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ABSTRACT 
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 Pollinator declines are predicted to strengthen natural selection on floral traits that 

either attract pollinators or increase the amount of pollen transferred per visit. However, 

the effect of pollinator declines on selection on floral traits of species with separate sexes 

may differ between sex morphs that offer different rewards to pollinators. To determine 

whether the effect of pollinator declines on selection on floral traits differs between sex 

morphs, I exposed female and hermaphrodite Lobelia siphilitica plants to either ambient 

pollination or reduced pollination treatments. For plants in each treatment, I estimated 

directional selection on four floral traits (inflorescence height, average daily floral display, 

flower size, and stigma exsertion) via seeds per plant. I found that experimentally 

reducing pollination intensified selection on inflorescence height and flower size, but that 

this effect was not stronger in females than hermaphrodites. Instead, reducing pollination 

intensified selection for taller inflorescences only in hermaphrodites, and intensified 

selection for larger flowers only in females. These results suggest that there is potential 

for both females and hermaphrodites to evolve floral traits that increase pollinator 

attraction and/or pollen transfer efficiency, and thus that species with separate sexes 

have the potential to adapt to pollinator declines.  
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Chapter 1: Simulated Pollinator Decline Strengthens Selection on 
Different Floral Traits in Female and Hermaphrodite Lobelia siphilitica 

Introduction  

 There is growing evidence in some parts of the world of declines in the diversity 

and abundance of insect pollinators (Potts et al., 2010). Pollinator declines can be 

caused by agricultural intensification, invasive species, climate change, and habitat loss 

(reviewed in Potts et al., 2010). Pollinator declines will have consequences for seed 

production because animals pollinate 87.5% of flowering plants (Ollerton et al., 2011). In 

flowering plants, seed production is commonly limited by pollen receipt (Burd, 1994; 

Ashman et al., 2004) and pollinator declines could increase this pollen limitation 

(Thomann et al., 2013). If pollen limitation of seed production does not lead to 

extirpation of plants, they will need to adapt to pollinator declines (Thomann et al., 

2013). 

One way that flowering plants could adapt to pollinator declines is by evolving 

floral traits that increase pollinator attraction or pollen transfer efficiency, thus they can 

continue to produce seeds by relying on their interaction with pollinators. When 

pollinators decline, the strength of plant-pollinator interactions should decrease because 

fewer plants in a population are visited and thus pollinated by pollinators (Benkman, 

2013; Vanhoenacker et al., 2013; Thomann et al., 2013). When plant-pollinator 

interaction strength decreases, mean absolute fitness should decrease, resulting in an 

increase in the opportunity for selection (Caruso et al., 2017; Rundle & Vamosi, 1996) 

for floral traits that increase pollinator attraction or pollination efficiency (Benkman, 
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2013). This prediction has been tested by experimentally excluding pollinators for a 

portion of the flowering span and measuring selection under ambient and reduced 

pollination conditions (Caruso et al., 2005, 2019; Dai & Galloway, 2013; Sletvold & 

Ågren, 2016; Panique & Caruso, 2020). The results of these experiments show mixed 

support for the prediction that pollinator declines will strengthen selection on floral traits: 

some studies found selection strengthened for attraction and pollen transfer efficiency 

traits when pollen receipt was limited by excluding pollinators (Caruso et al., 2005; 

Sletvold & Ågren, 2016; Panique & Caruso, 2020), but other studies found little effect of 

pollinator exclusion on selection (Dai and Galloway 2013). In addition, a meta-analysis 

by Caruso et al. (2019) found that partially or completely excluding pollinators had a 

small average effect on selection on floral traits. Determining whether reductions in 

pollination commonly strengthen selection on floral traits is important because selection 

determines the potential for plants to adapt to pollinator declines. If selection does not 

respond to changes in the pollination environment, plants ability to adapt to pollinator 

declines will be limited (Thomann et al., 2013). 

Pollinator declines could disproportionately affect plants that have evolved 

separate sexes, including dioecious (i.e., separate male and female individuals) and 

gynodioecious (i.e., separate female and hermaphrodite individuals) species. Plant 

species with separate sexes should be disproportionately affected by pollinator declines 

(e.g., Van Etten et al., 2018; reviewed in De Jong, 2011) because (except for 

hermaphrodites in gynodioecious species) they cannot self-pollinate and are completely 

dependent on pollinators to sexually reproduce. However, in species with separate 
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sexes, the effect of pollinator declines on selection on floral traits may differ between 

sex morphs. If pollinators visit one sexual morph less frequently because it offers fewer 

or different rewards to pollinators (Vamosi & Otto, 2002; Glaettli & Barrett, 2008; Case & 

Ashman, 2009; Griffin & Byers, 2012; Van Etten & Chang, 2014), then pollinator 

declines may have a larger effect on selection on floral traits of that morph. If the effect 

of pollinator declines on selection on floral traits differs between sex morphs, then the 

potential for adaptation may differ between morphs. However, the effect of pollinator 

declines on selection on floral traits in species with separate sexes has not previously 

been studied. 

I studied the effect of pollinator decline on natural selection on floral traits in a 

gynodioecious species. Often in gynodioecious species, hermaphrodites offer pollen 

and nectar rewards, but females offer either only smaller nectar rewards or, in some 

species, no nectar reward (reviewed in Eckhart, 1999). As a result, pollinators tend to 

visit females less frequently than hermaphrodites (e.g. Griffin & Byers, 2012), and any 

declines in pollinators may have a larger effect on plant-pollinator interaction strength 

and selection on floral traits of females than hermaphrodites. Gynodioecious species 

are worthwhile to study because the targets, intensity, and modes of selection on floral 

traits can differ between females and hermaphrodites (Wassink & Caruso, 2013; Zhang 

& Claßen-Bockhoff, 2019; but see Caruso & Yakobowski, 2008). Understanding these 

differences in selection between morphs is necessary to predict how gynodioecious 

populations will evolve as pollinators decline. If pollinators prefer hermaphrodites over 

females (e.g., Griffin & Byers, 2012) and variation in fitness increases due to 
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experimentally weakening pollinator interaction with plants (Benkman, 2013; Sletvold & 

Ågren, 2016), then female plants may experience a greater change to more extreme 

values in selection on floral traits than hermaphrodites. If reduced pollination intensifies 

selection more in female plants than hermaphrodites, they may evolve faster than 

hermaphrodites as pollinators decline. 

To determine the effect of pollinator declines on selection on floral traits of female 

and hermaphrodite plants, I used the gynodioecious species Lobelia siphilitica for two 

reasons. First, L. siphilitica hermaphrodites cannot self-pollinate in the absence of 

pollinators (Johnston, 1992). Consequently, as pollinators decline, both hermaphrodite 

and female L. siphilitica should experience intensified selection for traits that increase 

pollinator attraction or pollen transfer efficiency. Second, experimentally reducing 

pollination can increase pollen limitation of reproduction (a proxy for plant-pollinator 

interaction strength; Sletvold and Ågren 2016) in L. siphilitica (Brown and Caruso, 

unpublished), suggesting that it could also strengthen selection on floral traits of female 

and hermaphrodite L. siphilitica. I simulated pollinator decline by experimentally 

reducing pollinator access to female and hermaphrodite L. siphilitica and measured 

floral traits and female fitness components to estimate selection. I then used these data 

to answer two questions: 

1. Will pollinator decline strengthen selection on floral traits of females and 

hermaphrodites that increase pollinator attraction and/or pollination 

efficiency? 
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2. Will the intensification of selection be stronger in female than in 

hermaphrodite plants? 

 Methods  

Study species 

 Lobelia siphilitica is an herbaceous perennial wildflower with a lifespan lasting a 

few years. Lobelia siphilitica can be found in forest understories and wetlands in eastern 

North America and flowers from late summer into the fall. It can be identified by its 

often-singular indeterminate raceme of 3-cm long blue to purple bilaterally symmetric 

flowers with pubescent corolla and sepals (Johnston, 1991 and references therein). 

Lobelia siphilitica is pollinated by Bombus species including B. impatiens and B. vagans 

(Flanagan et al., 2011). Lobelia siphilitica plants can be females with sterile anthers or 

protandrous sequential hermaphrodites. In hermaphrodite L. siphilitica flowers, the 

anthers and part of the styles are fused into a tube, and when pollinators contact the 

anther tube, pollen is dispensed (Leins & Erbar, 1990; Molano-Flores, 2002). The sex-

ratio of L. siphilitica populations varies from 0% to over 90% females (Caruso & Case 

2007; Case & Caruso, 2010; Caruso & Case, 2013). 

Germination and Growth 

 To generate plants for my experiment, I collected up to five mature fruits on 

October 24th, 2019, from each of 50 plants at the Dundas Valley Conservation Area 

(Hamilton, ON, Canada; 43.255818, -79.993971). At the time of fruit collection, sex 

morph (hermaphrodite or female) was unknown. I selected plants haphazardly. To 



 

 

6 

 

minimize the likelihood of collecting fruits from plants that were part of the same genet, I 

did not collect fruits from neighboring plants unless their racemes were clearly growing 

from different rosettes.  

To grow experimental plants, I planted seeds after breaking seed dormancy. I 

broke seed dormancy by exposing seeds to a cold wet treatment for eight weeks 

starting at the end of November 2019. I placed seeds from each maternal family in 

individual Petri dishes between two wet pieces of filter paper, wrapped each dish with 

Parafilm (Amcor, Mississauga, ON, Canada), and placed it in the fridge (as in Johnston, 

1992). After eight weeks, I sowed approximately 90 seeds from each maternal family in 

plug trays placed in standing water and filled with ProMix BX (Premier Horticulture Inc., 

Rivière-du-Loup, QC, Canada). I then arranged plug trays randomly on a greenhouse 

bench in the University of Guelph Phytotron (Guelph, ON, Canada) to germinate and 

grow for approximately six weeks. From March 2nd to 8th, 2020, I transplanted 600 

seedlings into 635 mL Deepots (Stuewe and Sons Inc., Tangent, OR, USA) filled with 

ProMix BX and fertilized with eight pellets of Nutricote 13-11-11 with micronutrients 

(Plant Products, Brampton, ON, Canada). I then randomly arranged individual plants on 

the bench and watered them as needed. In May and June 2020, after the plants started 

flowering, I determined whether they were female or hermaphrodite. Once I knew the 

sexual morph of each plant, I transplanted them into 8.7 L pots containing ProMix BX 

and moved them into experimental arrays.  
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Experimental Design 

 To determine the effect of pollinator decline on female fitness and natural 

selection on floral traits, three experimental arrays were set up at the University of 

Guelph Arboretum (Guelph, Ontario, Canada). Each array was 10 m by 10 m and was 

fenced to deter mammalian herbivores. Within each array, plants were randomly 

assigned to positions a minimum of 1 m apart. I assigned plants to arrays as they 

flowered, resulting in three arrays with 95, 97, and 99 plants, respectively. Plants were 

put in the first array on May 25-26th, 2020, in the second array on May 27-28th, 2020, 

and in the third array June 4-5th, 2020.  

To test whether weakening plant-pollinator interactions increases the strength of 

selection on floral traits, I assigned plants to ambient or reduced pollination treatments. 

Plants in the ambient treatment were unmanipulated. Plants in the reduced pollination 

treatment were covered with mesh pollination bags that exclude pollinators for two days 

and then uncovered for two days, alternating for the duration of the experiment (as in 

Caruso et al., 2005). This treatment increased pollen limitation and reduced seed 

production of L. siphilitica in a previous study (Brown and Caruso, unpublished). 

Pollination treatments were assigned systematically within each array, such that half of 

the females and half of the hermaphrodites in each array received each treatment.  

I ran the experiment from May 25th to September 25th , 2020. Many of the plants 

in the experiment produced axillary racemes both before and after the central raceme 

had finished flowering. Flowers on many of the axillary racemes were included in the 
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experiment, but some axillary racemes were excluded because their flowers were 

unlikely to produce fruit before the end of the growing season.  

Floral trait and fitness measurements 

 To determine the effect of pollination treatments on selection on floral traits of 

females and hermaphrodites, I measured two inflorescence-level traits and two flower-

level traits. At the inflorescence level, I estimated inflorescence height and daily floral 

display size. I estimated inflorescence height by measuring the distance from the soil 

surface to the top of the tallest raceme that was included in daily floral display 

measurements. I estimated daily floral display size by counting the number of open 

flowers two to three times a week throughout the experiment and taking the average of 

all measurements for a plant. These inflorescence-level traits were selected because 

they can play a role in pollinator attraction (Klecka et al., 2018; Park et al., 2019).  

At the flower level, I used digital calipers (Absolute Digimatic, model CD-6”CS, 

Mitutoyo, Mississauga, ON, Canada) to estimate stigma exsertion and flower size. I 

estimated stigma exsertion by measuring corolla tube length and stigma-nectary 

distance and taking the difference between them (as in Caruso et al., 2003b, Figure 1 ). 

I estimated stigma exsertion because it can change the morphological fit between a 

pollinator and a flower, and thus can play a role in pollen transfer efficiency (e.g., 

Muchhala & Thomson, 2009; Solís-Montero & Vallejo-Marín, 2017). To estimate flower 

size, I first measured the length and width of the pollinator landing pad — formed by the 

three lower petal lobes of the corolla — along with corolla tube length (Figure 1). I then 
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calculated the geometric mean of the three measurements to estimate flower size 

(Mosimann & James, 1979; Conner & Rush, 1997). I estimated flower size because it 

can affect both pollen transfer efficiency (Muchhala & Thomson, 2009) and pollinator 

attraction (Conner & Rush, 1996). Both flower-level traits were estimated using one of 

the first 10 flowers to open on a plant (as in Wassink & Caruso, 2013).  

To test whether simulated pollinator decline intensified selection, I measured 

three components of female fitness: fruits per plant, seeds per fruit, and seeds per plant. 

To estimate fruits per plant, I counted the number of fruits on all racemes that were 

included in the experiment. To estimate seeds per fruit, I established a relationship 

between seed number and seed mass by calculating the average mass of 100 seeds 

from a single fruit from 50 different plants. I then weighed the seeds from up to ten fruits 

per plant and estimated the number of seeds in each fruit by dividing the seed mass 

from that fruit by the average mass of 100 seeds and multiplying by 100 (as in 

Johnston, 1991). To estimate total seeds per plant, I multiplied the mean seeds per fruit 

for a plant by the number of fruits produced by that plant. 

Some of the plants in the experiment produced axillary inflorescences after the 

main raceme has finished flowering, resulting in a bimodal and extended flowering 

span. To account for this variation, I measured the covariate flowering span, defined as 

the number of days the plant spent flowering during the experiment. Flowering span of 

each plant was calculated as the number of days between when the plant was placed in 

an experimental array and when the final daily display size measurement was made. 
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Statistical Analyses 

To test the assumption that experimentally reducing pollination did not affect the 

expression of measured floral traits in L. siphilitica, I used two-way analysis of variance 

(ANOVA) models. Each model used one of four floral traits as the dependent variable 

(either flower size, inflorescence height, stigma exsertion, or daily floral display); 

pollination treatment (ambient or reduced) and sex morph (female or hermaphrodite) as 

independent categorical variables; the pollination treatment  sex morph term; and array 

as a blocking term. A non-significant pollination treatment term would indicate the 

assumption that reducing pollination did not affect the expression of floral traits is valid, 

and a non-significant interaction term would indicate that this assumption is valid 

regardless of which sex morph was measured.  

 To test whether simulated pollinator decline weakened plant-pollinator 

interactions, resulting in lower fitness in L. siphilitica, I used two-way ANOVAs models. 

Each model used one of the three fitness components as a dependent variable (either 

fruits per plant, seeds per fruit, or seeds per plant); pollination treatment (ambient or 

reduced) and sex morph (female or hermaphrodite) as independent categorical 

variables; the pollination treatment  sex morph term; and array as a blocking term. If 

the pollination treatment term in the model is significant, then I can conclude that the 

pollination reduction treatment is weakening plant-pollinator interactions, resulting in 

lower plant fitness. 
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To determine which traits were under selection, I estimated directional selection 

differentials using general linear models. Each model included seeds per plant as the 

dependent variable; one of four floral traits (either flower size, inflorescence height, 

stigma exsertion, or daily floral display) as the independent variable; flowering span as a 

covariate; and array as a blocking term. Selection was estimated separately for each 

combination of treatment and sex morph. Floral traits were variance standardized within 

each combination of sexual morph and pollination treatment. Seeds per plant was 

relativized within each combination of sexual morph and pollination treatment by 

dividing individual values by the group mean. I estimated selection differentials instead 

of selection gradients because the sample size for female plants within each treatment 

was relatively small (N = 42–43). The selection differentials will provide estimates of 

total selection (direct selection + indirect selection via correlated traits; reviewed in 

Conner & Hartl, 2004). 

To test whether simulated pollinator decline intensified selection on floral traits of 

females and hermaphrodites, I used an analysis of covariance (ANCOVA) models. Each 

model used seeds per plant as the dependent variable; one of the four floral traits 

described in the previous paragraph as the independent variable; pollination treatment 

(ambient or reduced) as an independent categorical variable; the floral trait  treatment 

interaction term; flowering span as a covariate; and array as a blocking term. Fitness 

and floral traits were relativized and standardized within each combination of sex morph 

and pollination treatment as described in the previous paragraph. Separate ANCOVA 

models were run for each sex morph. If the interaction term is significant, then I can 
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conclude that the pollination treatment is modifying the selection differentials on that 

floral trait. I expect that plants in the reduced pollinator access treatment should have 

larger selection differentials than plants in the ambient pollination treatment. 

To test whether simulated pollinator decline had a larger effect on fitness of female 

than hermaphrodite plants, I used ANOVA models. The same models used to compare 

fitness components between treatments (see above) were used to compare fitness 

components between sex morphs. If the pollination treatment  sex morph term in the 

model was significant, then fitness in females and hermaphrodites is responding 

differently to reduced pollination. I expected a stronger effect of reduced pollination on 

seed production of females than of hermaphrodites, indicating that pollinator declines 

are having a larger effect on plant-pollinator interaction strength of female plants. 

To test whether the intensification of selection due to simulated pollinator decline 

was stronger in females than hermaphrodites, I compared the change in selection 

differentials between treatments (ΔS = SReduced   − SAmbient ). I calculated ΔS for each 

floral trait within each sex morph and compared them using one-sided 95% confidence 

intervals (CIs). I calculated 95% CIs as ΔS ± t*pooled standard error (𝑆𝐸𝑝𝑜𝑜𝑙𝑒𝑑 =

√𝑆𝐸𝑅𝑒𝑑𝑢𝑐𝑒𝑑
2 + 𝑆𝐸𝐴𝑚𝑏𝑖𝑒𝑛𝑡

2  ). If the CIs of ΔS overlap with zero, that means the change in 

selection was not significantly different from zero. If the CIs overlap between the sex 

morphs, that means that the change in selection was not significantly different between 

the sex morphs. I expect that the CIs for ΔS of female plants will be larger and not 
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overlapping with the CIs for ΔS of hermaphrodite plants.To test the assumptions of 

normality, equality of variance and linearity in my models, I looked at Q-Q plots and 

plotted the residuals of the models against the fitted points from the models. The Q-Q 

plots compared the theoretical quantiles of points that follow a normal distribution to the 

standardized residuals. The assumption of normality is met when the plotted points 

approximately follow a line with a slope of one. All my models met the assumption 

normality. The plot of fitted data points vs residuals of the model points allows me to 

evaluate whether my sample data meets the assumptions of equality of variance and 

linearity. A mostly even scatter of points in the top and bottom halves of the plot as well 

as in the left and right sides of the plot means as that both assumptions are met. All of 

my models met the assumptions of equality of variance and linearity. 

Results 

To test the assumption that experimentally reducing pollination did not affect the 

expression of floral traits in L. siphilitica, I compared four floral traits between the 

ambient and reduced treatments. I found that none of the floral traits differed between 

the treatments (non-significant pollination treatment terms; Table 1), regardless of 

sexual morph (non-significant pollination treatment  sex morph terms; Table 1). 

However, two floral traits did differ between the sex morphs (significant sex morph 

terms; Table 1): daily floral displays were 17% larger in females than hermaphrodites, 

but flowers were 13% larger in hermaphrodites than in females (Table 1). These results 

are consistent with the assumption that experimentally reducing pollination did not affect 

the expression of floral traits in L. siphilitica. 
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 To test whether the reduced pollination treatment weakened plant-pollinator 

interactions, resulting in lower fitness, I compared three fitness components between 

treatments: fruits per plant, seeds per fruit, and fruits per plant. I found that the number 

of seeds per fruit and seeds per plant produced by both females and hermaphrodites 

differed between treatments (significant pollination treatment terms, Table 2). 

Specifically, experimentally reducing pollination reduced seeds per fruit by ~18% and 

seeds per plant by ~21% (Table 2). I also found that the number of fruits per plant 

produced by both females and hermaphrodites did not differ between ambient and 

reduced treatments (non-significant pollination treatment term; Table 2). These results 

are consistent with the prediction that the reduced pollination treatment weakened the 

interaction between plants and pollinators.  

 To test the prediction that reduced pollination will strengthen selection on 

attraction and efficiency traits, I compared selection on floral traits between pollination 

treatments. I found that the reduced pollination treatment intensified selection such that 

selection differentials were larger in the reduced treatment than the ambient treatment. 

In female plants, the reduced pollination treatment intensified selection on flower size 

(significant pollination treatment  floral trait term; Table 3; Figure 2b); there was no 

selection on flower size for females in the ambient treatment, but significant selection for 

larger flowers in the reduced pollination treatment (Table 3). This contrasts with 

hermaphrodites, where there was no selection on flower size in either pollination 

treatment (non-significant selection coefficients; Table 3; Figure 2a ). But in 

hermaphrodites, the pollination treatment intensified selection on inflorescence height 
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(significant pollination treatment  floral trait term; Table 3; Figure 3a): Selection for 

taller inflorescences was 2.4 times stronger in hermaphrodites in the reduced pollination 

treatment than the ambient treatment (significant selection coefficients; Table 3). This 

contrasts with females, where there was selection for taller inflorescences (significant 

selection coefficients; Table 3), but the strength of this selection did not differ between 

treatments (non-significant pollination treatment  floral trait term; Table 3; Figure 3b). 

These results support the hypothesis that weakening pollinator interaction intensifies 

selection on attraction and efficiency traits.  

To test whether the reduced pollination treatment weakened plant-pollinator 

interactions more so for females than hermaphrodites, I tested for a significant 

interaction of sex morph and pollination treatment for three fitness components. For all 

three fitness components, I found no interaction between sex morph and treatment 

(non-significant pollination treatment  sex morph terms; Table 2; Figure 4). These 

results do not support the idea that the reduced pollination will weaken plant-pollinator 

interactions with females more so than hermaphrodites.  

To test whether the reduced pollination treatment intensified selection on floral 

traits of females more than of hermaphrodites, I compared the change in selection 

differentials (ΔS) due the pollination treatment between sex morphs. The only trait 

where the change in selection was both greater in females than hermaphrodites and 

significantly different from zero was flower size (Figure 5). However, the change in 

selection on flower size in females is not significantly greater than the change in 
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selection on flower size in hermaphrodites (overlapping 95% CIs for ΔS; Figure 5). 

These results do not support the prediction that reducing pollination will strengthen 

selection on traits in female plants more than hermaphrodites. 

Discussion 

 To test whether pollinator decline would strengthen selection on floral traits of 

females and hermaphrodites, I simulated pollinator declines by limiting pollinator access 

to plants and measured natural selection on floral traits. I found that simulated pollinator 

declines, by decreasing seed production (Table 2), intensified selection on two floral 

traits (inflorescence height and flower size; Table 3). However, the effects of simulated 

pollinator declines on seed production and selection were not stronger for females than 

hermaphrodites (Figs. 5-6). Instead, simulated pollinator declines had similar effects on 

seed production in females and hermaphrodites, but it intensified selection on different 

traits in each sex morph: there was stronger selection for taller inflorescences in 

hermaphrodites (Figure 3a) and for larger flowers in females (Figure 2b). These results 

suggest that pollinator declines can strengthen selection on floral traits, but that different 

traits will be targeted in females and hermaphrodites. 

 My results showing that weakening mutualistic plant-pollinator interactions 

intensified selection on floral traits are consistent with both theory (Benkman, 2013; 

Thomann et al., 2013) and experiments that limited pollinator access to plants and 

measured selection (Caruso et al., 2005; Sletvold & Ågren, 2016; Panique & Caruso, 

2020). However, my results are not consistent with a recent meta-analysis (Caruso et 
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al., 2019), which found that reducing or eliminating pollinator access had a relatively 

modest effect on selection on floral traits. Given the results of these studies, it is not 

clear whether pollinator declines will consistently strengthen selection on floral traits. 

More studies that reduce pollination and measure selection are needed. Future studies 

that have multiple degrees of pollination reduction like Sletvold & Ågren (2016) would be 

particularly useful as the relationship between interaction strength and the intensity of 

selection is predicted to be non-linear (Benkman, 2013; Vanhoenacker et al., 2013).  

 Contrary to my prediction, simulated pollinator declines did not have a larger 

effect on seed production and selection on floral traits of females than of 

hermaphrodites. Instead, simulated pollinator declines reduced seed production and 

intensified selection on floral traits by similar magnitudes for both females and 

hermaphrodites. One explanation for this result is that female plants, which need to 

produce more seeds than hermaphrodites in order to persist in gynodioecious 

populations (reviewed in Dufay & Billard, 2012; Varga, 2021), may have evolved 

mechanisms that buffer the effects of pollinator declines on seed production. For 

example, L. siphilitica female flowers have a longer female-phase duration than 

hermaphrodite flowers (Dudle, 1999). This extended female-phase duration could 

increase the opportunity for pollen receipt by female flowers (Wang et al., 2020) and 

help female plants maintain seed production as pollinators decline. My results suggest 

that female advantages in seed production may compensate for pollinator preferences 

for different sex morphs even when female plants experience reduced pollination. 
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Consequently, female plants may not be as vulnerable to pollinator decline as 

previously thought. 

Although simulated pollinator declines did not strengthen selection on floral traits 

of females more than hermaphrodites, they did strengthen selection on different floral 

traits in females and hermaphrodites – flower size in females and inflorescence height 

in hermaphrodites. Assuming that floral traits are heritable in L. siphilitica (Caruso, 

2004; Ashman & Majetic, 2006), females and hermaphrodites would be predicted to 

adapt to pollinator declines in different ways. Specifically, female plants are predicted to 

adapt to pollinator declines by evolving larger flowers, whereas hermaphrodites are 

predicted to adapt by evolving taller inflorescences. However, these predictions are 

complicated because trait evolution in response to sex morph-specific selection can be 

affected by genetic correlation between traits expressed in females and hermaphrodites 

(i.e., cross-sex genetic correlations). Because cross-sex genetic correlations for floral 

traits are positive in L. siphilitica (Caruso et al. 2003), any effect of pollinator declines on 

selection on floral traits of one sex morph may affect the evolution of that trait in the 

other sex morph. So, in L. siphilitica, hermaphrodites may evolve larger flowers despite 

there being no selection on flower size in hermaphrodites (Table 3) because there was 

selection for larger flowers in female plants. This means that any adaptation to pollinator 

declines is unlikely to affect sexual dimorphism in flower size: hermaphrodites are likely 

to continue having larger flowers than females when L. siphilitica adapts to pollinator 

declines. 
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My study of the effect of pollinator declines on selection on floral traits had two 

primary limitations. First, my sample size of female plants in each treatment (N = 42–43) 

was too small to robustly estimate selection gradients. Given these sample sizes, I 

instead used selection differentials to test whether simulated pollinator declines affected 

selection on floral traits. Selection differentials estimate both direct selection and indirect 

selection via correlated traits (reviewed in Conner & Hartl, 2004). Selection differentials 

will not tell you if a trait is a target of selection because there could be indirect selection 

if it is correlated with another trait that is the target of selection (reviewed in Conner & 

Hartl, 2004). However, previous studies on L. siphilitica have shown that both 

inflorescence height (Benoit & Caruso, 2021) and flower size (Parachnowitsch & 

Caruso, 2008) can be targets of pollinator-mediated selection. Secondly, I estimated the 

effect of simulated pollinator declines on selection on floral traits at an intermediate 

population sex ratio. Population sex-ratio in L. siphilitica can range from 0% females to 

over 90% females (Caruso & Case 2007), and other gynodioecious species have 

comparable ranges (Bailey & Delph, 2007). For my experiment the sex-ratio of the 

arrays ranged from 23 to 44%. This is around the maximum proportion females in large 

populations of L. siphilitica (>100 individuals) but is much lower than the maximum 

proportion females in small populations (<100 individuals), which can be over 90% 

female (Caruso & Case 2007). Population sex-ratio may affect selection because it 

affects fitness via the number of mates available to fertilize ovules in female plants (i.e., 

fewer available mates with more females; Bartkowska & Johnston, 2014) and may 

affect pollinator assemblages or foraging behaviour (Case & Ashman, 2009; Van Etten 
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& Chang, 2014; Castilla et al., 2016). Consequently, the effect of pollinator decline on 

selection on floral traits for populations of different sex-ratios is worthwhile looking at in 

future experiments. 

Overall, my results suggest that female and hermaphrodite plants can both adapt 

to pollinator decline by evolving traits that reinforce their interaction with pollinators. My 

results also suggest that female plants are not more strongly affected by pollinator 

decline than hermaphrodites, but females are rather similarly resilient to some degree of 

reduced pollination. This means that gynodioecious species are not necessarily less 

adaptable to pollinator decline than solely hermaphrodite populations. This conclusion 

contrasts previous literature about the vulnerability of plants with sexually dimorphic 

breeding systems to pollinator declines (De Jong, 2011) and highlights the need to 

explore the non-linear relationship between plant-pollinator interaction strength and the 

intensity of selection on floral traits (Benkman, 2013; Vanhoenacker et al. 2013). 

However, from this experiment we can see that females and hermaphrodites in this 

species will experience differences in selection that, given positive cross-sex genetic 

correlations (Caruso et al. 2003), could influence evolution in the opposite sex morph. 

Thus, sex morph is an important factor to consider for the evolution of plants with 

sexually dimorphic breeding systems in response to pollinator decline.  
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Table 1. Mean (± 1 SE) floral traits of female and hermaphrodite Lobelia siphilitica plants exposed to ambient and reduced pollination 
treatments. 

 Sex morph F1,271 

Hermaphrodite Female 

Treatment Treatment Effect 

Floral trait Ambient Reduced Ambient Reduced Pollination 
treatment 

Sex morph Pollination 
treatment x 

sex 

Daily floral 
display 

8.915 ± 
0.448 

8.857 ± 
0.426 

10.082 ± 
0.725 

10.801 ± 
0.821 

0.358 5.010* 0.591 

Flower size 
(mm) 

12.037 ± 
0.085 

12.093 ± 
0.091 

10.916 ± 
0.112 

10.856 ± 
0.149 

0.001 108.280*** 0.190 

Stigma 
exsertion 
(mm) 

5.015 ± 
0.097 

4.994 ± 
0.124 

5.027 ± 
0.0206 

4.999 ± 
0.153 

0.001 1.057 0.019 

Inflorescence 
height (cm) 

41.369 ± 
1.207 

40.462 ± 
1.060 

42.235 ± 
1.817 

41.479 ± 
1.655 

0.165 1.981 0.113 

n 97 95 43 42    

Note: *** P < 0.001;  ** P < 0.01; * P < 0.05  
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Table 2. Mean fitness components (± 1 SE) of female and hermaphrodite Lobelia siphilitica plants exposed to ambient and reduced 
pollination treatments. 

 Sex morph F1,271  

Hermaphrodite Female 

Treatment Treatment Effect 

Fitness 
component 

Ambient Reduced Ambient Reduced Pollination 
treatment 

Sex morph Pollination 
treatment x 

sex 

Fruit per 
plant 

79.402 ± 
5.137 

74.589 ± 
4.724 

96.698 ± 
11.011 

95.738 ± 
11.171 

0.002 1.364 0.113 

Seeds per 
fruit 

355.165 ± 
14.051 

288.805 ± 
12.846 

406.976 ± 
20.449 

345.823 ± 
21.557 

13.816*** 6.994** 
 

0.055 

Seeds per 
plant 

28367.56 ± 
2189.51 

22177.01 ± 
1787.94 

41143.26 ± 
5559.32 

33553.62 ± 
4161.29 

5.292* 9.644** 0.029 

n 97 95 43 42    

Note: *** P < 0.001;  ** P < 0.01; * P < 0.05  
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Table 3. Standardized directional selection differentials (± 1 SE) via seeds per plant on four floral traits of female and hermaphrodite 
Lobelia siphilitica plants exposed to ambient and reduced pollination treatments. 

Note: *** P < 0.001;  ** P < 0.01; * P < 0.05  

  

 Sex morph 

Hermaphrodite Female 

Treatment           F1,185 Treatment F1,78 

Floral trait Ambient Reduced Trait x 
treatment 

Ambient Reduced Trait x 
treatment 

Flower size 0.021 ± 0.066 0.104 ± 0.073 0.927 -0.120 ± 0.127 0.203 ± 0.098* 4.528* 

Inflorescence 
Height 

0.169 ± 0.078* 0.401 ± 0.086*** 5.314* 0.362 ± 0.141* 0.246 ± 0.106* 0.487 

Stigma Exsertion 0.026 ± 0.068 -0.103 ± 0.073 1.077 0.118 ± 0.146 -0.010 ± 0.124 1.143 

Daily Floral 
Display 

0.358 ± 0.061*** 0.420 ± 0.065*** 0.640 0.485 ± 0.109*** 0.427 ± 0.087*** 0.158 

n 97 95  43 42  
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Figure 1. Front (A) and side (B) views of a hermaphrodite female phase Lobelia siphilitica flower, showing the four floral morphology 
traits that were measured to estimate flower size and stigma exsertion. Landing pad width was measured from point 1 to point 2. 
Landing pad height was measured from point 3 to point 4. Stigma nectary distance was measured from point 5 to point 7. Corolla tube 
length was measured from point 6 to point 7 

 B
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Figure 2. Partial regression plot of flower size and seeds per plant in hermaphrodite (A) and female (B) Lobelia siphilitica in each of two 
treatments: ambient pollination (grey symbols and regression line) and reduced pollination (black symbols and dashed regression line). 
Flower size has been variance standardized within sex morph and pollination treatment. Seeds per plant has been relativized within sex 
morph and pollination treatment. 
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Figure 3. Partial regression plot of inflorescence height and seeds per plant in hermaphrodite (A) and female (B) Lobelia siphilitica in 
each of two treatments: ambient pollination (grey symbols and regression line) and reduced pollination (black symbols and dashed 
regression line). Flower size has been variance standardized within sex morph and pollination treatment. Seeds per plant has been 
relativized within sex morph and pollination treatment. 
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Figure 4. Interaction plot for mean seeds per plant (± 1 SE) in female (solid line) and hermaphrodite (dotted line) Lobelia siphilitica 
plants under ambient (left) and reduced (right) pollination treatments. 
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Figure 5. The effect of reduced pollination on selection differentials (𝚫𝐒 ± 𝟗𝟓% 𝐂𝐈 ) for four floral traits in hermaphrodite (black 

symbols and error bars) and female (purple symbols and error bars) Lobelia siphilitica plants. The effect of the reduced pollination 

treatment was calculated as the difference between selection differentials in the reduced and ambient pollination treatments 

(𝚫𝐒 = 𝐒𝐑𝐞𝐝𝐮𝐜𝐞𝐝   − 𝐒𝐀𝐦𝐛𝐢𝐞𝐧𝐭 ). Error bars represent 95% CIs calculated using pooled standard error (𝑺𝑬𝒑𝒐𝒐𝒍𝒆𝒅 =

√𝑺𝑬𝑹𝒆𝒅𝒖𝒄𝒆𝒅
𝟐 + 𝑺𝑬𝑨𝒎𝒃𝒊𝒆𝒏𝒕

𝟐  ). 


