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Pollinators have been declining worldwide, affecting plants that depend on them for
pollination. In order to persist in the presence of declining pollinators, plants may evolve floral
traits that facilitate either pollinator-mediated outcrossing or autonomous self pollination.
Whether outcrossing or selfing traits are selected can also be affected by herbivory. To
determine whether herbivores can affect pollinator-mediated selection for outcrossing or selfing
in the mixed-mating plant Impatiens capensis, I measured phenotypic selection on plants in three
treatments: ambient pollinator access and ambient herbivory (P/H), reduced pollinator access and
ambient herbivory (–P/H), and reduced pollinator access and increased herbivory (–P/+H). When
pollinator access was reduced, plants experienced selection for a floral trait that facilitates
autonomous selfing. This pollinator-mediated selection was intensified by herbivory. Plant
populations may respond to selection by shifting their mating system towards selfing, which may
affect their ability to adapt to environmental stressors in the future.
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INTRODUCTION
At least 87.5% of flowering plants are pollinated by animals, primarily insects (Wilcock
and Neiland 2002; Ollerton et al. 2011). Pollinating insects such as bees have experienced
global declines in population density and species richness (Potts et al. 2010; Burkle et al. 2013;
Thomann et al. 2013). As pollinators decline, flowers may be visited less often and have lower
pollen deposition, decreasing the seed production of pollinator-dependent plants in natural
populations (Wilcock and Neiland 2002; Thomann et al. 2013; Astegiano et al. 2015).
Examining how pollinator declines influence selection on floral traits can indicate if and how
plants will adapt to these declines (Thomann et al. 2013).
Plants experiencing pollinator declines may experience stronger selection for floral traits
that facilitate outcrossing, such as taller inflorescences, longer nectar spurs, and larger flowers
(Sletvold and Ågren 2016). These traits can facilitate outcrossing by attracting pollinators
(Thomann et al. 2013). Such selection for more attractive floral traits would facilitate increased
reliance on pollinators in an environment where they are declining, reinforcing the mutualism
between pollinators and plants. Increasing dependence on pollinator-mediated reproduction may
be beneficial for individual plants that are competing for outcrossing opportunities under
pollinator declines (Thomann et al. 2013).
Alternatively, plants subjected to pollinator declines can experience stronger selection for
traits that facilitate selfing (Thomann et al. 2013). For example, pollinator declines can select for
reduced anther-stigma separation, which increases self-compatibility (Fishman and Willis 2007;
Carvallo and Medel 2010). Traits that facilitate selfing can increase seed set in the absence of
pollinators and provide reproductive assurance to compensate for reduced outcrossing
1!
!

!
!
(Schemske 1978; Cheptou 2004; Bodbyl-Roels and Kelly 2011). Under pollinator declines,
reproductive assurance by increased selfing can be associated with decreased inbreeding
depression (Kalisz et al. 2004). However, increased selfing may cause reduced genetic variation
within populations due to decreased recombination, affecting their persistence (Thomann et al.
2013).
It remains to be seen whether plants that are capable of both outcrossing and selfing
would experience selection under pollinator declines for traits that facilitate outcrossing, traits
that facilitate selfing, or for both. Plant species that are capable of both outcrossing and selfing
have a mixed-mating system (Barrett 2003; Goodwillie et al. 2005). In mixed-mating species,
pollinator declines may intensify selection both for traits that facilitate outcrossing and traits that
facilitate selfing, but only if these traits are not negatively correlated with each other (Schemske
1978; Thomann et al. 2013). Alternatively, if traits that facilitate outcrossing and traits that
facilitate selfing are negatively correlated, then selection on traits that facilitate outcrossing could
cause indirect selection on traits that facilitate selfing, and vice versa (Conner and Hartl 2004).
This indirect selection could increase the proportion of outcrossing or selfing in the population
and cause the mating system to evolve (Kalisz et al. 2004). To predict changes in the mating
system under pollinator declines, the direction of pollinator-mediated selection within the
population must be determined.
Whether pollinator declines cause selection for traits that facilitate selfing may also
depend on the presence of herbivores. Herbivore damage could affect pollinator-mediated
selection on floral traits by causing plants to produce fewer, smaller flowers (Lehtilä and Strauss
1997; Gómez 2003; Steets and Ashman 2004; Ivey and Carr 2005). Reducing the size and
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number of flowers decreases the attractiveness of floral displays to pollinators, reducing the
likelihood of visitation (Karron and Mitchell 2011). By altering the distribution of floral traits in
populations experiencing pollinator declines, herbivory may intensify selection on traits that
facilitate selfing. Herbivore damage could also affect pollinator-mediated selection on traits that
facilitate outcrossing and traits that facilitate selfing without affecting floral trait distributions
(Mothershead and Marquis 2000). Specifically, leaf damage by herbivores may discourage
pollinators from visiting damaged plants (Steets and Ashman 2004; Buchanan and Underwood
2013). When pollinators visit plants less frequently, their interaction strength is decreased
(Benkman 2013). Interaction strength is measured as the mean value of interactions within the
population if zero represents no interaction and one represents an interaction for each individual.
Weaker interactions increase the opportunity for selection by pollinators in the population
(Benkman 2013). Through both mechanisms, herbivory could affect pollinator-mediated
selection both on traits that facilitate outcrossing and traits that facilitate selfing. Previous
studies indicate that herbivores such as seed predators and mammalian grazers can cause
selection on floral traits (Strauss and Whittall 2006). However, there have been no studies that
have investigated selection on floral traits caused by leaf herbivores. Study of whether leaf
herbivores can affect pollinator-mediated selection on traits that facilitate outcrossing and traits
that facilitate selfing can reveal the effects of plant interactions with biotic agents other than
pollinators, and indicate how plants will evolve in environments where pollinators are declining.
I tested how pollinator declines affect selection on floral traits of a plant species with a
mixed-mating system, and whether this pollinator-mediated selection was modified by herbivory.
To do so, I manipulated pollinator visitation and herbivory, and measured selection on floral
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traits in the native wildflower Impatiens capensis. Impatiens capensis Meerb. (Balsaminaceae)
is an annual herb commonly found in eastern North America (Steets and Ashman 2004). It is
commonly found in moist areas such as floodplains and along streams, and can also be found in
woody areas (Waller 1984). It can be identified by its bright yellow flowers with orange spots
on the petals, and by its leaves with rounded teeth (Figure 1; personal observation). I. capensis
provides an ideal system for studying selection on floral traits in response to pollinator declines
for two reasons. First, I. capensis exhibits a mixed-mating system known as dimorphic
cleistogamy (Lord 1981; Culley and Klooster 2007; Oakley et al. 2007). Species with dimorphic
cleistogamy can produce two types of flowers: chasmogamous flowers that are open to visitation
by pollinators and are primarily outcrossing, and cleistogamous flowers that are not open to
visitation by pollinators and are autonomously self-pollinating (Schemske 1978). Because
chasmogamous and cleistogamous flowers of I. capensis either primarily outcross or obligately
self, respectively, it is easier to identify traits that facilitate outcrossing or selfing. Second, leaf
herbivory can affect floral traits and pollinator visitation in I. capensis. Steets and Ashman
(2004) showed that leaf herbivory can decrease chasmogamous flower size and subsequently
decrease pollinator visitation to chasmogamous flowers, reducing the opportunity for
outcrossing. They also demonstrated that herbivory can increase the proportion of cleistogamous
flowers produced by I. capensis plants, changing the mating system by increasing the rate of
selfing in the population (2004). Further, the proportion of selfing and outcrossing has been
studied using the proportion of cleistogamous and chasmogamous flowers respectively (Steets et
al. 2006a).
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I measured the effect of reduced pollinator visitation with or without increased herbivory
on selection on floral traits of I. capensis, and used the data to answer the following questions:
1) How do pollinator declines affect selection on traits that facilitate outcrossing and traits that
facilitate selfing? 2) Does herbivory affect selection on traits that facilitate outcrossing and traits
that facilitate selfing under pollinator declines? 3) Do pollinator declines and herbivory exert
selection on the mating system? Since there is no trade-off between chasmogamous and
cleistogamous flower production in Impatiens sp. (Schemske 1978), I predicted that
experimentally reducing pollinator visitation to simulate a decline in pollinator abundance would
cause selection both for larger and more chasmogamous flowers and for more cleistogamous
flowers. I also predicted that increasing herbivory while experimentally reducing pollinator
visitation would affect selection on both selfing and outcrossing traits in two ways: 1) by
reducing the number and size of chasmogamous flowers, and 2) by decreasing visitation to
damaged plants. This would intensify selection for more cleistogamous flowers. Furthermore, I
predicted that increasing herbivory would intensify pollinator-mediated selection on the
proportion of cleistogamous flowers, which represents the mating system (Schemske 1978).

METHODS
Study System
Multiple insect species pollinate I. capensis, including bumblebees (Bombus spp.), the
western honey bee (Apis mellifera), eastern yellowjacket (Vespula maculifrons), and sweat bees
(Halictidae). It is also pollinated by the ruby-throated hummingbird (Archilocus colubris; Steets
et al. 2007; Boyer et al. 2016), although there was no hummingbird visitation to my plants
(personal observation). Multiple insect species consume I. capensis leaves, including adult leaf
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beetles (Rhabdopterus praetexus), adult sawflies (Aglaostigma semiluteum), and larval Virginia
tiger moths (Diacrisia virginica; Schemske 1978). The reproductive phenology of I. capensis
varies across the species’ range (Schemske 1978). In southwestern Ontario, I. capensis plants
emerge in May and live until October, with cleistogamous flower production beginning in early
June followed by chasmogamous flower production in early July (personal observation). The
proportion of cleistogamous flowers varies widely among plants within a population (Schemske
1978), and is a reliable estimate of the proportion of selfing (Steets et al. 2004). The rates of
outcrossing in chasmogamous flowers have been estimated using allozyme markers by Steets et
al. (2006). Chasmogamous flowers can be open for two to five days (Boyer et al. 2016; personal
observation). They rely on pollinators for fertilization, because the temporal separation of their
male and female organs, through protandry, prevents autonomous self-fertilization from
occurring (Waller 1984). In comparison to cleistogamous flowers, chasmogamous flowers are
more energetically expensive and require a longer period of development (Schmitt et al. 1985).
However, chasmogamous flowers generally produce more seeds per fruit than cleistogamous
flowers (2-5 seeds per chasmogamous fruit compared to 1-3 seeds per cleistogamous fruit;
Waller 1979).
Experimental Design
In late June 2017, I collected 220 I. capensis plants from natural populations at the
seedling stage (15 – 40 cm tall) prior to flowering. Plants were transplanted from populations
located on the Royal Recreation Trail in Guelph, Ontario, Canada. The plants were moved to an
exclosure in the R. J. Hilton Centre, University of Guelph Arboretum in Guelph, Ontario,
Canada. They were placed in 8 L pots filled with Sunshine Loosefill Aggregate 4 soil (Sun Gro
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Horticulture Canada Ltd., Vancouver, British Columbia). Each plant was fertilized in early July
with eight pellets of Nutricote controlled-release fertilizer (13-11-11; Plant Products,
Leamington, Ontario). I randomly arranged the plants on a grid of 50 x 6 pots on black
landscape fabric, with a distance of 23 cm between pots.
Plants were randomly assigned to one of three treatments: 1) ambient pollinator access
and ambient herbivory (P/H), 2) reduced pollinator access and ambient herbivory (–P/H), and 3)
reduced pollinator access and increased herbivory (–P/+H). Plants in the P/H treatment were
unmanipulated. Plants in the –P/H and –P/+H treatments were bagged with bridal veil material
to reduce pollinator access and decrease visitation (as in Caruso et al. 2005; Carvallo and Medel
2010; Dai and Galloway 2013). The bridal veil consisted of nylon and had 4mm2 openings.
Because chasmogamous flowers are only open for two to three days (Boyer et al. 2016), I placed
bags on individual plants on their first day of chasmogamous flowering and removed the bag the
next day. This method of alternate-day bagging was continued until flowering was complete. It
restricted opportunities for pollinator visitation by ~50%. For plants in the –P/+H treatment, I
clipped leaves in half using scissors every week, which reduced the leaf area of all new leaves by
~50% (as in Steets and Ashman 2004). The extent of manipulation falls within the natural range
of herbivore leaf damage, and has been shown previously to be an adequate amount of herbivory
to change the distribution of floral traits, reduce pollinator visitation, and increase the proportion
of cleistogamous flowers in a population of I. capensis in Pennsylvania (Steets and Ashman
2004). Plants in all treatments experienced some herbivory from insects, but this damage was
modest relative to experimental damage imposed in the treatment with increased herbivory
(personal observation).
7!
!

!
!
Floral Traits and Fitness
To determine how the treatments affected selection on traits that facilitate outcrossing
and a trait that facilitates selfing, I measured three floral traits: the size and number of
chasmogamous flowers, both of which facilitate outcrossing, and number of cleistogamous
flowers, which facilitates selfing. To estimate flower size, I measured lateral petal length, lateral
petal width, porch petal length, and corolla length (as in Steets and Ashman 2004), and then
calculated the geometric mean of these floral measurements (as in Williams and Conner 2001).
To estimate the number of cleistogamous and chasmogamous flowers produced, I counted the
total number of cleistogamous and chasmogamous pedicels on each plant at the end of the
season. Pedicels of chasmogamous flowers are larger than pedicels of cleistogamous flowers
(Schemske 1978). Some plants (N = 95) only produced cleistogamous flowers and therefore
could not be used to measure chasmogamous traits, or died prior to flowering and were not used
in the experiment.
To determine whether the treatments affected selection on the mating system, I calculated
the proportion of cleistogamous flowers for each plant. To do so, I divided the number of
cleistogamous flowers per plant by the total number of flowers per plant. The proportion of
cleistogamous flowers is a reliable estimate of the mating system in I. capensis because it
indicates the proportion of selfing per plant (Lu 2002, Steets and Ashman 2004), assuming that
there is a low proportion of geitonogamous selfing in chasmogamous flowers, which are
primarily outcrossing (Oakley et al. 2007). The mating system could not be estimated using the
proportion of cleistogamous seeds because several plants released their seeds before these could
be counted, whereas all cleistogamous flowers could be counted throughout the season.
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I estimated two components of female fitness: 1) the number of fruits per plant, and 2)
the number of seeds per plant. To count the total number of fruits per plant, I counted the
number of chasmogamous fruits and cleistogamous fruits per plant. This was done by marking
pedicels of chasmogamous and cleistogamous flowers with white and blue coloured pieces of
thread, respectively, whenever the flowers bore fruit, and then counting the threads of each
colour at the end of the season. The number of cleistogamous and chasmogamous fruits were
added together to estimate the total number of fruits per plant. To estimate the number of seeds
per plant, I counted the number of seeds in three fruits produced by cleistogamous flowers and in
three fruits produced by chasmogamous flowers on each plant. I then multiplied the mean
number of seeds per cleistogamous fruit by the number of cleistogamous fruits per plant to
estimate the number of cleistogamous seeds per plant, and the mean number of seeds per
chasmogamous fruit by the number of chasmogamous fruits per plant to estimate the number of
chasmogamous seeds per plant. I added the number of cleistogamous and chasmogamous seeds
per plant together to estimate the total number of seeds per plant.
Statistical Analysis
To determine whether the treatments affected floral traits or fitness components, I used
one-way analysis of variance (ANOVA). For each ANOVA model, the independent variable
was treatment (P/H, –P/H, and –P/+H), and the dependent variable was the floral trait
(chasmogamous flower size, number of chasmogamous flowers, or number of cleistogamous
flowers), mating system estimate (proportion of cleistogamous flowers), or fitness component
(seeds per plant or fruits per plant). I did not expect the reduction in pollinator access to
significantly affect floral trait production or the mating system, however, I did expect it to
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decrease the number of seeds and fruits per plant. Based on a previous study that demonstrated
changes in trait distribution in I. capensis plants subjected to leaf herbivory (Steets and Ashman
2004), I expected that increasing herbivory while reducing pollinator access would significantly
decrease the size and number of chasmogamous flowers produced, and decrease the number of
seeds and fruits per plant. I also predicted that the reduced pollinator access and increased
herbivory would cause plants to change their mating system by increasing the proportion of
cleistogamous flowers.
I tested the assumption that there are no negative correlations and therefore no trade-offs
between traits that facilitate outcrossing and traits that facilitate selfing. To do so, I estimated the
Pearson correlation (r) among floral traits within each treatment. If floral traits are uncorrelated
or positively correlated, then pollinator declines could select both for traits that facilitate
outcrossing and traits that facilitate selfing.
To determine whether the treatments affected selection on floral traits or the mating
system, I estimated selection differentials using univariate regression. Selection differentials
estimate both direct and indirect selection acting on a trait (Conner and Hartl 2004). For each
regression model, the independent variable was a trait: chasmogamous flower size, number of
chasmogamous flowers, the number of cleistogamous flowers, or the proportion of
cleistogamous flowers. These traits were standardized to a mean of zero and variance of one
within each treatment (Sokal and Rohlf 1995). The dependent variable was a fitness component:
the number of seeds per plant or the number of fruits per plant. To calculate relative fitness, I
divided absolute fitness by mean fitness within each treatment (Lande and Arnold 1983). The
selection differential is the slope of the regression line. I was unable to estimate selection
10!
!

!
!
gradients because of low sample size resulting from plants (N = 95) that did not produce
chasmogamous flowers or died prior to flowering.
To determine whether selection on floral traits or the mating system differed between
treatments, I used analysis of covariance (ANCOVA) followed by 1 df contrasts. The ANCOVA
models included treatment, trait, and the interaction between treatment and trait as independent
variables. The traits were chasmogamous flower size, number of chasmogamous flowers,
number of cleistogamous flowers, and proportion of cleistogamous flowers. The response
variable was relative fitness estimated by seeds per plant or fruits per plant within each
treatment. Separate ANCOVAs were run for each combination of floral trait and fitness
component. I then performed two planned contrasts on the treatment × trait terms. First, I tested
the a priori hypothesis that reduced pollinator access would intensify selection on traits that
facilitate outcrossing and traits that facilitate selfing. To do so, I did a contrast that compared
selection in the P/H treatment to the treatments with reduced pollinator access, –P/H and –P/+H.
Second, I tested the a priori hypothesis that increasing herbivory while reducing pollinator
access would cause stronger selection for floral traits that facilitate selfing and affect pollinatormediated selection on the mating system. To do so, I did a contrast that compared selection in
the –P/H treatment with to the –P/+H treatment.

RESULTS
Effect of Simulated Pollinator Declines on Selection on Floral Traits
Experimentally reducing pollinator access did not affect floral traits or fitness
components (Table 3). Although plants in the reduced pollinator access (–P/H) treatment
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produced 18% more chasmogamous flowers, 7% more cleistogamous flowers, and 2% larger
chasmogamous flowers than plants in the ambient pollinator access (P/H) treatment, the
differences in these traits between treatments were not significant. Also, although plants in the
–P/H treatment produced 13% more fruits per plant and 27% more seeds per plant than in the
P/H treatment, the differences in these traits based on treatment were not significant either.
Plants in the –P/H treatment also produced fewer chasmogamous seeds by 34% and fewer
cleistogamous seeds by 22% compared to plants in the P/H treatment, however, these differences
were also not significant (Table 3).
There was no evidence of a significant correlation between any floral traits that facilitate
outcrossing or selfing in any treatment (Table 4). The correlation coefficients between
chasmogamous flower size and chasmogamous flower number, two traits that facilitate
outcrossing, varied from 0.037 to 0.149 among treatments. The correlation between
chasmogamous flower size and the number of cleistogamous flowers, a trait which facilitates
selfing, varied from -0.040 to 0.002 among treatments. The correlation between the number of
chasmogamous flowers and the number of cleistogamous flowers varied from -0.004 to 0.237
among treatments. None of these correlations were significant.
Reduced pollinator access did not affect selection on traits that facilitate outcrossing. In
one of the treatments with reduced pollinator access (–P/H), selection for increased
chasmogamous flower size differed significantly from zero (Tables 1 and 2). However, when
selection for chasmogamous flower size was compared using contrasts between the treatments
with ambient pollinator access (P/H) and both treatments with reduced pollinator access (–P/H
and –P/+H), there was no significant difference between them (Tables 1 and 2). When fitness
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was estimated using seeds per plant, selection for more chasmogamous flowers differed
significantly from zero in the treatments with ambient or reduced pollinator access (P/H and –
P/H; Table 1). Using fruits per plant to estimate fitness, selection differed from zero for more
chasmogamous flowers in all treatments (Table 2). When selection in the treatments with
reduced pollinator access (–P/H and –P/+H) was compared with selection in the P/H treatment,
selection in both of these treatments did not differ significantly from selection in the P/H
treatment, whether seeds or fruits per plant were used to estimate fitness (Tables 1 and 2).
Reduced pollinator access did affect selection on traits that facilitate selfing. In each of
the –P/H and –P/+H treatments, selection for more cleistogamous flowers differed significantly
from zero (Tables 1 and 2). Moreover, when fitness was estimated using seeds per plant,
selection in both the –P/H and –P/+H treatments differed significantly from selection in the P/H
treatment (Table 1). Plants in the treatments with reduced pollinator access experienced stronger
selection for more cleistogamous flowers than plants in the ambient pollinator access treatment
(Figure 4). However, when fitness was estimated using fruits per plant, selection did not differ
significantly for more cleistogamous flowers between the P/H treatment and both the –P/H and –
P/+H treatments (Table 2).
Herbivory Affects Pollinator-Mediated Selection on Floral Traits
In the treatments with reduced pollinator access, herbivory did not affect the expression
of floral traits that facilitate outcrossing and traits that facilitate selfing, and did not have a
significant effect on fitness. Plants in the –P/+H treatment produced 33% fewer chasmogamous
flowers that were 2% smaller on average and 12% fewer cleistogamous flowers than plants in the
–P/H treatment, but differences in these traits based on treatment were not significant (Table 3).
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Furthermore, herbivory did not affect the fitness of plants experiencing reduced pollinator
access. Plants in the –P/+H treatment produced 23% fewer fruits and 14% fewer seeds than
plants in the –P/H treatment, however, these differences also were not significant (Table 3).
Herbivory also decreased the number of chasmogamous seeds by 34% and the number of
cleistogamous seeds by 5% across plants also experiencing reduced pollinator access (–P/+H),
however, not significantly (Table 3).
In combination with reduced pollinator access, herbivory intensified selection on floral
traits that facilitate selfing. Selection differed significantly from zero for more cleistogamous
flowers in the –P/+H treatment (Tables 1 and 2). When fitness was estimated using fruits per
plant, selection for more cleistogamous flowers differed significantly between plants in the –P/H
treatment and the –P/+H treatment (Table 2). Specifically, plants in the –P/+H treatment
experienced stronger selection for more cleistogamous flowers than those in the –P/H treatment
(Figure 5). However, selection did not differ significantly for more cleistogamous flowers
between plants in the –P/H and –P/+H treatments when fitness was estimated using seeds per
plant.
Herbivory and reduced pollinator access did not affect selection on traits that facilitate
outcrossing. In the treatment with reduced pollinator access and increased herbivory, selection
on chasmogamous flower size did not differ significantly from zero (Tables 1 and 2). Selection
differed significantly from zero for more chasmogamous flowers in the –P/+H treatment, but
only when using fruits per plant to estimate fitness (Table 2). Furthermore, selection for more
chasmogamous flowers did not differ significantly between plants in the –P/H and –P/+H
treatments (Tables 1 and 2).
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Effect of Simulated Pollinator Declines and Herbivory on the Mating System
There was no effect of simulated pollinator declines and herbivory on the mating system.
When fitness was estimated using fruits per plant, plants in the –P/H treatment experienced
selection which differed significantly from zero for a lower proportion of cleistogamous flowers
(Table 2). However, selection also differed significantly from zero for a lower proportion of
cleistogamous flowers in the P/H treatment, whether fitness was estimated using fruits or seeds
(Tables 1 and 2). Furthermore, experimentally increasing herbivory under simulated pollinator
decline did not intensify selection on the mating system. Plants in the –P/+H treatment did not
experience selection that differed from zero on the proportion of cleistogamous flowers (Tables 1
and 2). Selection on the proportion of cleistogamous flowers did not differ significantly between
the treatments with reduced pollinator access and ambient or increased herbivory (–P/H and
–P/+H; Tables 1 and 2).

DISCUSSION
I found some evidence that simulated pollinator declines intensified selection on a trait
that facilitates selfing. Specifically, when using seeds per plant to estimate fitness, plants that
had reduced pollinator access experienced stronger selection for a greater number of
cleistogamous flowers (Table 1). However, there was no evidence of intensified selection for
more cleistogamous flowers due to pollinator declines when using fruits per plant (Table 2).
Other studies that have experimentally reduced pollinator visitation have similarly found
significant selection for floral traits that promote selfing. For example, excluding pollinator
visitation to Mimulus luteus and Mimulus guttatus caused selection for decreased anther-stigma
separation, a trait that facilitates autonomous selfing (Carvallo and Medel 2010, Bodbyl-Roels et
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al. 2011). However, selection for traits that facilitate selfing in Mimulus spp. was in response to
complete exclusion of pollinators during the flowering period, rather than partial exclusion as in
my study. Rather than simulating a complete loss of pollinators, I simulated a decline in
pollinators within the environment, which may be more biologically realistic. Consequently, my
study is the first to show that partial experimental reduction of pollinator visitation can also
select for traits that facilitate selfing. If selection for traits that facilitate selfing intensifies, then
plants may evolve to increase selfing rates in environments where pollinators are declining
(Thomann et al. 2013).
In contrast to traits that facilitate selfing, selection on traits that facilitate outcrossing in I.
capensis was not affected by reduced pollinator access. Although there was significant selection
for larger chasmogamous flowers in the –P/H treatment, this selection did not differ significantly
from selection in the P/H treatment (Tables 1 and 2). Furthermore, when fitness was estimated
using fruits per plant, there was significant selection for more chasmogamous flowers in all three
treatments, with no significant differences in selection between treatments (Table 2). This
suggests that plants generally experience selection for traits that facilitate outcrossing, but this
selection is not intensified in environments where pollinator visitation is decreased. Other
studies have found evidence of selection for traits that facilitate outcrossing when pollinators are
partially excluded (Sletvold and Ågren 2016). However, none of these previously-published
partial pollinator exclusion experiments were conducted on plants that are self-compatible. In
fact, my study is the first to impose partial pollinator exclusion on a mixed-mating plant species.
One explanation for why I did not detect selection for traits that facilitate outcrossing under
simulated pollinator decline is the cost of relying on outcrossing for reproduction. It is more
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energetically costly for plants to produce and keep chasmogamous flowers open for several days
for pollinator visitation (personal observation) than to produce cleistogamous flowers (Schmitt et
al. 1985). As pollinators decline, the likelihood of pollinator visitation to a chasmogamous
flower decreases. This may increase the number of chasmogamous flowers that produce no
seeds, making chasmogamous flowers both more energetically costly and a riskier reproductive
strategy than cleistogamous flowers. In this scenario, production of larger or more
chasmogamous flowers may not provide a fitness advantage compared to production of
cleistogamous flowers.
Under simulated pollinator declines, herbivory intensified selection for traits that
facilitate selfing. There was stronger selection when using fruits per plant as a fitness estimate
for more cleistogamous flowers in the –P/+H treatment than in the –P/H treatment (Table 2;
Figure 5). This supports the prediction that plants can evolve increased selfing in response to
pollinator declines (Thomann et al. 2013), and that the addition of herbivory as an environmental
stressor can heighten this response. Herbivory may intensify selection for a greater number of
cleistogamous flowers under pollinator declines because of the low energetic cost of
cleistogamous flower production (Schmitt et al. 1985). In contrast to production of
chasmogamous flowers, production of cleistogamous flowers enables plants to increase
opportunities for reproduction in the face of both energetic losses from herbivory and decreased
pollinator visitation. By considering the impact of herbivores and other biotic agents on
pollinator-mediated selection, my study adds to the body of literature that emphasizes the
community context when predicting plant evolution in response to pollinator declines (Strauss
and Whittall 2006).
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Contrary to my prediction, increasing herbivory while reducing pollinator access did not
intensify selection on the mating system. Selection for a greater number of cleistogamous
flowers did not differ between the treatments with reduced pollinator access and ambient or
increased herbivory (–P/H and –P/+H; Tables 3 and 4). This was surprising, given that in both
of these treatments, there was significant selection for a greater number of cleistogamous flowers
(Tables 3 and 4). One reason for why selection does not differ for the proportion of
cleistogamous flowers is that there is significant selection for a greater number of
chasmogamous flowers for plants across all treatments (Tables 1 and 2). This may match
increased selection for a greater proportion of cleistogamous flowers (Table 1). This suggests
that pollinator declines do not directly affect selection on the mating system, although pollinator
declines have been observed to cause indirect selection for floral traits that facilitate selfing
(Conner and Hartl 2004). Simulated pollinator declines do not directly affect selection on the
mating system, and simulating the combination of herbivory and pollinator decline does not
intensify selection either. If plants experiencing herbivory under pollinator declines do not
experience selection on the mating system for increased outcrossing or selfing, then plants may
be able to maintain mixed mating within the population in response to environmental stressors
(Goodwillie et al. 2005).
Herbivory did not significantly affect the expression of floral traits or the mating system
in I. capensis (Table 3). This differs from the results of Steets and Ashman (2004) that
demonstrated that leaf herbivory decreased chasmogamous flower production, and increased the
proportion of cleistogamous flowers and seeds produced by I. capensis. My results may have
differed from those of Steets and Ashman because my plants were less resource-limited; my pots
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had a capacity of 8 L compared to their smaller ~1.5 L pots. Simulating leaf herbivory causes
environmental stress to the plants, which can negatively affect the production of chasmogamous
traits (Steets et al. 2006b). Exposure to greater soil moisture and nutrient availability may have
caused my experimental plants to be less resource-limited and therefore less susceptible to
changes in trait distribution by herbivory (Wise and Abrahamson 2005). This may have reduced
the effects of both leaf herbivory and reduced pollinator access on floral trait production and the
mating system.
This study demonstrates the influence of biotic factors such as leaf herbivory on the
response of plants to pollinator declines. To date, there have been no other studies that have
investigated the effects of leaf herbivory on selection on floral traits. Several other studies have
observed the effects of ungulate browsing, seed predation, or florivory on pollinator-mediated
selection (Gómez 2003; Cariveau et al. 2004; Bartkowska and Johnston 2012). Some of these
studies showed evidence that ungulate browsing of whole sections of plants (Gómez 2003) or
seed predation (Cariveau et al. 2004) weakened pollinator-mediated selection on floral traits that
facilitate outcrossing. My results differed; instead of conflicting with pollinator-mediated
selection for floral traits that facilitate outcrossing, leaf herbivory intensified pollinator-mediated
selection for traits that facilitate selfing. Selection for traits that facilitate selfing could not occur
in the research of Gómez (2003) and Cariveau et al. (2004) because they studied plant species
that are self-incompatible. Because my study is the first to observe the effects of leaf herbivory
and pollinator declines on selection in a self-compatible plant, I was able to detect the impact of
herbivory on selection for selfing under pollinator declines. This suggests that self-compatible
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plants can experience selection for increased selfing that would result in improved reproductive
assurance as pollinators decline.
My study of the influence of herbivory on selection on floral traits in plants under
simulated pollinator decline has two main limitations. First, due to my modest sample size, I
was unable to estimate selection gradients. Because of this, I was unable to identify whether
traits are under direct or indirect selection due to correlations between floral traits. However,
weak correlations between the three floral traits measured (Table 4) suggest that there is little
indirect selection (Conner and Hartl 2004). The second limitation caused by my modest sample
size is that I was unable to include a treatment with ambient pollinator access and increased
herbivory (P/+H). This would have allowed me to quantify selection that was herbivoremediated and to observe whether pollination and herbivory interact to affect selection on floral
traits (Gómez 2003).
My findings suggest that pollinator declines influence selection on floral traits. Using a
mixed-mating plant species, Impatiens capensis, I found that simulated pollinator declines select
for traits that facilitate selfing. I also found some evidence when using fruits per plant to
estimate fitness that selection for traits that facilitate selfing due to reduced pollinator access is
intensified by herbivory. These findings suggest that some plant species can experience
selection which may lead to adaptations to pollinator declines; specifically, plant populations can
adapt to pollinator declines by evolving increased selfing rather than outcrossing. Increased
selfing could provide reproductive assurance by allowing plants to reproduce when pollinators
exist in smaller numbers and opportunities for outcrossing are limited (Kalisz et al. 2004, Schoen
et al. 1996). However, plants population may lose genetic variation due to fewer recombination
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events as selfing increases, which may affect the ability of plants to adapt to environmental
stressors in the future (Oakley et al. 2007). By understanding how selection on floral traits is
affected by reduced pollinator visitation, we can better predict whether plant populations will
persist in changing environments.
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Table 1. Selection differentials (± 1 SE) via female fitness components (estimated by seeds per plant) for four floral traits of Impatiens
capensis. Asterisks indicate whether selection differentials were significantly different from zero. F- and p-values indicate whether
selection was significantly different between treatments (p < 0.05). P/H = ambient pollinator access and ambient herbivory, –P/H =
reduced pollinator access and ambient herbivory, –P/+H = reduced pollinator access and increased herbivory.
P/H

–P/H

–P/+H

P/H vs. –P/H and –P/+H

–P/H vs. –P/+H

Chasmogamous 0.063 ± 0.101
Flower Size

0.398 ± 0.117 **

0.184 ± 0.114

F1,79 = 2.737
p = 0.102

F1,79 = 1.897
p = 0.172

Number of
0.308 ± 0.081 **
Chasmogamous
Flowers

0.344 ± 0.123 **

0.170 ± 0.115

F1,79 = 0.144
p = 0.706

F1,79 = 1.310
p = 0.256

Number of
Cleistogamous
Flowers

0.027 ± 0.102

0.333 ± 0.124 *

0.344 ± 0.099 **

F1,79 = 5.279
p = 0.024

F1,79 = 0.005
p = 0.941

Proportion of
Cleistogamous
Flowers

-0.261 ± 0.088 **

-0.211 ± 0.134

6.176 x10-5 ± 0.119

F1,79 = 1.164
p = 0.284

F1,79 = 1.679
p = 0.199

29

29

N
27
* p < 0.05, ** p < 0.01, *** p <0.001
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Table 2. Selection differentials (± 1 SE) via female fitness components (estimated by fruits per plant) for four floral traits of Impatiens
capensis. Asterisks indicate whether selection differentials were significantly different from zero. F- and p-values indicate whether
selection was significantly different between treatments (p < 0.05). P/H = ambient pollinator access and ambient herbivory, –P/H =
reduced pollinator access and ambient herbivory, –P/+H = reduced pollinator access and increased herbivory.
P/H
Chasmogamous -0.007 ± 0.073
flower size

–P/H
0.189 ± 0.092 *

–P/+H
0.035 ± 0.090

P/H vs. –P/H and –P/+H
F1,119 = 1.289
p = 0.259

–P/H vs. –P/+H
F1,119 = 1.615
p = 0.206

Number of
0.279 ± 0.058 ***
Chasmogamous
Flowers

0.328 ± 0.08 ***

0.314 ± 0.076 ***

F1,119 = 0.234
p = 0.629

F1,119 = 0.019
p = 0.892

Number of
Cleistogamous
Flowers

0.327 ± 0.052 ***

0.332 ± 0.079 ***

0.509 ± 0.046 ***

F1,119 = 1.700
p = 0.195

F1,119 = 4.484
p = 0.036 *

Proportion of
Cleistogamous
Flowers

-0.152 ± 0.069 *

-0.194 ± 0.091 *

-0.013 ± 0.090

F1,119 = 0.221
p = 0.639

F1,119 = 2.287
p = 0.133

38

45

N
42
* p < 0.05, ** p < 0.01, *** p <0.001
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Table 3. Four phenotypic traits and four fitness measures (mean ± SE) of Impatiens capensis in three treatments. One-way ANOVA
was used to determine whether traits and fitness measures differ between the treatments (p < 0.05).
P/H
–P/H
–P/+H
Treatment
Chasmogamous
10.92 ± 0.138
11.15 ± 0.166
10.90 ± 0.165
F2,122 = 0.737
Flower Size
p = 0.481
Number of
Chasmogamous
Flowers

17.50 ± 3.05

20.63 ± 4.26

13.78 ± 1.79

F2,122 = 1.246
p = 0.291

Number of
Cleistogamous
Flowers

30.48 ± 2.03

32.68 ± 2.46

28.67 ± 2.36

F2,122 = 0.762
p = 0.469

Proportion of
Cleistogamous
Flowers

0.6719 ± 0.0298

0.6847 ± 0.0347

0.6896 ± 0.0292

F2,122 = 0.088
p = 0.915

Number of Fruits

38.28 ± 2.73

43.21 ± 4.07

33.29 ± 2.94

F2,122 = 2.334
p = 0.101

Number of Seeds

83.65 ± 8.21

106.3 ± 14.3

91.03 ± 10.49

F2,82 = 1.019
p = 0.366

Number of
32.67 ± 6.95
Chasmogamous Seeds

43.83 ± 10.13

28.91 ± 5.31

F2,82 = 1.017
p = 0.366

Number of
Cleistogamous Seeds

62.47 ± 8.78

62.13 ± 8.91

F2,82 = 0.647
p = 0.526

!

50.98 ± 5.70
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Table 4. Pearson correlations between three floral traits of Impatiens capensis across three treatments. None of the traits were
significantly correlated.
P/H
0.149

–P/H
0.136

–P/+H
0.037

Chasmogamous Flower Size −
Number of Cleistogamous Flowers

-0.040

0.174

0.002

Number of Chasmogamous Flowers −
Number of Cleistogamous Flowers

0.063

-0.004

0.237

N

42

38

45

Chasmogamous Flower Size −
Number of Chasmogamous Flowers
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Figure 1. Chasmogamous flower of Impatiens capensis
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Figure 2. The relationship between two chasmogamous floral traits and a female fitness component of Impatiens capensis. Floral traits were
standardized to a mean of zero and a variance of one within each treatment combination. Fitness (estimated by seeds per plant) was relativized by
dividing absolute fitness by mean fitness within each treatment combination.
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Figure 3. The relationship between two cleistogamous floral traits and a female fitness component of Impatiens capensis. Floral traits were
standardized to a mean of zero and a variance of one within each treatment combination. Fitness (estimated by seeds per plant) was relativized by
dividing absolute fitness by mean fitness within each treatment combination.
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Figure 4. The relationship between two chasmogamous floral traits and a female fitness component of Impatiens capensis. Floral traits were
standardized to a mean of zero and a variance of one within each treatment combination. Fitness (estimated by fruits per plant) was relativized by
dividing absolute fitness by mean fitness within each treatment combination.
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Figure 5. The relationship between two cleistogamous floral traits and a female fitness component of Impatiens capensis. Floral traits were
standardized to a mean of zero and a variance of one within each treatment combination. Fitness (estimated by fruits per plant) was relativized by
dividing absolute fitness by mean fitness within each treatment combination.
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