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ABSTRACT 

THE EFFECTS OF URBANIZATION ON REPRODUCTION AND SELECTION ON 

FLORAL TRAITS IN THE WILDFLOWER, LINARIA VULGARIS 

Ariana Alexis Longley 
University of Guelph, 2019

Advisor: 

Christina M. Caruso 

Urbanization-induced changes to the environment may affect reproduction and evolution within 

plant populations. These changes include habitat fragmentation, which may reduce genetic 

diversity within urban populations, and decreased pollinator activity, which may increase 

competition for pollinators between plants. To test if these changes could influence reproduction 

and selection on reproductive traits within urban plant populations, I performed hand-

pollinations and measured phenotypic selection on floral traits in the self-incompatible plant, 

Linaria vulgaris, along urban to rural gradients. I found that compatible mate availability 

hindered reproductive success within urban populations and evidence of the breakdown of self-

incompatibility in urban and rural populations. I found no difference in selection on floral traits 

between urban and rural populations, but floral traits were larger in urban areas. My study 

suggests that floral traits will not continue to diverge between urban and rural populations, 

however mate availability maybe an underappreciated limit on reproduction in urban 

populations. 
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Introduction 

Urbanization is the process of converting natural or rural areas into cities and towns 

(Johnson et al. 2015). The rate of urbanization has dramatically intensified and has led to a 

number of changes to the biotic environment, including increased parasite abundance, habitat 

fragmentation, and decreased pollinator activity (Seto et al. 2010, Alberti et al. 2017). These 

changes, particularly habitat fragmentation and decreased pollinator activity, may hinder the 

reproductive success of plants in urban populations by limiting pollen dispersal between and 

within populations and reducing genetic diversity within populations (Santangelo et al. 2018). If 

urbanization negatively affects reproductive success in plant populations, this may result in 

selection for traits that allow plants to sexually reproduce in the face of limited mating 

opportunities (Johnson et al. 2015). However, little is known about how urbanization influences 

reproductive success or selection in plant populations (Rivkin et al. 2019). By investigating how 

urbanization may impact the reproduction and evolution of plants, we can begin to develop 

targeted management strategies to help preserve urban plant populations (Menz et al. 2011). 

One urbanization-induced change to the biotic environment that could affect reproduction 

and evolution in plant populations is habitat fragmentation (Eckert et al. 2009). Habitat 

fragmentation reduces population sizes and decreases connectivity between plant patches. 

Declines in population sizes and connectivity could affect the evolution of plant populations by 

reducing genetic diversity within urban populations in two ways. First, reduced populations sizes 

through fragmentation can increase genetic drift within these populations (Dubois and Cheptou 

2017). Second, hindered connectivity through fragmentation can limit pollen dispersal between 

habitat patches (Scobie and Wilcock 2009). Low genetic diversity caused by fragmentation could 
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affect the persistence and evolution of urban plant populations by reducing compatible mate 

availability (Young and Pickup 2010). Any reduction in genetic diversity in urban plant 

populations is especially likely to reduce compatible mate availability in self-incompatible plant 

species because they can only reproduce with pollen from other individuals of their own species 

with dissimilar S-alleles (Igic et al. 2008). But although genetic diversity at neutral markers can 

be lower in urban populations (Bartlewicz et al. 2015) and there has been research on the effect 

of habitat fragmentation in non-urban areas (Wagenius et al. 2007), there is no literature that has 

observed whether this reduction in genetic variation affects compatible mate availability within 

self-incompatible urban plant populations (Johnson et al. 2018).  

The second urbanization-induced change to the biotic environment that could affect the 

evolution of plant populations is a decline in pollinator activity (Thomann et al. 2013, Desaegher 

et al. 2018). Declines in pollinator activity may occur either because habitat fragmentation makes 

it difficult for pollinators to find plant patches, or because habitat destruction decreases the 

availability of nesting sites (Andrieu et al. 2009, Bates et al. 2011). A decrease in pollinator 

activity can intensify competition for pollinator visitation, which may result in stronger selection 

for floral traits that make plants more attractive, such as larger flowers, in urban populations 

(Caruso 2000, Mitchell et al. 2009, Desaegher et al. 2017). Stronger selection for larger flowers 

in urban plant populations could subsequently cause divergence in floral traits between 

populations in urban areas and rural areas that are not experiencing pollinator declines. Previous 

studies have looked at phenotypic selection along urban to rural gradients (Dubois and Cheptou 

2017, Gorton et al. 2018), however, few studies have measured selection on floral traits along 

these gradients within self-incompatible plant populations (Bode and Tong 2017, Irwin et al. 
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2018, Rivkin et al. 2019). Declines in pollinator activity may be more likely to affect selection 

on floral traits in self-incompatible plant populations compared to self-compatible populations 

(Burns et al. 2019). Self-incompatible plants have been shown to be more pollen limited than 

self-compatible plants (Burns et al. 2019). Pollen limitation may lead to stronger pollinator 

mediated selection on floral traits that increase the attractiveness of an individual to pollinators in 

order to enhance pollination success (Trunschke et al. 2017).   

Both urbanization-induced habitat fragmentation and declines in pollinator activity could 

lead to the breakdown of self-incompatibility. Breakdown of self-incompatibility occurs when a 

once self-incompatible plant develops a mutation that allows it to sexually reproduce with its 

own pollen or with genetically similar pollen (Stone 2002). In the history of previously fully self-

incompatible populations, the breakdown of self-incompatibility has been assumed to evolve as a 

form of reproductive assurance when the rate of sexual reproduction is low (Schoen et al. 1996). 

Habitat fragmentation may lead to the breakdown of self-incompatibility by decreasing 

compatible mate availability (Young and Pickup 2010). If sexual reproduction is reduced 

because of decreased compatible mate availability within urban plant populations, this may 

select for alleles that allow plants to produce seeds despite only receiving pollen from mates with 

genetically similar pollen. Declines in pollinator activity may also lead to the breakdown of self-

incompatibility by limiting the total amount of pollen plants receive through decreased within 

and between population movement of pollen (Busch and Schoen 2008).  If sexual reproduction 

within urban plant populations is reduced because of pollen limitation, this may create an 

environment that favours selection of self-compatibility and autogamy genes that allow plants to 

sexually reproduce without exposure to an outside pollen source. Breakdown of the self-
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incompatibility system, either in response to low compatible mate availability or pollen 

limitation, should then allow plants in urban populations to maintain their populations through 

seed production despite decreased mating opportunities (Ushimaru et al. 2014).  While the 

effects of fragmentation and declines in pollinator activity on the breakdown of self-

incompatibility have been widely studied within other contexts, such as in island populations and 

in newly established populations (Inoue 1990, Voillemot and Pannell 2017), there is currently no 

published research looking at whether there is a link between breakdown of self-incompatibility 

and urbanization. 

To test whether habitat fragmentation and decreased pollinator activity could influence 

reproductive success and selection on reproductive traits in urban plant populations, I studied 

Linaria vulgaris. I selected L. vulgaris for two reasons. First, L. vulgaris has a gametophytic self-

incompatibility system (Saner et al. 1975). Because of its self-incompatibility system, the 

reproductive success of urban L. vulgaris populations can be affected by both habitat 

fragmentation and decreased pollinator activity by way of reduced compatible mate availability 

and pollen dispersal, even if there is sufficient mate diversity within a population (Wilcock and 

Neiland 2002). In order to increase reproductive output within urban L. vulgaris populations, 

selection may favour the breakdown of self-incompatibility and larger floral traits to allow 

individuals to better compete for pollinators. Second, L. vulgaris populations in urban areas in 

Europe have lower genetic diversity and seed sets than rural populations (Bartlewicz et al. 2015). 

This suggests that urban L. vulgaris populations may be experiencing both decreased compatible 

mate availability and low pollen movement.  
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There were three main questions in my study investigating the effect of urbanization on 

reproduction and selection on reproductive traits within L. vulgaris populations. (i) Could 

compatible mate availability affect fruit production in urban populations? I predicted that low 

compatible mate availability would reduce reproductive output in urban plant populations. (ii) Is 

there a difference in selection on floral traits in urban L. vulgaris populations compared to rural 

L. vulgaris populations? I predicted I would find stronger selection on floral traits in urban 

populations compared to rural populations if there is more intense competition for pollinator 

visitation in urban areas. (iii) Is there evidence of the breakdown of the self-incompatibility 

system in L. vulgaris populations? I predicted I would find breakdown of self-incompatibility 

within L. vulgaris populations. 

Methods and Materials 

Study Species 

Linaria vulgaris (Plantaginaceae) is a perennial herbaceous plant native to Europe that 

has invaded much of North America. In both its native and invasive ranges, populations grow 

along urban to rural gradients in dry and disturbed areas such as railways, roadsides, and 

construction sites (Saner et al. 1995). In southern Ontario, where my study was conducted, L. 

vulgaris populations can contain ~94-160 ramets per m2  (Saner et al. 1995). These populations 

flower between late June and mid-August and develop fruits from late August to early November 

(pers obs.). 

Linaria vulgaris can reproduce both asexually and sexually. Asexually, L. vulgaris can 

reproduce via branched and adventitious roots that produce budding clonal ramets. Because L. 

vulgaris has a gametophytic self-incompatibility system, sexual reproduction is reliant on 
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pollination by primarily bumblebees (Bombus sp.), including Bombus impatiens and Bombus 

bimaculatus, to receive genetically dissimilar pollen to produce seeds. Linaria vulgaris attracts 

these pollinators through their flowers, which are bright yellow, ~2-3 cm long, and have two 

large petal lobes to guard their single nectar spur. Pollinators must squeeze past the upper and 

lower petal lobes to collect the nectar. The bottom petal lobe functions as a landing pad for 

pollinators (Saner et al. 1995). Records of seed production in L. vulgaris vary between 

populations, with observations ranging between 10 and 110 seeds per fruit (Saner et al. 1995). 

Q1: Could mate availability affect fruit production in urban populations? 

Seed collection: To test if compatible mate availability could affect fruit production in 

urban L. vulgaris populations, I collected seeds from populations growing along 40-kilometer 

urban to rural transects in the following three areas in Ontario, Canada: Guelph, (N 43.559, W-

80.270), Mississauga (N 43.728,W -79.754), and Toronto (N 43.834, W -79.505). I estimated the 

level of urbanization of each population by visual observations of the surrounding natural 

environment. I defined urban populations as groups of plants surrounded by man-made 

structures, such as buildings, houses, sidewalks, and parking lots. I defined rural populations as 

groups of plants surrounded by expansive livestock and agricultural fields or forested lands. My 

assessments were confirmed using NASA’s Global Man-Made Impermeable Surface and 

Settlement Extent map, where urban areas were defined as a one km2 plot with over 20 % 

impermeable surfaces surrounding a population (Irwin et al. 2018). 

I collected seeds from six populations along each of the three transects listed above. 

Within the Mississauga and Toronto transects, I systematically chose three populations: one 

population was in an urban area at the southernmost point of each transect, the other population 
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was in a rural area at the northernmost point of each transect, and the last population was located 

at the 20 km mid-point of each transect. I chose the other three populations randomly in between 

the southern urban population and the northern rural population. This sampling design resulted in 

four urban and two rural populations being selected within both the Mississauga and Toronto 

transects. Within the Guelph transect, the urban core was bookended with rural environments, 

with few L. vulgaris populations in the northern end of the transect. Therefore, I selected one 

rural population located at the rural southernmost point of the transect, one at the rural 

northernmost point of the transect, and one at the urban 20 km mid-point of the transect. I then 

randomly selected another rural population at the southern portion of the transect and two urban 

populations in the urban center. This sampling design resulted in three urban and three rural 

populations being selected from the Guelph transect. Within each population selected for this 

experiment, I collected fruits from 15-20 plants between August and October 2017. Plants were a 

minimum of 30 cm apart to avoid collecting fruits from clones of the same individuals 

(Bartlewicz et al. 2015).  

Germination and growth: To germinate seeds for this experiment, I removed seeds from 

their fruit casings in lab and bulked seeds for each individual population. I placed all seeds on 

moist filter paper in a petri dish, wrapped each petri dish in parafilm, and stratified them at 5˙C 

(Nadeau et al. 1992). After eight weeks of stratification, I planted 5-10 seeds from each 

population in 2 L pots filled with a 3:4:1 mixture of sand, Sunshine mix (manufactured by Sun 

Gro Horticulture Canada, Vancouver, British Columbia, Canada), and vermiculite. I planted ten 

pots per population. I randomly ordered each pot on a greenhouse bench in the University of 

Guelph Phytotron, located in Guelph, Ontario, Canada. The greenhouse maintained a 16-hour 
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photoperiod with temperatures ranging from 25˙C during the day and 20˙C at night. I added 20-

20-20 fertilizer to each pot every three weeks. I watered plants every two days with water being 

added until surface water remained on the top of the soil for ~5 seconds. After germination, I 

thinned seedlings to one per pot. Some populations produced fewer plants than expected because 

of low germination rates. To ensure an adequate sample size, I germinated a second sample of 

seeds from the same populations, resulting in two experiments five weeks apart (Table 1). 

Treatment design: To determine if mate availability affects fruit production in urban 

populations, I applied three hand-pollination treatments to maternal plants from urban 

populations: Urban Home, Urban Away, and Rural Away.  For the Urban Home treatment, I 

applied pollen from another individual in the maternal plant’s own population. For the Urban 

Away treatment, I applied pollen from an individual in another urban population within the same 

transect as the maternal plant. For the Rural Away treatment, I applied pollen from an individual 

in a rural population within the same transect as the maternal plant. While I did not have any a 

priori predictions as to whether fruit production would differ between the Urban and Rural Away 

treatments, I chose to include both treatments to test if urban and rural populations included 

similar compositions of S-alleles and if the origin of the introduced pollen had any effect on the 

number of compatible matings that occurred. 

To pollinate maternal plants, I removed flowers from randomly selected paternal plants, 

pulled back the upper petal lobe, and gently rubbed the anther tips on the stigma of a randomly 

selected flower on the maternal plant until it was covered in pollen (as in Ward et al. 2009). I 

repeated this process on three separate flowers per treatment on the first flowering ramet of all 

maternal plants from urban populations. In total, I pollinated 56 maternal plants across all 
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populations within the first experiment and 111 maternal plants across all populations within the 

second experiment with all three treatments (Table 1). To track which flowers had undergone 

which treatment, I tied embroidery thread around the pedicel of each flower. One month after 

performing hand pollinations, I recorded whether a compatible mating had occurred based on the 

presence or absence of a fruit for all pollinated flowers. I summarized the results for each 

treatment on each plant because all flowers within a single treatment on a given plant either did 

or did not produce fruits.  

Statistical analysis: To test if mate availability could affect fruit production in urban 

populations, I used McNemar’s test. McNemar’s test compares a categorical variable between 

two treatments applied to the same individual, resulting in a paired design (McNemar 1947). I 

used McNemar’s test to compare the frequency of fruit production between three pairs of hand 

pollination treatments: Urban Home vs. Urban Away; Urban Away vs. Rural Away; and Rural 

Away vs. Urban Home. I analyzed the results of the two common garden experiments separately 

because an additional pollination treatment (see Q3, below) was applied to plants in the second 

experiment. If the Urban Home treatment was less likely to produce a fruit than the Urban Away 

and Rural Away treatments, then I inferred that fruit production within urban populations may be 

affected by compatible mate availability. If the Urban Away and Rural Away treatments were 

equally likely to produce a fruit, then I inferred that the origin of the introduced pollen had no 

effect on the number of compatible matings that occurred. 
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Q2: Is there a difference in selection on floral traits in urban L. vulgaris populations 

compared to rural L. vulgaris populations? 

Data collection: To determine if urbanization influences the strength of selection on 

floral traits within urban populations, I measured four floral traits and a female fitness 

component in seven L. vulgaris populations. I randomly selected seven populations along a 40 

km urban to rural transect starting in Mississauga, Ontario, Canada (N 43.728, W -79.754) 

(Figure 1). I categorized three populations as urban and four as rural as described above in Q1. 

Within each population, I selected 20-50 plants approximately 30 cm apart from each other to 

avoid sampling multiple ramets from the same genet (Bartlewicz et al. 2015). The number of 

plants I sampled within each population differed because ramet density and population size 

varied.  

I measured four floral traits on each plant: landing pad width, landing pad length, nectar 

spur length, and inflorescence size. I selected these traits because they have been known to 

attract pollinators in other plant species (Weber and Kolb 2011, Sletvold and Agren 2014). I used 

digital calipers to measure landing pad width (mm), landing pad length (mm), and nectar spur 

size (mm) on three haphazardly selected flowers per plant. I measured the nectar spur from the 

bottom tip of the spur to where the spur intersected with the corolla tube. I measured 

inflorescence size (cm) with a ruler and defined it as the point on each stem where flowers 

started growing to the top of the plant where the flowers ended.  

For each plant, I estimated the female fitness component seeds per fruit. In October 2018, 

I collected 5.32 ± 0.263 (mean ± 1 SE) fruits per plant. I did not collect fruits from an average of 

seven plants per population because they had died prior to fruit collection. I counted the number 
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of seeds produced by each fruit I collected. For each individual ramet, I averaged the total 

number of seeds produced by an individual by the number of fruits collected to calculate mean 

number of seeds per fruit.   

Statistical analysis: To determine if floral traits or the fitness component differed 

between urban and rural populations, I used a one-way analysis of variance (ANOVA) followed 

by 1-df contrasts. Each ANOVA model included population as an independent variable and a 

floral trait measurement (landing pad width, landing pad length, nectar spur length, or 

inflorescence size) or fitness component (seeds per fruit) as the dependent variable. I compared 

floral traits and the fitness component between urban and rural populations with a 1-df a priori 

contrast on the population term.  

To test if there was stronger selection on floral traits in urban populations compared to 

rural populations, I measured directional selection differentials within each population using 

univariate linear regressions (Conner and Hartl 2004). Each regression model included a 

standardized floral trait as the independent variable and relativized fitness as the dependent 

variable. Each floral trait was standardized to a mean of zero and a variance of 1. I relativized 

fitness measures by dividing the number of seeds produced by a fruit by the mean number of 

seeds per fruit produced within the population. Because seeds per fruit was not normally 

distributed within some populations, I calculated bootstrapped standard errors and t-tests. I used 

the bootstrapped t-tests and standard errors to test whether the selection differentials were 

significantly different from zero. 

I then compared selection differentials between urban and rural populations by 

performing an ANCOVA followed by a 1-df contrast. The dependent variable was the relativized 
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fitness component (seeds per fruit). The independent variables included a continuous term for 

standardized floral trait measurement, a categorical term for population, and a standardized floral 

trait × population term. I performed separate ANCOVAs for each floral trait (landing pad width, 

landing pad length, nectar spur length, or inflorescence size). I then compared selection 

differentials between urban and rural populations with a 1-df a priori contrast on the floral trait × 

population interaction term. If the 1-df contrast for a trait was significant, then this would 

support my prediction that the strength of selection on floral traits differs between rural and 

urban populations. 

Q3: Is there evidence of the breakdown of the self-incompatibility system in L. vulgaris 

populations? 

To determine if L. vulgaris’ gametophytic self-incompatibility system had broken down 

within urban or rural populations, I applied a self-pollination treatment to both maternal urban 

plants and paternal rural plants used in experiment #2 for Q1 (see above). I performed hand 

pollinations on three flowers on plants from both urban and rural populations. The pollen used to 

pollinate each maternal plant came from a randomly selected flower from the same plant. To 

pollinate flowers, I hand pollinated plants with the same procedure used to pollinate plants 

within Q1. I performed this selfing treatment on 122 plants from urban populations and 79 plants 

from rural populations (Table 1). One month after self-pollinating plants, I recorded whether a 

compatible mating had occurred based on the presence or absence of a fruit for all pollinated 

flowers. I summarized the results of the self-pollination treatment on each plant because all 

flowers within a plant either produced or did not produce fruits. If an individual developed a fruit 
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on all three flowers that received the self-pollination treatment, this would suggest that self-

incompatibility had broken down within that plant.  

Results 

Q1: Could mate availability affect fruit production in urban populations? 

In one of two experiments, plants from urban populations were more likely to set a fruit 

when they received pollen from another urban population than from when they received pollen 

from their own population. In experiment #2, fruit set differed significantly between the Urban 

Away and Urban Home treatments; 95.43 % of plants set fruit when they received pollen from 

another urban population, whereas 86.9 % of plants set fruit when they received pollen from 

their own population.  In contrast, in experiment #1, fruit set did not differ between the Urban 

Away and Urban Home treatments; 91.11 % of plants set fruit when they received pollen from 

another urban population and 83.8 % of plants set fruit when they received pollen from their own 

population (Table 2).   

Similarly, in one of two experiments, plants from urban populations were more likely to 

set a fruit when they received pollen from a rural population than from when they received 

pollen from their own population. In experiment #2, fruit set differed significantly between Rural 

Away and Urban Home treatments; 97.2 % of plants set fruit when they received pollen from a 

rural population, whereas 86.9 % of plants set fruit when they received pollen from their own 

population. In contrast, in experiment #1, fruit set did not differ between the Rural Away and 

Urban Home treatments; 89.7 % of plants set fruit when they received pollen from a rural 

population and 83.8 % of plants set fruit when they received pollen from their own population 

(Table 2).    
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In both experiments, flowers that received pollen from either another urban or rural 

population were equally likely to set a fruit. In experiment #1, 89.7 % of plants set fruit when 

they received pollen from a rural population and 91.11 % of plants set fruit when they received 

pollen from another urban population. In experiment # 2, 89.7 % of plants set fruit when they 

received pollen from a rural population and 95.43 % of plants set fruit when they received pollen 

from another urban population (Table 2).   

Q2: Is there a difference in selection on floral traits in urban L. vulgaris populations 

compared to rural L. vulgaris populations? 

 Three of the four floral traits differed between urban and rural populations. Relative to 

rural populations, plants from urban populations had 12.3 % wider landing pads, 6.4 % longer 

landing pads, and 11.8% longer nectar spurs. Although inflorescences were 22.1 % longer in 

urban populations than in rural populations, this difference was not statistically significant (Table 

3, Figure 2).  

 Within at least one population there was significant selection on three of four floral traits: 

landing pad width, landing pad length, and inflorescence size. There was significant selection for 

narrower and shorter landing pads in Rural population 2. There was significant selection for 

larger inflorescence sizes in Rural populations 1 and 3 and Urban population 1. However, there 

was no significant difference in selection between urban and rural populations (Table 4). 

Q3: Is there evidence of the breakdown of the self-incompatibility system in L. vulgaris 

populations? 

Plants from both urban and rural populations produced fruits when self-pollinated. In 

total, 27 plants exhibited breakdown of self-incompatibility between both urban and rural 
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populations. Out of the 11 urban populations, 6 of them included plants that produced fruit when 

hand pollinated with the selfing treatment. Out of the 7 rural populations, 4 of them included 

plants that produced fruit when hand pollinated with the selfing treatment. These self-

pollinations resulted in 13.1 % of plants from urban populations producing fruits and 18.3 % of 

plants from rural populations producing fruits (Figure 3). 

Discussion 

Q1: Could mate availability affect fruit production in urban populations? 

My data shows that plants from urban L. vulgaris populations were significantly less 

likely to produce a fruit when crossed with a plant from their own population compared to when 

they were crossed with a plant from another population. This result suggests that reproduction in 

urban populations is affected by the availability of compatible mates. Within self-incompatible 

species like L. vulgaris, the availability of compatible mates depends on genetic diversity within 

a population, with lower genetic diversity resulting in fewer compatible mates (Paschke et al. 

2002). While I did not determine genetic diversity within my sample populations, Bartlewicz et 

al. (2015) found that urban L. vulgaris populations had less genetic variation in neutral markers 

when compared to rural L. vulgaris populations. Their study did not examine whether low 

genetic diversity at neutral markers is related to low compatible mate availability, however, 

many studies have found that other self-incompatible species experiencing low compatible mate 

availability also have low variation at neutral genetic markers, suggesting that these populations 

have low S-allele diversity (Young and Brown 1999, Paschke et al. 2002, Pickup and Young 

2008). To test whether urban plant populations have low S-allele diversity, plant material could 

be sampled from populations along an urban to rural gradient. The self-incompatibility locus 
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within each sample could then be genotyped to identify the diversity of S-alleles present within 

each population (as in Richman et al. 1996, Kodad et al. 2008) 

Genetic drift could be one explanation as to why plants in urban populations were more 

likely to set a fruit when they received pollen from a population other than their own. If small 

fragmented urban populations are experiencing genetic drift, this should lead to a random loss of 

S-alleles (DeMauro 1993). This might result in an Allee effect, where reproductive success could 

be reduced if there are fewer S-allele variants present within these populations (Wagenius et al. 

2007). Therefore, if an urban self-incompatible individual receives pollen from within its own 

population, there is a higher probability that the pollen grain will have the same S-allele as the 

maternal plant. However, considering the loss of S-alleles due to drift is random, it is possible 

that all urban populations I sampled along my transects have lost different variants of S-alleles. 

In this context, it is possible that receiving pollen from another small urban population could 

increase the likelihood of setting a fruit by introducing pollen with a new or previously lost S-

allele. 

The limited compatible mate availability I saw in urban L. vulgaris populations could 

result in increased clonal reproduction. Limited compatible mate availability could cause plants 

from urban populations to invest more resources in reproduction via clonal growth (Vallejo-

Marín and O’Brien 2007). Increased clonal growth could then further reduce compatible mate 

availability, especially among neighbouring plants, by increasing the proportion of individuals 

with the same S-alleles within self-incompatible populations. Evidence that plants from urban 

populations are producing more clonal ramets to compensate for decreased sexual reproduction 

stemming from low compatible mate availability can be seen in Bartlewicz’s et al. (2015) study, 
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where they found smaller seed sets and reduced clonal diversity within urban L. vulgaris 

populations. One way to test if plants from urban populations are investing more in clonal 

reproduction than plants from rural populations would be to grow plants from both urban and 

rural populations in a greenhouse common garden. If plants from urban populations produce 

more clonal ramets, this would suggest that plants from urban populations invest more in 

vegetative reproduction than plants from rural populations.  

One way to alleviate the negative effects of low compatible mate availability on 

reproductive success within urban populations is to maintain connectivity between plant patches. 

Within my study, L. vulgaris individuals from urban populations were more likely to produce a 

fruit when they received pollen from outside their own populations. Therefore, facilitating 

pollinator movement between patches of L. vulgaris by increasing connectivity in urban areas 

could allow pollen with new alleles to enter plant populations and increase reproductive success.  

Increased reproductive success within urban self-incompatible plant populations may help urban 

populations maintain themselves in the face of low within-population genetic diversity. Future 

conservation and city planning efforts may wish to increase connectivity between habitat patches 

by incorporating natural corridors into urban landscapes to encourage pollinator, and thus pollen, 

movement between plant populations within these areas (Menz et al. 2011, Cranmer et al. 2012).  

Q2: Is there a difference in selection on floral traits in urban L. vulgaris populations 

compared to rural L. vulgaris populations? 

I did not see any differences in selection on landing pad width, landing pad length, nectar 

spur length, or inflorescence size between urban and rural L. vulgaris populations. These results 

are not consistent with my prediction that increased competition for pollinators will cause 
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stronger selection on floral traits in urban populations compared to rural populations. My results 

also differ from the results of previous studies that measured selection on floral traits within 

urban and rural environments: previous studies found significantly stronger selection in urban 

populations than in rural populations (Bode and Tong 2017, Irwin et al. 2018). The results of my 

study imply that, since selection did not differ between urban and rural populations, urbanization 

should not affect future floral evolution in L. vulgaris populations. However, if pollinator activity 

continues to decline, competition between plants for pollinator visitation may further intensify 

(Potts et al. 2010). Intensified competition for pollinator visitation within urban plant populations 

may lead to stronger selection for more attractive floral traits within urban areas to allow plants 

to better attract pollinators. 

Although selection on floral traits did not differ between urban and rural populations, I 

found that L. vulgaris flowers were larger in urban populations than in rural populations. 

Landing pad width, landing pad length, and nectar spur length were significantly larger in plants 

from urban populations. Some previous studies looking at urban to rural gradients also found 

larger flowers in urban plant populations compared to rural plant populations (Irwin et al. 2014, 

2018), but others did not (Bode and Tong 2017). The differences in floral traits in my 

populations suggests that plants within urban L. vulgaris populations have already evolved larger 

floral traits in response to pollinator declines. There may be larger floral traits within urban plant 

populations because urban L. vulgaris populations have previously adapted to the point where 

floral traits are optimized to urban environments. One way to test this idea is to set up arrays of 

L. vulgaris plants from both urban and rural plant populations in urban environments. If it is true 

that selection within urban environments favours larger floral sizes, then within these arrays I 
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would expect to see stronger selection for larger floral traits in plants from rural areas 

experiencing urban environments for the first time compared to plants from urban areas who are 

native to urban conditions.   

Q3: Is there evidence of the breakdown of the self-incompatibility system in L. vulgaris 

populations? 

I found evidence of the breakdown of self-incompatibility within L. vulgaris populations. 

Out of 18 populations sampled, ten populations included plants that were able to produce a fruit 

when they were self-pollinated. While my research is the first to show the breakdown of self-

incompatibility within L. vulgaris, breakdown of the self-incompatibility system has been 

documented in the congeneric species, Linaria cavanillesii (Voillemot and Pannell 2017). In L. 

cavanillesii, the self-incompatibility system may have broken down in response to selection for 

reproductive assurance when isolated populations with low compatible mate availability were 

established. Considering compatible mate availability within the urban populations I sampled 

was low enough to affect fruit set, this maybe the cause of the breakdown of self-incompatibility 

I observed within urban L. vulgaris populations. In the short term, this partial breakdown of self-

incompatibility may help maintain plant populations by allowing some individuals to produce 

seeds when the potential for outcrossing is low (Vallejo-Marin and Uyenoyama 2004). 

The breakdown of self-incompatibility that I detected may have been caused by any of 

three potential proximate mechanisms unrelated to the geographic origin of the populations. 

First, if rural or urban populations are experiencing pollen limitation, self-compatible plants may 

be exhibiting a plastic response in their stigmas that allow them to self-fertilize as a form of 

reproductive assurance when opportunities for outcrossing have been delayed (Vogler et al. 
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1998). Second, self-compatible plants may have experienced a mutation that disrupted S-RNase 

activity (Stone 2002), which is strongly correlated with the expression of self-incompatibility. 

Third, self-compatible plants may have experienced epigenetic changes that resulted in abnormal 

functioning of the species’ S-allele recognition mechanism (Nasrallah et al. 2007). 

My study also indicated that the breakdown of self-incompatibility is not more common 

within urban L. vulgaris populations. Instead, significantly more plants from rural populations 

produced a fruit when self-pollinated. Within rural populations, 18.3 % of plants produced a fruit 

when self-pollinated. Within urban populations 13.1 % of plants produced a fruit when self-

pollinated. This suggests that factors associated with urbanization are not the driving force 

behind the breakdown of self-incompatibility in L. vulgaris. The breakdown of self-

incompatibility has been commonly associated with both genetic bottlenecks and lack of 

compatible mate availability or mate limitation within populations (Busch and Schoen 2008). 

However, within my study, while I did find that mate availability within the urban populations I 

sampled was low enough to affect fruit set, I did not measure compatible mate availability within 

rural populations. Therefore, it is possible that rural plant populations have either equal or less 

compatible mate availability than the urban populations I measured. One potential way to test if 

breakdown of the self-incompatibility system is related to low compatible mate availability is to 

compare levels of compatible mate availability and breakdown of self-incompatibility between 

plants from urban and rural areas by performing hand-pollination crosses like the ones I 

performed in Q1 and Q3. If it is true that compatible mate availability is driving differences in 

the breakdown of self-incompatibility between urban and rural populations of the plant, I would 
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expect to see lower compatible mate availability and more evidence of the breakdown of self-

incompatibility within rural populations compared to urban populations.  

Limitations 

There are three main limitations of my study investigating compatible mate availability 

and selection on floral traits in urban L. vulgaris populations. The first limitation was that I was 

unable to test if rural populations also experienced low compatible mate availability. By testing 

for this in rural populations, comparisons could have been made between urban and rural 

populations to see if urbanization had a direct effect on compatible mate availability within this 

species. The second limitation was that I was unable to test whether differences in floral traits 

between urban and rural populations represented genetic differentiation or plasticity. By 

measuring floral traits in a common garden composed of seeds from my selected populations, I 

would be able to tell if the trait differences I measured were hereditary. The third limitation was 

that I was unable to observe pollinator visitation for my selection experiment. While there is 

substantial literature observing declines in pollinator activity in urban areas (Bates et al. 2011, 

Thomann et al. 2013, Hamblin et al. 2018), evidence is still mixed on whether this trend is 

consistent across all pollinator species and areas with different forms of urban land use 

(Guilbaud et al. 2014, Harrison and Winfree 2015, Bennett and Lovell 2019). Having data on 

pollinator visitation within the transect I measured would have allowed me to test my assumption 

that pollinator activity is reduced in urban plant populations.   

Conclusions 

The results of my study suggest that urbanization affects reproductive success and 

selection on reproductive traits within the self-incompatible plant species L. vulgaris. Currently, 
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much of the literature surrounding reproduction and evolution within urban plant populations has 

focused on pollinator limitation (Thompson et al. 2016, Santangelo et al. 2018). However, my 

study demonstrates the importance of considering within-population factors, such as mate 

limitation, when developing management strategies for plant populations. If genetic diversity is 

low within urban plant populations, conservation efforts solely focused on augmenting pollinator 

populations in urban areas may not be enough to offset low compatible mate availability within 

urban plant populations. In the future, management plans may consider focusing on increasing 

connectivity between urban habitat patches to increase pollen movement between plant 

populations. Increased pollen movement may introduce more genetic diversity into urban plant 

populations and help self-incompatible plant species maintain their populations through sexual 

reproduction (Young and Pickup 2010). 
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Table 1. The number of Linaria vulgaris plants from each population that were used for hand-pollination experiments. The dashed 
lines represent populations that were not included in each experiment due to insufficient germination. 

Transect 
Experiment Population (N) 

Guelph 

 

1 Rural #1 

(10) 

- Urban #1 

(10) 

-  - Rural #3 

(4) 

2 Rural #1 

(20)  

Rural #2 

(9) 

Urban #1 

(15) 

Urban #2 

(10) 

Urban #3 

(7) 

Rural #3 

(8) 

Toronto  

 

1 Urban #1 

(10) 

Urban #2 

(10) 

Urban #3 

(4) 

Urban #4 

(10) 

Rural #1 

 (3) 

Rural #2 

(4) 

2 Urban #1 

(5) 

Urban #2 

(14) 

Urban #3 

(4) 

Urban #4 

(12) 

- Rural #2 

(14) 

Mississauga 

 

1 Urban #1 

(7) 

Urban #2 

(5) 

0 - Rural #1 

 (3) 

Rural #2 

(3) 

2 Urban #1 

(8) 

Urban #2 

(7) 

Urban #3 

(14) 

Urban #4 

(15) 

Rural #1 

 (16) 

Rural #2 

(12) 
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Table 2. Pairwise comparisons between three hand-pollination crossing treatments for the wildflower Linaria vulgaris.  Plants from 
urban populations were either crossed with pollen from their own urban population (Urban Home), another urban population (Urban 
Away), or a rural population (Rural Away). The P-values are from McNemar’s tests comparing the number of successful and 
unsuccessful matings between treatment groups. 

 

 

Experiment 1 

Treatment Successful Matings Unsuccessful Matings P 

Urban Home vs. 57 11 0.109 

Urban Away 41 4  

Urban Home vs. 57 11 0.454 

Rural Away 61 7  

Urban Away vs.  41 4 0.375 

Rural Away 61 7  

Experiment 2    

Treatment Successful Matings Unsuccessful Matings P 

Urban Home vs. 93 14 0.049 

Urban Away 102 5  

Urban Home vs. 93 14 0.003 

Rural Away 104 3  

Urban Away vs. 102 5 0.727 

Rural Away 104 3  
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Figure 1. Map of seven selected Linaria vulgaris populations used to measure differences in 
selection on floral traits between urban and rural environments along a transect in Southern 
Ontario. Populations in the upper portion of the map are classified as rural. Populations in the 
lower portion of the map are classified as urban.
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Table 3. Mean ± 1 SE for one female fitness component and four floral traits of Linaria vulgaris in seven populations along an urban 
to rural gradient. The F- and P-values are from 1 df contrasts following an ANOVA and indicate whether fitness or floral traits 
differed between urban and rural plant populations.  
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Figure 2. Means ± 1 SE for one female fitness component and four floral traits of Linaria 
vulgaris in urban and rural populations along a single transect. Asterisks within a graph indicate 
if there was a significant difference between urban and rural populations for a trait. 
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Table 4. Selection differentials ± 1 SE via seeds per fruit for four floral traits of Linaria vulgaris in seven populations along an urban 
to rural gradient. Asterisks indicate whether selection on a floral trait was significantly different from zero within a population. The F- 
and P-values are from 1 df contrasts following an ANCOVA and indicate whether selection differed between urban and rural plant 
populations. 
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Figure 3. Number of successful and unsuccessful self-pollinations of Linaria vulgaris from 
urban and rural populations. Self-pollinations were performed on plants grown within a common 
garden experiment. 

 


