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Abstract 

Closely related, ecologically similar species are often separated at a small scale 

while being broadly sympatric. In Northern California’s coast range two monkeyflower 

species, Mimulus guttatus and Mimulus nudatus co-occur at the local scale but 

populations rarely overlap although they are often separated by less than a meter. In 

Chapter 1, I used a combination of reciprocal transplants, observational data and 

laboratory experiments to test a series of biotic and abiotic hypotheses for the observed 

pattern. M. guttatus naturally grows in wetter areas and is often submerged for up to 

four months of the year. A lab experiment found that M. nudatus was unable to survive 

submerged for more than a week, limiting its distribution in seasonal streams inundated 

for months and dominated by M. guttatus. Species transplanted into populations of 

heterospecific congeners produced large proportions (up to 80%) of inviable seeds due 

to hybrid inviability between these two species. Species differences in submergence 

tolerance establishes some degree of habitat association, then strong frequency-

dependent selection against rare immigrants via hybrid seed inviability reduces the 

frequency of the less numerous species and maintains habitat segregation. 

Resource or reproductive competition between ecologically similar co-occurring 

species can cause competitive exclusion or generate selection for character displacement. 

Hybrid seed lethality between two spatially segregated co-occurring monkeyflower 
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species, Mimulus guttatus and M. nudatus, causes dramatic reductions in viable seed set 

when each species is a rare immigrant. In Chapter 2, to understand the mechanisms 

driving this pattern, I tested whether traits were associated with hybridization rate and 

whether selection differed between habitats in each species and F2 hybrids. To 

determine the genetic basis of species differences, I performed genetic mapping 

experiments in the greenhouse and in each habitat. I found mixed evidence for divergent 

selection between habitats for flowering time, flower size, and leaf area. However, 

flower size was the best predictor of hybridization rate in M. guttatus, suggesting the 

potential for selection for reproductive character displacement. Hybridization increased 

with decreasing flower size (increasing trait similarity) for M. guttatus in M. nudatus’ 

native habitat. Few quantitative trait loci contributed to flower size differences but were 

context dependent; different loci contributed in different habitats. At the individual QTL 

level, viability selection favored smaller flowers, whereas phenotypic selection analysis 

suggested that selection favored larger flowers in both habitats. Genotype frequencies 

deviated significantly from Mendelian expectations in the field, and all markers 

significantly differed between habitats suggesting that the difference in survival to 

flowering between habitats is highly polygenic. In sum, an ecologically important trait, 

flower size, contributes to habitat segregation through its effect on hybridization rate, 

and is controlled by few genetic loci in the lab and in the field.
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1. Differential tolerance to abiotic conditions and hybrid 
inviability drive habitat segregation between two congeneric 
monkeyflowers 

1.1 Introduction 

Broadly sympatric species with similar niches, whether closely related or not, are 

often spatially segregated into predictable patterns at the microscale. Many studies have 

focused on intertidal systems where zonation is obvious and easily experimentally 

manipulated (e.g., Baker 1909, Connell 1961). In cases where these species are close 

relatives, the ecological mechanisms promoting segregation may inform our 

understanding of evolutionary processes. The patterns of spatial segregation of close 

relatives may be due to local adaptation (Angert and Schemske 2005), differential 

susceptibility to disease or predation (Boulding and Van Alstyne 1993), direct 

competition between species (Carney 1987), or indirect competition via mutualists 

(Runquist 2012). While most studies examine one or few factors in a single year or 

experiment, interactions among factors and temporal variation may identify multiple 

causative agents.  

An important and well-studied factor structuring small-scale species 

distributions is local adaptation to abiotic stressors. In Connell’s classic experiment, 

Chthalamus barnacles exist higher on the shore than Balanus because they are more 

tolerant to heat and desiccation. Divergent adaptation to high and low elevation 
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conditions maintains spatial segregation of parapatric subspecies of big sagebrush, 

Artemesia tridentata tridentata and A. t. vaseyana when they meet in a narrow hybrid zone 

(Wang et al. 1997). Populations of Lasthenia californica and L. gracilis (Asteraceae) that co-

occur in Central California segregate into different portions of hillsides due to fine scale 

reciprocal local adaptation (Yost el al 2012). Differential tolerance to drought stress in 

granite outcroppings causes microhabitat partitioning between Mimulus laciniatus and 

M. guttatus (Peterson et al. 2013). Divergent adaptation contributes to spatial segregation 

via intrinsic differences in performance across habitats, but performance may be 

influenced by the presence of other species through competition or hybridization. 

The distribution and ecology of closely related species can be influenced by the 

consequences of post-zygotic reproductive isolating barriers, especially in plants where 

mutualists or environmental processes transfer pollen (compared to direct mate choice 

in animals, but see Kishi et al. 2009, Hochkirch et al 2007, and Thum 2007 for examples 

in animals). As most post-zygotic barriers evolve in allopatry (Coyne and Orr 2004), 

when closely related species meet in secondary sympatry they are likely to suffer from 

negative reproductive interactions with heterospecifics. Kuno (1992) developed a model 

that predicted that this reproductive interference is often stronger than resource 

competition and may be a common and strong driver of habitat segregation. The rarer 

species is often at a disadvantage in these interactions, unless it is sufficiently 
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ecologically differentiated from the commoner species (Levin 1975; Fowler and Levin 

1984; Levin et al 1996). Pre-zygotic barriers, including spatial segregation, pollination 

differences and phenological separation of reproduction, which prevent or minimize 

interspecific mating, can ameliorate the frequency dependent disadvantage, allowing 

competing species to coexist (Husband and Schemske 2000, Fishman and Wyatt 1999, 

Lowry et al 2008a). 

Minority disadvantage can play an important role in preventing the initial 

establishment and persistence of congeneric plants in close sympatry. While naturally 

mixed populations of the parapatric congeners Clarkia biloba and Clarkia lingulata 

(Onagraceae) occur at the range boundary, in experimentally sympatric populations, 

hybrid sterility and an initial frequency disadvantage experienced by C. lingulata led to 

its local extinction (Lewis 1961). Asymmetrical costs of heterospecific pollen transfer 

between the broadly overlapping, but rarely sympatric Limnanthes alba and Limnanthes 

douglassii rosea (Limnanthaceae) causes frequency dependent reductions in seeds per 

flower for L. d. rosea when rare, likely driving patterns of microallopatry (Runquist 2012, 

Runquist and Stanton 2012). Self-incompatibility and asymmetrical crossing barriers 

between inland Gilia capitata capitata and coastal Gilia capitata chamissonis 

(Polemoniaceae) cause frequency dependent reductions in seed set for the inland 

subspecies when rare in the coastal habitat, potentially limiting its expansion into areas 
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of sympatry (Nagy 1997). Finally, in experimental mixed populations of diploid and 

tetraploid Chamerion angustifolum (Onagraceae), infertility of triploid progeny causes 

frequency dependent reductions in seed set per fruit in diploids (Husband 2000). 

The Mimulus guttatus species complex (section Simiolus, Phrymaceae) is classic 

system for investigating the development and ecology of crossing barriers (Vickery 1978, 

Wu et al. 2008). F1 hybrid seed lethality is a major isolating barrier between the 

sympatric species Mimulus nudatus and Mimulus guttatus. (Gardner and MacNair 2000, 

Oneal et al. 2016). Endosperm does not develop in hybrid seeds, which have a 

characteristic flat or shriveled shape and very rarely germinate (Oneal et al. 2016). The 

strength of this barrier suggests that it has the potential to affect species coexistence and 

cause microscale habitat segregation if prezygotic barriers are weak or absent. 

Potential differences in pollinator identity and constancy between these two 

monkeyflower species may decrease the potential for costly hybridization when they co-

occur within meters (Gardner and MacNair 2000). However, the importance of this 

barrier may be overstated given that in the restricted range of M. nudatus where the 

species are broadly sympatric, they are often spatially segregated in a predictable and 

repeated manner. M. guttatus populations occur in densely vegetated seasonally flooded 

seeps, whereas M. nudatus grows in bare and sparsely vegetated rocky outcrops and 

washes. M. nudatus is restricted to serpentine soils in the Northern Coast Range in 
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California, where it co-occurs with serpentine adapted populations of the widespread 

M. guttatus. M. nudatus differs from M. guttatus in several ecologically important traits: it 

has smaller flowers, flowers earlier, and has narrow leaves, a unique trait in the M. 

guttatus species complex. These differences might be adaptive in drier rocky outcrops; in 

growth chamber experiments simulating drought M. nudatus exhibits a smaller 

reduction in seed set relative to well-watered conditions than M. guttatus (9% reduction 

for M. nudatus versus 63% reduction in M. guttatus) (Wu et al. 2010). Why do these 

species repeatedly segregate into wet seeps and dry outcrops? Is spatial segregation due 

to local adaptation to abiotic conditions, the lack of the correct pollinators in the 

opposite habitat, differential herbivory, competition or hybrid seed lethality? To 

determine the mechanisms causing microhabitat segregation we performed a series of 

observational and experimental studies over 3 years at the UC McLaughlin Reserve 

where the species are common. 

1.2 Materials and Methods 

To test whether adaptation contributes to habitat segregation in the field, we 

performed reciprocal transplant experiments with seedlings in 2015 and 2016, and 

estimated seed survival to flowering on native sympatric populations to calculate more 

realistic fitness estimates than total seed set alone. To identify potential factors driving 

patterns of spatial segregation, we measured soil moisture and herbivore damage across 



 

 

6 

habitats. Finally, we tested whether herbivore feeding preferences or submergence 

tolerance differentially affected species in the laboratory. We describe these experiments 

in further detail below. 

1.2.1 Reciprocal transplant experiments 

1.2.1.1 2015 Transplant Experiment 

In late January, we germinated seeds of a single outbred line per species from 

local populations in a greenhouse with ambient light and temperature at the UC 

McLaughlin reserve. After germination terminated in February, we transplanted 674 M. 

nudatus and 579 M. guttatus seedlings into 96 blocks (24/site) throughout four sites –a 

serpentine seep dominated by M. guttatus (Figure 1a – Quarry Valley M. guttatus site), a 

serpentine wash dominated by M. nudatus (Figure 1b – Quarry Valley M. nudatus site), 

and a serpentine seep dominated by M. guttatus upstream, and M. nudatus downstream 

(Figure 1c – Research Hill M. guttatus site and Research Hill M. nudatus site). Within 

each transplant site dominated by M. guttatus, no native M. nudatus were present within 

meters of each block, and vice versa for sites dominated by M. nudatus; hence, the 

foreign transplanted species was outnumbered 1:100 within each transplant block. We 

transplanted directly into native plants and only removed native seedlings if they were 

directly in front of our transplant markers. After transplanting, plants were censused 

weekly for survival.  
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Figure 1: Reciprocal transplant sites (a-c) in the field. a) M. guttatus dominated seep 
transplanted in 2015 and 2016. b) M. nudatus dominated wash transplanted in 2015 

and 2016. c) Seep transplanted in 2015. Top yellow portion of the seep shows M. 
guttatus in flower, bottom grey bare portion of seep shows dry M. nudatus habitat. 

1.2.1.1 2016 Transplant Experiment 

In February, seeds were germinated in a greenhouse with ambient daylength at 

UC Davis. In March, we transplanted into common gardens at the same first two sites as 

in 2015, but moved the other site to a similar seep dominated by M. guttatus upstream 

and M. nudatus downstream ~100m away. We transplanted 160 M. nudatus and 139 M. 

guttatus seedlings into 80 blocks (20/site). Fruits were collected once transplants stopped 

flowering. Seeds were counted for each fruit and categorized as viable or inviable based 

on morphology (Oneal et al. 2016). In both years, transplants that died within a week of 

transplanting (likely due to transplant shock) were removed from subsequent analyses. 

1.2.3 Estimating seed survival to flowering for each species 

Across years, M. guttatus produced orders of magnitude more seed than M. 

nudatus, but flowering populations remained fairly stable, suggesting that species 

differed in mortality between the seed and flowering stage. To estimate seed survival to 
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flowering, we censused a sympatric population of M. guttatus and M. nudatus at the UC 

McLaughlin Reserve (N 38.815205, W-122.374317) in 2016. We counted the number of 

individuals and fruit number per individual within 40 randomly sampled quadrats 

along 2 parallel transects. We estimated the number of seed per fruit by collecting a 

single fruit from 15 individuals of each species. To estimate seed survival to flowering 

for each species (assuming replacement/constant population size), we calculated the 

average number of seeds produced per species per quadrat and divided by the average 

number of individuals per species per quadrat. We then multiplied these by the number 

of viable seeds produced per transplant to estimate the expected number of flowering 

progeny in the next generation.  

1.2.4 Reciprocal Transplant Statistical Analysis 

To test for trade-offs in performance between habitats, we analyzed 5 

components of fitness: survival to flowering, total seed count, viable seed proportion, 

viable seed count, and the expected number of flowering progeny in the next generation 

on the combined data from 2015 and 2016. We used generalized mixed models in the R 

package lme4 and glmmADMB (Bates et al. 2015, Fournier et al 2012). To prevent model 

overfitting, we used likelihood ratio tests to identify the minimum adequate model. We 

then performed Tukey HSD tests to contrast species within and across habitats. 
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1.2.6 Identifying abiotic and biotic factors distinguishing habitats and 
explaining segregation 

Initial field observations and previous lab experiments suggested that soil 

moisture and herbivory were important factors differentiating habitats, so we quantified 

each factor in the field, and performed follow-up laboratory experiments testing for 

differential tolerance to submersion and herbivore feeding preferences.  

1.2.6.1 Field Soil Moisture 

 We hypothesized that the rockier soils inhabited by M. nudatus were drier and 

dried out earlier than the seeps inhabited by M. guttatus. To test whether habitats 

differed in average soil moisture and the timing of drought, we measured soil moisture 

using a Hydrosense soil moisture probe adjacent to each transplant block once a week 

for 15 weeks in 2015, and 13 weeks in 2016.  

1.2.6.2 Laboratory submergence experiments 

For much of the winter, M. guttatus seeps are submerged by several inches of 

water. In 2016 we observed that M. nudatus transplants in M. guttatus habitat became 

necrotic after several days of submergence following heavy rains. We hypothesized that 

this period of submergence was excluding M. nudatus from M. guttatus habitat. To test 

the hypothesis of differential seedling survival, we germinated seedlings (M. guttatus: 

n=247, M. nudatus: n=168) in pots in a large plastic bin and submerged them in one inch 
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of water. We aerated the water with an air pump and recorded seedling survival after 

one week. 

1.2.6.3 Field Herbivory 

Herbivores, particularly the multivoltine nymphalid Junonia coenia, were 

abundant both years (especially in 2016). Buckeye caterpillars (J. coenia) damaged 

numerous transplants, typically consuming entire inflorescences, effectively sterilizing 

plants. We recorded herbivore damage to transplants during both years as a binary trait. 

To test the hypothesis that herbivores differentially damaged species between habitats, 

we fit binomial mixed models and used likelihood ratio tests to identify the minimum 

adequate model. We then used Tukey’s HSD tests to test for differences between groups.  

1.2.6.4 Laboratory herbivore feeding experiments 

We were further interested in whether buckeye caterpillars had a feeding 

preference, and whether they changed their preference based on past diet. We were 

interested in whether caterpillars changed their preference after being fed a diet 

consisting exclusively of M. guttatus or M. nudatus as a potential mechanism of selection 

against immigrants (e.g., if caterpillars fed on M. guttatus preferred eating M. nudatus 

when given a choice and vice versa). To test whether caterpillars preferred feeding on 

either species, we collected 87 caterpillars from the UC McLaughlin reserve and placed 

them in 3.25 oz sauce cups. We did not feed caterpillars for 24 hours prior to choice tests. 
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We placed equal amounts of floral tissue from each species (1 M. guttatus flower and 2 

M. nudatus flowers) and recorded which species each caterpillar consumed first. We then 

collected 100 caterpillars, and fed 47 exclusively M. nudatus and 53 exclusively M. 

guttatus flowers for 24 hours, analogous to the diet experienced by caterpillars in M. 

nudatus or M. guttatus habitats, respectively. As in the previous experiments, we 

presented caterpillars with a choice of equal amounts of floral tissue recorded the first 

flower consumed by each caterpillar. We released caterpillars back to the field after each 

choice experiment. We tested whether caterpillars had a feeding preference after 

starvation using a binomial test, and whether past diet of M. guttatus or M. nudatus 

influenced feeding preferences with a chi-squared test. 

1.3 Results 

1.3.1 Reciprocal transplant experiments 

1.3.1.1 Seedling Survival to Flowering 

M. guttatus had greater survival than M. nudatus at most sites, but in 2016, M. 

guttatus had lower survival than M. nudatus at one site. However, in our combined year 

and site analysis, M. guttatus had greater survival than M. nudatus in both habitats. The 

best fitting binomial model for survival to flowering included species, habitat, and their 

interaction as fixed effects, and plot nested within site and year as random effects. There 

was a significant species by habitat interaction for survival to flowering (z value= 4.52, p 
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< 0.001). Survival to flowering was 1.7 times greater for M. guttatus transplants in their 

home habitat compared to M. nudatus habitat, but survival did not significantly differ 

between habitats for M. nudatus (Tukey post-hoc comparison of means: M. guttatus: z 

value= -2.91, p = 0.011; M. nudatus: z value = -1.11, p = 0.613). Survival to flowering was 

1.25 - 1.5 times greater for M. guttatus transplants in both habitats than M. nudatus (M. 

guttatus habitat: 0.84 vs 0.56, z value = -26.21, p < 0.001; M. nudatus habitat: 0.5 vs 0.4, z 

value = -9.06, p < 0.001).  

 

Figure 2: Reaction norms of survival to flowering in (A) 2015 and (B) 2016 for M. 
guttatus (green) and M. nudatus (blue) at 4 transplant sites, and (C) combined year 

and site model estimates. For A and B – Solid lines depict Quarry Valley sites: a 
serpentine seep dominated by M. guttatus and a serpentine wash dominated by M. 

nudatus. Dashed lines depict Research Hill sites: a serpentine seep dominated by M. 
guttatus upstream, and M. nudatus downstream.  

1.3.1.2 Total seed production 

M. guttatus produced more seeds (viable + inviable seeds) per transplant than M. 

nudatus at most sites, but did not significantly differ from M. nudatus at one site in 2015. 

However, in our combined year and site analysis, M. guttatus produced more seeds than 
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M. nudatus in both habitats. We first used Poisson models to analyze total seed 

production, but all models were significantly overdispersed. The best fitting negative 

binomial model for total seeds included species, habitat, and their interaction as fixed 

effects, and plot nested within site and year as random effects. There was a significant 

species by habitat interaction for total seed production (z value = 6.15, p < 0.001). M. 

guttatus produced significantly more seed than M. nudatus in both habitats; M. guttatus 

produced 15 times more seed in its home habitat and 5 times as many seeds as M. 

nudatus in M. nudatus’s home habitat (M. guttatus habitat: z value= -13.269, p < 0.001; M. 

nudatus habitat: z value= -5.014, p < 0.001). M. guttatus produced significantly more seed 

in its home habitat than in M. nudatus habitat, but total seed production did not differ 

for M. nudatus across habitats (M. guttatus: z value= -3.016, p = 0.00512; M. nudatus: z 

value = ,p = 0.41). 

 

Figure 3: Reaction norms of total seed production in (A) 2015 and (B) 2016 for M. 
guttatus (green) and M. nudatus (blue) at 4 transplant sites and (C) combined year and 

site model estimates. For A and B – Solid lines depict Quarry Valley sites: a 
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serpentine seep dominated by M. guttatus and a serpentine wash dominated by M. 
nudatus. Dashed lines depict Research Hill sites: a serpentine seep dominated by M. 

guttatus upstream, and M. nudatus downstream. 

1.3.1.3 Hybrid seed inviability 

In our combined year and site analysis, each species set a significantly greater 

proportion of viable seeds in their home habitat than their congener. However, in 2015, 

at the transplant site where species were within meters of each other, M. guttatus 

produced a greater proportion of viable seeds than M. nudatus in M. nudatus’ native 

microhabitat. The best fitting linear model for log-transformed proportion of viable 

seeds produced included species, habitat, and their interaction as fixed effects, and plot 

nested within site and year as random effects. There was a significant species by habitat 

interaction for the proportion of viable seeds produced (F value = 206.95, p < 0.001). Both 

species produced a significantly greater proportion of viable seeds in their home habitats 

than their heterospecific congener (M. guttatus habitat: 0.92 vs 0.11, z value = -17.78, p < 

0.001; M. nudatus habitat: 0.62 vs 0.30, z value = 4.11, p < 0.001). Both species also 

produced a significantly greater proportion of viable seeds in their home habitats 

compared to the habitat dominated by their congener (M. guttatus: 0.92 vs 0.30, z value = 

-2.494, p = 0.0442; M. nudatus: 0.62 vs 0.11, z value = 2.566, p = 0.0369).  

 



 

 

15 

 

Figure 4: Reaction norms of proportion viable seed set in (A) 2015 and (B) 2016 for M. 
guttatus (green) and M. nudatus (blue) at 4 transplant sites and (C) combined year and 

site model estimates. For A and B – Solid lines depict Quarry Valley sites: a 
serpentine seep dominated by M. guttatus and a serpentine wash dominated by M. 

nudatus. Dashed lines depict Research Hill sites: a serpentine seep dominated by M. 
guttatus upstream, and M. nudatus downstream. 

1.3.1.4 Viable seed production 

While M. guttatus set more viable seed than M. nudatus at most sites, in 2015, M. 

guttatus set fewer viable seeds than M. nudatus at one site. However, in our combined 

year and site analysis, M. guttatus set significantly more viable seed than M. nudatus in 

both habitats. The best fitting negative binomial model for viable seeds included species, 

habitat, and their interaction as fixed effects, and plot nested within site and year as 

random effects. There was a significant species by habitat interaction for viable seed 

production (z value = 10.91, p < 0.001). M. guttatus produced significantly more viable 

seed than M. nudatus in both habitats; M. guttatus produced 63 times more viable seed in 

its home habitat than M. nudatus and 5 times as many seeds than M. nudatus in M. 

nudatus’s home habitat (M. guttatus habitat: z value= -19.578, p < 0.001; M. nudatus 
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habitat: z value= -3.806, p < 0.001). M. guttatus produced significantly more viable seed in 

its home habitat than in M. nudatus habitat, but total seed production did not differ for 

M. nudatus between habitats (M. guttatus: z value= -3.602, p < 0.001; M. nudatus: z 

value=0.16, p = 0.873). 

 

Figure 5: Reaction norms of viable seed production in (A) 2015 and (B) 2016 for M. 
guttatus (green) and M. nudatus (blue) at 4 transplant sites and (C) combined year and 

site model estimates. For A and B – Solid lines depict Quarry Valley sites: a 
serpentine seep dominated by M. guttatus and a serpentine wash dominated by M. 

nudatus. Dashed lines depict Research Hill sites: a serpentine seep dominated by M. 
guttatus upstream, and M. nudatus downstream. 

1.3.1.5 Estimated Flowering Progeny 

We estimated viable seed survival to flowering as 0.00004 for M. guttatus and 

0.001 for M. nudatus. We used these survival estimates multiplied by viable seed 

production to estimate the number of flowering progeny produced in the next 

generation and make a more realistic estimate of fitness than by total seed production 

alone. In our combined year and site analysis, each species produced a greater number 

of estimated flowering progeny (the product of viable seed set and seed survival to 
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flowering) in their home habitat than their congener. The best fitting linear model for 

estimated flowering progeny produced included species, habitat, and their interaction as 

fixed effects, and plot nested within site as random effects. There was a significant 

species by site interaction for estimated flowering progeny in the next generation (F 

value = 43.66, p < 0.001). M. guttatus produced almost twice as many flowering progeny 

in its home habitat than M. nudatus, and M. nudatus produced 9.6 times more flowering 

progeny in its home habitat than M. guttatus (M. guttatus habitat: t value = 4.32, p < 0.001; 

M. nudatus habitat: t value = -4.00, p = 0.001). M. guttatus produced significantly more 

flowering progeny in its home habitat compared to M. nudatus habitat, but M. nudatus 

did not differ in estimated flowering progeny between habitats (M. guttatus: t value = 

5.66, p < 0.001; M. nudatus: t value = -0.63, p = 0.529). 

 

Figure 6: Reaction norms of estimated flowering progeny in (A) 2015 and (B) 
2016 for M. guttatus (green) and M. nudatus (blue) at 4 transplant sites and (C) 

combined year and site model estimates. For A and B – Solid lines depict Quarry 
Valley sites: a serpentine seep dominated by M. guttatus and a serpentine wash 



 

 

18 

dominated by M. nudatus. Dashed lines depict Research Hill sites: a serpentine seep 
dominated by M. guttatus upstream, and M. nudatus downstream. 

1.3.1.6 Summary 

In both years and pairs of sites, M. guttatus had significantly greater survival, 

total and viable seed production than M. nudatus, whereas M. nudatus did not differ in 

those fitness components between habitats (Figures 2, 3, and 5). However, due to F1 

hybrid seed lethality, each species produced a greater proportion of viable seeds in their 

home habitat (Figure 4). When we combine the proportion of viable seeds produced in 

each habitat with an estimate of seed overwinter survival to flowering for each species, 

species perform best and outperform heterospecifics in their native habitat (Figure 6). 

1.3.3 Identifying abiotic and biotic factors distinguishing habitats and 
explaining segregation 

1.3.3.1 Soil Moisture 

In 2015, soil moisture percentages differed among sites and over time, but did 

not differ consistently with respect to the native species inhabiting each site. In contrast, 

average soil moisture percentage differed consistently between habitats in 2016; M. 

guttatus habitat was significantly wetter than M. nudatus habitat throughout the entire 

transplant experiment (Figure 7). 
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Figure 7: Soil moisture percentage (mean ± SE) measured throughout the 
reciprocal transplant experiment adjacent to transplant blocks (n=24/site in 2015; 

20/site in 2016) from March 4-June 15 2015 and April 13-July 7 2016. Green lines depict 
soil moisture at M. guttatus transplant sites and blue lines depict M. nudatus 

transplant sites; triangles and circles indicate Quarry Valley and Research Hill 
transplant sites, respectively. 

1.3.3.2 Laboratory submergence experiments  

Within days of submergence, we observed that M. nudatus leaf tissue turned 

black while M. guttatus remained green. After a week of submergence, 87% of M. 

nudatus seedlings died, compared to 19% M. guttatus, a significant difference (Figure 8, 

Tukey post hoc contrast: z-value = -7.598, p < 0001).  
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Figure 8: Survival of M. guttatus and M. nudatus seedlings after a week of 
submergence in the lab. 

1.3.3.3 Herbivory 

The proportion of transplants damaged did not differ between species (Figure 9). 

The best fitting binomial model for herbivore damage included habitat as a fixed effect, 

and plot nested within site and year as random effects. Likelihood ratio tests between 

models indicated that species was not a significant factor explaining herbivore damage 

in the field (χ2 = 1.02, p = 0.31). However, herbivore damage did significantly differ 

between habitats (mean proportion damaged: M. guttatus habitat = 0.093, M. nudatus 

habitat = 0.05; z value = -2.56, p = 0.01).  
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Figure 9: Reaction norms of proportion damaged by herbivores in (A) 2015 and 
(B) 2016 for M. guttatus (green) and M. nudatus (blue) at 4 transplant sites. Solid lines 

depict Quarry Valley sites: a serpentine seep dominated by M. guttatus and a 
serpentine wash dominated by M. nudatus. Dashed lines depict Research Hill sites: a 

serpentine seep dominated by M. guttatus upstream, and M. nudatus downstream. 

1.3.3.3 Herbivore feeding trials 

No matter if previously feeding on either species, herbivores displayed no 

preference in feeding trials. In controlled feeding trials, 46 out of 87 caterpillars that 

were initially starved preferred M. nudatus (two tailed binomial test: p = 0.6683), 21 out 

of 47 caterpillars that were initially fed M. nudatus preferred M. nudatus and 20 out of 53 

caterpillars that were initially fed M. guttatus preferred M. nudatus (χ2 = 0.4967, p = 0.48). 

These tests showed that herbivores did not display feeding fidelity and were not more 

likely to eat the rarer or more common species. 
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1.4 Discussion 

Differential tolerance to submergence and frequency dependent hybrid 

inviability contributed to the segregation of closely related monkeyflower species into 

distinct microhabitats. The much larger, longer-lived M. guttatus seemed to perform 

better (set more seed in total) than M. nudatus, largely irrespective of habitat. However, 

once accounting for hybrid inviability and a species estimate of seed overwinter survival 

to flowering, the marked advantage of M. guttatus disappeared in M. nudatus habitat. 

Differences in survival to flowering of transplanted seedlings and herbivory did not 

account for the differences in fitness between species between habitats. A previous study 

hypothesized that broad sympatry of these monkeyflowers was maintained by 

pollinator differences (Gardner and MacNair 2000). In contrast, this study found 

remarkably high rates of pollen transfer and hybridization, suggesting that pollinator 

differences are insufficient to explain patterns of broad sympatry and local allopatry.  

Reciprocal transplants are a powerful experimental approach for identifying 

local adaptation, accounting for the cumulative effect of biotic and abiotic conditions 

across sites. However, a basic transplant experiment cannot elucidate which specific 

mechanisms account for fitness differences without additional experimental 

manipulation. While our best fitness proxy (estimated flowering progeny) results show 

a classic local adaptation response, further tests were needed to elucidate the 
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mechanisms driving home site advantage in both species. We describe several 

observational and experimental approaches below, however, we could not test every 

possible mechanism and it is likely that there is significant year-to-year variation in the 

importance of mechanisms. 

Interspecific competition has been found to drive repeated zonation patterns 

(Connell 1961). It is tempting to assume a priori that M. guttatus is a superior competitor, 

as it germinates earlier, occupies more space, occurs at extremely high densities and is 

more fecund than M. nudatus. However, careful laboratory experimentation by Brigham 

(2003) found no deleterious effect of interspecific competition on either species. Whether 

her results translate into the field remains an open question, and while plants in our 

reciprocal transplant experiments were in competition with natives in each plot we 

cannot say how much competition contributed to the local adaptation pattern we found. 

Our reciprocal transplant of greenhouse established seedlings precluded realistic 

estimates of both germination and naturally established seedling survival. Individual M. 

guttatus in the field produce orders of magnitude more seed than M. nudatus 

individuals, a result borne out by total (viable + inviable) seed production in our 

reciprocal transplant. Because reproductive populations remain fairly consistent year-to-

year, mortality of M. guttatus between seeding and flowering must be orders of 

magnitude higher than for M. nudatus. Anecdotally and experimentally M. guttatus 
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germinates at higher rates than M. nudatus, resulting in carpets of M. guttatus seedlings 

where later flowering plant density is far lower. Additionally, M. guttatus germinates at 

high proportions, even in summer when reproduction of the resulting seedlings was 

extremely unlikely (Toll, unpublished data). Unfortunately, this low survival was not 

adequately captured by our transplant experiment because we cleared small patches 

prior to transplanting greenhouse-established seedlings. These logistical considerations 

precluded realistic survival differences in our reciprocal transplants. To partially 

account for this shortcoming, we calculated a replacement rate seed survival to 

flowering from a nearby sympatric population. Despite a marked difference in estimated 

flowering progeny across sites and between species, natural survival differences would 

have likely amplified this result.  

With our natural observations, experiments and data from the reciprocal 

transplant experiments, we are able to identify some of the biotic and abiotic 

mechanisms contributing to habitat segregation. 

1.4.1 Hybridization 

As hybrid seeds are inviable, we can expect that an immigrant in the opposite 

habitat will have decreased viable seed set due to interspecific pollen transfer (Oneal et 

al. 2016). However, this requires that pollinators visit both species, a result that Gardner 

and MacNair (2000) suggested was unlikely. However, across both sites and years there 
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were high levels of hybridization (even as high as 38% in native habitats) suggesting that 

pollinator discrimination was low; if pollinator discrimination occurred at all, it was 

ecologically irrelevant. Additionally, the assertion that honeybees were the primary 

pollinators of M. guttatus was not borne out over 3 years of fieldwork; on only one 

occasion did we observe honeybees visiting M. guttatus across multiple populations. 

Similarly, Arceo-Gomez and Ashman (2013) found that the primary pollinators to M. 

guttatus at our field site are bumblebees and Lasioglossum sp. (note that the primary M. 

nudatus pollinators in Gardner and Macnair (2000) are Lasioglossum dialictus sp.).  

The extremely high rate of hybridization in foreign habitats likely causes 

frequency dependent reductions in immigrant fitness. While we did not quantify 

frequency dependence in each habitat, each plot was placed into a dense natural stand 

of the native species, creating a situation where the immigrants were outnumbered by at 

least 100:1 at a scale of several meters. However, hybridization does not fully explain the 

segregation for two reasons. First, the microhabitat patterns are repeated across 

drainages in their area of overlap; M. guttatus grows in persistently wet seeps, whereas 

M. nudatus grows in rocky outcrops, dry washes, and adjacent to streams. At sites where 

species grow within centimeters of one another, they segregate into this predictable 

pattern. Secondly, despite high inviability, these immigrants did produce viable seeds, 

likely as a result of self-fertilization.  
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While these monkeyflower species self-fertilize readily in situations without 

pollinators (e.g., greenhouse), the long term detrimental effects of self-fertilization have 

been repeatedly demonstrated in this species complex (Willis 1993, Dole and Ritland 

1993, Ivey et al. 2004, Murren and Dudash 2012, Carr et al. 2014). Flowering, flower 

production and pollen viability all decrease with increasing levels of inbreeding in M. 

guttatus (Willis 1993). Selfed M. guttatus transplants perform worse than outcrossed ones 

and are less tolerant to herbivory (Ivey et al. 2004, Murren and Dudash 2012). In 

greenhouse experiments, inbreeding reduces bumblebee visitation through reductions in 

floral display, flower size, and pollen reward quality (Carr et al. 2014). The effect of 

inbreeding has not been systematically investigated in M. nudatus, however, seed 

production in our laboratory lines decreases precipitously after more than 3 generations 

of selfing (pers. obs.). This contrasts with the primarily selfing species in the complex 

such as M. nasutus and M. laciniatus, that can be maintained indefinitely via self-

fertilization. As a result of the local rarity of immigrants in our experiment, a large 

proportion of viable seeds were likely inbred, and over generations, inbreeding 

depression will amplify the single generation immigrant disadvantage (reviewed in 

Keller and Waller 2012).  
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1.4.2 Seasonal Inundation 

Beyond hybrid inviability and seed survival, we can only speculate on what 

factors limit the spread of M. guttatus into M. nudatus habitat. In contrast, we observed 

that M. guttatus populations are submerged for period of weeks to months during the 

wet winter. During this time, the M. guttatus seedlings are small rosettes and survive 

and grow underwater. Most of the M. guttatus habitat is submerged for hours to days at 

a time during the wet season, and we have observed necrotic seedlings underwater at 

times. A laboratory experiment simulating seasonal inundation demonstrated that M. 

nudatus seedlings die within a week underwater whereas a very high proportion of M. 

guttatus seedlings survive.  

1.4.3 Character Displacement or Ecological Sorting of Species 
Differences 

Most post-zygotic barriers evolve in allopatry because the conditions necessary 

for sympatric divergence are highly restrictive and biologically unrealistic, requiring 

strong disruptive selection and tight linkage or assortative mating to counteract 

interbreeding and recombination (Coyne and Orr 2004). The geographic distributions of 

these species suggest that the ancestor of M. nudatus initially colonized serpentine soils 

in the Northern Coast Range of California, and evolved genetic changes in allopatry that 

resulted in crossing barriers when it came into secondary sympatry with serpentine 

adapted populations of M. guttatus. An open, but untestable question however, is what 
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drove phenotypic changes between M. nudatus and M. guttatus. Did the initial 

colonization of serpentine coincide with the evolution of smaller flowers, narrow leaves, 

and early flowering as adaptations to dry, rapidly drying soils? Or did competition with 

serpentine adapted M. guttatus populations in secondary sympatry generate selection 

for phenotypic divergence? While M. guttatus populations have adapted physiologically 

to serpentine soils, they resemble off serpentine populations phenotypically, suggesting 

that the phenotypic differences evolved by M. nudatus aren’t necessary for living on 

serpentine. M. nudatus inhabits generally marginal (sparser and drier) habitats on 

serpentine compared to M. guttatus, perhaps suggesting that pre-existing intolerance to 

submergence or past competition may have driven it out of the dense seeps.  

In conclusion, the repeated microhabitat segregation of the broadly sympatric 

monkeyflower species M. nudatus and M. guttatus is maintained by hybrid seed 

inviability, differential submersion tolerance, and other unknown factors that generate 

reciprocal fitness tradeoffs between environments. Initial home-site advantage caused 

by differential submersion tolerance establishes some degree of habitat association, 

however it is not sufficient to result in the degree of habitat segregation observed. 

Frequency-dependent selection via hybrid seed inviability reduces the frequency of 

minority species, eventually excluding it at spatial scales within pollination distances, 

and strengthens the habitat association.  
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2. The phenotypic and genetic basis of interspecific differences 
contributing to habitat segregation between monkeyflower 
species  

2.1 Introduction 

When closely-related species co-occur, they often compete for resources, both 

abiotic and biotic (prey or mutualists). This competition may result in competitive 

exclusion (Gause 1934, Hardin 1960) or may select for phenotypic differences that reduce 

competition and facilitate species coexistence (”character displacement”; Brown and 

Wilson 1956). This character displacement takes two forms – ecological or reproductive: 

ecological displacement involves characters used in resource acquisition (e.g. jaw closure 

in Plethodon salamanders, Adams and Rohlf 2000) and reproductive displacement 

involves traits that reduce sexual interactions between species, including phenological 

traits, signaling traits, and characters to attract mutualists (e.g., plumage coloration in 

Ficedula flycatchers, Saetre et al. 2007). These processes, often studied in isolation, are 

probably acting simultaneously in many co-occurring species pairs (reviewed in Pfennig 

and Pfennig 2009). In a classic example of ecological character displacement, threespine 

sticklebacks (Gasterosteus aculeatus complex) that co-occur in lakes segregate into 

different habitats and have different feeding niches, but when each species inhabits lakes 

without its heterospecific congener, they are generalists with intermediate morphologies 
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(Schluter and McPhail 1993). “Benthic” species feed on benthic invertebrates in the 

littoral zone and are large-bodied with wide mouths and short gill rakers, whereas 

“limnetic” species feed on plankton in the open-water zone and are small-bodied with 

narrow mouths and long gill rakers. These morphological differences improve feeding 

efficiency and increase growth rates of each species in each habitat (Schluter 1993, 

Schluter 1995). A competition experiment between limnetics and allopatric generalists 

demonstrated that generalists with benthic-like morphologies had higher growth rates 

than generalists with limnetic-like morphologies in the presence of the limnetic species 

(Schluter 1994). Rundle and Schluter (1998) further showed evidence for reproductive 

character displacement in this system – benthic females sympatric with limnetics 

exhibited greater mating discrimination against limnetic males than allopatric benthic-

like females.  

Brown and Wilson (1956) listed over 15 putative examples of character 

displacement in animals, and since then over 1000 studies related to character 

displacement have been published on animals, but only 25 in plants as of 2012 (Beans 

2014). While examples of character displacement in plants are exceedingly rare, they 

frequently involve pollinator-mediated competition or reproductive interference (Beans 

2014). Classic comparisons usually involve comparisons of sympatric and allopatric 

populations. For instance, competition for pollination (an example of ecological 
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character displacement) generates selection for longer corollas in populations of 

Ipomopsis aggregata sympatric with Castilleja linearifolia and divergent flower color 

patterning in populations of Mimulus bicolor sympatric with M. guttatus (Caruso 2000, 

Grossenbacher and Stanton 2014). Interspecific pollen transfer (an example of 

reproductive character displacement) generates selection for increased self-fertilization 

in populations of Arenaria uniflora sympatric with A. glabra, close clustering of anthers 

and stigma in Ipomoea hederacea in the presence of I. purpurea, and divergent flowering 

times between Delphinium nelsonii and Ipomopsis aggregata (Fishman and Wyatt 1999, 

Smith and Rausher 2008a, Waser 1978). Incomplete hybrid sterility generates selection 

for flower color differences that decrease hybridization in populations of Phlox 

drummondii sympatric with P. cuspidata (Hopkins and Rausher 2012).  

Relatively little is known about the genetic basis of character displacement in 

plants. In Mimulus bicolor, the distribution of flower color morphs in F2 hybrids 

generated from a cross between all-yellow and bi-colored parental lines is consistent 

with control via a single dominant locus (Grossenbacher and Stanton 2014). A biometric 

study in Arenaria uniflora suggests that relatively few genes (2.2 ± 2.8 SE minimum 

effective factors) of large effect contribute to mating system divergence (Fishman and 

Stratton 2004). In Phlox drumondii, two loci control floral hue and intensity, but the single 

locus controlling pigment intensity reduces interspecific hybridization (Hopkins and 
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Rausher 2012). These limited studies suggest that the genetic architecture of character 

displacement in plants can be relatively simple, but far more examples are needed. 

Lethal interspecific hybridization between co-occurring monkeyflower species, 

Mimulus guttatus and M. nudatus, causes dramatic reductions in viable seed set when 

each species is rare in the microhabitat of their congener (Chapter 1). As such, this 

reduction in fitness has the potential to generate strong selection on traits that maintain 

habitat segregation and decrease hybridization. The narrowly distributed serpentine 

endemic M. nudatus occurs in a very small range in northern California, entirely within 

the broad range of M. guttatus (which also occurs commonly on serpentine), preventing 

any sympatric/allopatric comparisons. M. nudatus differs from its close congener in 

several ecologically relevant traits: it flowers earlier in the lab and under shorter 

daylengths, has smaller flowers, and smaller and narrower leaves than M. guttatus. In 

the field, populations are micro-allopatric – with M. nudatus occuring on rockier 

substrates and M. guttatus in wetter areas, but often within a meter or two of each other.  

Using reciprocal transplants of these two species, we sought to identify traits 

contributing to habitat segregation and hybridization, and greenhouse and field 

transplants of hybrids to determine the genetic basis of these traits. Specifically, we 

asked: Which traits contribute to fitness differences across habitats? And which traits 

contribute to the loss of fitness due to hybridization in each habitat (does hybridization 
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increase with increasing trait similarity between species)? If found, is the genetic basis of 

these traits simple, as in previous studies, or more complex?  

2.2 Materials and Methods 

We performed a field reciprocal transplant experiment to identify traits 

contributing to habitat segregation through their association with a female component of 

fitness (seed set) and hybridization rate in each species and hybrids. We used F2 hybrids 

to increase the range of phenotypic variation, reduce correlations among traits, and 

determine the genetic basis of phenotypic differences in the field (Lexer et al 2003). We 

also performed a genetic mapping experiment in the greenhouse to increase our power 

to identify loci contributing to phenotypic differences between species in controlled 

conditions. 

2.2.1 Crossing Design for Greenhouse and Field QTL Mapping and 
Selection Analysis 

To determine the genetic basis of trait differences between species, we created 

inbred lines from maternal families collected at a sympatric site at the UC Donald and 

Sylvia McLaughlin Natural Reserve in Lower Lake, California (W 122° 24.614, N 38° 

51.528). We created F1 hybrids from parental lines that were self-fertilized for two 

generations in the greenhouse, and then selfed single F1 hybrid to generate F2 hybrids. 

Parents (M. guttatus line REM122, n=21; M. nudatus line REMn129, n=24), F1 (n=10), and 

F2 hybrid (n=576) seed were planted in 2.5” Kord pots with Fafard 4P soil, cold stratified 
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for 5 days, and then placed in a 16 hr light/8 hr dark greenhouse at Duke University. 

Pots were fully randomized and flats were rotated weekly. 

To generate F2 hybrids for genetic mapping in the field, we crossed the same F1 

hybrid used for greenhouse QTL mapping with an F1 generated from different parental 

lines from the same populations (M. guttatus line: REM130 and M. nudatus line: 

REMn122). To minimize the effect of inbreeding depression on fitness in the field, we 

intercrossed the parental lines to create outbred parents for transplanting (Figure 10). 

We transplanted F2s, outbred M. nudatus parent (REMn122xREMn129) and outbred M. 

guttatus parents (REM122xREM130) at the UC McLaughlin Reserve. 
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Figure 9: Reciprocal transplant sites (a-c) and crossing schematic (d) for hybrids 
transplanted in the field. a) M. guttatus dominated seep transplanted in 2015 and 

2016. b) M. nudatus dominated wash transplanted in 2015 and 2016. c) Seep 
transplanted in 2015. Top yellow portion of the seep shows M. guttatus in flower, 

bottom grey bare portion of seep shows dry M. nudatus habitat. (d) Seeds for 
transplanting in these habitats were generated by crossing 2 inbred lines of each 

species to create 2 F1s that were intercrossed to make F2s. To minimize inbreeding 
depression, the parents used to produce F1s were intercrossed within species to create 

outbred seed for transplanting. 

2.2.2 Reciprocal transplant experiments 

To identify traits contributing to habitat segregation and their genetic basis in the 

field, we conducted reciprocal transplant experiments in 2015 and 2016. In late January 

2015, seedlings were germinated in a greenhouse with ambient light and temperature at 

the UC McLaughlin reserve. Seedlings were misted and monitored daily for 

germination. After germination terminated in February 2015, we established common 

gardens in parental habitats of the F2s at the UC McLaughlin Natural Reserve in 

California. We transplanted 1718 F2s, 674 M. nudatus parent and 579 M. guttatus parent 

seedlings throughout three sites –a serpentine seep dominated by M. guttatus (Figure 

10a), a nearby wash dominated by M. nudatus (Figure 10b), and a single seep dominated 

by M. guttatus upstream, and M. nudatus downstream (Figure 10c). After transplanting, 

plants were censused weekly until flowering commenced. Thereafter plants were 

censused daily until the final transplant flowered. We calculated days to flowering by 

subtracting germination date from flowering date, and measured corolla width on the 
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date of first flower. We removed the first leaf on the date of first flower for leaf area 

image analysis and corolla tissue for genetic analysis.  

We repeated the reciprocal transplant experiment in 2016. In February, seeds 

were germinated in a greenhouse with ambient light at UC Davis. In March, we 

transplanted into common gardens at the same first two sites as in 2015, but moved the 

other site to a similar stream ~100m away. We transplanted 1469 F2s, 160 M. nudatus, 

and 139 M. guttatus parent seedlings. Plants were censused weekly prior to flowering, 

and then every other day once flowering began. Transplants that died within a week of 

transplanting (likely due to transplant shock) were removed from subsequent analyses. 

Fruits were counted and collected once transplants stopped flowering, and we did not 

collect corolla tissue from F2s (as many produced but one flower), and instead allowed 

them to set seed. Seeds were counted for each fruit and categorized as viable or inviable 

based on morphology (Oneal et al 2016).  

2.2.3 Phenotypic Analysis 

In the greenhouse and in the field, we recorded germination and flowering date, 

and calculated days to flowering by subtracting germination date from flowering date. 

On the date of first flower, we measured corolla width with a ruler and leaf area with 

images produced using a flatbed scanner in ImageJ (Schneider et al. 2012). To estimate 

trait heritabilities, we calculated parental and F2s environmental and genetic variances. 



 

 

37 

First, we calculated the environmental variance as the weighted average of the parental 

variances, excluding F1s due to low sample size in the greenhouse (n=3) (VE= 

(var(REM122)+var(REMn129))/2). Then, we calculated genetic variance by subtracting VE 

from the variance in the F2s (VG= Var(F2) – VE). Finally, we estimated broad-sense 

heritability by dividing the genetic variance by the F2 variance (H2 = VG/Var(F2)).  

2.2.4 Hybridization and Phenotypic Selection Analysis 

To perform phenotypic selection analysis, we chose three ecologically-relevant 

traits (corolla width, leaf area, and days to flowering), which differed noticeably in the 

parents and were not highly correlated with each other in the F2s (Table 1, Pearson 

correlation coefficients |r|<0.7, per Dormann et al. 2013).  

Table 1: Pearson correlation coefficients for measured traits on F2 transplants in M. 
nudatus habitat (above diagonal) and M. guttatus habitat (below diagonal) in 2015 (a) 

and 2016 (b). 

a) 2015 Days to Flowering Corolla Width Leaf Area 
Days to Flowering 

 
-0.37*** (n=157) -0.13 (n=88) 

Corolla Width -0.3*** (n=482) 
 

0.13 (n=87) 
Leaf Area -0.06 (n=228) 0.31*** (n=217) 

 
    b) 2016 Days to Flowering Corolla Width Leaf Area 
Days to Flowering 

 
-0.2** (n=196) -0.28*** (n=153) 

Corolla Width -0.3*** (n=463) 
 

0.3*** (n=144) 
Leaf Area -0.4*** (n=344) 0.24*** (n=332) 

        *P<0.05,**P<0.01,***P < 0.001. 
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To allow comparisons of effect size, we standardized these traits to have a mean 

of 0 and standard deviation of 1 (Lande and Arnold 1983). We calculated relative fitness 

by dividing components of female fitness –total (viable and inviable) seed set for 2016 

hybrids and both species in 2015 and 2016 and flower number for 2015 hybrids – by the 

average of that component. To test whether selection on traits differed between habitats, 

we constructed mixed effect models where we regressed relative fitness onto traits, 

habitat, and their interaction, with nested random effect intercepts for each site and 

transplant plot, and for the pure species, transplant year, in the R package lme4 (Bates et 

al. 2015). We performed regressions separately each year for hybrids because we 

measured different fitness components on hybrids each year, flower number in 2015, 

and viable and total seed set in 2016. To prevent model over fitting, we performed 

stepwise elimination of non-significant effects using likelihood ratio tests for random 

effects and F tests based on Satterthwaite’s approximation for fixed effects to find the 

minimum adequate model with the R package lmerTest (Kuznetsova et al 2016). We 

calculated pseudo-R2 values for our mixed effect models using the R package 

piecewiseSEM (Lefcheck 2015). 

To test whether traits were associated with hybridization rate in each species, 

constructed mixed effect models where we regressed the mean-standardized proportion 

of seeds that were viable (viable seeds/total [viable + inviable] seeds) onto traits, species, 
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year, and habitat and all their interactions, with nested random effect intercepts for each 

site and transplant plot. To test whether traits were genetically correlated with loci 

causing hybrid inviability, we constructed mixed effect models where we regressed the 

mean-standardized proportion of seeds that were viable in F2 hybrids in 2016 onto 

traits, habitat and their interaction, with a random effect intercept of transplant block 

nested within site. As in the phenotypic selection analysis, we prevented model over 

fitting by performing backward elimination of non-significant effects to find the 

minimum adequate model. 

2.2.5 Multiplexed Shotgun Genotyping library preparation 

To determine the genetic basis of species differences in the field and greenhouse, 

we extracted DNA from F2 hybrids and parents and prepared reduced representation 

libraries for sequencing. 

2.2.5.1 Greenhouse 

Flower bud tissue was collected from each parent and F2 hybrid in 96-well plates 

and frozen at -80 degrees Celsius. DNA was extracted using a modified CTAB protocol 

(Lin and Ritland 1995). Prior to grinding in a Geno/Grinder 2000, a single stainless steel 

grinding ball was added to each sample and flash frozen with liquid nitrogen. We 

modified Lin and Ritland (1995) by adding 0.28mg of RNaseA to each sample after the 

chloroform-isoamyl extraction, followed by water bath incubation for 30 min at 37C, and 
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an additional chloroform-isoamyl extraction to remove RNaseA. After the second 

chloroform-isoamyl extraction, we precipitated DNA using 5M NaCl and 95% ethanol. 

Pellets were cleaned using 70% ethanol, and then DNA pellets were dried overnight and 

re-suspended in autoclaved distilled water. 

We determined the concentration of DNA in each sample using the Quant-iT 

PicoGreen dsDNA Assay kit (Invitrogen Life Technologies) and assayed fluorescence on 

a microplate reader. After quantification, we diluted 379 F2 samples to a standard 

concentration of 5ng DNA per uL of water. We then prepared the standardized samples 

for Illumina sequencing using a modified multiplexed shotgun genotyping (MSG) 

protocol (Andolfatto et al 2011). Briefly, we digested 50ng of genomic DNA for each F2 

with the restriction enzyme Csp6I and ligated 48 unique barcodes to each sample. We 

pooled the barcoded DNA into 8 groups of up to 48 barcoded individuals and size 

selected the pools using Ampure XP beads and a gel. We then amplified the pooled 

DNA and ligated 8 unique Illumina index primers with 16 cycles of polymerase chain 

reaction (PCR). Finally, we pooled equal molar amounts of the 8 Illumina indexed 

libraries based on concentrations measured using the Qubit broad range assay and insert 

size distributions measured using Agilent High Sensitivity D1000 ScreenTape. The 

pooled F2 hybrids were then sequenced on a single lane of Illumina HiSeq 2000/2500 

with 50bp single end reads. 
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Parental samples were prepared by digesting 200ng of DNA with Csp6I, 

followed by barcoding. Libraries were size selected with Ampure XP beads using a 0.8:1 

bead to sample ratio to remove fragments smaller than 300bp prior to and following 

library amplification. Parents were sequenced with 4 other samples on an Illumina Hi-

Seq 4000 with 50bp single end reads. 

2.2.5.2 Field 

We collected floral tissue in silica gel from transplanted hybrids as they flowered 

in 2015. We extracted DNA using the modified CTAB protocol described above (Lin and 

Ritland 1995). We quantified DNA concentrations in a microplate reader, and then 

diluted 507 F2 samples to a standard concentration of 1.2ng DNA per uL of water. We 

then prepared the standardized samples for Illumina sequencing using a modified 

multiplexed shotgun genotyping (MSG) protocol (Andolfatto et al 2011). Briefly, we 

digested 20ng of genomic DNA for each F2 with Csp6I and ligated 48 unique barcodes 

to each sample. We pooled the barcoded DNA into 11 groups of up to 48 barcoded 

individuals and size selected the pools using Ampure XP beads and a gel. We then 

amplified the pooled DNA and ligated 10 unique Illumina index primers with 16 cycles 

of polymerase chain reaction (PCR). Finally, we pooled and sequenced equal molar 

amounts of the 11 Illumina indexed libraries on two lanes of Illumina HiSeq 4000 with 

50bp single end reads. 
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2.2.6 SNP Calling and Parental Allele Assignment 

To create markers for genetic mapping from our sequencing data, we used the 

TASSEL 5.0 GBS v2 pipeline to parse individuals by barcode, align each tag to the M. 

guttatus v2 reference genome using bwa, and identify segregating SNPs (Bradbury et al. 

2007, Li and Durbin 2009, Hellsten et al. 2013). We used default settings in TASSEL GBS 

v2, e.g., a minimum locus coverage of 0.1, except that we used a minimum kmer length 

of 45 and a minimum Illumina quality score of 20 in the greenhouse. In our field 

analysis, we selected SNPs that were fixed within species but different between species 

and eliminated others before imputation and parental allele assignment. Parental allele 

assignment and imputation was performed using the window LD algorithm in FSFhap 

with default settings, except that we did not use heterozygous calls (Swarts et al. 2014) 

2.2.7 Linkage Map Construction, Analysis of Transmission Ratio 
Distortion in Greenhouse and Field 

Linkage map construction was performed using the onemap package in R with 

markers generated by FSFhap in TASSEL 5.0 (Margarido et al. 2007). We first grouped 

markers into linkage groups (LG) using a minimum logarithm of odds (LOD) score of 6 

and maximum recombination fraction of 0.35 to declare linkage. We ordered markers 

along each chromosome using a two-point based algorithm, Rapid Chain Delineation 

(RCD) (Doerge 1996). In the greenhouse, we tested whether individual markers 
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significantly deviated from Mendelian (1:2:1) ratios at α=0.05 using a chi-square test. We 

controlled for the false discovery rate using the Benjamini-Hochberg procedure. 

To test whether viability selection prior to flowering affected genotype 

frequencies in the field, we used a chi-squared test to test for significant deviations from 

Mendelian frequencies in each habitat (1:2:1). To test whether viability selection differed 

between habitats, we tested whether genotype frequencies differed significantly 

between habitats using a chi-squared test, controlling for the false discovery rate using 

the Benjamini-Hochberg procedure. 

2.2.8 Greenhouse and Field QTL Mapping 

In the greenhouse, we initially performed standard interval mapping using the 

scanone function in R/qtl, then used the scantwo function to perform a two-dimensional 

two-QTL scan using Haley-Knott regression (Broman et al. 2003). We calculated main 

effect and interaction penalties with 1000 permutations of the scantwo function to 

conduct stepwise fitting of multiple QTL models. We used the stepwiseqtl function with 

a maximum of 10 QTL using Haley-Knott regression to conduct a forward/backward 

search of models that optimized the penalized LOD score criterion. 

In the field, we mapped QTL separately in each habitat. Corolla width and days 

to flowering were approximately normally distributed, but flower number was strongly 

right skewed and could not be transformed to meet normality assumptions. Thus, we 
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performed standard interval mapping using the scanone function with Haley-Knott 

regression using a non-parametric model for flower number and a normal phenotype 

model for corolla width and days to flowering. We calculated genome wide significance 

thresholds with 1000 permutations of the scanone function.  

For corolla width and days to flowering, we used the scantwo function to 

perform a two-dimensional two-QTL scan using Haley-Knott regression with and 

without a transplant site covariate. We then calculated main effect and interaction 

penalties with 1000 permutations of the scantwo function to conduct stepwise fitting of 

multiple QTL models. We used the stepwiseqtl function with a maximum of 10 QTL 

using Haley-Knott regression to conduct a forward/backward search of models that 

optimized the penalized LOD score criterion. 

2.2.9 Single Marker Analysis of Greenhouse QTL in the Field and 
Viability Selection at Candidate loci  

We tested whether QTL identified in the greenhouse contributed to corolla 

width, days to flowering, and leaf area in the field using single markers located at or 

near the peak LOD score for each locus. We constructed mixed effect models where we 

regressed corolla width onto marker genotype with a random effect of transplant block 

nested within site. We then used likelihood ratio tests to compare models with genotype 

and random effects versus reduced models with only random effects to test whether 

genotype significantly influenced phenotypes in the field. Furthermore, we tested 
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whether genotype frequencies at markers contributing to phenotypes in the field 

deviated from Mendelian expectations (1:2:1) in each habitat, and estimated the survival 

of each genotypic class by subtracting the observed proportion from the expected 

Mendelian proportion, given the percentage of survivors we genotyped. Markers 

generated through MSG genotyping in the field were not evenly distributed across all 

chromosomes, particularly on linkage group 11. To compensate for this deficiency, we 

genotyped hybrids with an additional intronic PCR marker (MgSTS 318) near a 

greenhouse QTL peak on linkage group 11. We determined parental allele sizes and 

genotyped F2s using capillary electrophoresis. 

2.3 Results 

2.3.1 Greenhouse and Field Phenotypic Analysis 

 In the greenhouse, the average corolla width of the M. guttatus parental line was 

almost twice as large as that of the M. nudatus parental line (Table 2, t value =-15.61, p < 

0.001). The M. guttatus parental line had an average leaf area that was almost four times 

the average for M. nudatus (Table 2, t value = -9.953, p < 0.001). The parental lines did not 

significantly differ in days to flowering (Table 2, t value = 0.972, p = 0.338), however the 

broad sense heritability of flowering time was fairly high (H2 = 0.41). The broad sense 

heritabilities for flower size and leaf area in the greenhouse were 0.59 and 0.23, 

respectively. 
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In the field in 2015, the heritabilities of all traits were much lower than in the 

greenhouse, ranging from less than 0 to 0.15 (Table 2). The average parental variance 

(VE) was greater than the average F2 variance (VG + VE) for traits that had broad sense 

heritabilities less than 0. In both habitats, the M. guttatus parent had significantly wider 

corollas (M. guttatus habitat: t(384) = 36.2, p < 0.001; M. nudatus habitat: t(244.5)= 36.2, p < 

0.001) and larger leaf areas than the M. nudatus line (M. guttatus habitat: t(196.3) = 13.6, p 

< 0.001; M. nudatus habitat: t(172.1) = 14.7, p < 0.001). However, the relative order of 

flowering differed between habitats, M. guttatus flowered earlier in its native habitat 

than M. nudatus (t(419.7) = -10.7, p < 0.001), but M. nudatus flowered earlier in its native 

habitat than M. guttatus (t(269.3) = 3.93, p <0.001). 

Table 2: Trait heritabilities, means and standard errors measured in the greenhouse 
and field in 2015. 

Trait Location H2 M. guttatus M. nudatus F2 
Days to  Greenhouse 0.41 26.56 ± 1.07 27.81 ± 0.34 30.42 ± 0.23 
Flowering M. guttatus habitat 0.15 99.47 ± 0.51 107.84 ± 0.54 108.00 ± 0.36 

 
M. nudatus habitat -0.09 91.91 ± 0.49 88.33 ± 0.68 92.53 ± 0.36 

Corolla  Greenhouse 0.59 2.17 ± 0.05 1.18 ± 0.03 1.74 ± 0.14 
Width M. guttatus habitat 0.09 1.65 ± 0.02 0.80 ± 0.01 1.11 ± 0.01 

 
M. nudatus habitat -0.20 1.46 ± 0.02 0.79 ± 0.01 1.01 ± 0.01 

Leaf Area Greenhouse 0.23 8.89 ± 0.56 2.44 ± 0.15 3.54 ± 0.10 

 
M. guttatus habitat -0.91 0.55 ± 0.02 0.14 ± 0.01 0.25 ± 0.01 

  M. nudatus habitat -0.67 0.54 ± 0.02 0.12 ± 0.004 0.24 ± 0.01 
 

In the field, M. guttatus was often more variable than M. nudatus (Figure 11). For 

example, the average corolla width for M. guttatus was 1.7 (± 0.3 SD) cm in its native 
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seep and 1.5 (± 0.4 SD) cm in M. nudatus dominated washes, whereas the average corolla 

width for M. nudatus was 0.8 (± 0.2 SD) cm in both habitats. 

 

Figure 10: Boxplots of corolla width measurements in the greenhouse and in the field 
in 2015 for M. guttatus (green) and M. nudatus (blue). 

2.3.2 Field Phenotypic Selection Analysis 

While days to flowering, corolla width, and leaf area often contributed positively 

to total fitness, their effects did not consistently differ between habitats. In contrast, 

corolla size in M. guttatus transplants to M. nudatus habitat was a strong predictor of 

hybridization rate, with smaller flowered M. guttatus (more similar to M. nudatus) 

having greatly increased hybridization rate compared to larger-flowering individuals.  
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In the phenotypic selection analysis on F2s in 2015, we found no corolla width or 

leaf area by habitat differences in selection; selection favored wider flowers and larger 

leaves in both habitats. However, we did detect a significant interaction between a 

quadratic coefficient for days to flowering, indicating that selection on the onset of 

flowering was stabilizing in M. guttatus habitat, but disruptive in M. nudatus habitat. In 

the phenotypic selection analysis on F2s in 2016 using total seed set, we found no 

significant trait by habitat interactions for flowering time or corolla width, but did 

identify a significant interaction for leaf area. In the M. nudatus habitat, selection for 

larger leaves was greater than in the M. guttatus habitat. Finally, in the selection analysis 

on 2016 F2s using viable seed set, selection favored earlier flowering and larger leaves in 

both habitats. However, we detected a significant interaction between linear and 

quadratic coefficients for corolla width and habitat; selection for larger flowers was 

greater in the M. guttatus habitat. 

2.3.3 Phenotypic Selection Analysis in Species 

To determine how selection acted on traits in each species, we performed 

phenotypic selection analysis by regressing a component of fitness (total seed set) onto 

corolla width, leaf area, and days to flowering (Table 3). Our minimum adequate 

univariate phenotypic selection models included significant trait by habitat interactions 

for corolla width and leaf area, indicating that selection on those traits differed between 
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habitats. Our models included significant trait by species interactions for days to 

flowering and corolla width, indicating that selection on those traits differed between 

species. Finally, our minimum adequate model for corolla width included a significant 

3-way species by habitat by quadratic corolla width interaction, indicating that selection 

on corolla width differed between habitats and species. 

The minimum adequate model for days to flowering (fixed effects/total model 

variance explained = 0.32, (fixed effects + random effects)/total model variance explained 

= 0.47) included a significant days to flowering by species interaction (estimate= 1.4762, 

SE= 0.3790, t(949.1) = 3.895, p < 0.001), indicating that selection on days to flowering 

differed between species, and a significant species by habitat interaction (estimate= 

3.8208, SE= 0.5964, t(922) = 6.406, p < 0.001), indicating that species produced different 

amounts of total seed in each habitat (Figure 12).  

The minimum adequate model for leaf area (fixed effects/total model variance 

explained = 0.32, (fixed effects + random effects)/total model variance explained = 0.47) 

included a significant habitat by linear leaf area interaction (estimate = -4.03552, SE = 

0.86469, t(550.8) = -4.667, p < 0.001) and habitat by quadratic leaf area interaction 

(estimate = 0.76134, SE = 0.30017, t(548.1) = 2.536, p = 0.01148), indicating that selection on 

leaf area differed between habitats (Figure 13).  
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Figure 11: Univariate phenotypic selection analysis of days to flowering in each 
species, plotted by habitat (top panel M. guttatus habitat, bottom M. nudatus habitat) 

and species (M. guttatus (green) and M. nudatus (blue)). 
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Figure 12: Univariate phenotypic selection analysis of leaf area in each species, 
plotted by habitat (top panel M. guttatus habitat, bottom M. nudatus habitat) and 

species (M. guttatus (green) and M. nudatus (blue)). 
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The minimum adequate model for corolla width (fixed effects/total model 

variance explained = 0.32, (fixed effects + random effects)/total model variance explained 

= 0.46) included a significant habitat by linear corolla width interaction (estimate = -

3.6839, SE = 0.5033, t(873.1) = -7.320, p < 0.001) and habitat by quadratic corolla width 

interaction (estimate= 2.6530, SE = 0.7171, t(874.7) = 3.700, p < 0.001), indicating that 

selection on corolla width differed between habitats (Figure 14). The model also 

included a significant habitat by species interaction (estimate= 2.4537, SE = 0.9968, 

t(863.5) = 2.461, p = 0.014032), indicating that species produced different amounts of seed 

between habitats, and a significant 3-way species by habitat by quadratic corolla width 

interaction, indicating that selection on corolla width differed between habitats and 

species (estimate= 4.9522, SE = 0.8778, t(874.3) = 5.641, p < 0.001). 

 

Table 3: Univariate Phenotypic Selection Analysis of Total Seed Set In Species 
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Figure 13: Univariate phenotypic selection analysis of corolla width in each species, 
plotted by habitat (top panel M. guttatus habitat, bottom M. nudatus habitat) and 

species (M. guttatus (green) and M. nudatus (blue)). 
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2.3.4 Hybridization Rate Analysis in Species 

To determine whether our measured traits were differentially associated with 

hybridization rate between habitats and species, we regressed proportion viable seed set 

onto days to flowering, corolla width, and leaf area. In the univariate regression analysis 

of hybridization rate for species, we found significant trait by habitat interactions for 

flowering time and corolla width, indicating that these traits had different effects on 

hybridization rate in each habitat (Table 4). When we analyzed each species separately, 

we found a significant corolla width by habitat interaction for corolla width in M. 

guttatus only. In M. nudatus habitat, M. guttatus transplants with smaller flowers 

hybridized more with M. nudatus (Figure 17). 

The minimum adequate model for days to flowering (fixed effects/total model 

variance explained = 0.52, (fixed effects + random effects)/total model variance explained 

= 0.54) included a significant quadratic days to flowering by habitat interaction 

(estimate= -0.349115, SE= 0.068899, t(508.1) = -5.067, p < 0.001), indicating that days to 

flowering had different effects on hybridization rate in each habitat, and a significant 

habitat by species interaction (estimate= 1.082866, SE= 0.085510, t(612.5) = 12.664, p < 

0.001) indicating species produced different proportions of viable seed between habitats 

(Figure 15). Finally, the model included a significant 3-way interaction between habitat, 

species, and quadratic days to flowering (estimate = 0.485605, SE = 0.082649, t(618.3) = 
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5.876, p < 0.001) indicating that the shape of the relationship between flowering date and 

hybridization rate differed between habitats and species (Figure 15).  

The minimum adequate model for corolla width (adjusted R2= 0.4796) included a 

significant corolla width by habitat interaction (estimate= 0.18039, SE= 0.05158, t value= 

3.497, p < 0.001), indicating that corolla width had different effects on hybridization rate 

in each habitat, and a significant habitat by species interaction (estimate= 1.54688, SE= 

0.10538, t value= 14.679, p < 0.001) indicating species produced different proportions of 

viable seed between habitats (Figure 16). 

 

Table 4: Univariate Analysis of Proportion Viable Seed Set In Species 
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Figure 14: Univariate regression of days to flowering on hybridization rate plotted by 
habitat (top panel M. guttatus habitat, bottom M. nudatus habitat) and species (M. 

guttatus (green) and M. nudatus (blue)). 
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Figure 15: Univariate regression of corolla width on hybridization rate plotted by 
habitat (top panel M. guttatus habitat, bottom M. nudatus habitat) and species (M. 

guttatus (green) and M. nudatus (blue)). 
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When we analyzed corolla width separately in each species, there was no 

significant corolla width by habitat interaction for M. nudatus, but there was a significant 

interaction for M. guttatus. The minimum adequate model of corolla width regressed 

onto proportion viable seed set for M. guttatus included a significant linear corolla width 

by habitat interaction (estimate = 0.14696, SE = 0.05191, t(375.7) = 2.831, p = 0.00489), 

indicating that the association between corolla width and hybridization rate differed 

between habitats. In M. nudatus habitat, M. guttatus transplants with smaller flowers set 

lower proportions of viable seed; M. guttatus flowers that were more similar in size to M. 

nudatus hybridized more than transplants with larger flowers (Figure 17). 

 

Figure 16: Univariate regression of hybridization rate on corolla width in M. guttatus 
plotted by habitat (left: M. guttatus habitat, right: M. nudatus habitat). 
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2.3.4 2015 F2 Hybrid Phenotypic Selection Analysis Using Flower 
Number 

In order to reduce correlations among traits in the parental species and increase 

trait variance to detect selection, we performed phenotypic selection analyses on F2s 

transplanted in 2015 and 2016 (Lexer et al. 2003). We examined the relationship between 

our measured traits (days to flowering, corolla width, and leaf area) and a component of 

fitness (flower number) to test whether traits were under selection and whether selection 

differed between habitats in 2015. The minimum adequate models for corolla width and 

leaf area only contained significant positive linear coefficients for each trait, indicating 

that selection favored larger flowers and leaves in both habitats in 2015 (Table 5). The 

minimum adequate model of days to flowering on flower number in the F2s (Table 5) 

included a significant quadratic days to flowering by habitat interaction (estimate= 

0.5332, SE= 0.1501, t value = 3.553, p < 0.001), indicating that the shape of the relationship 

between days to flowering and flower number differs between habitats (Figure 18).  

 

Table 5: Univariate Phenotypic Selection Analysis: Flower Number in 2015 F2s. 

Trait n γ β habitat γ*habitat β*habitat 
Days to Flowering 676 -0.22* 

 
-1.04** 0.53*** 

 Corolla Width 645 
 

0.56*** 
   Leaf Area 320 

 
0.64***        

*P<0.05,**P<0.01,***P < 0.001. 
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Figure 17: Minimum adequate phenotypic selection model of days to flowering on 
flower number in 2015 F2s in M. guttatus habitat (green) and M. nudatus habitat 

(blue). 

2.3.5 2016 F2 Hybrid Phenotypic Selection Analysis Using Total Seed 
Set 

To test whether traits were under selection and whether selection differed 

between habitats in 2016, we examined the relationship between traits and a component 

of female fitness, total seed set. The minimum adequate models for days to flowering 

and corolla width did not include significant trait by habitat interactions, indicating that 

selection did not differ in direction or magnitude between habitats (Table 6). The 

minimum adequate model of leaf area on relative total seed set in the F2s included a 

significant linear leaf area by habitat interaction (estimate= 1.74713, SE= 0.80999, t value= 

2.157, p = 0.0315), indicating that selection differed between habitats (Figure 19). 
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Table 6: Univariate Phenotypic Selection Analysis: Total Seeds in 2016 F2s 

Trait n γ β habitat γ*habitat β*habitat 
Days to Flowering 707 -0.25* 

    Corolla Width 661 0.33** 0.95*** 
   Leaf Area 506 -0.21** 1.88***     1.75* 

*P<0.05,**P<0.01,***P < 0.001. 
      

 

Figure 18: Minimum adequate phenotypic selection model of leaf area on total seed 
set in 2016 F2s in M. guttatus habitat (green) and M. nudatus habitat (blue). 

2.3.6 2016 F2 Hybrid Phenotypic Selection Analysis Using Viable 
Seed Set 

To test whether traits were under divergent selection between habitats in 2016, 

we examined the relationship between traits and a component of female fitness that 

included a reduction in fitness caused by F2 genotype at seed inviability loci (viable seed 

set). The minimum adequate models for days to flowering and leaf area did not include 
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significant habitat by trait interactions, indicating that selection did not differ between 

habitats (Table 7). The minimum adequate model of corolla width on relative viable seed 

set in the F2s included a significant habitat by quadratic corolla width (estimate= -0.5714, 

SE= 0.2747, t value= -2.080, p = 0.037945) and habitat by linear corolla width interaction 

(estimate= -1.1423,SE= 0.4594, t value = -2.486, p = 0.013162). The interactions indicate 

that the shape of the relationship between corolla width and viable seed set differed 

between habitats (Figure 20).  

 

Table 7: Univariate Phenotypic Selection Analysis: Viable Seeds in 2016 F2s. 

Trait n γ β habitat γ*habitat β*habitat 
Days to Flowering 707 0.48** 

 
-2.08*** 

  Corolla Width 661 0.68*** 1.48*** 
 

-0.57* -1.14* 
Leaf Area 506 -0.26** 2.39***       
*P<0.05,**P<0.01,***P < 0.001. 
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Figure 19: Minimum adequate phenotypic selection model of corolla width on viable 
seed set in 2016 F2s in M. guttatus habitat (green) and M. nudatus habitat (blue). 

2.3.7 2016 F2 Hybrid Analysis Of Proportion Viable Seed Set 

To determine if any of our measured traits are genetically correlated with loci 

causing hybrid inviability, we examined the relationship between traits and the 

proportion of viable seed set (viable seed set divided by total seed set). If traits are 

genetically correlated with inviability loci, we would expect a significant relationship 

between traits and viable seed proportion that differs between habitats. None of the 

minimum adequate models contained a significant trait by habitat interaction (Table 8), 

indicating that the relationship does not differ between habitats, and that it is likely not 

caused by a genetic correlation between the hybrid inviability loci and our measured 

traits. 
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Table 8: Univariate Analysis of Proportion Viable Seed Set in F2 hybrids. 

Trait n γ β habitat γ*habitat β*habitat 
Days to Flowering 707 

     Corolla Width 661 0.38*** 
    Leaf Area 506 -0.10** 0.47**       

*P<0.05,**P<0.01,***P < 0.001. 
      

2.3.8 MSG Genotyping 

2.3.8.1 Greenhouse 

To determine the genetic basis of species differences in the greenhouse, we 

sequenced 262 million 51bp single end reads from 379 F2 hybrid individuals, with a 

median of 500 thousand reads per individual. We identified a total of 74,603 SNPs across 

387 scaffolds. However, we focused on SNPs that mapped to the 14 largest scaffolds, 

corresponding to the 14 chromosomes of Mimulus guttatus, in subsequent allele 

assignment and imputation, resulting in 65,964 SNPs. Parental allele assignment and 

imputation using the window LD algorithm in FSFhap generated 4736 markers for QTL 

mapping.  

2.3.8.2 Field 

To determine the genetic basis of traits under selection and influencing 

hybridization in the field, we sequenced 462 million 51bp single end reads from 507 F2 

hybrid individuals (154 from M. nudatus habitat and 353 from M. guttatus habitat) with a 

median of 260 thousand reads per individual. We identified a total of 89,913 SNPs across 
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449 scaffolds in the F2s (108,404 SNPs on 476 scaffolds including the 4 parents). We 

removed SNPs that were shared between the parental species and different within the 

parental species, which reduced our total number of SNPs to 14,940 across 260 scaffolds. 

We focused on SNPs that mapped to the 14 largest scaffolds, corresponding to the 14 

chromosomes of Mimulus guttatus, in subsequent allele assignment and imputation, 

resulting in 13,362 SNPs. Parental allele assignment and imputation using the window 

LD algorithm in FSFhap generated 1094 markers for QTL analysis.  

2.3.9 Linkage Mapping and Transmission Ratio Distortion 

We constructed two linkage maps from our greenhouse and field crosses, and 

discovered widespread segregation distortion on all chromosomes. Most markers had 

an excess of M. guttatus homozygotes (GG) and a deficiency of M. nudatus homozygotes 

(NN). In the greenhouse, the distortion was particularly pronounced on linkage group 6, 

which had an extreme deficiency of M. nudatus homozygotes (Figure 21). In the field, 

different genomic regions were extremely distorted, particularly on linkage groups 1, 3, 

and 7, which had a deficiency of M. nudatus homozygotes, and linkage groups 5 and 11 

that had a deficiency of M. guttatus homozygotes (Figure 22). When we compared 

genotype frequencies between transplant habitats, all markers were significantly 

different, and suggesting that differential survival to flowering between habitats is 

highly polygenic. 
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2.3.9.1 Greenhouse 

Our greenhouse genetic map based on 4736 markers has a total length of 1098 cM 

with an average spacing of 0.2 cM. Sixty four percent (3018) of markers in the F2s 

significantly deviated from Mendelian genotype ratios (1:2:1) at α = 0.05 after controlling 

for the false discovery rate (Figure 21). Markers that were significantly distorted were 

extremely biased towards M. guttatus; 92% (2787) of distorted markers at α = 0.05 had an 

excess of homozygous M. guttatus genotypes (GG) and a deficiency of homozygous M. 

nudatus genotypes (NN). All linkage groups had significantly distorted markers at α = 

0.05. 

 

Figure 20: Transmission ratio distortion in greenhouse F2 hybrids: (A) genotype 
frequencies at each marker (GG = black, GN = blue, NN = red), and (B) −log10 P-
values from tests of 1:2:1 segregation at each marker along 14 chromosomes (red 

dashed line: α = 0.05). 
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2.3.9.2 Field  

Our field genetic map based on 1094 markers has a total length of 1637.9 cM with 

an average spacing of 1.5 cM. In the M. guttatus seep habitat, 91% (996) of markers in the 

F2s significantly deviated from Mendelian genotype ratios (1:2:1) at α = 0.05 after 

controlling for the false discovery rate (Figure 22A). Markers that were significantly 

distorted were biased towards M. guttatus; 65% (647) of distorted markers at α = 0.05 had 

an excess of homozygous M. guttatus genotypes (GG) and a deficiency of homozygous 

M. nudatus genotypes (NN). All linkage groups had significantly distorted markers at α 

= 0.05.  

In the M. nudatus wash habitat, 69% (755) of markers in the F2s significantly 

deviated from Mendelian genotype ratios (1:2:1) at α = 0.05 after controlling for the false 

discovery rate (Figure 22B). Markers that were significantly distorted were biased 

towards M. guttatus; 82% (620) of distorted markers at α = 0.05 had an excess of 

homozygous M. guttatus genotypes (GG) and a deficiency of homozygous M. nudatus 

genotypes (NN). All linkage groups had significantly distorted markers at α = 0.05.  

When we compared genotype frequencies between habitats, all markers were 

significantly different at α = 0.05 (Figure 22D). In both habitats, the most distorted 

markers were concentrated on linkage groups 1, 3, 5, 7 and 11 (Figure 22C). Linkage 

groups 1, 3, and 7 have a deficiency of M. nudatus (NN) homozygotes, whereas linkage 
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groups 5 and 11 have a deficiency of M. guttatus (GG) homozygotes (Figure 22A and 

21B). Markers were not evenly distributed across chromosomes, particularly on linkage 

group 11, where half of the chromosome was not represented (Figure 23). 

 

Figure 21: Genotype frequencies of F2 hybrids that survived to flower in M. guttatus 
and M. nudatus habitat in 2015. First two panels show genotype frequencies at each 
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marker (GG = black , GN = blue and NN = red) in (A) M. guttatus habitat and (B) M. 
nudatus habitat. The last two panels show (C) the −log10 P-values from chi-squared 

tests of deviations from Mendelian (1:2:1) genotype frequencies at each marker in M. 
guttatus habitat (black) and M. nudatus habitat (blue) and (D) the −log10 P-values 

from chi-squared tests of genotype frequencies between habitats at each marker (for C 
and D, red dashed line: α = 0.05). 

 

Figure 22: Comparison of greenhouse (left) and field (right) genetic maps. 
cM:Centimorgans. 

 2.3.10 QTL analysis  

2.3.10.1 Greenhouse 

In the greenhouse, we identified few genomic regions associated with 

interspecific differences in days to flowering, corolla width, and leaf area (Figure 24, 

Table 9). Using two different estimates of effect size, percent variance explained in the 
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F2s and the percentage of the mean parental difference explained by alternate 

homozygotes, we find that loci explain a small to moderate percentage of segregating F2 

variance (4.74% – 14.31%), but a moderate to large percentage of the difference between 

the parental strains (15.75% - 250.96%) (Table 9). We identified a single QTL on linkage 

group (LG) 11 that explains 10% of the segregating variance in flowering time among 

the F2s. We did not calculate the proportion of the parental difference explained by the 

alternate homozygous genotypes because the parents did not significantly differ in days 

to flowering in the greenhouse. We detected 3 QTL for corolla width, but only two were 

in the direction of species differences (LG 5 and 11). Together these loci explain 24% of 

the segregating F2 variance and 41% of the parental difference in flower size. We 

detected a significant epistatic interaction for flower size between the LG 5 and LG 11 

QTL. M. nudatus homozygotes (NN) at LG5 and LG11 had smaller flowers on average 

than M. guttatus homozygotes (GG), but the two locus genotype LG5 GG/LG11 GG had 

smaller flowers on average than LG 5 NN/LG11 GG. We identified two loci that 

contribute to variation in leaf area, but only one on LG 5 is in the direction of the 

parental difference. The LG 5 QTL explains 6.43% of the segregating F2 variance in leaf 

area, but 250.96% of the parental divergence. The LG 5 QTL contributing to leaf area co-

localizes (has overlapping 1.5-LOD intervals) with the corolla width LG 5 QTL.  

Table 9: Quantitative trait loci (QTL) and their main effects from the best-fit models 
of stepwise analyses in the greenhouse. H2: Broad sense heritability, LG: Linkage 
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Group, Peak: location of QTL Peak, LOD: Logarithm of odds, a: additive effect, D: 
dominance deviation, % variance: percent of variance explained, % Parental 

Difference: % of mean parental difference explained by alternate homozygous 
genotypes (not calculated for traits not significantly different between parental lines). 

 

 

 

Figure 23: Genetic map of the greenhouse M. guttatus x M. nudatus F2 population 
with QTL 1.5 LOD confidence intervals indicated with colored bars for each trait. 
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2.3.10.2 Field 

We detected few genomic regions associated with species differences in the field 

in 2015 that partially overlapped with greenhouse QTL and had small to large effects on 

phenotypes (Table 10, Figure 25). In our non-parametric single QTL analysis of flower 

number, we found significant evidence for a QTL on linkage group 13 in the M. guttatus 

habitat, but did not find significant QTL in the M. nudatus habitat. The LG 13 QTL 

explains 4% of the segregating F2 variance in flower number. In the M. guttatus habitat, 

M. nudatus homozygotes (NN) produced over 1.5 times more flowers on average than 

the M. guttatus homozygotes (GG) at this locus.  

Table 10: Quantitative trait loci (QTLs) and their main effects from non-parametric 
interval mapping (flower number) or best-fit models of stepwise analyses (days to 
flowering and corolla width) in the field. H2: Broad sense heritability, LG: Linkage 
Group, Peak: location of QTL Peak, LOD: Logarithm of odds, a: additive effect, D: 

dominance deviation, % variance: percent of variance explained, % Parental 
Difference: % of mean parental difference explained by alternate homozygous 

genotypes. 
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Figure 24: Results of standard interval mapping for (A) flower number, (B) 
days to flowering, and (C) corolla width in the field. Blue lines indicate LOD scores in 

M. nudatus habitat, black lines indicate LOD scores in M. guttatus habitat. Dashed 
lines indicate significance thresholds at α=0.05 from 1000 permutations in M. guttatus 

habitat, which were consistently lower than thresholds in M. nudatus habitat (M. 
guttatus vs. M. nudatus habitat thresholds: Flower Number=3.5 vs. 3.54, Days to 

Flowering=3.59 vs. 3.74, Corolla Width= 3.59 vs. 3.65). 
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In our stepwise multiple QTL analysis for days to flowering, we found 

significant evidence for a QTL on linkage group 13 in M. guttatus habitat, and significant 

evidence for a QTL on linkage group 11 in M. nudatus habitat. The M. guttatus habitat 

days to flowering QTL co-localizes (i.e., has overlapping 1.5 LOD intervals) with the 

flower number locus, and explains 9% of the segregating F2 variance in days to 

flowering, but 105% of the parental difference in days to flowering. In the M. guttatus 

habitat, M. nudatus flowered on average 8.6 days later than M. guttatus (t-value= -10.01, p 

< 0.001) and the M. nudatus homozygous genotypes (NN) flowered on average 8.8 days 

later than the M. guttatus genotypes (GG) at the LG 13 locus (Tukey multiple comparison 

of means, p < 0.001). In M. nudatus habitat, the physical position of the days to flowering 

QTL overlaps with the greenhouse days to flowering QTL, and explains 11% of the 

segregating variance and 45% of the parental difference in days to flowering. M. nudatus 

flowered 3.57 days earlier on average than M. guttatus (t value=3.93, p < 0.001), and M. 

nudatus homozygotes (NN) flowered on average 1.6 days earlier M. guttatus 

homozygotes (GG). 

In our stepwise multiple QTL analysis of corolla width, we found significant 

evidence of a QTL on linkage group 12 in M. guttatus habitat, but no significant QTL in 

M. nudatus habitat. The LG 12 QTL explains 5% of the segregating F2 variance and 14% 

of the parental difference in corolla width. In M. guttatus habitat, M. nudatus corollas are 



 

 

75 

0.85cm narrower on average than M. guttaus corollas (t value: 36.2, p < 0.001), and M. 

nudatus homozygotes are 0.11 cm narrower on average than M. guttatus homozygotes 

(Tukey multiple comparison of means, p = 0.01). We did not find significant evidence for 

QTL contributing to leaf area in any habitat. 

2.3.10.3 Single Marker Analysis of Greenhouse QTL in the Field  

We tested whether candidate QTL identified in the greenhouse contributed to 

phenotypes in the field in 2015, and discovered that a marker near the greenhouse 

corolla width QTL peak was significantly associated with corolla width in M. nudatus 

habitat and days to flowering in both habitats. We tested whether greenhouse flower 

size QTL contribute to corolla width in the field using mixed effect models of single 

markers near greenhouse QTL peaks, with random effect terms for transplant block 

nested within site (Figure 26). Likelihood ratio tests of models including genotype to 

reduced models of a random intercept showed that only LG 11 genotype was a 

significant predictor of corolla width in M. nudatus habitat (M. guttatus habitat: LG 11 χ2 

= 4.4695, p = 0.107; LG 5: χ2 = 4.8677, p = 0.0877; M. nudatus habitat: LG 11 χ2 = 14.358, p < 

0.001; LG5: χ2 = 1.7429, p = 0.4183). In a post-hoc comparison of means of genotypes at 

the LG 11 QTL, M. nudatus homozygotes (NN) were significantly smaller than the M. 

guttatus homozygotes (GG) in M. nudatus habitat (Tukey HSD: p < 0.001). The M. nudatus 

homozygotes were on average 0.36cm smaller than M. guttatus homozygotes, and the 
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parental M. nudatus line was 0.67cm smaller than the M. guttatus line (t value: 21.3, p < 

0.001). Thus, the difference between the alternate homozygotes explains 54% of the 

parental difference in corolla width. 

 

Figure 25: Effect of LG 11 and LG 12 QTL on corolla width (cm) in the field. Means 
and standard errors calculated from the raw field data. 

We also tested whether the greenhouse flowering time and leaf area loci 

contribute in the field using the same markers as in the corolla width single marker 

analysis (Figure 27). LG 11 genotype was a significant predictor of days to flowering in 

both M. guttatus and M. nudatus habitat (M. guttatus habitat: LG 11 χ2 = 40.065, p < 0.001; 

M. nudatus habitat: LG 11 χ2 = 6.5075, p = 0.03863). In a post-hoc comparison of means of 

genotypes at the LG 11 QTL, M. nudatus homozygotes (NN) flowered significantly 

earlier than M. guttatus homozygotes (GG) in both habitats (Tukey HSD: M. guttatus 
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habitat, p < 0.001; M. nudatus habitat, p = 0.01). In M. nudatus habitat, NN flowered on 

average 4.7 days earlier than GG, while the parental M. nudatus line flowered on average 

3.6 days earlier than M. guttatus (t value=3.93, p < 0.001). Thus, the difference between 

homozygotes at the LG 11 QTL explains 130% of the mean parental difference in days to 

flowering. In M. guttatus habitat, NN flowered on average 7.6 days earlier than GG, but 

the M. nudatus parental line flowered on average 8.37 days later than the M. guttatus line 

(t value=-10.7, p < 0.001). LG 5 genotype was not a significant predictor of leaf area in 

either M. guttatus or M. nudatus habitat (M. guttatus habitat: LG 5 χ2 = 4.5139, p = 0.1047; 

M. nudatus habitat: LG 11 χ2 = 1.9667, p = 0.3741). 

 

Figure 26: Effect of LG 11 and LG 13 QTL on days to flowering in the field. Means and 
standard errors calculated from the raw field data. 
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2.3.10.4 Viability and Fecundity Selection at Field QTL and Greenhouse Loci 
Affecting Field Phenotypes 

We measured selection on loci influencing phenotypes in the field in 2015 using 

the product of genotype survival estimates (based on deviations from Mendelian 

expectations) and flower production (Table 7). In M. guttatus habitat, M. guttatus 

homozygotes (GG) at LG 12 and 13 QTL had the lowest relative fitness on average (LG12 

wGG= 0.58 and LG13 wGG= 0.59). In M. nudatus habitat, M. guttatus homozygotes (GG) at 

the LG 11 QTL had the lowest relative fitness on average, wGG=0.47, while M. nudatus 

homozygotes (NN) at the LG 13 QTL have the lowest fitness on average (wNN=0.37) 

(Figure 28). 

Table 11: Genotype survival estimates and flower production of genotypic classes at 
genetic loci contributing to corolla width and flowering time in the field. LG 11 

contributes to days to flowering and corolla width, LG 12 contributes to corolla width, 
and LG 13 contributes to flowering time and flower number. 

    . M. guttatus habitat M. nudatus habitat 

QTL Genotype 
Estimated 
 Survival 

Flower Number 
 (Mean ± SE) 

Estimated 
 Survival 

Flower Number 
 (Mean ± SE) 

LG 11 GG 0.66 2.06 ± 0.16 0.12 1.48 ± 0.14 

 
GN 0.69 2.22 ± 0.13 0.20 1.93 ± 0.15 

 
NN 0.60 1.80 ± 0.15 0.22 1.63 ± 0.16 

LG 12 GG 0.40 2.47 ± 0.27 0.15 2.00 ± 0.26 

 
GN 0.74 2.33 ± 0.14 0.22 1.71 ± 0.13 

 
NN 0.69 2.13 ± 0.12 0.16 1.75 ± 0.19 

LG 13 GG 0.53 1.87 ± 0.19 0.25 1.86 ± 0.17 

 
GN 0.76 2.22 ± 0.12 0.20 1.70 ± 0.13 

  NN 0.51 2.88 ± 0.24 0.09 1.84 ± 0.31 
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Figure 27: Relative Fitness of Genotypes at LG 11, LG 12 and LG 13 QTL in the field. 
Relative fitness was estimated by multiplying genotype survival estimates by average 

flower number per genotypic class. LG 11 contributes to flowering time and corolla 
width in the greenhouse and field, LG 12 contributes to corolla width in the field, and 

LG 13 contributes to flowering time and flower number in the field. 

2.4 Discussion 

2.4.1 Hybridization increased with greater flower size similarity 

Spatial segregation between the closely related species M. guttatus and M. 

nudatus is maintained by differential tolerance to submergence reinforced by severe 

frequency dependent selection against immigrants caused by maladaptive hybridization 

(Chapter 1). In reciprocal transplant experiments, when rare in the habitat of its 

congener, M. guttatus with smaller flowers set lower proportions of viable seed 

(hybridize more with M. nudatus) than plants with larger flowers. This increase in 

hybridization with greater trait similarity suggests that divergence in flower size may be 



 

 

80 

selected for in certain contexts. In contrast, variance in flower size of M. nudatus did not 

predict hybridization rate across habitats, suggesting either a reduced reliance on 

pollinators or that some pollinators are using other cues in this species. In the F2 hybrid 

experiment, where flower size was uncorrelated with from incompatibility loci and 

neighbor identity, we did not find significant evidence of a difference in the relationship 

between corolla width and proportion viable seed set between habitats, suggesting that 

the observed pattern is not due to correlated selection between inviability and corolla 

width loci. In this case, the pattern is driven almost completely by pollinators. 

In order for a divergent trait to affect hybridization rate, three conditions must be 

met: (1) the species must be co-flowering, both spatially and temporally, (2) some 

pollinators must be shared and (3) this trait must be used as a cue by these pollinators, 

or this trait must influence the effectiveness of pollen transfer by these pollinators. 

Despite differences in the onset of flowering, the flowering period of M. nudatus and M. 

guttatus overlaps extensively at every site (Gardner and McNair 2000, Toll, per. obs.). 

The most common floral visitors to M. nudatus are small solitary bees, and when M. 

nudatus and M. guttatus are within meters of one another, small solitary bees regularly 

visit both species, but exhibit constancy and transition more within than between species 

(Toll unpublished data, Gardner and MacNair 2000). The most common floral visitor to 

M. guttatus in its native habitat is a bumblebee (Bombus vosnesenskii). In over 3 years of 



 

 

81 

observation, we only observed one B. vosnesenskii visit to M. nudatus, and it is 

uncommon in populations of M. nudatus (Toll unpublished data, Garceo-Gomez and 

Ashman). Supporting this, in a controlled flight cage experiment, of 505 floral visits by 

B. vosnesenskii with equal floral numbers of both species, 97.4% were to M. guttatus and 

only 2.6% were to M. nudatus, indicating a strong visitation preference for M. guttatus 

(Toll, unpublished data). Bumblebees may be using other unmeasured, potentially non-

visual cues to discriminate between M. guttatus and M. nudatus. For example, differences 

in floral scent production between Mimulus lewisii and Mimulus cardinalis contribute to 

differences in bumblebee visitation; in an RNAi knockdown experiment of a gene 

controlling the production of a floral volatile, wild-type M. lewisii received 6% more 

visits than knockdown lines recapitulating M. cardinalis floral scent (Byers et al. 2014).  

We believe that pollinator sharing is probably far more common in M. nudatus 

habitat because of the dearth of bumblebees. Our finding of increased hybridization 

with increased trait similarity of M. guttatus to native M. nudatus is likely driven by 

scarcity of bumblebees in M. nudatus habitat and the reduced discrimination of solitary 

bees to these species. However, since corolla width similarity increased hybridization, 

this suggests that flower size, or a correlated trait, is used as a cue by solitary bees in 

foraging and therefore, has the potential to generate selection for character displacement 

where these bees are important pollinators (e.g. in M. nudatus habitat). Alternatively, 
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small solitary bees might not be using flower size as a foraging cue per se, but may be 

more likely to touch the stigmas of smaller flowered M. guttatus when they visit them. 

Intrinsic differences between species make this result more striking; M. guttatus 

is a far larger plant, which produces roughly three orders of magnitude more seed per 

individual (Chapter 1). Per flower, M. guttatus has 5.5 times more ovules and produces 

5.4 times more pollen than M. nudatus (Ritland and Ritland 1989), and therefore, a 

proportional increase in hybridization for this species requires far more pollen 

deposition on a stigma than the same proportional increase for M. nudatus. In M. 

guttatus habitat, M. nudatus had increased hybridization than in its native habitat, but 

this was not dependent on flower size. This seems likely due to two factors: (1) reduced 

variance in this trait compared to M. guttatus and (2) likely nondiscrimination of its 

solitary bee pollinators between M. guttatus and M. nudatus (thus a purely frequency 

dependent effect). In the greenhouse, the average corolla width for M. guttatus is 2.2 (± 

0.21 SD) cm and for M. nudatus is 1.2 (± 0.15 SD) cm. The average corolla width of M. 

guttatus in its native habitat is 1.7 (± 0.3 SD) cm versus 1.5 (± 0.4 SD) cm in M. nudatus 

habitat, whereas the average corolla width for M. nudatus is 0.8 (± 0.2 SD) cm in both 

habitats (Figure 11). The limited variance of this trait in M. nudatus could prevent 

pollinator selection, or may prevent our discovery of any small effect on this trait. The 

frequency of pollen on a bee with little discrimination and limited dispersal, as many 
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small solitary bees have (Greenleaf et al. 2007), is likely proportional to the abundance of 

plants in the local area. As we transplanted into dense stands of each species, in M. 

guttatus habitat, M. guttatus pollen probably outnumbered M. nudatus pollen by several 

orders of magnitude in these sites; coupled with the limited amount of pollen necessary 

to fertilize the fewer ovaries of M. nudatus, one or few visits may have been sufficient to 

transfer this pollen and increase hybridization rate.  

2.4.2 Mechanisms of Transmission Ratio Distortion in Greenhouse 
and Field 

We found that genotype frequencies in the field and the greenhouse significantly 

deviated from Mendelian expectations, and were often biased toward M. guttatus. In 

another interspecific cross between Mimulus species (M. guttatus x M. nudatus), 

transmission ratios were similarly biased towards M. guttatus genotypes in F2 hybrids 

(Fishman et al. 2001). In the greenhouse, transmission ratio distortion (TRD) could have 

been caused by inbreeding depression, conspecific pollen precedence, female meiotic 

drive, or differential zygote mortality caused by epistatic interactions among loci in 

hybrid genomes (Fishman et al. 2001, Fishman et al. 2008). Since the parental lines were 

only inbred in the greenhouse for 2 generations, initial heterozygosity was only 

decreased by ¾, so they may have still harbored recessive lethal alleles. Reciprocal 

backcrosses can be used to distinguish among the remaining mechanisms. Conspecific 

pollen precedence would cause TRD when an F1 is a pollen parent and either species is 
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a seed parent, but not when the F1 is a seed parent. Conversely, female meiotic drive 

would cause TRD when an F1 is a seed parent and either species is a pollen parent, but 

not when the F1 is the pollen parent. Differential diploid zygote mortality would cause 

TRD between species and F1s, regardless of the gender of each parent.  

In the field, inbreeding depression was unlikely because F2s were outbred, but 

otherwise the same factors in addition to habitat mediated selection could have caused 

the extreme distortion we observed. Distortion in the field differed in magnitude and 

genomic location from the greenhouse study, suggesting that selection played a major 

role in changing genotype frequencies. Every region in the genome was significantly 

distorted between habitats, suggesting that the difference in survival to flowering 

between habitats is highly polygenic. 

2.4.3 Genetic architecture of species differences in the greenhouse 
and field 

We found a simple genetic basis for the marked species differences in corolla 

width in both greenhouse and field. However, the loci contributing differed by context; 

that is to say the genetic basis of traits was dependent on the environment in which they 

were mapped. These genomic regions had moderate to large effects on each phenotype. 

In the greenhouse, we identified 2 loci on linkage groups 5 and 11 that explain over 40% 

of the parental difference in corolla width. In M. guttatus habitat, we identified one locus 

on linkage group 12 that explains 13.4% of the parental difference in corolla width. In 
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our single marker analysis of greenhouse QTL in the field, we found that the LG 11 

greenhouse locus influenced flower size in M. nudatus habitat, and explained 54% of the 

parental difference. We were likely unable to detect the LG 11 QTL in our field whole 

genome analysis because we lacked GBS markers near our greenhouse QTL; the closest 

marker to our greenhouse peak was over 11 Mb away (Figure 23). Our genetic mapping 

results are consistent with studies demonstrating that QTL identified in controlled 

conditions can have undetectable effects in natural environments (and vice versa), 

suggesting that the expression of genetic variation depends on ecological context 

(Weinig et al. 2002, Brachi et al. 2010, Anderson et al. 2011). Our finding that different 

loci contribute in natural versus artificial environments, which typically have greater 

power because environmental variation is controlled, emphasizes the importance of 

combining both approaches to determine the genetic basis of ecologically relevant traits. 

 Our discovery of relatively few genomic regions contributing to flower size 

differences between species is similar to that of traits involved in ecological and 

reproductive character displacement. Between one and five genetic loci contribute to 

differences in mating system or flower color differences between populations of Phlox 

drumondii, Mimulus bicolor, and Arenaria uniflora (Hopkins and Rausher 2012, 

Grossenbacher and Stanton 2014, Fishman and Stratton 2004). We did not examine the 

genetic basis of flower size differences between populations of each species because 
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populations of M. nudatus that are allopatric with M. guttatus do not exist (the 

geographic range of M. nudatus is nested within that of M. guttatus), and nearby 

allopatric populations of M. guttatus are similarly large flowered. By crossing between 

species, our aim was to increase variation in flower size that no longer exists within each 

species and recapitulate the range of variation possible in an ancestral population.  

The genetic basis of flower size variation within and between populations of M. 

guttatus, and between species in the M. guttatus species complex is typically highly 

polygenic with some exceptions. Relatively few (5) QTL contribute to interspecific 

divergence in flower size between the selfing Mimulus laciniatus and M. guttatus (Ferris 

et al. 2017). Interestingly, the LG 5 corolla width QTL we identified in the greenhouse 

co-localizes with a greenhouse corolla width QTL between M. laciniatus and M. guttatus 

(Ferris et al. 2017). In contrast, the genetic architectures of interspecific divergence in 

flower size between the self-fertilizing Mimulus nasutus and M. guttatus, between annual 

and perennial ecotypes of M. guttatus, and within a population of M. guttatus are highly 

polygenic, with many small effect loci contributing (Fishman et al. 2002, Hall et al. 2006, 

Lee 2009).  

2.4.4 Phenotypic and Genotypic Selection Analysis  

In our phenotypic selection analysis, we examined the relationship between traits 

and a component of fitness, but were limited to estimating selection on plants that 
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successfully survived to flower. We did not find evidence of divergent selection on 

corolla width in 2015 or days to flowering in 2016 (no significant trait by habitat 

interactions). In 2015, our phenotypic selection analysis using flower number in F2s 

showed that selection favored larger flowers in both habitats (β = 0.56141). When we 

examined viability and fecundity selection (using the product genotype survival and 

average flower production) at loci that influenced flowering time and flower size in 

2015, we found that the direction selection inferred from our phenotypic selection 

analysis could be reversed. In our genotypic selection analysis, selection on corolla 

width loci favored narrower corollas in both habitats in 2015. In M. guttatus habitat, M. 

guttatus homozygotes at the LG 12 QTL had the largest flowers on average, but the 

lowest relative fitness. In M. nudatus habitat, M. guttatus homozygotes at the LG 11 locus 

had the largest flowers on average, but the lowest relative fitness. The LG 11 locus also 

influenced flowering time in M. nudatus habitat; M. guttatus homozygotes flowered later 

on average than M. nudatus homozygotes. Thus, selection against M. guttatus alleles at 

the LG 11 QTL might be due to selection against later flowering in the rapidly drying M. 

nudatus rocky habitat. 

At the LG 13 QTL, the local genotype in each habitat had the lowest relative 

fitness. In M. guttatus habitat, foreign M. nudatus homozygotes at the LG 13 QTL 

flowered later and produced 1.5 more flowers on average than M. guttatus homozygotes. 
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This result suggests that selection at this locus favors later flowering in M. guttatus 

habitat, and earlier flowering in M. nudatus habitat. Collectively, our genotypic selection 

analysis highlights the importance of incorporating viability selection prior to trait 

expression in estimates of total selection on phenotypes (Mojica and Kelly 2012). 

2.4.5 Limitations 

M. nudatus is sister to all other taxa in the M. guttatus species complex, therefore 

it is difficult to infer the direction of evolutionary change in flower size. If the ancestor of 

M. guttatus and M. nudatus had small flowers, we could infer that M. guttatus evolved 

larger flowers prior to secondary sympatry (because off-serpentine, allopatric 

populations of M. guttatus also have large flowers) or after secondary contact due to 

selection to reduce hybridization. If the ancestor had large flowers (which is frequently 

invoked as the ancestral state of the species complex due to the wide ranging 

distribution of M. guttatus), then small flowers in M. nudatus could have evolved prior or 

after secondary contact, due to drift, indirect selection, adaptation to rocky habitats, or 

selection to reduce hybridization.  

Our phenotypic selection analysis showed that selection through a component of 

female fitness favored large flowers across all habitats for both species and hybrids, so 

why does M. nudatus remain small flowered? A lack of genetic variation for flower size 

or genetic correlations between flower size and other traits under selection might 
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constrain the evolution of larger flowers in M. nudatus (see Smith and Rausher 2008b). 

However, our genotypic selection analysis suggested that when we incorporate viability 

and fecundity selection at individual loci, selection actually favored small flowered 

genotypes across all habitats. A potential limitation of our phenotypic selection analysis 

is that we may not have adequately measured total fitness by focusing on seed set alone, 

and incorporating the male component of fitness could reverse selection on flower size 

in M. nudatus (reviewed in Delph and Ashman 2006). For instance, wider corollas may 

enhance pollen deposition onto stigmas, but decrease pollen export by pollinators. Other 

potential limitations may include a lack of power to detect selection because mortality 

prior to flowering was higher and the variance in flower size was lower for M. nudatus 

than M. guttatus.  
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3. Conclusion 

Species that are broadly sympatric are often spatially segregated at smaller 

spatial scales. In Northern California, Mimulus guttatus and Mimulus nudatus grow in 

different microhabitats within meters of one another. The larger flowered and larger 

leaved M. guttatus naturally grows in wetter areas and is often submerged for up to four 

months of the year. The smaller flowered and smaller leaved M. nudatus grows in 

rapidly drying washes, outcroppings, and adjacent to seeps. To understand the 

mechanisms causing habitat segregation, laboratory and reciprocal transplant 

experiments demonstrated that species differences in submergence tolerance establishes 

some degree of habitat association, then strong frequency-dependent selection against 

rare immigrants via hybrid seed inviability reduces the frequency of the less numerous 

species to maintain habitat segregation. 

While reproductive competition or interference between ecologically similar co-

occurring species can cause reproductive exclusion that results in habitat segregation, it 

can also generate selection for character displacement. To understand the ecological 

mechanisms causing dramatic reductions in viable seed set for M. guttatus and M. 

nudatus when each species is a rare immigrant and test whether hybridization favors 

trait divergence, we tested whether hybridization was associated with flowering time, 
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leaf area, and flower size in each species in each habitat. To understand the genetic 

mechanisms differentiating species, we performed genetic mapping experiments in the 

lab and field. Flower size was the strongest predictor of hybridization rate; viable seed 

proportion decreased with decreasing flower size for M. guttatus (i.e., with increasing 

similarity to M. nudatus) in M. nudatus’ native habitat. Few moderate to large effect loci 

contributed to species differences in flowering time, flower size and leaf area in the lab 

and in the field, but the loci identified differed by experiment location.  

While M. guttatus and M. nudatus are broadly sympatric (but usually 

microallopatric), interspecific trait differences that contribute to habitat segregation may 

have evolved in allopatry. Alternatively, selection to reduce hybridization may have 

caused divergence in secondary sympatry. Although we cannot explicitly test whether 

phenotypic differences between species arose because of selection due to hybridization 

per se, our results demonstrate that trait similarity increases hybridization rate, an 

important reducer of fitness, in certain contexts and this hybridization probably 

contributes to the maintenance of trait dissimilarity between species. Similarity in flower 

size and its effect of hybridization is habitat dependent, and flower size differences 

between species are determined by few loci of moderate to large effect, consistent with 

the genetic basis of traits involved in character displacement in plants. 
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