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ABSTRACT

Intraspecific competition is a primary ecological interaction in plant populations,
and competitive interactions for limited resources in turn are an important driver of
natural selection, setting the stage for eco-evo feedbacks. Such feedbacks are likely when
the competitive neighborhood individuals experience are heterogeneous and individual
fitness is dependent on the competitive neighborhood within which it finds itself. In
situations where individual fitness is a function of the density and genetic composition of
competitors, selection is considered ‘soft’. The extent to which soft selection occurs in
natural populations remains an open question and a critical one, given it can explain
phenomena such as the maintenance of genetic load in populations. My dissertation
explores the role of competition in regulating fitness by investigating how the density and
genetic composition of conspecific competitors impacts juvenile and adult traits in the
biennial plant Sabatia angularis. In Chapter 2, I investigate the degree, scale, and nature
of density-dependent growth and survival of juveniles in natura. Based on four-years of
demographic data, I demonstrate that juvenile size declines significantly with density at
the scale of centimeters. Although density did not directly impact juvenile survival,
survival was significantly size-dependent. The degree of inequality in juvenile size within
ecological neighborhoods did not depend on density, suggesting competitive interactions
at this stage are largely symmetric, at least in the population studied. In Chapter 3, |
consider whether soft selection can occur via asymmetric competition in the context of
inbreeding depression and its population level consequences. As a mixed-mating species
with intermediate selfing rates in wild populations and inbreeding depression, S.

angularis provides an ideal system to test soft selection. Selfed individuals expressing
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genetic load due to elevated homozygosity, in theory, should be inferior competitors than
outcrossed individuals. However, if soft selection occurs, then demes comprised of purely
selfed or purely outcrossed competing individuals should nevertheless exhibit equal
fitness. As the importance of competition decreases, so too should the softness of
selection such that deme fitness depends more on genetic makeup as density declines. I
show that these predictions can be met for juvenile size in S. angularis by experimentally
establishing local competitive environments comprising different densities and
frequencies of selfed and outcrossed individuals (100% selfed, 100% outcrossed, or
50/50% “mixed”). I found that genetic background strongly predicts mean size at low
densities, but that mean size among demes converges as density increases. Additionally, I
find that mixed demes exhibit greater size inequality, consistent with asymmetric
competition between selfed and outcrossed individuals, providing greater opportunity for
selection against selfed individuals. Chapter 4 looks at the role of frequency-dependence
and its interaction with density dependence, across both juvenile and adult life history
stages. I followed the fate of either selfed or outcrossed individuals in pots at two
different densities and a gradient of frequencies of selfed vs. outcrossed competitors (0,
25, 50, 75, 100% selfed). I find evidence of inbreeding depression and frequency-
dependence across all adult traits I assessed, such that individuals produced significantly
more and larger flowers as the frequency of selfed competitors increased. Moreover, my
data suggests that frequency-dependent inbreeding depression may occur in critical floral
traits. Consistent with Chapters 2 and 3, juveniles exhibited strong density dependence,
but in contrast to Chapter 3, I did not detect frequency dependence among juveniles

within the two densities examined. Together, my studies suggest the ingredients for soft
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selection on juvenile and adult traits—which are subject to pollinator-mediated selection

in S. angularis—exist under certain competitive conditions.
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CHAPTER 1
INTRODUCTION

Intraspecific competition is considered a primary interaction in plant populations
and is a major regulator of plant population biology (Harper, 1977; Weiner, 1985).
Because many plants are poor dispersers and suitable sites for germination and growth
are non-uniformly distributed (Denny et al., 2020), plant populations are often patchy and
clustered (Chenoweth et al., 2022). Competition is therefore often local with regulation of
plant populations occurring over small spatial scales. Such competitive interactions may
drive natural selection (Antonovics & Levin, 1980), creating opportunities for eco-evo
and po feedbacks, whereby biotic interactions drive survival, growth, and fecundity,
establishing the genotypic frequencies in the following generation (Brunner et al., 2019).
The role of local conspecific competition within plant communities has been extensively
studied (Silvertown & Charlesworth, 2001), with one of the most well understood
relationships being that between population density and fitness (Antonovics & Levin,
1980; Samson & Werk, 1986; Weiner & Freckleton, 2010). Simply put, as population
density increases, individual size, survival, and reproductive output decreases as per
capita resources decline (Palmblad, 1968; Silvertown & Charlesworth, 2001). Within a
population, however, not all genotypes are equal in their ability to acquire resources
(Travis et al., 2023). Larger individuals of a species may be able to exert greater stress on
conspecifics by virtue of size (Schwinning & Weiner, 1998). Alternately, a phenomenon
known as asymmetric competition may occur, in which individuals exert even greater

competitive stress than allometry alone describes (Daamgard & Weiner, 2000; Weiner,



1990; Weiner et al., 2009). Consequently, the genetic background of individuals within
subdivided populations may play an important role in regulating density dependence.
When populations are regulated in subdivided clusters of individuals competing
locally with one another, conditions are suitable for soft selection to occur (Christiansen,
1975). Soft selection was initially hypothesized as a mechanism to explain the
unexpectedly high genetic load found within populations (Charlesworth, 2013; Lewontin
& Hubby, 1966; Wallace, 1975). Under soft selection, fitness is regulated by the local
frequency and density of conspecific competitors (Wallace, 1975). For example, a
specific genotype competing with others of the same genotype should do better than if the
same genotype were competing with individuals that were superior competitors. In
addition to frequency, density plays a critical role in soft selection, whereby individuals
compete for a limited number of ‘ecological vacancies’, and the ratio of individuals
competing for these will experience greater competitive stress than the same number of
individuals competing for a much higher number of ecological vacancies (Reznick,
2016). Furthermore, since increasing population density reduces per capita resources, the
rate of uptake of resources of different genotypes may play an important role regarding
individual fitness (Agrawal, 2010). Conversely, it has been hypothesized that traits
relating to the efficiency that acquired resources are utilized are subject to ‘hard’ selection
(or at least harder selection) (Agrawal, 2010). Under hard selection, the local competitive
environment does not impact fitness—a classic example being tolerances to abiotic
stressors whereby no matter how forgiving the local competitive environment is, if
abiotic conditions, such as temperature, exceed an individual’s tolerance, fitness will be

impacted consistently across competitive environments (Bell et al., 2021; Dempster,



1955). In theory, under soft selection, the competitive ability of a genotype should vary
based on the local competitive environment, however in reality this is likely complicated
by how an individual both imposes and is susceptible to competitive stress, how
competitive interactions vary across life history, and how traits which are not involved in
resource acquisition but have substantial fitness effects—such as fecundity related
traits—respond (Agrawal, 2010; Holsinger & Pacala, 1990).

Within plants and other mixed mating organisms, expression of genetic load may
occur through selfing (Charlesworth & Willis, 2009). Selfing occurs when both gametes
originate from the same parent, and within a single generation can substantially increase
homozygosity, thereby resulting in the expression of deleterious recessive alleles and
causing inbreeding depression (Charlesworth & Charlesworth, 1999). While the fitness
reduction resulting from inbreeding depression is the major regulator of selfing rate
(Charlesworth & Jarne, 1993), counteracting the inherent two-fold advantage selfing
enjoys (Fisher, 1941), many mixed mating populations exhibit severe inbreeding
depression alongside intermediate selfing rates (Goodwillie, 2000). This observation is
inconsistent with the hypothesis that as selfing rates within a population increase,
selection should purge deleterious alleles (Lande & Schemske, 1985). The competitive
context within which selfed individuals find themselves has been proposed as one
hypothesis which may explain why high genetic load persists in populations with
intermediate selfing rates: when plants compete locally in subdivided populations, the
fitness costs of expressed genetic load may be ameliorated when local conspecific
competitors also experience the same fitness cost due to their own expressed genetic load

(Cheptou & Schoen, 2003; Cheptou & Donohue, 2011). Given this, competition between



and among selfed and outcrossed individuals represents an ideal system within which to
test hypotheses regarding soft selection and the nature of resource competition. There has
been some theoretical work on the role of soft selection on maintaining genetic load
(Agrawal, 2010; Roze & Rousset, 2004; Whitlock, 2002), and it is increasingly
recognized as an important force within ecosystems in the face of global change (Bell et
al., 2021). Despite this, there has been much less experimental work attempting to
determine if soft selection occurs in plants, and much of this work has often looked at
only density or frequency in isolation (Cheptou & Schoen, 2003; Lhamo et al., 2006). In
this dissertation I aim to investigate the role of soft selection and resource competition by
testing the density and frequency dependence of inbreeding depression in the biennial
mixed-mating plant Sabatia angularis.

In my second chapter, I investigate density-dependent survival and growth of S.
angularis juveniles in population in southeastern Pennsylvania. Four consecutive
growing seasons were censused, resulting in the measurement of 3587 juveniles,
including their size, along with survival to the following year and the relative spatial
location to one another. The goal of the analyses presented in this chapter is to determine
the spatial scale and type of competitive conspecific interactions which occur in natura. 1
find that density dependence occurs within clusters, across centimeter spatial scales,
however, I do not find evidence of asymmetric competition among juveniles in this
population. Additionally, by following individuals into their second year, I find that
survival, while extremely low, is strongly and significantly related to individual size;
illustrating that this is an appropriate proxy for individual fitness. Additionally, this work

provides an important comparison to later experimental work carried out in a greenhouse



environment. In my third chapter, I look at density using experimental demes comprised
of either purely (“monocultural”) selfed and outcrossed demes or mixed (“bicultural’)
demes comprised of 50% selfed seeds and 50% outcrossed seeds. This approach allows
for replication of processes which I occurred in natural settings, while allowing for the
control seed background. A deme based approached allowed for inclusion of traits such as
germination and survival-which represent important processes in soft selection with the
establishment of initial densities. I show in this chapter that density dependency varies
between cross type, and that size hierarchies are stronger in bicultural than monocultural
demes. My fourth chapter investigates individual responses to the frequency of selfed
versus outcrossed neighbors across two different densities within experimental
competitive arenas. In this chapter, I follow not only juvenile responses to density and
frequency, but also adult traits in the following year—specifically plant height, flower
number and flower size (measured as petal area). I find not only evidence of inbreeding
depression in juvenile and adult traits, but density dependence in juveniles; affirming the
results found in Chapter 3, with frequency dependence but not density dependence in
adult traits. Most interestingly, I find signs that inbreeding depression may be frequency
dependent for adult traits; traits notable for being subject to pollinator mediated selection
(Emel et al., 2017). The work presented in this thesis aims to test how the local
competitive environment regulates fitness in S. angularis under both natural and
greenhouse conditions, to determine if soft selection plays a role in explaining

intermediate selfing rates in a species which a high genetic load.



CHAPTER 2

FINE-SCALE DENSITY-DEPENDENCE OF EARLY LIFE CYCLE VITAL
RATES IN A NATURAL POPULATION OF SABATIA ANGULARIS

2.1 Abstract

Understanding the forces that regulate population growth is a fundamental goal in
ecology. Density-dependent interactions are of particular importance because they
inherently create a feedback as both a response and determinant of population growth
rate. Intraspecific competition should be important in plant populations given they are
sessile, and most have limited seed dispersal, leading to density-dependent growth and
survival. This work examines the density dependence of vital rates in the North American
biennial Sabatia angularis based on four years of censuses. I censused 3587 individuals
and found that juvenile density ranged from <0.01 to 82 per 100cm? and mean survival to
flowering was 2.6%. I show that juvenile size is density-dependent at small spatial scales
of 25mm or less. Though not directly impacted by density, survival is strongly linked to
size. Additionally, I defined local ecological neighborhoods and show that size inequality
within neighborhoods does not increase with population density, suggesting that
competition is symmetric, i.e., no evidence of dominance and suppression. This work
highlights how density-dependence can operate and fine spatial scales. Given the patchy
distribution and wide density of juveniles of S. angularis across a grassland, individuals
can face drastically different competitive interactions, with important outcomes for
population growth. Moreover, this work has implications for selection and the

maintenance of variation in juvenile traits related to competitive ability in S. angularis.



2.2 Introduction

Understanding the factors that regulate population growth is a fundamental goal
in ecology. Historically, density-dependent regulation has been considered an axiom
(Roughgarden, 1971; Silvertown & Charlesworth, 2001), given the innate power of
density-dependent interactions to function as negative feedbacks, lowering per capita
population growth rates as density increases, which in turn stabilizes, or even lowers
population density subsequently increasing per capita growth (Weiner & Frekleton,
2010). For example, higher population densities can lead to greater competition for
resources or mates (Kunin, 1993), facilitate the spread of pathogens such as in Janzen-
Connell effects (Comita et al., 2014), or attract enemies such as predators or herbivores
(Abrams, 2022; Gunton & Kunin, 2009). Of these types of interactions, density-
dependent competition for resources is arguably the most universal and is of particular
importance for sessile organisms such as plants. However, while there is little doubt that
intraspecific competition for resources occurs, questions about its relevance in natural
populations against a backdrop interspecific competition, antagonistic or mutualistic
interactions, habitat heterogeneity and environmental stochasticity endure (Morris et al.,
2020). Indeed, density dependence in wild populations is difficult to assess or, when
studied, often undetected in observational data (Fowler et al., 2006). Of studies
examining the impact of biotic interactions on population dynamics, those on neighbor
interactions are half as common as those on enemies (Morris et al., 2020). Knowledge
about the extent to which density-dependent interactions impact population dynamics
informs our understanding not only of population regulation but species coexistence

(Comita et al., 2014), the intersection of demography and evolution that causes eco-evo



feedbacks (Benton et al., 2010; Lankau & Strauss, 2011; Metcalf & Pavard, 2007), and
our ability to accurately predict the fates of populations in a changing world (Motris et al.
2020).

Much of the difficulty in detecting density dependence is that the impacts of
density can change across spatial scales, life history stages, and vital rates (i.e., survival,
growth) or are only relevant at densities much greater than that seen in wild populations
(Antonovics & Levin, 1980; Fowler et al., 2006; Howard & Goldberg, 2001). Thus, a
critical step toward detecting and understanding density-dependence is determining the
spatial area within which interactions occur between conspecifics, conceptualized as the
‘ecological neighborhood’ (Antonovics & Levin, 1980). The ecological neighborhood
describes the area of an organisms influence during a given period (Addicott et al., 1987),
and its size and impact are expected to change in direction and intensity as individuals
progress through their life history (Goldberg et al., 2001). In plants, the ecological
neighborhood for intraspecific competitive interactions will be smallest for the juvenile
life history stages, limited to the immediate area given their roots and leaves are only just
developing (Antonovics & Levin, 1980). As individuals grow, a more expansive
ecological neighborhood develops, changing both quantitatively by simply interacting
with more individuals as biomass—and thus spatial area of influence increases—or by
developing entirely new types of interactions, such as may be seen in the facilitative
effects of attracting pollinators and increasing pollen receipt (Hegland et al., 2009;
Spigler & Chang, 2008; Spigler, 2018). Moreover, individuals within populations are
rarely regularly spaced; rather they are likely to be clustered or spaced randomly such

that individuals within the same population may experience very different densities



(Chenoweth et al., 2022). Consequently, evaluating the local ecological neighborhood
requires an individual based approach considering multiple spatial scales.

Moreover, ecological studies often assume that density-dependent competition
influences all individuals in the population evenly and that competition is symmetric
(Weiner & Thomas, 1992). Symmetric competition is when larger individuals reduce the
fitness of neighbors proportional to their size through the consumption of limited
resources (Weiner & Thomas, 1992). For example, below-ground competition is often
thought to be symmetrical as individuals deplete resources in proportion to root biomass
due to the three-dimensional structure of root systems and surface-area to volume ratio
nature of roots (Weiner, 1990; Weiner & Freckleton, 2010). However, competitive stress
for some resources does not always scale. Competition for light, for example, is often
asymmetric; larger plants shade out smaller plants, intercepting (and thereby depriving) a
greater proportion of photosynthetically active radiation than comparative biomass would
predict (Brand & Magnussen, 1988; Cannell et al., 1984; Schwinning & Weiner, 1998).
Many conditions may induce asymmetric competition, including genotypic differences in
maximum growth rate (Wayne & Bazzaz, 1997), timing of germination (Abraham et al.,
2008), or efficiency in converting resources to biomass (Schwinning & Weiner, 1998).
Asymmetric competition amplifies small differences in resource acquisition and biomass
conversion (Freckleton & Watkinson, 2001) and should cause the intensity of competition
to increase with the number of competitors within an individual’s ecological
neighborhood. Few studies have assessed if symmetric or asymmetric competition occur
in natural settings, and those that have been conducted usually measure growth rates

under controlled conditions (de Kroon et al., 1992). However, asymmetric competition



may leave distinct signatures in the populations. Specifically, it should result in the
presence of size hierarchies and thus exaggeration of inequality in plant size with
increasing local density as biomass becomes concentrated in a smaller number of
individuals (Ayers et al., 2006; Daamgard & Weiner, 2000; Rasmussen et al., 2019;
Weiner, 1990). Characterizing the symmetry of competition is important not only from an
ecological perspective, improving predictions of density-dependent dynamics, but also
from an evolutionary one, given asymmetry increases fitness differentials and leads to
density-dependent selection (Agrawal, 2010; Weiner, 1990). These impacts may be felt
most acutely in short-lived monocarpic species, where early asymmetries in size can lead
to even greater asymmetries in reproductive output, with significant fitness consequences
(Samson & Werk, 1986).

Here, I present an individual-based demographic study of wild population of the
native biennial, Sabatia angularis (Gentianaceae) over four growing seasons. Using
demographic data, I define ecological neighborhoods and evaluate density-dependence
during the juvenile stage. Survival and growth in juvenile life history stage has been
shown in some studies to better explain variation in population growth compared to
fecundity (Buckley et al., 2010) and the extent to which size and/or survival are density
dependent during the juvenile stage can determine the demographic impacts of this
selection (Agrawal & Whitlock, 2012; Agrawal, 2010). Although experimental
approaches allow for isolation of effects and causality, examination of patterns in wild
populations enables us to evaluate the ecological relevance of, in this case, intraspecific
density-dependence for population dynamics even when other factors, such as

interspecific competition, interactions with enemies, spatial heterogeneity of resources, or

10



environmental stochasticity, are potentially at play. I first evaluate the impact of
intraspecific density across multiple spatial scales on size and survival of S. angularis
juveniles in a wild population. I also test for signatures of asymmetric competition by
evaluating whether size inequality, as measured by Gini coefficient increases with density
at the juvenile life history stage. Together, this work serves as a first approach to
understanding the nature of competition and thus the potential for eco-evo feedbacks in

wild populations.

2.3 Methods
2.3.1 Study species

Sabatia angularis inhabits a variety of open-light habitats, including grasslands,
roadsides and serpentine grasslands throughout the eastern United States and Canada.
Juveniles mainly germinate between April and May—although germination has been
observed to continue up until September (personal observation) and develop into rosettes
that continue to grow across the growing season which follows from germination until
October. Individuals overwinter and bolt the following spring. Adults flower between
July and August, producing from an average of ~40 flowers that are visited by generalist
pollinators including bees, flies, and beetles (Spigler, 2018). Sabatia angularis are mixed-
mating, however previous work has found that large populations are predominantly
outcrossing (Spigler et al., 2010). Prior work has repeatedly demonstrated density-
dependent seed production in S. angularis wild populations (Spigler, 2018; Spigler &
Chang, 2008). Given individual plants can produce 100s to 10,000s of seeds and seeds
are gravity dispersed, there is great potential for strong density-dependence at juvenile

stage, though juvenile dynamics have not yet been studied.
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Seeds which end up in seed bank
Seeds, which germinate
following year

Survival

Figure 2.1 Life cycle of Sabatia angularis. Seeds germinate in spring (March to late
summer), then grow as rosettes during the first growing season. Seeds germinate in the
spring fand develop into rosettes (juveniles). Juveniles overwinter and bolt the following
year, flowering July-August. Seeds may instead enter a seed bank for one-to-many years

before germinating.

2.3.2 Study site and demographic censuses

This study follows the demography of an S. angularis population located in a
serpentine grassland of southeastern Pennsylvania, USA (39.91, -75.72; population
“UB2” in Spigler 2018) maintained by the Natural Lands Trust. Serpentine grasslands are
characterized by low soil nutrients with a high Ca:Mg ratio and high concentrations of
heavy metal toxins (O’Dell & Claassen, 2006). The Unionville serpentine grassland is
heterogenous, and community composition varies significant across very small areas,

though S. angularis is found throughout the site. The grassland is home to dominant
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Poaceae species ((Schizachyrium scoparium, tufted hairstem (Deschampsia cespitosa)
and side-oat grass (Bouteloua curtipendula)) and forbs such as barrens chickweed
(Cerastium velutinum) and serpentine aster (Symphyotrichum depauperatum ) and moss
phlox (Phlox subulata). The edges of the grassland are dominated by encroaching
greenbrier (Smilax rotundifolia) and spotted water hemlock (Cicuta maculata) (Latham &
McGeehin, 2012). This site has a large and persistent population of Sabatia angularis.

From 2019 to 2022, I carried out annual demographic censuses between late June
to early September, comprising 2 full generations,. As part of a larger demographic study,
I flagged all adults each year and created semi-permanent Im x 1m quadrat around
existing adults spanning a range of adult densities. Quadrats were selected to encompass
as much of the serpentine barren area as possible, with quadrats spread out across the site.
Each year within each quadrat, I examined germination, rosette growth, and subsequent
survival to adulthood, Juvenile censuses were carried out until either at least 1,000
juveniles were captured (2019, 2022) or 100 quadrats (1m x 1m) measured (2020, 2021).
In some years, I opportunistically added quadrats even if no adult was present the
previous year to capture enough juveniles.

To follow the fates of individual plants, I located all S. angularis juveniles in each
quadrat and mapped their location using a grid system of one-hundred 10cm x 10cm
squares, which were further divided into 64, 1.25cm x 1.25cm quadrants. When
necessary, to unique identify individuals within quadrants, I further divided quadrants
into 0.625cm x 0.625cm subquadrants. Every juvenile within each quadrat was measured
and followed to survival and flowering the following year. Juveniles are rosettes with

opposite and decussate leaves; I measured diameter of the longest leaf pair to quantify
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juvenile size. Other work has demonstrated that this measurement is a strong predictor of
total rosette leaf surface area (R?>=0.95 (Spigler, unpublished data).
2.3.3 Statistical analyses

To determine juvenile densities on fine spatial scales within quadrats, I first
converted coordinates of each rosette center within quadrats to distance matrices for each
quadrat using base R (R Core Team, 2023) and then calculated Euclidian distances
between all individuals within each quadrat. For each juvenile, I determined the number
of conspecific juveniles within six radii of increasing size: 25mm, 50mm, 75mm,
100mm, 125mm and 150mm. For individuals less than 150mm from the quadrat edge, I
only considered radii that fit completely within the quadrat for that individual. Due to the
clumped nature of growth and increasing proportion of radii that extending beyond the
quadrat edges, 150mm was the maximum radius considered. For each plant, I also
identified its nearest neighbor within the quadrat to capture information about the
distance and size of the closest potential conspecific competitor.

I first evaluated the impact of the number of competitors within annuli radii on
juvenile size to test for density-dependence and to determine the area of the ecological
neighborhood using a general linear mixed model. Plant size of the focal individual was
the dependent variable, and fixed predictor variables included density within a given
radius. Random effects included year and quadrat. In addition, I included 10cm x 10cm
square as a random effect to account for spatial autocorrelation. Although spatial
autocorrelation is best accounted for statistically through variance-covariance matrices of
coordinate data, such methods assume a single coordinate system for all data points,

whereas my dataset involves 191 quadrat-year combinations. The 10cm x 10cm square
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provides the most appropriate surrogate to account for potential covariance of
measurements from plants close together.

Whereas the above analyses inform about the impact of conspecific density on
size within an ecological neighborhood, it cannot test the effect of the size of competitors
nor account for their uneven distribution even on the scale of centimeters. Therefore, 1
performed a complementary analysis, using a general linear mixed model to test whether
nearest neighbor size, distance, and their interaction predict focal plant size. Year,
quadrat, and 10cm x 10cm square were included as random effects.

I tested whether survival is size-dependent using a generalized mixed effect model
(logit), with survival a binary response, and plant size as a fixed effect. To test if survival
was density-dependent an annuli approach was carried out using multiple regression with
distance bands ranging from Omm to 25mm, 25mm to 50mm, 50mm to 75mm, 100mm to
125mm, and to 125mm to 150mm. Variance inflation factor (VIF) was calculated to test
for multicollinearity. All mixed effects models were calculated using Ime4 and plotted

using the Broom package (Bates et al., 2015).

® ° 00
o0 e aQ@c%P
o ° @
% g o
0 o @ c8®90 @ o% (@]
o e °® =)
$ S, 0P, ¢ °o,
o} o g° oo e
e °®
;E @ ] o ®°
® e O° °
QOO ° oo°®
b )
@
]
o ° ©
o o 0P e %cé%% e
° ®e @ @
A ga )
[ ]
® o ]
° & ® ©
o
© 0, °® ® ® @
° o A - QDO
o o K] @ °®
) e 5

Figure 2.2 Example output of DBSCAN clustering. The box on the left shows Sabatia

angularis clusters within a quadrat detected with DBSCAN, with eps (detection radius) =
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75mm and MinPts (minimum population per cluster) = 5. On the right, the same quadrat
is shown with individual size of juveniles depicted as point size.

In contrast to the individual-based analyses used above, calculation and
interpretation of size inequalities are only meaningful at the sampling level of the
ecological neighborhood. Using an arbitrary radius to capture clusters of plants at fine
spatial scales is difficult because plants on the edge of a cluster may interact with plants
just beyond the radius. Therefore, I first identified clusters of plants which approximated
discrete ecological neighborhoods within which competitive interactions are likely to
occur using the DBSCAN (density-based spatial clustering of applications with noise)
algorithm (Hahsler et al., 2019). DBSCAN uses unsupervised learning to identify clusters
based upon specified input parameters epsilon (eps), which is the radius of the circle for
which cluster components are searched, and the minimum number of datapoints required
for a cluster to be identified. The advantage of DBSCAN over alternative clustering
algorithms is that no prescriptive cluster number parameter is required; in natural systems
the number of clusters may vary substantially and therefore predetermining cluster count
may create artificial neighborhoods. I used DBSCAN to detect clusters of at least 5
individuals within 75mm of at least one another conspecific juvenile to capture both
many clusters, but also a gradient of densities. Rectangular, minimum bounding boxes
were used to calculate area of the cluster, using the R package ‘spatstats’ (Baddeley et al.,
2015). Using this approach, I detected 156 clusters containing 1668 juveniles in total
(46.5% of all juveniles measured), which serve as the dataset for testing whether variance

in plant size increases with density of ecological neighborhood.
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For each cluster, I calculated plant density per 100cm? (to facilitate comparisons
between clusters of different absolute size) and quantified size inequality as the Gini
coefficient (G) using the ineq package in R (Zeileis, 2014). Gini coefficient (G) describes
the inequality within a population by quantifying the area between the line of equality
and the Lorenz curve, the latter describing the distribution of all size-ranked individuals
from smallest to largest. A higher Gini coefficient thereby describes greater inequality.
Gini is a good metric for quantifying size inequality in plants as it is resistant to outliers
compared to other metrics such as coefficient of variation (De Maio, 2007). I also
calculated the Lorenz asymmetry coefficient (S), the point along the Lorenz curve where
the tangent to the curve is parallel with the line of equality (Daamgard & Weiner, 2000).
S is useful to understand the nature of the inequality of a given Gini coefficient, since
neighborhoods with identical Gini coefficients could have fundamentally different size
distributions. When S < 1.0, inequality is driven by a high proportion of smaller
individuals; when S > 1, few, very large individuals contribute most to a large Gini
coefficient.

Finally, I tested whether size inequality increases with density within clusters,
indicative of asymmetric competition, using general linear mixed models. I asked
whether G or S varied as a function of neighborhood density, including year and quadrat
as random variables. I note that G and S can vary over time; if small individuals are more
likely to die as time goes on, then inequalities will be lessened. Therefore, I also included

date and its interaction with density as a fixed covariate.
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2.4 Results

Census data are summarized in Table 2.1. Across the study duration, I mapped,
measured, and followed the fates of 3587 juveniles. Mean juvenile size was 15.6mm
(7.69 SD) and ranged from 2mm to 53mm. Survival was incredibly low; a total 81

juveniles survived to flower, giving an average survival rate of 2.6% pooled across years,

though survival was as high as 5% in 2021 (Table 2.1).

Table 2.1 Summary of censuses conducted from 2019-2022.

2019 2020 2021 2022
Total Juveniles 1290 343 637 1318
Plots censused 50 94 110 98
Mean juvs/plot 25.8 3.7 5.8 13.5
Survivors - 8 13 60 NA
(to flowering)
Survival rate 0.01 0.01 0.05 NA
no. Plots w/
) 5 7 16 NA
survivors
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Histogram of census plant sizes
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Figure 2.3 Histogram of censused juvenile sizes 2019-2022.

Juvenile size declined significantly with neighbor density at radii up to 25mm
(Table 2.2). The effects of increasing density at larger radii are negative but not

significant. VIF was below 2 for all annuli.
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Table 2.2 Relationship between population density and individual size using multiple

regression analyses across annuli.

Distance NumDF DenDF F-value P-value
25mm 1 1698.7 4.06 0.04*
50mm 1 1670.4 0.63 0.43
75mm 1 1665 0.96 0.33
10mm 1 1643.8 0.96 0.33
125mm 1 1650.2 1.67 0.20
150mm 1 1687.5 0.64 0.42

Juvenile size was significantly influenced by distance to (F= 6.8, P=0.01) and
size (F =7.29, P=0.01) of the nearest neighbor. However, the interaction between these
factors was strong and significant (F = 148.3, P =<0.0001) and revealed on average
increased juvenile size, the positive effect of neighbor distance (size) is diminished when
neighbors are large (far). Individual plant size strongly and significantly affects survival
(F=36.05, P=<0.001). However, across annuli, population density did not directly

impact survival (see Table 2.3).
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Table 2.3 Relationship between population density and survival using multiple

regression analyses across annuli.

Distance NumDF DenDF F-value P-value
25mm 1.00 973.03 0.01 0.91
50mm 1.00 862.77 0.96 0.33
75mm 1.00 964.82 0.04 0.84
100mm 1.00 1022.65 1.35 0.25
125mm 1.00 1023.19 1.01 0.32
150mm 1.00 981.90 0.60 0.44

Predicted probabilities of survival
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Figure 2.4 Predicted probability of survival with interaction of population density within

50mm radius using logistic regression of survival based on individual size.

Clusters, detected by the DBSCAN algorithm and representing approximate
ecological neighborhoods for the asymmetry test, were between 7cm? to 2306¢cm? and
contained between 5 (the minimum threshold set for cluster identification) and 80
juveniles. This equated to densities ranging from 2 to 83 juveniles per 100cm?. Scaled,
maximum population density was 8300 juveniles per m?.

Across clusters, Gini coefficient ranged from 0.06 to 0.36 with (mean 0.21 +/-
0.06SD), and S ranged from 0.66 to 1.5 (mean 1.03 +/- 0.17SD). Neither metric of
inequality was significantly impacted by population density (juveniles per 100cm?)

(Table 2.4; Table 2.5).

Table 2.4 Model output for Gini coefficient.

NumDF | DenDF | F-value | P-value

Cluster density 1 128.33 0.19 0.67
Julian date 1 143.18 | 0.54 0.46
Cluster density x Julian date 1 128.79 | 0.05 0.83

Table 2.5 Model output for Lorenz Asymmetric coefficient.

NumDF | DenDF | F-value | P-value

Cluster density 1 140.04 | 2.18 0.14
Julian date 1 70.28 1.40 0.24
Cluster density x Julian date 1 140.49 1.65 0.20
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2.5 Discussion

Developing models of plant population dynamics considering neighbor
interactions has been a goal of plant ecology for many decades (Pacala & Silander, 1985).
My work demonstrates that these interactions can occur at fine-scales, with density
dependence directly impacting juvenile size at a spatial scale of centimeters in a wild
population of Sabatia angularis, likely due to symmetric competition for resources.
Moreover, although survival did not depend directly on density, it was strongly related to
size, indicating indirect impacts of density-dependent competition. Few previous studies
of this nature have been carried out, however Sletvold (2005) looking at the biennial herb
Digitalis purpurea similarly found a strong relationship between size and over-winter
survival. Considering that I find juvenile survival rates to be extremely low based on four
years of census data, any small advantage conferred by larger size may provide critical
increase in fitness. Consequently, I expect that these results can scale up to affect overall
population growth and have implications for density-dependent selection.

The spatial scale at which density-dependent intraspecific interactions occur in S.
angularis juveniles is small. Additionally, large spatial heterogeneity in conspecific
density was detected. Conspecific densities ranged from less than the equivalent of 1
individual per 1m? to approximately 8300 per 1m? with nearly half (46.5%) of plants
censused having at least one conspecific within 75mm. I found that the presence of
conspecific competitors occurring within 25mm of an individual have a negative impact
on juvenile size. Yet, when I considered the influence of a plant’s nearest neighbor, I
found a positive effect of larger nearest neighbors on individual size, so long as they were

not too far away. Although these opposing impacts of neighbors seem contradictory, I
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suggest that the latter may instead be a signature of the role that fine-scale habitat
heterogeneity can play on plant growth. Soil structure (Suzuki et al., 2003), leaf fall
(Farrel et al., 2012) nutrient cycling (enriching microsites with P and K)) (Hooper &
Vitousek, 1998) and vegetation cover vary over centimeter scales enough to impact
species composition, creating an extremely heterogenous environment within which
seeds fall, germinate and juveniles compete (Denny et al., 2020; O’Dell & Classen, 2006;
Mudrék et al., 2022). Favorable microsites may therefore promote the development of
clusters of larger individuals than unfavorable microsites (Denny et al., 2020).

The results of this study are consistent with underground competition largely
driving density dependence among juvenile S. angularis. Juveniles exhibit a flattened
rosette morphology, and this means larger plants can grow over smaller ones, resulting in
shading effects which are the quintessential form of asymmetric competition (Weiner,
1990). However, I found that size inequality within clusters was on average low, and that
variation in size inequality was not explained by neighborhood density. The absence of
strong size hierarchies suggests that asymmetric competition is either not occurring or
cannot be detected. I hypothesize that intraspecific competition is unlikely to be through
mechanisms that promote asymmetric competition, such as shading, and rather
interactions which usually result in symmetric competition, i.e. competitive interactions
that scale with size, such as belowground competition (Schwinning & Weiner, 1998).
Root competition is typically assumed to be symmetric as root biomass correlates with
the ability to capture resources (Weiner & Freckleton, 2010), although size-asymmetric
belowground biomass has been observed in some greenhouse studies (Ayers et al., 2006;

Rasmussen et al., 2019; see also chapters 3 and 4). Despite the small rosette sizes of S.
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angularis juveniles, there is potential for strong below-ground competition; even rosettes
no more than Smm in diameter can have roots over 20mm in length based on personal
observations of plants grown in greenhouse conditions. Work on other species suggests
that root structure may be considerably larger in natural settings (Hajek et al., 2014).
Taken together, these results suggest that competition is likely belowground across small
spatial distances.

Other factors could have obscured even stronger competitive interactions or
asymmetric competition between conspecifics. Firstly, mortality can hide signatures of
asymmetric competition (Pretzsch et al., 2022). Only a single census per quadrat was able
to be captured during each growing season due to logistical limitations, however
mortality removes individuals throughout the growing season- from immediately after
germination up until the onset of winter (unpublished data). While I assumed mortality
occurred overwinter; it is reasonable to assume that mortality outside of winter is also
size-dependent. Size-dependent mortality has the effect of reducing overall inequality as
measured by Gini coefficient by removing individuals at one extreme of the size gradient
(Lundgqvist, 1994). Since population density influences size, this may in turn indirectly
increase the risk of mortality within the growing season, thereby promoting size
homogeneity within clusters. Density has been shown to increase mortality in previous
field studies (Sletvold, 2005; Suzuki et al., 2003; Weiner & Whigham, 1988). Assessing
temporal changes in Gini coefficient and following mortality within the growing season
would help test this hypothesis. Work in other species has also revealed considerable
variation in size inequality over time, although the pattern is equivocal, with some studies

showing decreasing inequality over time (de Kroon et al., 1992; Lundqvist, 1994) or
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fluctuations over time (Arenas & Fernandez, 2000). Although sampling date was not a
significant fixed effect for predicting Gini coefficient, sampling occurred from June until
earlier September; meaning that it is possible that the greatest mortality occurred between
germination (spring) to early summer when juveniles are at particular risk of death from
desiccation due to their small size.

This work was also unable to account for interspecific competition and stochastic
abiotic stressors such as extreme weather events. Few studies have looked at the
demographic impact of interspecific competition; although in other species intraspecific
competition has been shown to have a greater fitness impact than interspecific
competition (Sletvold, 2005) and in Drosophila interspecific competition most strongly
impacts survival in the smallest individuals (Ho & Agrawal, 2012). Interspecific
competition may thereby obscure size hierarchies, making it more difficult to detect
asymmetric competition. Another factor that may obscure competition as measured via
inequality is the positive effects of spatial heterogeneity detected in the individual-based
analyses might counteract asymmetric competition. Under experimental conditions soil
heterogeneity has been found to promote the local development of asymmetric
competition in juveniles at high densities but not low densities (Casper and Cahill, 1996).
It is possible therefore that at high population densities, variation in microsites may
therefore promote the development of size hierarchies.

On final factor which must be considered regarding intraspecific competition
dynamics is the origin of conspecific competitors. S. angularis seeds are gravity
dispersed, with seedlings in a small spatial area often coming from a single adult

(Dudash, 1987). If siblings are similar in competitive ability, then competition within
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clusters may be more symmetric compared to genetically diverse clusters (de Kroon et
al., 1992). Additionally, kin recognition may play a role. In wild plants, modification of
competitive response has been observed when closely related individuals compete with
one another across small spatial scales (Dudley & File, 2007). Moreover, given the size
of the study population (100s), mating is likely to be predominantly outcrossing (Spigler
et al., 2010). In this case, I might not expect to see asymmetries that would otherwise
arise from sibships comprised of outcrossed and selfed individuals that vary in their
competitive ability (Cheptou & Scheon, 2001; Koelewijin, 2004; Lhamo et al., 2006).
The extent to which competition for resources is density dependent as well as
asymmetric vs. symmetric has important ecological and evolutionary implications
(Antonovics & Levin, 1980; Schwinning & Weiner, 1998). This work demonstrates that
intraspecific competition can be strong enough to influence fundamental vital rates in
wild populations. It also underscores the importance of individual-based studies and
inclusion of multiple spatial scales to identify neighborhoods of ecological interaction.
Indeed, competitive neighborhoods for juveniles is a matter of centimeters; had I only
looked at radii of 100mm or more I would not have been able to detect these fine-scale
interactions. While this work did not address reproductive life history phases, it is critical
to emphasize that juvenile size is correlated with reproductive output in S. angularis
(Spigler, unpublished) and represents a common trend in plants (Weiner et al., 2009).
Therefore, conspecific interactions across small spatial scales are likely important in

structuring populations and regulating demography of S. angularis.
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CHAPTER 3
EXPERIMENTAL EVIDENCE OF INBREEDING DEPRESSION FOR

COMPETITIVE ABILITY AND ITS POPULATION-LEVEL CONSEQUENCES
IN A MIXED-MATING PLANT

3.1 Abstract

Inbreeding depression is a key factor regulating the evolution of self-fertilization
in plants. Despite the prediction that inbreeding depression should evolve with selfing
rates as deleterious alleles are increasingly exposed and removed by selection, evidence
for purging the genetic load in wild populations is equivocal at best. This discordance
could be explained, in part, if inbreeding depression is subject to soft selection. Under
soft selection, the fitness of selfed individuals depends on the frequency and density of
selfed vs. outcrossed individuals in their local neighborhood (deme), which could arise
when there is inbreeding depression for competitive ability in density-regulated
populations. Thus at least some of the genetic load will be selected against in mixed
demes but hidden in selfing demes. Somewhat counterintuitively, an expectation is that
mean fitness will be equivalent among demes of contrasting load. A few studies have
demonstrated an impact of the frequency and/or density of selfed competitors on
individual fitness, but important predictions at the deme level remain untested. Namely,
in competitive environments variation in individual fitness will be greatest in mixed
demes compared to selfed or outcrossed ones, while mean fitness will be independent of
genetic composition. As density decreases and competition becomes less important in
dictating fitness, so too should soft selection, such that genetic composition becomes
more important for determining mean fitness. We tested these predictions by planting
purely outcrossed, purely selfed or mixed (50% outcrossed, 50% selfed) seed of the

mixed-mating biennial Sabatia angularis at a range of densities in pots representing local
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demes. Focusing on the growth and survival of juveniles, we show that mean plant size is
independent of genetic background when resources are limiting, but during early growth
or at low densities, mean size is greatest in outcrossed demes. Across a range of densities,
this manifests as stronger density-dependence in outcrossed populations compared to
selfed or mixed ones. We also found significantly greater size inequalities among
individuals in mixed demes, a key signature of asymmetric competition between
outcrossed and selfed individuals. Our work illustrates how soft selection could shelter

genetic load leading to inbreeding depression and mask its demographic consequences.

3.2 Introduction

Questions about the factors that regulate population growth and natural selection
are among the most basic in ecology and evolution. Although the idea that these two
processes intersect is not inherently novel (e.g., Bassar et al., 2021 who cite Pimentiel,
1961), explicit links are often overlooked. For example, many ecological and
evolutionary models of density dependence assume all genotypes within a species are
equally impacted by density, while evolutionary models assume an individual’s fitness is
a global parameter, independent of ecological context and determined solely by its
genotype (i.e., selection is ‘hard’, sensu Wallace, 1975, Bell et al., 2020). While the latter
may be true for some genes such as lethal mutations, the fitness effects of others such as
those influencing competitive ability may be determined locally, dependent on an
individual’s own genetic quality relative to the local average (i.e., selection on those
genes may be ‘soft’; Agrawal, 2010, Bell et al., 2020). From an ecological perspective,
this means that all else equal, the strength of density dependence and the demographic

impacts of selection may vary with the genetic composition of a population. Making
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these connections is important, because when density-dependent population regulation is
combined with genetic variation in competitive abilities, opportunities for eco-genetic
feedbacks arise (Bassar et al., 2021; Kokko & Lopez-Sepulcre, 2007; Metcalf & Pavard,
2007; Shefferson & Salguero-Gomez, 2015), providing possible answers to longstanding
questions in evolutionary biology such as the maintenance of mutation load and
polymorphisms in populations.

Inbreeding depression—the reduced fitness of offspring produced via inbreeding
compared to those produced via outcrossing—is often used to illustrate the potential for
soft selection and its evolutionary and ecological consequences (Agrawal, 2010; Wallace,
1981; Whitlock, 2002). Moreover, it is considered the key force regulating the evolution
of self-fertilization (“selfing”) in hermaphroditic organisms (Jarne & Charlewsorth,
1993). Inbreeding depression is a manifestation of genetic load in populations and is
thought to be caused primarily by the expression of deleterious recessive alleles in
homozygous individuals (Brown and Kelly, 2020; Charlesworth and Charlesworth, 1999;
Charlesworth and Willis, 2009). Classic population genetic theory based on models of
hard selection predicts rapid coevolution between selfing rate and inbreeding depression
because higher selfing rates produce an overabundance of homozygous individuals,
thereby purging populations of mutation load more efficiently (Lande & Schemske,
1985). Despite this prediction, many species have intermediate selfing rates (i.e., are
“mixed mating”) with a severity of inbreeding depression as great as that found in
outcrossing populations (Goodwillie, 2000; Winn et al., 2011). Various explanations for
these observations include alternative genetic architectures causing inbreeding depression

(Gervais et al., 2014), selective interference among loci (Winn et al., 2011) and impacts
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of population bottlenecks or similar disequilibrium scenarios (Spigler et al., 2017; Waller,
2021). However, mixed mating and genetic load could also be maintained in part by soft
selection on inbreeding depression in subdivided populations where genotypes are
clustered (Charlesworth & Charlesworth, 1987; Cheptou & Schoen, 2003; Ho &
Agrawal, 2012). The conditions for soft selection on deleterious alleles contributing to
inbreeding depression should be common in plant populations; particularly short-lived
herbs in which intraspecific competition is a ‘primary interaction’ (Silvertown &
Charlesworth, 2021; Weiner, 1985), and their sessile condition forces local competition
while limited seed dispersal distance—especially in forbs and/or gravity-dispersed
species—can create conditions of significant fine scale spatial genetic structure, i.e.,
clustering of genotypes (Hardy & Vekemans, 1999).

Under soft selection, individual fitness depends on the genotypic composition of
the deme. If resources are limited and selfed and outcrossed individuals vary in their
ability to acquire resources, selfed individuals might only do poorly if competing against
outcrossed individuals with strong competitive abilities. Otherwise, a selfed individual in
a deme or patch comprised solely of other selfed individuals could achieve high absolute
fitness—possibly even equivalent to the absolute fitness achieved by an outcrossed
individual facing other outcrossed competitors—consequently sheltering deleterious
recessive alleles in completely selfing demes from selection when selfed individuals
share a comparable genetic load. In fact, a major prediction of soft selection is that mean
fitness of a deme will be independent of the genetic composition. Herein lies the
ecological and evolutionary importance of soft selection: selection can be less efficient

against deleterious alleles contributing to mutation load in populations where like
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genotypes are more likely to compete, maintaining mutation load and, perhaps
counterintuitively, equalizing population growth among demes of contrasting load
(Agrawal & Whitlock, 2012). Even the increased variance and greater opportunity for
selection within ‘mixed’ demes of selfed and outcrossed individuals need not affect
population growth if fitness gains of outcrossed individuals and losses of selfed
individuals are a zero-sum game (Abu Awad et al., 2014; Agrawal, 2010; Holsinger &
Pacala, 1990).

Because soft selection via competitive ability depends on limited resources, it
follows that the density of individuals can influence both the strength and ‘softness’ of
selection (Bell, 2021). In the context of inbreeding depression, if competition between
selfed and outcrossed individuals is asymmetric (Thomas & Weiner, 1989; Weiner, 1990),
the difference in their relative fitness will increase with density in mixed populations,
even as mean absolute fitness decreases. For example, outcrossed seeds often germinate
earlier than selfed seeds (Husband & Schemske, 1996) and/or initial sizes of outcrossed
seedlings may be larger (Cheptou & Schoen, 2003; Sandner et al., 2021), providing
outcrossed individuals a critical head start in resource acquisition. That, combined with
exponential plant growth, means outcrossed plants may be able to dominate and suppress
selfed conspecifics (Schmidt & Ehrhardt, 1990). The importance of a head start for
preempting resource acquisition becomes more important as population density increases.
A limited number of experimental plant studies have revealed patterns consistent with the
outcome of asymmetric competition between selfed and outcrossed plants (Damgaard &
Loeschcke, 1994; Koelwijn 2004; Schmitt & Ehrhardt, 1990) and at least one study in

Drosophila demonstrated a clear link between the strengths of inbreeding depression and
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density-dependence (Yun & Agrawal, 2014). At the population level, asymmetric
competition will result in the magnification of size hierarchies, i.e., greater fitness
differences and opportunity for selection, as density increases, provided density-
dependent mortality does not simultaneously increase (Weiner, 1990).

However, soft and hard selection represent a continuum and are not mutually
exclusive. Both can act on the same trait or even gene (Agrawal, 2010; Laffafian et al.,
2010), so that selfed and outcrossed individuals are unlikely to attain similar fitness at the
lowest densities. If both soft and hard selection are acting, fitness will only begin to
depend on frequency and density once resources are limited, and the ‘softness’ of
selection will intensify with density (Agrawal, 2010; Bell et al., 2021; Laffafian et al.,
2010). For example, in addition to resource acquisition, plant growth and competitive
ability depend on how effectively individuals can convert acquired those resources into
biomass and, ultimately, reproductive output. Genotypes can vary in both resource
acquisition and efficiency of resource use, but the latter is predicted to be subject to
predominantly hard selection (Agrawal, 2010). Moreover, total resource acquisition
increases asymptotically in relation to resource availability, and genotypes can vary in
both initial rate increase and maximum rates of acquisition. Therefore, individuals can
vary in maximum attainable biomass even under unlimited resources. Consequently,
when alone or at low densities (i.e., no competition) fitness will depend on genes under
hard selection, whereas once high densities where competition for resources comes into
play, maximum capture rate is less attainable by any genotype, and fitness depends more
on competitive ability. In other words, the ‘softness’ of selection will increase with

density (Agrawal, 2010; Bell, 2021; Laffafian et al., 2010). A corollary is that that selfed
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and outcrossed individuals may experience density dependence differently. In
monocultural stands of solely outcrossed or solely selfed individuals, outcrossed
individuals will begin to interfere with each other at a lower density than selfed plants
and so should experience greater density dependence. Stated another way, selfed plants
should benefit less from the release of competition against other selfed individuals
because on average maximum size is more limited compared to outcrossed plants.
Previous work assessing at least one axis of soft selection (i.e., density or
frequency alone- see Wallace 1975) on inbreeding depression in plants have used an
individual-level experimental approach, typically by surrounding focal individuals with
different frequencies and/or densities of selfed or outcrossed competitors. Such
experiments have neatly demonstrated that the performance of selfed individuals declines
with increasing frequency of outcrossed individuals (Cheptou & Schoen, 2003;
Koelewijn, 2004; Lhamo et al., 2006; Schmit & Erhardt, 1990). This approach is strong
as it allows direct estimation of individual fitness and calculation of inbreeding
depression, but it cannot address whether these patterns scale up to the population level.
A complementary approach is to test the population-level consequences of soft selection
using mesocosm experiments, allowing seedlings from pure outcrossed, pure selfed, or
mixed crosses to recruit unconstrained so that seedling densities span a gradient
mimicking (and even going beyond) densities in the field and more natural spatial
patterns emerge. In addition, mortality becomes part of the population dynamics rather
than an event to result in plant replacement. Although it is possible to examine both
individual- and population-level dynamics in some organisms, it is difficult to do for

plants at high densities.
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In this study I use competitive arenas to test for population-level predictions of
soft selection (Bell et al., 2021) on inbreeding depression and potential underlying
mechanisms that can inform on whether genetic load is likely to have consequences for
population growth. I created a series of densities of pure selfed, pure outcrossed (together
“monocultural”) and 50:50 mixed seeds (“bicultural”) of the mixed-mating biennial
Sabatia angularis (Gentianaceae) in pots and followed these “demes” from germination
to the end of the juvenile growing season to test the following predictions. First, if soft
selection is acting on inbreeding depression, then mean plant size per population will be
independent of the genetic composition where competition for resources occurs. Where
competition does not influence fitness, however, I expect genetic composition to predict
plant size. Second, if competition is asymmetric between selfed and outcrossed plants,
size inequalities should be greater in bicultural populations relative to pure populations of
either selfed or outcrossed individuals on average and the degree of inequality should
increase with density and be higher overall in mixed populations, unless there is
concomitant density-dependent mortality. Therefore, I also tested for differences in
density-dependent survival as a function of genetic composition. If predictions of soft
selection are met, then it suggests that the genetic load that contributes to inbreeding
depression could be maintained in subdivided populations under strong local competition.
These results can shed light on the links between genetic load, population growth, and

mating system evolution.

35



3.3 Methods
3.3.1 Study Species

Sabatia angularis is a biennial native to grasslands and disturbed sites in Eastern
North America. Seeds germinate from April to June and develop into rosettes that
continue to grow until the onset of cool conditions in October. Rosettes overwinter and
bolt the following summer, forming adults that produce an average of ~40 (+36SD)
flowers July - August (Spigler, 2018). S. angularis is self-compatible, and populations
range from mixed-mating to highly outcrossing, with a large proportion of the variance in
outcrossing rate explained by variation in population size (Spigler et al., 2010).
Inbreeding depression occurs across the lifecycle and its cumulative impact on fitness can
be substantial (Dudash, 1990) but varies across populations (Spigler et al., 2017).

Plant density in wild populations is highly variable. Adult density is on average
2.4 plants per square meter. Adults produce an average of 15148 seeds (19489 SD), and
seeds are gravity dispersed. Therefore, even with low germination rates (<1-3%) seedling
densities can be very high. Juvenile population density can reach up to 82 juveniles per
100cm? (Chapter 2). Juvenile (rosette) size is density-dependent (see also Chapter 2).
Prior work has shown that juvenile size strongly predicts the probability of rosette
survival (F'=36.05, P <0.0001, Chapter 2) and adult plant height (F = 12.34, P =
0.0006, N = 153) (unpublished data).
3.3.2 Experimental Design

Plants were grown in pots, with each pot representing a competitive arena or
‘deme’. Seeds used to populate demes in this study originated from self- and outcross-

pollinations conducted in Spigler (2017). In brief, Spigler (2017) raised maternal plants
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under controlled, pollinator-free conditions and brushed self-pollen or outcross pollen on
stigmas of flowers on each plant. Outcross pollen represented a mixture of pollen
collected from five unrelated individuals selected haphazardly depending on which plants
had fresh pollen available. For the current study, I obtained paired sets (families) of
outcrossed and selfed seed across 21 maternal plants.

The goal was to create demes representing a gradient of densities across each of
three mating system treatments (hereafter, “cross”): “monocultural” selfed (100% selfed
seed), “bicultural” (50/50% selfed/outcrossed seed), and “monocultural” outcrossing
(100% outcrossed). To achieve this, a series of seed densities (10,20,40,80,160,320 and
640 seeds) was planted for each family-cross combination in 60mm x 60mm x 40mm (L
x W x D) pots filled with a 3:1 ratio of Pro-Mix BX (Premier Horticulture) and Turface
All Sport (Profile Products). I note that to mimic seed rain in natural populations I
combined seeds for mixed-mating competitive arenas prior to planting, thus I was not
able to identify individual plants as either selfed or outcrossed. Pots were randomly
arranged into trays and placed in a controlled growth chamber and kept at 25-30C with
14 daylight hours. Trays were regularly watered and rotated to ensure all experienced
equal exposures to light and temperature.

To census germination and track rosette growth and survival, I counted the
number of seedlings per competitive arena weekly up until Day 140, then every two-
weeks after that. Median germination date was determined as the date at which 50% of
final population was reached within a deme. Plant size was measured at two time points:
Day 160 (160d) and Day 222 (222d) after seed planting. I analyzed size at 160d because

it represented peak cumulative seedling number across the experiment. At this stage,
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there were 184 competitive arenas with at least one rosette, for a total of 1753 plants. The
experiment was concluded at 222d, representing the end of the growing season. By this
point, 144 competitive arenas had at least one rosette, with a total of 1365 plants. The
difference in number of arenas and total number of plants between 160d and 222d is a
function of mortality and new germination. I assumed that peak seedling number
represented the end of peak germination across the experiment and that subsequent
decreases in deme population were due to mortality. Rosettes of S. angularis are
composed of opposite and decussate pairs of leaves, forming a cross that can be
interpreted as axes of an ellipse. The length of the major and minor axes was measured
and the product of the two measurements was used to calculate an estimate of rosette leaf
area (mm?). Measurements were taken on all rosettes in all demes at 160d in ImageJ
(Schneider et al., 2012) from photographs. Measurements at Day 222 were done so by
hand due to plant overlap. I was able to measure 90% of rosettes (N= 1577), with the
remaining 10% not possible due to plant overlap.
3.3.3 Statistical analyses
Germination and survival

I tested for differences in germination across demes using an ersatz hurdle model,
with two-steps taken due to the high number of pots with zero germination. The first step
of the hurdle model was a general linear mixed model (using the MIXED procedure in
SAS 9.4 [SAS Institute, Cary, NC, USA]), treating germination as a binary variable;
demes were divided into those with at least one germinant or zero. Secondly, for those
demes containing at least 1 seedling, I used a general linear mixed model, with

germination rate following a binomial distribution wherein the number of seeds
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represents the number of “trials” and the maximum number of seedlings found in each
pot across the experiment equals “successes” (using the GLIMMX procedure in SAS 9.4
[SAS Institute, Cary, NC, USA]). For each model, I included cross type, density, and
their interaction as fixed effects and maternal family as a random effect.

I assessed survival in demes that had at least one seedling. I used a linear mixed
model with final population size on Day 222 as the dependent variable, with cross,
maximum population size (density) of the deme and their interaction as fixed effects, and
family as a random effect using the glmer function from Lme4 (Bates et al., 2015) in R
(R Core Team, 2023). Because maximum density may have occurred at different time
points for each deme, I also included the date maximum density was recorded as a

covariate.

Plant size

I used a general linear mixed effects model to evaluate the effect of mating type
(cross), plant density (log-transformed), and their interaction on log-transformed rosette
area log-transformed (using the GLIMMX procedure in SAS 9.4 [SAS Institute, Cary,
NC, USA]). Maternal family was included as a random effect, and I treated individual
measurements per deme as repeated measures to account for non-independence among
plants within a deme. Because differences in size can be due to differences in growth rate
and differences in germination timing, I considered whether the outcome of the model
changed when including median germination date as a covariate.

If selfed and outcrossed individuals differ in competitive ability, then there should
be greater variance in plant size in bicultural demes compared to monocultural demes

(i.e., demes with 0% and 100% selfed seeds). In addition, if differences in competitive
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ability become exaggerated at greater densities as expected with soft selection, then
variance should also increase with density and to a greater extent in mixed demes. To test
these hypotheses, I calculated two complementary measures of variance in plant size for
all demes with at least 5 juveniles using the R package ‘ineq’ (Zeileis, 2014): the gini
coefficient (G) and the Lorenz asymmetry coefficient (S). The Gini coefficient is used in
plant studies to quantify size hierarchies (Damgard & Weiner, 2000) and is calculated as
the area between the line approximating the cumulative ranking of all plants per deme
known as the Lorenz curve and the line of equality, which represents the relationship that
would occur if all individuals were the same size. The Gini coefficient ranges from 0 to 1,
with 0 denoting a deme of perfectly equally sized individuals and 1 denoting the highest
possible inequality (whereby one individual possesses all biomass within a deme). The
Lorenz asymmetry coefficient can be considered a supplementary measure that helps
interpret the Gini coefficient by indicating which side the inequality arises from
(Damgard & Weiner, 2000, Lorenz, 1905). S > 1 indicates a large-biased Gini (i.e., the
difference between the Lorenz curve and line of equality is greatest closest towards the
right-hand side of the Lorenz curve), and S < 1 suggests inequality is the result of many
smaller individuals. To test predictions, I treated selfed and outcrossed demes together as
monocultural demes in contrast with bicultural demes. I used linear mixed models to test
whether the G and S varied as a function of density, deme type (bicultural vs.
monocultural), and their interaction, accounting for a random family effect using Ime4 in
R (Bates et al., 2015). Median germination rate was also used as a covariate to account
for potential differences in germination timing; as size inequalities may be influenced by

the age of juveniles (Arenas & Fernandez, 2000).
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3.4 Results

Germination was greater in outcrossed demes than in either selfed or mixed
demes on average (Table 3.1), although the difference was not statistically different for
either the presence/absence of seedlings (F = 2.29, p = 0.1) or germination rate among

demes within which germination occurred (F = 2.14, p = 0.12).

Table 3.1 Summary of germination across experiment.

Cross Germinants Demes with | Mean germ. rate
germination

Outcrossed 637 58 0.050

Selfed 595 49 0.034

Mixed 521 45 0.036
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Effect of population density on individual size
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Figure 3.1 Individual size across population density at Day 160. Note: Population density

and juvenile size (area in mm?) are log transformed. CI = 95%.

Juvenile size at Day 160 was significantly influenced by cross type (see Table
3.2), Although there was no main effect of density on plant size at this stage, there was a
significant density by cross interaction, driven by significantly smaller juvenile size at the
lowest densities for mixed populations. Median germination date strongly affected
juvenile size, with earlier germination leading to larger. Plants in outcrossed competitive
arenas were significantly larger than plants in both selfed and mixed competitive arenas
on average. Mean juvenile size in selfed and mixed competitive arenas did not differ (P =

0.49).
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Table 3.2 Model output of juvenile size (mm?) response to density at Day 160.

Size Response at Day 160

NumDF DenDF F-value P-value
Cross 2 1518.0 6.99 0.00 ok
Density (log) 1 1518.0 0.02 0.88
Density (log) x Cross 2 1518.0 3.17 0.04 *
Median Germination Date 1 1518.0 72.37 0.00 ok

Note: Significance is indicated as: + p < 0.1, * p <0.05, ** p <0.01, *** p <0.001.

Effect of population density on individual size
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Figure 3.2 Individual size across population density at Day 222. Note: Population density

and juvenile size (area in mm?) are log transformed. CI = 95%.
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By Day 222, there was still a significant main effect of cross on plant size on

average (Table 3.3. However, there was also strong negative density-dependence and a

significant interaction between cross and density. Density-dependence (i.e., the decline in

size with increasing density) was significantly stronger in outcrossed demes (slope

estimate = -130.4 per unit of log density) compared to selfed (-61.7) and mixed (-43.6)

demes, which were not significantly different to one another. Consequently, although

mean plant size in outcrossed demes was greater than in the other two types under low

density, mean size per deme for all cross types converged at high densities.

Table 3.3 Model output of juvenile size (mm?) response to density at Day 222.

Size Response at Day 222

NumDF DenDF F-value P-value
Cross 2 1338.0 12.29 0.00 *oHk
Density (log) 1 1338.0 188.72 0.00
Density (log) x Cross 2 1338.0 7.95 0.00 *oxk
Median Germination Date 1 1338.0 12.10 0.00 HEE

Note: Significance is indicated as: + p < 0.1, * p <0.05, ** p <0.01, *** p <0.001.

By the end of the juvenile growth period, estimated mortality was 63.7% on

average, and was density-dependent (modeled as survival, Table 3.4). However, neither

cross nor its interaction with density significantly impacted survival. Predictably, date of

maximum plant density was also significant as a covariate; demes that had a later (more

recent) date of maximum population had higher survival.
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Table 3.4 Model output for survival to Day 222 from date of maximum population.

Survival to Day 222
NumDF SumSq MeanSq F-value  P-value
Cross 2 0.2 0.11 0.10 0.94
Max population (log) 1 0.3 0.26 0.25 0.00 oAk
Date of max population 1 62.0 62.01 62.01 0.00 oAk

Note: Significance is indicated as: + p < 0.1, * p <0.05, ** p <0.01, *** p <0.001.

At 160 days, size inequality was greater in bicultural demes compared to
monocultural demes as measured by the Gini coefficient, consistent with predictions,

however this difference was only marginally statistically significant (Table 3.5).

Table 3.5 Model output for size inequality (Gini coefficient) at Day 160 and Day 222.

Gini Coefficient Day 160

NumDF DenDF F-value P-value

Population Density 1 50.0 0.93 0.34
Mono-cross / Bi-cross 1 50.0 3.48 0.07 +
Median germination date 1 50.0 12.52 0.00 otk
Density x Cross-type 1 50.0 0.54 0.47
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Gini Coefficient Day 222

NumDF DenDF F-value P-value

Population Density 1 42.0 9.46 0.00 x
Mono-cross / Bi-cross 1 42.0 7.33 0.01 *
Median germination date 1 42.0 29.26  <0.0001 otk
Density / Cross-type 1 42.0 0.01 0.93

Note: Significance is indicated as: + p < 0.1, * p <0.05, ** p <0.01, *** p <0.001.

Moreover, density did not affect size inequality at this time point. The Lorenz
asymmetry coefficient was not affected by density, cross type, or their interaction (Table
3.5). However, inequalities measured by the Gini coefficient were greater on average in
demes with higher germination, suggesting the degree of inequalities is also impacted by
the amount of time under competition. Indeed, by Day 222, size inequality was
significantly greater in bicultural demes compared to monocultural and increased
significantly with density (Table 3.5). No interaction effect was observed for density by
deme by cross type (either monocultural or bicultural) indicating that while bicultural
demes had a higher Gini coefficient than monocultural demes, they did not respond
differently to density. Median germination date remained significant at Day 222, and its
removal as a covariate from the model did not influence the outcome of either population
density on Gini coefficient or monocultural vs mixed competitive arenas. There was no
effect of cross type, density, or their interaction on the direction and degree of asymmetry

in size, as captured by the Lorenz asymmetry coefficient (Table 3.6).
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Table 3.6 Model outputs for Lorenz Asymmetry Coefficient at Day 160 and Day 222.

Lorenz Asymmetry Coefficient Day 160

NumDF DenDF F-value  P-value
Population Density 1 50.0 0.83 0.37
Mono-cross / Bi-cross 1 50.0 0.46 0.50
Median germination date 1 50.0 0.04 0.85
Density x Cross-type 1 50.0 0.03 0.86
Lorenz Asymmetry Coefficient Day 222

NumDF DenDF F-value  P-value
Population Density 1 42.0 1.63 0.21
Mono-cross / Bi-cross 1 42.0 0.09 0.76
Median germination date 1 42.0 2.21 0.14
Density x Cross-type 1 42.0 0.20 0.66

Note: Significance is indicated as: + p < 0.1, * p <0.05, ** p <0.01, *** p <0.001.
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Effect of deme density on Gini coefficient at Day 222
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Figure 3.3 Effect of deme density on Gini coefficient at Day 222, each data point

represents a single deme. Note: CI = 95%.

3.4 Discussion

I show evidence of the soft selection effect of population structure (Agrawal,
2010; Whitlock, 2002) using experimental demes of selfed and outcrossed plants of a
mixed mating biennial under varying degrees of competition. First and foremost, I found
that mean juvenile plant size is independent of the genotypic composition of a population
(defined here as either monocultural selfing demes, monocultural outcrossing demes, or
bicultural demes) as expected when there is strong competition for resources. However,
during early growth and in low density demes, where competition is absent or reduced,
mean juvenile size differed between deme types. These results are consistent with a
gradient of hard and soft selection, suggesting that hard selection predominates at low
population densities, while soft selection matters more at higher population densities. A

corollary of this outcome is that outcrossed demes exhibited stronger density-dependence
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for size. This result together with the finding of greater size inequality among juveniles in
bicultural demes compared to either fully selfed or outcrossed demes, supports the
hypothesis that selfed and outcrossed individuals vary in competitive ability.

Hard and soft selection are expected to act on different sets of traits. In the context
of competition, soft selection may operate on traits related resource acquisition, but
mutations that impact the efficiency of resource conversion to biomass should always be
subject to hard selection (Agrawal, 2010). The opportunity for each should vary with
competitive context; without competition for resources there is no race to acquire
resources, and where resources are limiting there is less opportunity for expression of
variation in conversion efficiency. My results support this hypothesis. First, I found that
plants in selfed demes were significantly smaller on average than those in outcrossed
demes early on, before I could detect density-dependence. Second, at the end of the
growing season when size was strongly density-dependent, the effect of cross type was
also density-dependent. When density was low, the genotypic quality of an individual
determined fitness; mean size of single outcross plants and those in low-density
outcrossed demes was larger than for selfed. As population density increases, so too
should the importance of resource acquisition in determining size. Indeed, mean size in
outcrossed demes ended up the same as in selfed demes at high densities. The steeper
decline in size with density in outcrossed competitive arenas indicates that the addition of
competitors in outcrossed demes imposes a greater fitness burden than it does when
adding the same number of competitors into selfed demes. In other words, because
outcrossed individuals better acquire resources and more efficiently convert them to

biomass, they grow faster and begin to interfere with each other at lower densities

49



compared to selfed plants. Previous work shows inbreeding depression in plants
manifesting as reductions in root growth (Sandner et al., 2021), leaf area (Sandner et al.,
2021), biomass (Cheptou & Schoen, 2003; Rehling et al., 2019) and height (Chapter 4)—
all traits involved in competitive ability. Competition is therefore a function not only of
density, but also the genetic quality—or in this case, cross—of competitors.

While mixed demes exhibited a density response more like selfed demes, the
nature of competition within was not the same. With soft selection, selfed individuals
should perform worse than expected in mixed demes compared to purely selfing ones,
while the opposite should be true for outcrossed plants (Whitlock, 2002). When this
cost/benefit is asymmetric, inbreeding depression will be frequency-dependent in
addition to density-dependent. Though I could not follow individual plants, my finding
that bicultural demes exhibited greater size inequality is consistent with outcrossed
individuals imposing greater competitive stress on selfed individuals within demes
creating greater opportunities for selection (Weiner, 1990). Asymmetry also increased
with density and, though this increase was similar across the different deme types,
bicultural demes consistently exhibited greater size hierarchies. These patterns held even
as mortality increased with density. Typically, mortality is expected to erase inequality as
smaller, poorer competitors die, leaving a greater frequency of larger individuals but
mortality was not statistically different among demes. Interestingly, mixed demes
exhibited a response to density like that of selfed demes. This suggests that the greater
variance in mixed demes is not simply due to a combination of larger outcrossed and
smaller selfed plants. Instead, outcrossed individuals may impose sufficient competitive

stress on selfed competitors that selfed individuals in mixed demes are disproportionately
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smaller than expected based on the same density in purely selfing demes. As population
density increases, outcrossed individuals may begin to impose significant competitive
stress on one another, thereby keeping mean size of the deme small.

Whether the patterns seen in these experimental demes are relevant for and can be
detected in wild populations remains to be seen, but other evidence indicates at least
some conditions are met for S. angularis For example, in Chapter 2 I demonstrated
intraspecific competition among S. angularis juveniles in wild populations, such that
juvenile size is density-dependent, and that juvenile size influences survival to adulthood
and adult size (Chapter 2, Spigler, unpublished data). In addition, because S. angularis
seeds are gravity dispersed and individuals within populations may be highly selfing,
partially selfing, or completely outcrossed (based on data from Spigler et al., 2010),
strong fine-scale genetic structure featuring all three types of competitive neighborhoods
as examined here (selfed, mixed, outcrossed) within wild populations is also likely. While
low-density, outcrossed demes might grow at a faster rate than selfed and mixed demes,
comparable sizes of individuals in selfed and outcrossed competitive arenas at higher
densities should result in similar reproductive output. In fact, the density at which demes
converged in mean size here, ~30 plants per 36cm? deme (or 8310 plants per 1m?), is
within range of that seen in wild populations (Chapter 2). However, the influence of
genetic background in the field may depend in part on the relative importance of
interspecific competition. Depending on the relative genetic load in competitor species
and the similarity of resource use by competitors in their resource use, interspecific
competition could effectively “harden” selection against inbred individuals such that

inbred individuals perform more poorly than outcrossed ones regardless of their
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frequency (Agrawal, 2010; Agrawal & Whitlock, 2012). In this scenario, low quality,
inbred individuals would no longer be sheltered. My own preliminary data from another
potted plant study varying the frequency of selfed competitors in the presence of a strong
grass competitor suggests this need not be the case (unpublished data). Therefore, future
empirical work should explicitly test the impact of interspecific competition and extend
beyond the juvenile stage to determine whether mean reproductive output is similarly
independent of genetic competition under resource limitation. Consequently, soft
selection might play a role in maintaining mixed mating and mutation load S. angularis

populations.
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CHAPTER 4

FREQUENCY AND DENSITY DEPENDENCE OF JUVENILE AND ADULT
TRAITS IN SABATIA ANGULARIS

4.1 Abstract

Inbreeding depression is a major driver of mating system evolution, and it is
expected to evolve with the selfing rate, purging the deleterious load. However
substantial genetic load is known to persist in mixed-mating populations. One hypothesis
to explain this conundrum is context dependent inbreeding depression that can shelters
deleterious alleles under certain ecological conditions. However, the ecological
conditions that most significantly influence context dependence remain poorly
understood. Local competitive environment could play a major role; when survival,
growth, and/or fecundity are sensitive to competition for resources, inbreeding depression
may depend on the density and frequency of selfed versus outcrossed competitors—
epitomizing soft selection. For this chapter, I carried out greenhouse experiments to
determine if juvenile and adult traits are subject to frequency and density dependent
inbreeding depression. I established competitive arenas with selfed or outcrossed focal
individuals facing two densities (8 and 12 competitors) and a gradient of selfed versus
outcrossed competitors (0%, 25%, 50%, 75% and 100% selfed) and assessed focal plants
for juvenile size, adult height, flower number and flower size (petal area). Inbreeding
depression was found for all traits measured. Both juvenile size and flower number were
density dependent. Only adult traits were affected by the frequency of selfed vs
outcrossed competitors, with both types of focal plants benefitting from increased
frequency of selfed competitors. There was weak support for an interaction between focal

plant type (selfed vs. outcrossed) and frequency of selfed competitors for flower number
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and plant height, suggesting that inbreeding depression for these traits may be frequency
dependent. These results show that soft selection may impact traits known to be subject
to pollinator mediated selection, and that impact of the local conspecific competitive

environment varies across different traits at different stages of life in this species.

4.2 Introduction

Inbreeding depression is the reduction in fitness resulting from the expression of
deleterious alleles and has historically been considered the major force influencing the
evolution of selfing in plants and animals (Charlesworth & Charlesworth, 1999; Jarne &
Auld, 2006). Selfing represents the most extreme form of inbreeding, in which both
gametes come from a single parent, and can radically increase homozygosity within a
single generation (Hartfield et al., 2017). Deleterious mutations are thereby exposed and
may result in a substantial fitness cost when expressed via homozygosity (Whitlock,
2002). Expression of deleterious alleles regulates evolution of selfing by counteracting
the two-fold advantage that selfing enjoys as a mode of reproduction. In theory the fitness
cost of expressing high genetic load should drive populations to complete outcrossing;
however, when genetic load is low, populations should be purely selfing (Fisher, 1941;
Jarne & Charlesworth, 1993; Lande & Schemske, 1985). Despite this, intermediate
selfing rates are common, particularly among angiosperms (Goodwillie et al., 2005), even
when burdened with high genetic load (Eckert & Barrett, 1994; Winn et al., 2011). Many
ecological and genetic hypotheses have been put forward to explain this apparent paradox
(Goodwillie et al., 2005), but in nearly all cases the assumption is that the fitness effects
of exposed deleterious alleles is fixed—solely determined by its genotype independent of

ecological context (Dempster, 1955; Wallace, 1975; Whitlock, 2002). However, an
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increasingly large body of theoretical and empirical work shows that inbreeding
depression can be highly context dependent (Cheptou & Donohue, 2011; Sandner &
Matthies 2016; Yun & Agrawal, 2014). If ecological factors dampen expression of
genetic load, then the difference in the relative fitness between outcrossed and selfed
individuals may be substantially less than that found in typical greenhouse studies.
Moreover, as conditions vary in space and time, so too would inbreeding depression. In
this way, context-dependent inbreeding depression presents a generalizable hypothesis as
to why so many species exhibit intermediate rates of selfing.

The local competitive environment could critically influence inbreeding
depression when genetic load impacts genes related to competitive ability (Cheptou &
Donohue, 2011; Yun & Agrawal, 2014). Mechanistically, if selfed individuals acquire
resources at a slower rate than outcrossed individuals, then their fitness should be greater
when competing with other selfed individuals that have similar rates of resource uptake
(Agrawal, 2010). Consequently, the severity of inbreeding depression would then depend
on the frequency of outcrossed versus selfed competitors (Cheptou & Dieckmann, 2002;
Cheptou & Schoen, 2003). In effect, deleterious alleles contributing to inbreeding
depression would be under soft selection, with absolute fitness effects dependent on the
genetic quality (i.e. genotypic fitness) and density of local conspecific competitors
(Levene, 1953; Wallace, 1975). Under conditions where selfed and outcrossed individuals
are more likely to compete with the same type, soft selection would reduce the fitness
costs of inbreeding, and for this reason it has been proposed as an important mechanism

through which intermediate rates of selfing are maintained (Roze & Rousset, 2004).
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Deleterious mutations expressed via inbreeding can impact traits related to
virtually all aspects of an organism’s biology (Lynch & Walsh, 1998), however not all
traits should be equally subject to soft selection (Agrawal, 2010). Traits associated with
the rate of uptake of limited resources (water, micronutrients, light and physical space)—
i.e., the physiological basis of competitive ability (Schenk, 2006), have been shown in
models to be mediated by soft selection, while variation among traits involved in the
efficiency acquired resources are used should be subject hard selection (Agrawal, 2010).
This is a consequence of soft selection being predicated on the role of density regulation
with a local competitive environment or deme: whereby each deme is assumed to have an
intrinsic carrying capacity, with only a specific number of individuals able to be
supported (Bell et al., 2021). Organisms compete for limited resources, and once
resources are acquired, they are no longer available for consumption by other individuals.
The efficiency at which an individual utilizes acquired resources is therefore distinct from
competitive ability and should be independent of local competitive context from a soft
selection perspective (Holsinger & Pacala, 1990; Whitlock, 2002). On top of this,
competition may be not always be symmetric; instead, certain genotypes may exert
disproportionately greater competitive stress on neighbors than expected based on
biomass or growth rate, for example, resulting in asymmetric competition (Weiner, 1990).

The effects of soft selection could reach beyond growth and survival in plants to
influence plant-pollinator interactions when competitive outcomes affect traits under
pollinator-mediated selection. Several studies have shown inbreeding depression in
flower size or floral displays (Carr et al., 2014; Glaettli & Goudet, 2006; Kariyat et al.,

2021; Ouborg et al., 2000; Spigler & Charles, 2023). If flower size is partially size-
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dependent (Klinkhamer et al., 1997), then selfed individuals may be able to effectively
compete for pollinators with outcrossed conspecifics when each type is located in fine-
scale patches of selfed or outcrossed monocultures that compete for light and/or soil.
While a handful of studies have demonstrated that selfed individuals perform may
produce more flowers or a greater floral biomass when competing with a higher
proportion of selfed conspecifics than outcrossed conspecifics, or across densities,
(Cheptou & Schoen, 2003; Koelewijn, 2004; Lhamo et al., 2006), the impact of selfed
versus outcrossed neighborhood competition on specific floral traits remains unknown.
However, given the theoretical prediction that frequency should only affect fitness when
competition is at play, studies considering both frequency and density and their
interaction are still needed.

In this study, I experimentally test for density- and frequency-dependence of
inbreeding depression in the mixed-mating biennial Sabatia angularis (Gentianaceae)
across its lifecycle. Prior work in this system (Dudash, 1991; Spigler & Charles, 2023;
Spigler et al., 2017) has demonstrated inbreeding depression in juvenile and adult traits
that can differ between greenhouse and common garden environments, but the extent to
which inbreeding depression is affected by the composition and density of competitors is
unknown. In contrast to Chapter 3, where I took a population-level approach, here I focus
on individual-level responses of selfed and outcrossed focal individuals to their
competitive environment representing a gradient of selfing rates at two densities. I will
test whether juvenile size, adult plant height, flower size, and flower number of focal
plants depend on the frequency of selfed competitors, competitor density, and their

interaction. An interaction would be consistent with the prediction that the “softness” of
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will be greater when competition is stronger (general prediction citation; Chapter 3). This
design also allows me to test for critical interactions between cross and either or both
frequency of selfed competitors and density, indicating that inbreeding depression is
frequency-and/or density-dependent. The results of this study can shed light on whether
soft selection could at least in part explain why inbreeding depression can vary across
different competitive contexts, with implications for the maintenance of genetic load and

mixed mating in populations.

4.3 Methods
4.3.1 Study Species

Sabatia angularis (Gentianaceae) is a biennial native to grasslands and disturbed
sites in Eastern North America. Seeds germinate from April to June, developing into
rosettes that continue to grow until the end of the growing season in October. Overwinter
mortality is high, ranging from 1% to 5% depending on year (Chapter 2). Bolting begins
in late spring and flowering occurs from July to August, with adults producing an average
of ~40 (+36SD) flowers (Spigler, 2018). Flowers are visited by generalist pollinators
(primarily bees, flies, and beetles) and develop into many-seeded dry dehiscent capsules.
S. angularis is self-compatible, and populations range from mixed-mating to highly
outcrossing, with a large proportion of the variance in outcrossing rate explained by
variation in population size (Spigler et al., 2010). Inbreeding depression occurs across the
lifecycle and its cumulative impact on fitness can be substantial (Dudash, 1990) but
varies across populations (Spigler et al., 2017).

Plant density in wild populations is highly variable, with individuals experiencing

variation in the size and density of ecological neighborhood (Chapter 2). Mean adult
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density across populations in serpentine barrens in south-eastern Pennsylvania, USA is
2.4 plants/m? (SD = 3.5), but ranges from <1 to ~23m? (Spigler, 2018). Adults make an
average of 15,148 seeds (SD = 19,489), and seedling densities can be very high even with
low germination rates (<1-3%), reaching up to the scaled equivalent of 8300 juveniles per
1m?. Importantly, seeds are gravity dispersed, which should lead to fine-scale genetic
structure (i.e., clustering of related individuals) under moderate to low densities (e.g.,
Hamrick et al., 1993). Prior work suggests that intraspecific competition for resources
can be strong in wild populations, demonstrating negative density-dependence for
juvenile size (Chapter 2) and seed production (Spigler & Chang, 2008).

4.3.2 Experimental design

Seed source and experimental treatments

I created arrays (‘competitive arenas’) of selfed or outcrossed focal plants in pots
surrounded by 0%, 25%, 50%, 75%, or 100% selfed (vs. outcrossed) competitors at two
densities (8 and 12 competitors). Focal plants and background competitors were
germinated from seeds created in a prior study wherein controlled selfed and outcross
pollinations were conducted on sets of maternal plants raised under controlled, pollinator-
free conditions (Spigler, unpublished). Seed used to create maternal plants originated
from population UBS of Spigler (2018).

Seeds were planted in a soilless media comprised of a 3:1 ratio of Pro-Mix BX
(Premier Horticulture) and Turface All Sport (Profile Products), placed under two months
of winter conditions (5C/2C day/night with 10 hour days), then transferred into summer
conditions (30C/15C day/night with 14 hour days) to induce germination. Approximately

4-5 weeks after germination, I assigned focal plants randomly to a given frequency-
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density treatment and transplanted them along with the appropriate number and
composition (i.e., percent selfed) of competitors into 60mm x 60mm x 40mm (L x W x
D) pots filled with the same soil mixture as above. In total, I was able to replicate all
treatment combinations (selfed vs. outcrossed focal plant, frequency of selfed
competitors, number of competitors) across 18 families (one replicate per treatment
combination per family) with a total of 605 competitive arenas. Background plants were
unrelated to focal plants. Following transplanting, competitive arenas were placed into
trays with a block design with equal numbers of selfed and outcrossed focal-plant
competitive arenas per tray and exposed to summer-like temperatures (25C/14C
day/night, 14-hour days) and immediately fertilized with a 100ppm 20-20-20 NPK
solution. I continued to fertilize with the same solution once per week for 12 weeks, then
twice weekly and supplemented with a 100ppm 15-0-15 NPK solution once a week for
the final 4 weeks before placing into winter conditions. Plants were also watered and
treated weekly with the broad-spectrum algaecide, bactericide, and fungicide ZeroTol™
2.0 (BioSafe Systems) to combat fungal disease as needed.

Summer conditions and thus the juvenile stage lasted approximately five months
after which I vernalized them in winter conditions (5C/ 2C day/night with 10-hour days)
for three months. Out of 605 original competitive arenas, only 188 competitive arenas
made it through the winter with surviving focal plants. While such high levels of
mortality were not planned as a part of the experiment, it does reflect high rates of
mortality in wild populations (See Chapter 2). I discarded competitive arenas within
which the focal plant died. I repotted all remaining competitive arenas into larger pots

(80mm x 80mm x 90mm, L x W x D) with additional fresh 3:1 soil mixture (described
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above) and placed them in summer-like temperatures (25C/15C day/night with 14-hour
days) until the end of the experiment. During this time, I fertilized plants with a twice
weekly with a 100ppm 20-20-20 NPK plus 50ppm Epsom salt solution and once weekly
with a 100ppm 21-5-20 NPK plus 50ppm Epsom salt solution. I note that due to a
staggered period of germination, I conducted the study in two “temporal blocks”, with the

second block starting approximately one month after the first.

Trait measurements

I measured the following traits on all focal plants: juvenile size, (overwinter)
survival to flower, adult plant height, flower number, and flower (petal) area. I measured
juvenile plant size prior to vernalization, approximately 135 days after competitive arenas
were established, and estimated rosette leaf area as the product of the diameters of each
set of leaves. On each adult, I measured petal area of 2 flowers (or 1 if the plant had only
one flower). Flowers were chosen haphazardly, and only measured once during the male
phase of flowering. The first opening flower was not selected for measuring unless a
plant had two or fewer flowers. For each flower, I measured the length and width of a
haphazardly selected petal and estimated petal area as the product of petal width and
length. Mean petal area was used for plants in which more than one petal was measured
per plant. I measured height from the where the base of plant stem at the rosette to the
tallest point on the plant.
4.3.3 Statistical analyses

To test for inbreeding depression in juvenile size and whether inbreeding
depression was frequency- and/or density-dependent, I used a general linear mixed model

implemented with Lme4 (Bates et al., 2015) in R (R Core Team, 2023). I included focal
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plant cross type (outcrossed or selfed, hereafter referred to as “cross”) and competitor
density (high or low) as fixed categorial variables, frequency of selfed competitors as a
continuous variable, and all two- and three-way interactions. I also included maternal
family and temporal block as random effects. Residuals were assessed to ensure model
suitability; flower number and juvenile area were log transformed in response.

I used a generalized linear mixed model to assess if cross, frequency, density or
their interactions influenced overwinter survival Lme4 (Bates et al., 2015). Survival was
modeled as binary; focal plants either survived or they did not. In addition to maternal
family and temporal block, I also included tray as a random effect since there was
considerable variation in mortality across trays. For competitive arenas in which the focal
plant survived, two-sample Kolmogorov-Smirnov test within base R (R Core Team,
2023) was used to assess if outcrossed or selfed neighbors (competitor plants)
experienced differences in rates of survival by determining if distribution of post-
mortality frequencies within competitive arenas differed. Survival rate was calculated as
the number of surviving selfed or outcrossed plants divided by the number of original
selfed or outcross plants within the competitive arena.

For analyses of adult traits, variable survival of background competitors across
pots required that I treat density as a continuous variable. I also calculated a “realized”
frequency of selfed competitors in each arena based on the composition surviving
competitors; this was possible as I recorded the position and cross type of all competitors
at the start of the experiment. I used general linear models to assess whether plant height,

flower number (log-transformed), and petal area depended on the fixed effects of cross
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type, density, frequency, or their interactions and included maternal family and block as
random effects.

In all analyses, a main effect of cross with the mean of selfed focal plants less
than that of outcrossed focal plants indicates there is inbreeding depression. A significant
cross x frequency effect indicates that inbreeding depression is frequency-dependent,
while a significant cross x density effect indicates it is density-dependent. One prediction
of soft selection is that the effect of frequency will be greater at higher densities, tested by
the frequency x density term. Finally, a significant three-way interaction (Frequency x
Density x Cross) would indicate that inbreeding depression was both frequency and
density dependent, and thus under soft selection. To maximize statistical power, for each

analysis I removed interaction terms when p > 0.1.

4.4 Results

Selfed juveniles were significantly smaller than outcrossed individuals, indicating
inbreeding depression for juvenile size (Table 4.1). In addition, juvenile size was density-
dependent; both selfed and outcrossed focal plants were significantly smaller under high
vs. low densities (12 versus 8 neighbors; Table 4.1). However, the frequency of selfed
competitors did not significantly influence individual size. I did not detect any significant
interactions that would indicate density- and/or frequency-dependent inbreeding
depression. Overwinter mortality of focal rosettes was 68.9% and was not significantly
predicted by cross, frequency, density, nor their interactions. For competitive arenas
within which the focal individual survived, survival rate across of selfed and outcrossed
neighboring plants was statistically the same according to the two-sample Kolmogorov-

Smirnov test (D = 0.1, p = 0.42).
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Table 4.1 Model output for juvenile rosette area (log transformed).

Juvenile Size
NumDF DenDF F-value P-value
Cross 1 576.7 17.66 <0.001 Hokok
Frequency 1 576.06 1.49 0.22
Density 1 577.24 40.08 <0.001  ***

Note: Significance is indicated as: + p < 0.1, * p <0.05, ** p <0.01, *** p <0.001.
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Figure 4.1 Relationship between rosette area (log transformed area) and frequency of

selfed competitors within competitive arenas for low- and high-density competitive

arenas. Solid lines are mean trait across frequency (red = outcrossed focal plants, blue =

selfed focal plants), shading is 95% CI.

I detected significant inbreeding depression in all adult traits measured (Table

4.2). On average, selfed focal individuals were shorter and produced fewer flowers with
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smaller petals than outcrossed focal individuals. Moreover, there was a significantly
positive effect of frequency on plant height, flower number, and petal area; all three traits
increased as the frequency of selfed competitors increased (Figures 4.2-4.4. There was a
marginally significant cross by frequency interaction effect on plant height and flower
number, suggesting these traits may be subject to frequency-dependent inbreeding
depression (Table 4.2A,B). In both cases, inbreeding depression (i.e., the relative
difference between selfed and outcrossed foal plants) declined with the frequency of
selfed competitors (Figs 4.2, 4.3). Total flower number was the only adult trait
significantly impacted by competitor density (Table 4.2B). No significant two-way

interactions or three-way interactions containing population density were detected.

Table 4.2 Model output for adult traits.

A. Plant height

NumDF DenDF F-value P-value

Cross 1 181.6 7.11 0.01 *x
Realized Freq 1 182.1 51.43 0.00 oAk
Density 1 180.4 0.02 0.90

Cross x Func. Freq 1 181.6 3.47 0.06 +

B. Flower count!

NumDF DenDF F-value P-value

Cross 1 183.0 8.86 0.00 *x

Realized Freq 1 183.0 43.49 0.00  #**
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Density 1 183.0 6.89 0.01 *

Cross x Func. Freq 1 183.0 3.24 0.07 +

C. Petal Area (length x width)

NumDF DenDF F-value P-value

Cross 1 182.0 7.90 0.01 *x
Realized Freq 1 182.6 12.50 0.00 oAk
Density 1 175.6 2.59 0.11
Cross x Func. Freq 1 181.9 0.70 0.40

Note: Significance is indicated as: + p < 0.1, * p <0.05, ** p <0.01, *** p <0.001.

'Flower number is log transformed.
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Plant Height vs Selfing frequency
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Figure 4.2 Relationship between adult height (mm) and frequency of selfed competitors
within competitive arena (0-1). Solid lines are mean trait across frequency (red =

outcrossed focal plants, blue = selfed focal plants), shading is 95% CI.
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No. Flowers vs Selfing frequency
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Figure 4.3 Relationship between flower count (log transformed) and frequency of selfed
competitors within competitive arena (0-1). Solid lines are mean trait across frequency

(red = outcrossed focal plants, blue = selfed focal plants), shading is 95% CI.
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Petal size vs Selfing frequency
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Figure 4.4 Relationship between petal area (area; L x W) and frequency of selfed
competitors within competitive arena (0-1). Solid lines are mean trait across frequency

(red = outcrossed focal plants, blue = selfed focal plants), shading is 95% CI.

4.5 Discussion

My work demonstrates inbreeding depression across the life cycle of S. angularis,
consistent with prior work (Dudash, 1990; Spigler & Charles, 2023, Spigler et al., 2017)
and density- or frequency dependence for important juvenile and adult traits.
Interestingly, density was important at the juvenile stage, whereas frequency effects were
apparent for adult traits. My results also suggest the potential for frequency-dependent
inbreeding depression in plant height and flower size, both of which can be subject to

pollinator-mediated selection in wild S. angularis populations (Emel et al., 2017).
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I find that juvenile size in S. angularis is affected both by inbreeding depression
and conspecific competitor density. Density-dependence in plant growth is commonly
found in experimental studies and, less often, demonstrated in wild populations (see
Chapter 2, 3)(Weiner & Freckleton, 2010). However, because selfed and outcrossed
individuals responded similarly to density and I did not observe a response to frequency,
my results do not provide evidence that inbreeding depression for juvenile size is density-
or frequency-dependent. I also did not detect a frequency by density interaction, which
would have indicated that frequency-dependence varies across population density.
Studies of a similar design have been able to detect frequency dependence in rosette size,
vegetative biomass, and aboveground biomass in annual (Cheptou & Schoen, 2001;
Lhamo, 2006) and perennial species (Koelewijin, 2003). The failure to detect frequency
dependence among juveniles in this study may be due to several reasons. Previous work
(Chapter 3) found that populations comprised of purely selfed individuals exhibited a less
steep decline in the size of individuals compared to outcrossed individuals. In that study, I
hypothesized that differences in density-dependence resulted from variation in resource
acquisition ability between selfed and outcrossed individuals, and that at low population
densities, selfed demes did not acquire as many resources as outcrossed due to inbreeding
depression. In this study a similar phenomenon may explain the lack of observed
frequency dependence within juvenile competitive arenas. At high population densities it
is possible that resources become so scarce that the stress imposed by differential
resource acquisition ability in competitor selfed and outcrossed neighbors is irrelevant
because there are no resources to spare. At lower population densities, where per capita

resources are higher, frequency dependence may be observed, consistent with other
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studies of this type (Cheptou & Schoen, 2003; Koelewijn, 2004; Lhamo et al., 2006).
Indeed, when additional resources became available as surviving competitive arenas were
transferred to larger pots in their second year, frequency dependence is observed in adult
traits, suggesting that the ability of a focal plant’s neighbors to acquire available
resources becomes an important factor in determining fitness. The severity of competition
may also explain why overwinter mortality impacted selfed and outcrossed focal plants at
equal rates and was unrelated to frequency or density—these differences may have been
overwhelmed by stress-induced mortality so severe that relatively minor differences (i.e.
nature of competition or focal cross) did not matter. Although competitive stress at
juvenile life history stages may have been too intense in this study to detect such effects,
the absence of inbreeding depression impacting survival under strong competition stands
in contrast to previous work showing inbreeding depression for rosette size in prior work
(Dudash, 1991; Spigler et al., 2017). Future work could test this hypothesis by varying
resource availability to determine whether inbreeding depression for overwinter mortality
is evident when there is the opportunity for differences in resource acquisition.
Inbreeding depression and frequency-dependence was observed for all three adult
traits measured. The presence of inbreeding depression for adult traits was expected and
is consistent with previous work (Spigler & Charles, 2023; Spigler et al., 2017).
Frequency-dependent inbreeding depression was hinted at by a marginally significant
interactions in both plant height and flower number, suggesting the potential for soft
selection on traits related to pollinator attraction in natural settings. A central tenet of soft
selection is that fitness is dependent on the local competitive environment, and that

genotypic differences may be eliminated under favorable competitive conditions
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(Reznick, 2016). I find evidence of this with selfed plants exhibiting a greater increase in
flower number and plant height when competing with a higher realized frequency of
selfed competitors.

Interestingly, population density was significant for total flower number, but not
petal area or plant height. Construction of flowers is resource demanding and subject to
various tradeoffs in resource allocation, making it a sensitive trait to ecological stress and
resource limitation (Rering et al., 2020; Roddy et al., 2020). On the other hand, density
did not appear to influence plant height or petal area. For petal area, trade-offs between
flower traits, such as petal area, and flower number have been observed in S. angularis
(Spigler & Woodard, 2018). It is possible, therefore, that while density imposes sufficient
costs to reduce flower number, the fewer flowers produced maintain similar sizes. While
this trait may be invariant to population density, it is worth noting that in some species
plant height has been shown to increase as a stress response under higher population
densities without a commensurate increase in flower number (Xiao et al., 2006). Multiple
pathways exist between resource stress and reduction in biomass and reproductive output
(Zhang & Tielborger, 2020). It is likely that there was more opportunity to detect
frequency-dependence for adults, when per capita resources increased as each
competitive arena was transferred into a second, larger pot with additional media for
roots to grow into. An additional factor that may have contributed to a strong signal of
frequency-dependence for adult traits is that as S. angularis individuals bolt, growing
vertically, they likely begin to compete for light, which provides conditions in which
asymmetric competition may occur light acquisition is not a function of plant size, but

rather which plants shade out others (Goldberg, 1990; Weiner, 1990).
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In natura, juveniles can grow at very high population densities, and persist as
clusters (Chapter 2), conditions which are partially recreated in this greenhouse study. I
find evidence that frequency dependence, and in particular frequency-dependent
inbreeding depression was only evident in floral traits. This contrasts with theoretical
work which suggests that soft selection in plants should occur early in plant life history,
i.e., during the establishment of initial densities and germination (Holsinger and Pacala,
1990). Similarly, Agrawal (2010) predicted that soft selection should operate on traits
related to competitive ability, but not traits involved in the conversion of acquired
resources into biomass: i.e., floral output. This work indicates that floral traits may be the
most sensitive to soft selection, adding to previous work which also revealed frequency-
dependence in fecundity-related traits (Cheptou & Schoen, 2003; Lhamo et al., 2006).
This may be due to floral traits being sensitive to resource acquisition, which is a function
of competitive ability. Ultimately, this work demonstrates that intraspecific competition is
both density and frequency dependent and that these may manifest different life history
stages, with the potential to affect selfed and outcrossed differently. Such processes, if is
also the case in wild populations, can create feedbacks, with important demographic,

ecological and evolutionary implications.
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CHAPTER 5
SUMMARY

This dissertation contributes to our understanding of intraspecific interactions
within plant populations, evidenced by both observations of interaction dynamics in wild
populations, as well as experimental approaches in a greenhouse setting. I show that
under certain greenhouse conditions, soft selection may occur, and that these conditions
are comparable those observed in natura. This work, therefore, also contributes to our
understanding of context-dependent inbreeding depression, which has emerged in recent
years as a generalizable hypothesis to explain intermediate selfing frequencies within
mixed-mating populations (Cheptou & Donohue, 2011).

My second chapter revealed the scale at which density-dependent interactions
play a role in regulating fitness in juvenile S. angularis in a population in south-eastern
Pennsylvania. By measuring 3587 juveniles over a four-year period and following them
until flowering, [ was able to determine that survival to flowering, while rare, is
significantly size-dependent. I also find that density significantly impacts individual size
within radii of 25mm-—but not beyond that—illustrating the scale at which intraspecific
interactions occur. By assessing size inequality within clusters, I find no evidence of size
hierarchies, which are often used as evidence of asymmetric competition (Damgaard &
Weiner, 2000).

To interrogate the density dependence of fitness more deeply in S. angularis, as
well as assess the potential for soft selection to occur, experimental demes of
monocultural selfed, monocultural outcrossed and bicultural demes comprised of 50%

selfed and 50% outcrossed seeds were established and followed in a greenhouse
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experiment. This work was the basis of chapter three and revealed that monocultural
selfed and monocultural outcrossed demes exhibited differences in mean size at low
population densities; likely due to the monocultural selfed demes being burdened by
inbreeding depression; but converge as population density increases. I hypothesize that
this is a result of selection ‘softening’ as the local competitive environment becomes
more important to individual fitness. This supports the work of Agrawal (2010), in which
traits involved in competitive ability are more likely to be subject to soft selection,
whereas traits involved in the efficiency of acquired resources are subject to hard
selection. This is evidenced by genetic quality (i.e., outcrossed individuals, not burdened
by expressed genetic load) being more important at low population densities where per
capita resources are abundant, while high population densities produce similar outcomes
with regards to mean size for individuals within selfed and outcrossed monocultural
demes. As a part of this work, I also looked for the presence of size inequalities across
demes and found that bicultural demes exhibited greater inequality as measured by Gini
coefficient than monocultural demes of either type. This suggests that interactions
between selfed and outcrossed individuals results in inequalities that do not manifest
within monocultural stands—which I hypothesize to be the result of outcrossed
individuals imposing greater competitive stress on selfed individuals.

The results of Chapter 3 show evidence that conditions conducive to soft selection
may occur among S. angularis juveniles in the described experimental setup. In Chapter
4 1 switched from looking at experimental demes, to investigating individual level
responses to determine not only density dependence, but also frequency dependence, and

multiple traits across the life history of the individual. I tested focal individuals of either
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selfed or outcrossed origin against competitive neighborhoods with a gradient of selfing
frequencies, with the percentage of selfed frequencies ranging from 0%, 25%, 50%, 75%
and 100%, and at two population densities (8 competitors and 12 competitors). For
juveniles, inbreeding depression was detected, with selfed individuals exhibiting reduced
size compared to outcrossed individuals. I also observed density dependence, with higher
population densities reducing the size of selfed individuals. Frequency dependence,
however, was not observed until adult traits were measured the following year: with all
three adult traits measured (plant height, flower number and petal area) showing
significant inbreeding depression in addition to frequency dependence. For plant height
and flower number frequency dependence was also observed. The detection of a signal,
albeit weak, of frequency-dependent inbreeding depression is particularly interesting as it
suggests that under the right circumstances soft selection may ameliorate inbreeding
depression in fecundity traits. Frequency dependent fitness and even frequency dependent
inbreeding depression has been observed in previous experiments, and this adds to a
growing body of work highlighting context dependent inbreeding depression (Cheptou &
Schoen, 2003; Koelewijn, 2004; Schmitt & Erhardt, 1990) Additionally, flower number
was sensitive to both density and frequency, unlike other adult traits. This may be
because some traits are more sensitive to environmental stress in general, including
elevated population density—which begs the question as to why numerically more
neighbors may be less stressful than a higher proportion of outcrossed neighbors. Based
on the results from Chapter 3, in which at low population densities individuals within
monocultural outcrossed demes exhibited a greater mean size than individuals in

monocultural selfed demes—Ilikely due to a lack of inbreeding depression, I hypothesize
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that access to additional resources at the beginning of the second growing season allowed
outcrossed individuals to not only acquire more resources more quickly, but also their
efficiency at the conversion of acquired resources into biomass made them more intense
competitors. Consequently, having a higher proportion of outcrossed neighbors was more
stressful than having more neighbors in general. Importantly, the traits for which a signal
of frequency-dependent inbreeding depression was detected are also subject to pollinator-
mediated selection (Emel et al., 2017), providing opportunities for eco-evolutionary
feedbacks.

Together, the chapters presented in this thesis show how competition for resources
is influenced by the local conspecific competitive environment. Importantly, my work
provides empirical support for soft selection in some conditions. Soft selection has been
recognized as an increasingly important process as populations become more fragmented
and environments change due to human activities (Bell et al., 2021). Future research
should focus on greenhouse experiments that allow for manipulation of specific
competitive contexts as well as studies in wild populations which provide essential

demographic and ecological context.
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