corolla width and length, the degree to which the anthers and
stigmas are exserted outside the corolla varies widely across
the genus (Muchhala 20066). This raises the possibility that
sympatric species may reduce competition for pollination by
diverging in exsertion length. In support of this idea,
previous work has shown that differences in exsertion length
do indeed correspond to differences in the location of pollen
placement on the heads of bats (Muchhala in press).

Here we use both ‘bottom-up’ and ‘top-down’
approaches to explore the effects of competition on the
assemblage structure of co-occurring Burmeistera. First,
we conducted flight cage experiments with bats and
flowers to study the competitive mechanism. We predicted
that the greater the divergence in exsertion length between
a pair of flowers, the less pollen that bats would transfer
interspecifically. Second, we measured exsertion lengths
for co-occurring Burmeistera in 18 different sites to study
the pattern of assemblage structure. We predicted that
observed differences in exsertion length between sympa-
tric species would be significantly greater than those of
randomly generated null assemblages. By using two
different types of null models, we were also able to
estimate the relative importance of evolutionary versus
ecological processes (i.e. character displacement versus
ecological sorting) in generating the observed pattern.

2. MATERIAL AND METHODS

(a) Study system

Burmeistera (Campanulaceae) is a neotropical genus with
102 known species distributed from Guatemala to Peru
(Lammers 2007). It reaches its highest diversity and
endemism in the cloud forests of the Andes of northern
South America. Thirty-six species occur in Ecuador alone.
For this study, we visited 18 cloud forest sites (table 1,
electronic supplementary material); 17 in Ecuador and 1 in
Costa Rica (Monteverde; see Muchhala 2003). For the flight
cage experiments, we focused on two of these sites: Yanayacu
on the eastern slopes of the Andes and Bellavista on the
western slopes.
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Figure 1. Illustration of a typical Burmeistera flower
(B. borjensis) and a bat head (A. geoffroyr). Exsertion length
was measured as the distance from the constriction of the
corolla tube to the distal portion of the staminal column.
Modified from fig. 14 of Muchhala (20065).

Flowers of Burmeistera are zygomorphic (bilaterally
symmetrical) with tubular corollas. A staminal column
positions reproductive parts above the corolla opening, and
the length of this column determines the degree of exsertion
of both the anthers and the stigma (figure 1). Anthers are
fused together to form a tube into which pollen is shed.
Flowers are protandrous (i.e. sexes are temporally separated;
first male, then female). During the male phase, pollen is
released gradually through the open end of the anther tube via
a ‘pump mechanism’ as the style elongates within the tube
(Erbar & Leins 1995). When the stigma emerges from the
tube, its dorsal and ventral lobes open in a manner that
prevents self-pollination, and the female phase begins.
Sympatric species overlap in flowering time, as flowers
remain open for several days, plants flower for several months
and populations remain in flower throughout the year (with
somewhat lower flowering levels during the dry season).
Flowers are primarily pollinated by nectarivorous bats of the
subfamily Glossophaginae (Phyllostomidae), with occasional
secondary pollination by hummingbirds (Muchhala 2003,
20060). In Ecuadorian cloud forests, Anoura geoffroyi and
Anoura caudifer are the most abundant nectar bats
and indiscriminately visit all local species of Burmeistera
(Muchhala & Jarrin-V 2002; Muchhala in press). Anoura
fistulata also occurs in these forests but was never found
carrying the pollen of Burmeistera (Muchhala 2006a).

(b) Competition experiments

We conducted flight cage experiments with wild-caught bats in
Yanayacu and Bellavista during four visits to each site in 2004
(Bellavista: 4-12 February, 24-31 March, 3-12 May, 19-28
September; Yanayacu: 1-8 March, 21-25 April, 29 August—7
September, 9-16 November). We captured Anoura with mist
nets and placed individuals singly in one of two 3 X3 m flight
cages. On the first night following capture, we allowed the bat to
acclimate to the cage and to feed freely from a test tube filled
with honey water (approx. 20% honey). Bats that failed to learn
to feed were released within 3 hours. Experiments were
conducted over the following 2-3 days, after which all bats
were released. In total, we conducted experiments for five
A. geoffroyi and three A. caudifer in Bellavista, and for five
A. caudifer and one A. geoffroyi in Yanayacu.

For each experimental trial, we placed four fresh flowers in
the flight cage: one male and one female from two different
species of Burmeistera. Flowers were positioned approxi-
mately 1 m above the ground and at 45° angles relative to the
horizon, which mimics the natural positioning of Burmeistera
flowers (Muchhala 20065). We randomized the relative order
of the four flowers between trials. In order to collect pollen
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transferred to female flowers, we wrapped the stigma in
parafilm and affixed a 10 X5 mm rectangle of double-sided
tape to its tip. Before each trial, we filled corollas with honey
water. After allowing the bat to visit for 30 min, we collected
the squares of double-sided tape from the two female flowers,
placed them on a slide and covered them with a layer of
single-sided tape. We stained these samples with gelatin cubes
containing fuchsin dye (Kearns & Inouye 1993) and used a
light microscope to count and identify all pollen present along
two transects through the centre.

Pairs of Burmeistera were chosen such that pollen was
identifiable to species. We also elected to focus on Burmeistera
sodiroana because this species exhibits different exsertion
lengths in the two reserves. Before experimental trials, we
measured the exsertion length of each flower as the distance
from the constricted part of the corolla tube (which corresponds
to the deepest that a visiting bat can insert its head into the
flower) to the distal tip of the anther tube (figure 1). Species
pairs, with mean exsertion lengths and study sites in
parentheses, included: (i) B. sodiroana (15.8 mm) and Burmeis-
tera ceratocarpa (15.2 mm; Yanayacu), (ii) B. sodiroana
(19.9 mm) and Burmeistera cylindrocarpa (14.3 mm; Bella-
vista), (ili) Burmeistera borjensis (23.7 mm) and B. sodiroana
(15.6 mm; Yanayacu), and (iv) B. sodiroana (20.5 mm) and
Burmeistera succulenta (11.2 mm; Bellavista). Thus, the mean
difference in exsertion length for these four pairs was (i)
0.6 mm, (ii) 5.6 mm, (iii) 8.1 mm, and (iv) 9.3 mm. We ran 10
replicates of each experiment for each bat, for a grand total of
280 experimental trials. For statistical analyses, we treated each
bat as an independent sample and used the average of the 10
replicates as the response variable. We used paired z-tests to
determine whether female flowers received more conspecific or
heterospecific pollen during the experiments.

(c) Assemblage structure analysis

If competition for pollination has played a role in structuring
assemblages of Burmeistera, local divergence in exsertion
length should be greater than that expected by chance. In
order to test this prediction, we measured the mean exsertion
length of all locally occurring populations of Burmeistera in 18
different cloud forest sites. We did not include a species in our
analyses if we encountered only one individual in the site, as
these probably do not represent locally established popu-
lations. We preserved samples of flowers and fruits in alcohol,
and deposited voucher herbarium sheets for all species in the
herbarium of the Pontificia Universidad Catolica del
Ecuador. Sample sizes for each population ranged from 1 to
126; the larger sample sizes were obtained for species
intensively studied elsewhere (Muchhala 20065).

To determine whether the observed assemblage structure
is different from what would be expected by chance, we
developed two null models that generate random assem-
blages. Two competitive processes may generate a pattern of
trait overdispersion, and differences in null model design can
provide clues as to the importance of each. The first process,
termed ecological sorting, occurs when incompatible species
either become locally extinct or fail to colonize a community.
This process does not involve evolution; species are static
entities, which are either preadapted or not preadapted for
the community. The second process is the local evolution of
interacting species through character displacement; that is,
sympatric populations diverge morphologically to reduce
competition. Our ‘combined’ null model is designed to test
for a pattern of overdispersion irrespective of the process
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responsible, while our ‘evolutionary’ null model is designed to
test specifically for local evolution of sympatric populations.

(i) Combined null model

The combined model randomizes the co-occurrences of
species observed across the sites. It starts with the original
site X species matrix of observed assemblage structure and
randomly permutes each column of the matrix independently
to generate new matrices. This preserves a large amount of the
observed structure by not changing the number and identity of
the populations, but changing only their relative positions in
the matrix. Species that were widespread in nature remain
widespread in the null models (thus addressing a concern
raised by Stone et al 2000). Furthermore, this method
prevents different populations of the same widespread species
from ‘co-occurring’ in the random matrices. We imposed an
additional constraint in that all randomly generated matrices
matched the observed pattern in terms of the number of sites
with two, three or four co-occurring species.

(i1) Evolutionary null model

The evolutionary model focuses on species that occur in more
than one site, asking what would be the expected assemblage
structure if they had evolved local exsertion lengths at random
(rather than in response to the local community). It starts
with the observed matrix and randomly permutes the non-
zero entries for each column of the widespread species. Thus,
this model preserves even more of the observed structure than
the combined model in that it does not change the position of
the blank cells nor the position and identity of those species
with only one population. A drawback of this approach is its
relatively low statistical power, as it only uses a portion of the
full species Xsite matrix. Both types of null models were
created using original functions written in R (R Development
Core Team, 2006). The R code used and the data file are
available as electronic supplementary material 1 and 2.

(i) Statistical analyses

For each of the above models, we generated 1000 null
matrices and analysed their local divergence in two ways.
First, we simply calculated the mean difference in exsertion
length between all ‘adjacent’ pairs of species. For each site, we
sorted species from the shortest to the longest exsertion
length, and then calculated the difference between adjacent
pairs; for example, for a habitat with three species, we
calculated the difference between the first and the second and
the second and the third. For each matrix (both the observed
and the nulls), there are 32 differences. We calculated the
mean difference for each matrix and generated a frequency
distribution of this value for the 1000 null matrixes. We then
compared the observed mean difference with this frequency
distribution; if statistically significant, less than 5% of the
nulls will show higher average difference.

The previous analysis assumes that there is a linear
relationship between the difference in exsertion length for
adjacent species pairs and the competitive consequences in
terms of interspecific pollen transfer. For the second analysis, we
transformed the exsertion difference to a more accurate estimate
of interspecific pollen transfer using data obtained from the
flight cage experiments. We used the function that best fits the
relationship between mean difference in exsertion for
the Burmeistera species pair used in each experiment and the
resulting mean proportion of conspecific pollen transferred
(relative to interspecific pollen transfer). A number of different
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Figure 2. Box plots of pollen transfer experiments. The height
of the box is equal to the interquartile distance (IQD), which is
the difference between the third and first quartile of the data.
The whiskers extend to the extreme values of the data or to 1.5
1QD from the centre (whichever is less). The solid line inside the
box indicates the median. Mean exsertion lengths are given in
parentheses. (a) The experiment with B. sodiroana and
B. ceratocarpa (N=8 bats). For each female flower, there was
no statistical difference in the amount of conspecific vs.
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functions were explored (linear and nonlinear), with two
constraints to increase biological realism: (i) a y-intercept at
0.5 (when there is no difference in exsertion length, each female
flower receives 50% heterospecific and 50% conspecific pollen)
and (ii) an asymptote at 1 (the proportion of conspecific pollen
transfer cannot exceed 100%). Models were fitted using
nonlinear least squares, and the most parsimonious model was
selected using Akaike’s information criterion (Akaike 1974). All
analyses were performed in R (R Development Core Team,
2006). We applied this function to the 32 adjacent differences in
each matrix and calculated the mean value for each matrix.
Again, if the observed mean is statistically significant, less than
5% of the nulls will have larger means.

3. RESULTS

(a) Competition experiments

Taken together, the experimental results strongly support
the prediction that divergence in exsertion length reduces
the amounts of interspecific pollen flow between pairs of
sympatric Burmeistera (and thus decreases competition for
pollination). For B. sodiroana and B. ceratocarpa, the
species pair with virtually identical exsertion lengths, the
amounts of conspecific and heterospecific pollen that
female flowers received were statistically indistinguishable
(figure 2a). For the other three species pairs, which each
differed more than 5 mm in exsertion length, female
flowers always received significantly more conspecific than
heterospecific pollen (figure 2b6-d; see figure legend for
statistics). Figure 3 combines data from all experiments,
with each data point representing one experiment for one
bat individual (i.e. the mean of the 10 replicates). Linear
regression showed a highly significant relationship; the
proportion of conspecific pollen flow increased with
increasing divergence in exsertion length (R*=0.78,
d.f.=26, F=90.7, p<0.0001; figure 3). The best-fit
function for this relationship was of the form y=(ax+
1)/(ax+2), with a=0.5985 (figure 3).

(b) Assemblage structure analysis

A total of 50 populations of Burmeistera were found to occur
in the 18 study sites (table 1, electronic supplementary
material). These correspond to 19 different species. Of
these, 10 occurred in only one site, while 9 widespread
species occurred in 2-11 sites. Each site contained two to
four species. Local exsertion lengths varied from 11.2 to
31.7 mm. The mean exsertion difference for the 32 adjacent
pairs was 6.03 mm (+3.93s.d.). When exsertion
differences were transformed using the best-fit function for

heterospecific pollen grains received (B. sodiroana: t=1.02,
d.f.=5, p=0.35; B. ceratocarpa: t=—0.01, d.f.=5, p=0.99).
(b) The experiment with B. sodiroana and B. cylindrocarpa
(N=8 bats). Each female received significantly more
conspecific than heterospecific pollen (B. sodiroana: t=5.19,
d.f.=7, p=0.0012; B. cylindrocarpa: t=—4.23, d.f.=7,
$»=0.0039). (¢) The experiment with B. sodiroana and
B. borjensis (N=06 bats). Each female received significantly
more conspecific than heterospecific pollen (B. sodiroana:
t=3.45, d.f.=5, p=0.0183, B. cylindrocarpa: t=—6.45,
d.f.=5, p=0.0013). (d) The experiment with B. sodiroana
and B. succulenta (N=6 bats). Each female received signi-
ficantly more conspecific than heterospecific pollen
(B. sodiroana: t=16.93, d.f.=7, p<0.0001; B. succulenta:
t=—5.67,d.f.=7, p=0.0008).
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Figure 3. The proportion of conspecific pollen deposited by
each bat in each experiment graphed against the average
difference in exsertion length for the experiment. The four
experimental treatments are marked by diamonds
(B. sodiroana and B. ceratocarpa), triangles (B. sodiroana and
B. cylindrocarpa), squares (B. sodiroana and B. borjensis) and
circles (B. sodiroana and B. succulenta). Filled symbols,
A. caudifer individuals; open symbols, A. geoffroyi individuals;
dashed line, the linear regression (y=0.0389x+0.5441;
R*>=0.78, F=90.7, p<0.0001); solid line, the best-fit
function (y= (ax+1)/(ax+2), with a=0.5985; see §2).

the experimental data (see §3a and figure 3), the resulting
mean estimated proportion of conspecific pollen transfer
was 0.786 (+0.098 s.d.).

(i) Combined null model

The mean exsertion difference for adjacent pairs for the
1000 combined null matrices was 5.09, with a range from
3.53 t0 6.09 and a mean s.d. of +4.03. Only one of the null
matrices showed a greater exsertion difference than the
observed value of 6.03. This represents a p-value of 0.001.
When data were transformed using the best-fit function, the
mean estimated proportion of conspecific pollen transfer
was 0.755, with a range from 0.704 t0 0.792 and a mean s.d.
of £0.12. Only six null matrices showed a higher value than
the observed value of 0.786 (hence, p=0.006).

(ii) Evolutionary null model

The mean exsertion difference for the 1000 evolutionary
null matrices was 5.66 (+4.08 s.d.), with a range from
4.84 to 6.30. Eighty null matrices had a higher average
difference than the observed value of 6.03 (p=0.080).
When data were transformed using the best-fit function,
the mean estimated proportion of conspecific pollen
transfer was 0.773 (40.104s.d.), with a range from
0.737 t0 0.798. Seventy-two null matrices showed a higher
value than the observed value of 0.786 (p=0.072).

4. DISCUSSION

This study used a combination of bottom-up and top-down
approaches to analyse character displacement in plants.
Results provide strong support for the hypothesis that
competition for pollination drives community assembly
structure of co-occurring Burmeistera. Flight cage experi-
ments demonstrated that divergence in the exsertion length
of floral reproductive parts reduces interspecific pollen
transfer between pairs of Burmeistera species. The analysis of
assemblage structure shows that the exsertion lengths of
sympatric species are overdispersed relative to what would
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be expected by chance. This is one of only a handful of
studies to find evidence for a pattern of trait overdispersion
in plants (Pleasants 1980; Armbruster 1986; Ashton ez al.
1988; Armbruster ez al. 1994; Stone ez al. 1998), and the first
we are aware of to also show the competitive mechanism
underlying this pattern.

(a) Competition experiments

When bats were allowed to visit pairs of Burmeistera
species that differed in the exsertion length of their
reproductive parts, female flowers consistently received
significantly higher levels of conspecific than heterospe-
cific pollen (figure 26-d). In contrast, when bats visited
the pair of species with similar exsertion lengths, female
flowers received statistically indistinguishable amounts of
conspecific and heterospecific pollen (figure 2a). Thus,
divergence in exsertion length reduces interspecific pollen
transfer. Furthermore, when the results of the four
experiments are taken together, an overall trend emerges
in that the greater the divergence in exsertion length, the
less interspecific pollen is transferred (figure 3).

These results provide important empirical support for
the idea, termed the ‘sexual architecture hypothesis’ by
Murcia & Feinsinger (1996), that divergence in the
position of the reproductive parts of coexisting plants
will reduce interspecific pollen transfer. This idea is
intuitively satisfying and widely accepted; when
differences in floral morphology are observed in sympatric
species, they are often assumed to represent a means of
reducing competition for pollination (Dressler 1968;
Howell 1977; Brown & Kodric-Brown 1979; Armbruster
et al. 1994; Miyake & Inoue 2003; Tschapka er al. 2006).
However, empirical support to date has been limited. In
fact, an experimental study of hummingbird-pollinated
flowers found that those species with greater divergence in
pollen placement did not receive lower levels of inter-
specific pollen (Murcia & Feinsinger 1996). While a few
studies of reproductive isolation between pairs of species
found that differences in flower morphology do appear to
limit interspecific pollen transfer (Wolf er al. 2001;
Kephart & Theiss 2004; Kay 2006), our study provides
even stronger support by demonstrating that, in a
continuum from identical to highly divergent exsertion
lengths, the greater the divergence, the less pollen is
transferred interspecifically.

From the perspective of male flowers, the costs of
interspecific pollen transfer are obvious, because every
pollen grain lost to heterospecific stigmas represents a
decrease in potential fitness (Waser 1983; Campbell &
Motten 1985). For example, the high rates of interspecific
pollen flow between B. sodiroana and B. ceratocarpa
(figure 2a) essentially represent a 50% reduction in fitness
for each male flower. From the female perspective, further
study is required to fully understand fitness consequences.
Foreign pollen may block the stigmatic surface or clog the
staminal column (Armbruster & Herzig 1984; Caruso &
Alfaro 2000; Brown & Mitchell 2001), or it may fertilize
ovules, leading to the production of inviable seeds or unfit
hybrid offspring (Arnold & Hodges 1995). It should be
noted that, from either the male or the female perspective,
competition through interspecific pollen transfer differs
from more traditional forms of competition in that the
fitness costs will be experienced regardless of whether or
not pollinators are a limiting resource.
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(b) Assemblage structure

Across the 18 cloud forest sites we studied, both the mean
exsertion difference and the mean estimated proportion of
conspecific pollen transfer were significantly greater than
the values predicted by the combined null model. Thus,
exsertion lengths of co-occurring Burmeistera show a
statistically significant pattern of overdispersion.

The average exsertion difference observed in nature
(6.03 mm) was 0.96 mm greater than that predicted by the
combined null model (5.09 mm). Closer analysis suggests
that local evolution of the nine widespread species accounts
for a large proportion of this discrepancy. Two approaches
can be taken to generate a null prediction for what the
expected difference would be if the widespread species did
not adapt to local communities. The first approach is to
randomly shuffle their populations (which we did for the
evolutionary null model); this predicts an average exsertion
difference of 5.66. The second one is to replace the observed
exsertion length for each of their populations with the mean
for that species, which gives an average exsertion
difference of 5.56. Thus, by these methods approximately
half (40-51%) of the 0.96 discrepancy is due solely to local
evolution of the nine widespread species. The other half
must be due to either ecological sorting or evolution of the 10
remaining species. If local evolution has been so important
for the widespread species, we must assume that it was also
important for the others; perhaps even more so given that
gene flow can retard local adaptation for widespread species.
Thus, we argue that local evolution via character displace-
ment has been the major process driving the observed
pattern of trait overdispersion. Ecological sorting appears to
have only played a minor role, if any, although these analyses
cannot rule it out entirely.

(¢) Mechanism, process and pattern
In conclusion, this study provides evidence for a
mechanism, process and pattern of character displacement
in plants. An overall pattern was found, in that co-occurring
species of Burmeistera differ more from each other in
exsertion length than would be expected by chance.
Circumstantial evidence suggests that the primary process
responsible for this pattern was local evolution, because
local adaptation of the nine widespread species accounted
for a large portion of the observed pattern. Experimental
work suggests that the competitive mechanism that drives
this local divergence is selective pressure to reduce
interspecific pollen transfer by placing pollen in different
portions of pollinator’s bodies. Previous work with
Burmeistera found no support for other potential
mechanisms by which divergence in exsertion length
might reduce interspecific pollen transfer; specifically,
differences in exsertion length did not correspond to specia-
lization on different bats or to the effectiveness of humming-
birds as secondary pollinators (Muchhala in press).
Similar research with a community of hummingbird-
pollinated plants failed to find strong links between
competitive mechanisms, processes and patterns
(Feinsinger ez al. 1991). Pollination experiments found
that individual plants can compete through interspecific
pollen transfer (Feinsinger & Tiebout 1991), and that
such competition can affect population-level processes
(Feinsinger et al. 1991), but the predicted pattern of
overdispersion in floral phenology or morphology was not
detected (Murray er al. 1987).
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In fact, the only other study to find a statistically
significant pattern of overdispersion in floral morphology
was one examining assemblages of Stylidium (Stylidiaceae)
in Western Australia (Armbruster ez al. 1994). Stylidium is
similar to Burmeistera in that it is a highly diverse genus, with
up to five species co-occurring in any given site. Further-
more, its flowers show a similar high degree of integration of
the various floral parts (sensu Armbruster ez al. 2004), with
pollen deposited and received from very precise portions of
pollinator’s bodies. The lack of other examples of significant
overdispersion in floral morphology may be due in part to
the fact that flowers with less precise modes of pollen
deposition are less able to respond to interspecific pollen
flow by diverging in pollen placement. Alternatively, sample
sizes for other plant groups may simply be too low to detect
significant overdispersion. For example, many instances
exist of sympatric plants that place pollen on either the
dorsal or ventral portions of pollinators (e.g. Brown &
Kodric-Brown 1979; Nilsson er al. 1987; Tschapka et al.
2006); even if this divergence does represent a response to
competition, it would be difficult to verify that such a
pattern is not simply due to chance.
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