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FEMALE FLOWER SIZE AND DECEPTIVE POLLINATION IN BEGONIA INVOLUCRATA
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Abstract: Female flowers of Begonia involucrata offer no reward to pollinators, relying on mimicry of male flowers
to attract bees. In this study we modeled possible strategies that female flowers may use to mimic the size of
male flowers and then used our models to predict the size distribution of female flowers that would optimize
their pollination success. We observed that the actual mean size of female flowers is slightly lower than the mean
size of male flowers. Based on our model, this size distribution results in lower than predicted optimal pollina-
tion success, contrary to our hypothesis that the distribution of female flower sizes will correspond to the pre-
dicted optimal flower size distribution for female pollination success. We conclude that the size distribution of
female flowers is either not optimal or that other biological factors or physiological constraints of female flowers
not accounted for in our model may be important to reproductive success in this pollination system.
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INTRODUCTION

Begonia involucratais a 1 - 2 m tall peren-
nial herb common in the understory of the
tropical montane cloud forest at Monteverde,
Costa Rica. This species is monoecious and pol-
linated by deceit. Female flowers offer no re-
ward to pollinators, but attract bees by being
mimics of male flowers, which do provide re-
wards (nectar and pollen). Female stigmas
mimic the size and spectral properties of male
anthers and male and female flowers contain
identical petal structure (Agren and Schemske
1991) (Fig. 1). Deception is maintained by a
skewed sex ratio of approximately one female to
three male flowers (Campbell et al. 2001).

Agren and Schemske (2000) showed that
bee pollinators are more attracted to large flow-
ers. They proposed that selection for female re-
semblance to male flowers could take two dif-
ferent forms based on a tradeoff between decep-
tion by sex ratio and attractiveness based on
size: mean female flower size could either equal
the mean male flower size or it could equal the
larger male flower size associated with a higher
reward. In the first situation, the 1 : 3 sex ratio
is maintained among all sizes, providing maxi-
mum pollination and reproductive success for
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females at mean male flower size (Figs. 2a and
2b). In the second, large female flowers may be
pollinated more often and therefore have higher
reproductive success because they are more at-
tractive to bees (Fig. 3a). However, the 1 : 3 sex
ratio would no longer be maintained, so their
deceptive ability may be decreased (Fig. 3b).

We modeled the effects of each strategy
to predict which should result in the greatest
number of female flowers pollinated. We hy-
pothesized that B. involucrata should utilize the

Figure 1. Female B. involucrata flowers. (Photo courtesy of
Jill Harris)
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mimicry strategy that results in the highest pol-
lination index value as calculated by the model.
To test this hypothesis, we examined the size
distributions of male and female flowers in na-
ture and compared them to predictions from
our model.

METHODS

Field methods

From 0730 to 1100 on 22 January 2004, we
sampled a population of B. involucrata along the
Cariblancos trail near the Estacién Biologica
Monteverde in Monteverde, Costa Rica. We es-
tablished 20 quadrats along 160 m of trail; quad-
rats were 3 m long, extending 2 m on either side
of the trail and spaced 5 m apart.

We examined all the open flowers on the
left branch of every inflorescence within each
quadrat for a total of 492 flowers and 97 inflo-
rescences. We noted the sex of each flower and
measured both the widest point and total length
of the flattened petals.
width and length to calculate a size index value
for each flower and log transformed these val-
ues to establish normality.

Then we multiplied

Modeling

We constructed models based on the ob-
served sex ratio and male flower size distribu-
tion that determined an index of total female
flower pollination for three different female
flower size distributions. Based on the observed
data, we restricted possible female flower size
distributions to lognormal distributions (Figs.
2a, 3a and 4a). We then calculated the propor-
tion of females and males across sizes (Figs. 2b,
3b and 4b). We assumed pollinator reward per
male flower to be a linear function of size,
which, when multiplied by the proportion of
males, yielded pollinator reward per flower as a
function of size (Figs. 2¢, 3c and 4c). Assuming
that pollinators are behaving optimally, flower
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visitation rate should increase with pollinator
reward. For our model, we assumed this to be a
linear relationship. To determine the probabil-
ity of pollination across flower sizes, we used
the function p(pollination) = 1 - (1 - k)visitationrate,
where k is the proportion of visits that result in
successful pollination (Figs. 2d, 3d and 4d).
Thus, multiplying the female flower size distri-
bution by the probability of pollination yields
pollination frequency across size indices. The
integral of the pollination frequency curve pro-
vides a pollination index, PI (Figs. 2e, 3e and
4e).

Model 1 evaluated the first proposed de-
ceit strategy by calculating the PI of a female
lognormal flower size distribution with mean
and variance matching that of the observed
male flower size distribution and complying
with the observed 9 : 32 sex ratio (Fig. 2). Model
2 determined the optimal female lognormal
flower size distribution, given the observed
male size distribution, by using the mean and
standard deviation as parameters to solve for
the maximum possible PI. The optimal female
flower size distribution had a mean higher than
that of the male flower size distribution, and
thus served to evaluate the second proposed de-
ceit strategy (Fig. 3). Model 3 evaluated the ob-
served female flower size distribution by deter-
mining the PI for comparison to the other two
models (Fig. 4).

RESULTS

We found that the population consisted
of 22.0% female flowers and 78.0% male flowers
(n =492), or a ratio of nine females to thirty-two
males.
were almost always of the same sex (94 of 97).
The number of flowers per inflorescence branch

Flowers from the same inflorescence

ranged from one to fourteen, with a median of
five. The mean size index of female flowers

(1.83) was 10% smaller than that of male flowers
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Figure 2. Results of Model 1. (A) Flower size frequency
distribution of female and male flowers. Mean and variance
of female flower size is equal to the mean and variance of the
male flower size (lognormal (0.74639, 0.25917), with overall
sex ratio adjusted to 9:32). (B) Proportions of female and
male flowers by size index remained constant over all sizes.
(C) Reward per male flower and reward per flower as func-
tions of size index. (D) Visitation frequency and probability
of pollination as functions of size index. (E) Frequency of
flowers pollinated across size indices. The shaded area un-
der the female curve represents the pollination index (Pl =
1.765).
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Figure 3. Results of Model 2. (A) Flower size frequency
distribution of female and male flowers. Mean and variance
of female flower size represents the optimal distribution for
the male flower distribution (lognormal(0.90266, 0.23765)
and lognormal (0.74639, 0.25917), with overall sex ratio
adjusted to 9 : 32). (B) Proportions of female and male flow-
ers by size index. (C) Reward per male flower and reward
per flower as functions of size index. (D) Visitation fre-
quency and probability of pollination as functions of size
index. (E) Frequency of flowers pollinated across size indi-
ces. The shaded area under the female curve represents the
pollination index (P1=1.860).
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Figure 4. Results of Model 3. (A) Flower size frequency
distribution of female and male flowers. Mean and variance
of female and male flower size represents the observed dis-
tribution(lognormal(0.60322, 0.37206) and lognormal
(0.74639, 0.25917), with overall sex ratio adjusted to 9 : 32).
(B) Proportions of female and male flowers by size index.
(C) Reward per male flower and reward per flower as func-
tions of size index. (D) Visitation frequency and probability
of pollination as functions of size index. (E) Frequency of
flowers pollinated across size indices. The shaded area un-
der the female curve represents the pollination index (Pl =
1.625).
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TABLE 1. Nested ANOVA comparing variance of female and male flower size at different spatial levels.

Female flowers

Source df F P % variance
Quadrats 6 2.70 0.065 32
Inflorescence (quadrat) 14 5.22 <0.001 34

Flowers (inflorescence) 87 34

Male flowers

Source df F P % variance
Quadrats 11 1.92 0.051 7
Inflorescence (quadrat) 67 2.71 <0.001 25

Flowers (inflorescence) 305 67

(2.11) (Fig. 5). This difference is small, but sta-
tistically significant (oneway ANOVA assuming
unequal variances, t = 3.51, df = 137, P = 0.0003).
We also found highly significant variance in
flower size, both male and female, among inflo-
rescences within quadrats, and marginally sig-
nificant variance among quadrats (Table 1).
Spatial structure of the variance differed among
male and female flowers, with females having
relatively more variance among quadrats and
inflorescences within quadrats.

We used the observed size distribution of
male flowers to create Model 1 based on the first
mimicry strategy (mean female size equals
mean male size) and Model 2 based on the sec-
ond mimicry strategy (mean female size is
Model 2 (PI =
1.86) resulted in a pollination index that was
5.4% higher than that of Model 1 (PI = 1.77)
(Figs. 2 and 3). The lognormal distributions of
observed female and male flower sizes were dif-
ferent than the size distributions of Models 1
and 2 (Goodness-of-fit test, D =0.27, P <0.01, n =
108 for Model 1; D = 0.48, P < 0.01, n = 108 for
Model 2). Therefore we created Model 3 based
on the best-fit lognormal distributions for the
observed size distributions (Fig. 4). The pollina-

greater than mean male size).
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tion index value resulting from this model was
1.63, which was 8 - 13% lower than that of Mod-
els 1 or 2. The qualitative results comparing the
pollination indices of the three models did not
change even when other increasing functions
were used in place of assumed linear relation-
ships, including power, exponential, saturation,
and sigmoidal functions. However, the magni-
tude of the differences in PI was affected by us-
ing alternate relationships. Altering the value
used for the proportion of visits that result in
successful pollination similarly changed the
magnitude, but not the qualitative result.

DISCUSSION

The observed size distributions of female
and male B. involucrata in our field sample from
Monteverde did not conform to either of the
mimicry strategies proposed by Agren and
Schemske (2000). Our models suggested that
mimicry of large male flowers would result in
the most pollination. According to our models,
the observed size distribution of female flowers
would result in the least pollination of the three
scenarios. Assuming that our models are valid,
our hypothesis was not supported.
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Figure 4. Size distribution of female (N = 108) and male (N
= 384) B. involucrata flowers. Mean female flower size =
1.83; 95% confidence interval: 1.70 - 1.96. Mean male
flower size = 2.11; 95% confidence interval: 2.06 - 2.16.

We assumed that the size mimicry strat-
egy employed by female B. involucrata in nature
ought to be biologically optimal. This assump-
tion, however, is either incorrect, or our models
failed to account for other biological factors that
contribute to realized reproductive success. For
example, if frequency of visitation by pollinators
is not the limiting factor in reproduction, then
our pollination index value is not meaningful.
However, Agren and Schemske (1991) suggest
that pollination is limiting, citing a 40% increase
in seed production resulting from pollen addi-
tion.

Alternately, the observed size distribu-
tion of female flowers may be the result of
tradeoffs. The potential 13% increase in pollina-
tion suggested by our model may be out-
weighed by the cost of producing larger flow-
ers. Also, female flowers may face greater
physiological costs to reach the same flower size
as males if, for example, ovary production is
more energetically costly than male pollen and
nectar production. If female flower size is lim-
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ited by energetic costs and therefore more sensi-
tive than male flowers to spatial differences in
resource availability, this may explain the differ-
ences found between the spatial structure of
variance between female and male flowers. It is
also possible that genetic or developmental con-
straints preclude optimization, given that polli-
nation by deceit is common within the genus
Begonia, and may therefore be an ancestral trait
for B. involucrata.

An interesting feature suggested by our
models is frequency dependence. Natural selec-
tion will favor individual plants that produce
female flowers of a size that has the highest
probability of pollination. For example, in
Model 1, probability of pollination, and there-
fore fitness, is highest for individuals with fe-
male flowers that are larger (Fig. 2d). However,
as the frequency of large female flowers in-
creases, the proportion of male flowers at that
large size decreases, and therefore, reward per
male flower, visitation rate, and probability of
pollination also decrease. Thus, the most favor-
able female flower size oscillates as the popula-
tion shifts towards the continually changing op-
timum. Since this appears to be a frequency de-
pendent system in dynamic equilibrium and we
only sampled at one point in time, one would
expect that the observed female flower size dis-
tribution would not be at a stable optimum.

Our model assumed that pollinators are
able to perceive and compare flowers sizes
among all flowers in a population. However,
pollinators may operate at smaller spatial scale,
perhaps only comparing among nearby inflores-
cences or adjacent flowers. Given that there is
heterogeneity among quadrats (Table 1), we
may expect a different outcome from a model
based on this scale.

To improve our model, future studies
should determine the form of important rela-
tionships that we had to assume, such as reward
versus male size and visitation rate versus polli-
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nator reward. Future studies should also evalu-
ate the other biological factors that may affect re-
productive success of B. involucrata, such as dis-
persal and survival, as well as determine ener-
getic costs associated with flower production.
Longer-term studies could examine the possibil-
ity of yearly shifts in female flower size due to
frequency dependence.

Pollination by deception requires complex
strategies and tradeoffs that may be further com-
plicated by physiological constraints. Individu-
als must balance energy expended in attracting
pollinators with their other reproductive energy
requirements such as seed production.
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