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Abstract

My thesis explores the evolution of floral traits in angiosperms, focusing on phenotypic
selection and maternal effects. Floral traits are influenced by both pollinators and abiotic
factors, making it essential to study how these multiple selection agents shape various
traits related to attraction, efficiency, and less-explored reward traits like nectar and

pollen.

Chapter 1 examines phenotypic selection in two bee-pollinated Penstemon species,
analyzing 15 traits related to size, visual signals, pollinator fit, and rewards. Despite floral
similarities, each species experienced different selection pressures, underlining the need

to measure multiple functional traits to fully understand evolutionary dynamics.

Chapter 2 explores how climate change-induced drought affects floral traits and
pollinator interactions in Brassica rapa. A common garden experiment showed that
drought reduced most floral traits except nectar concentration, which increased. Larger
flowers were favored in drought conditions highlighting the context-dependent nature of
maternal effects. While pollen limitation wasn't observed, water availability altered

selection on plant height.

Chapter 3 investigates how maternal effects and plasticity influence floral traits in
Brassica rapa under different water conditions. Maternal drought stress significantly

impacted offspring traits related to pollinator attraction and efficiency, particularly under



continued drought. This highlights the importance of considering both maternal effects

and environmental context in predicting plant responses to climate change.

Overall, my work emphasizes the need for integrating studies on maternal effects and
phenotypic selection to better understand how plants adapt to environmental stressors,
enhancing knowledge of the evolutionary processes driving floral diversity and plant

fitness.
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Chapter 1: General introduction

The astonishingly diverse floral presentation of angiosperms is thought to evolve
through two main interlinked processes, namely the natural selection on phenotypes
and the heritable transmission of those phenotypes across generations (Darwin, 1877;
De Lisle & Svensson, 2017; Fisher, 1930). It is generally assumed that this phenotypic
diversity has evolved through selection by pollinators (Sletvold, 2019; Fenster et al.,
2004; Mitchell et al., 1998; Faegri & Van der Pijl, 1979). However direct and indirect
selection imposed by antagonists such as herbivory and florivory (Agren et al., 2013;
Bartkowska & Johnston, 2012; Chen et al., 2017; Gdmez, 2003; McCall & Irwin, 2006;
Parachnowitsch & Caruso, 2008; Ramos & Schiestl, 2019; Santangelo et al., 2019), other
biotic factors such as co-occurring plant communities (Caruso et al., 2017;
Parachnowitsch et al., 2014) and abiotic factors (Akter & Klecka, 2020; Caruso et al.,
2019; Farré-Armengol et al., 2020; Kuppler & Kotowska, 2021; MacTavish & Anderson,
2020; Sletvold, 2019) also play a significant role in shaping this diversity. Evolved floral
traits directly influence pollen transport by attracting pollinators, which affects the
reproductive success of the plant. These traits ensure both the quantity and quality of
pollen movement within and between plants. (Wessinger et al., 2014; Parachnowitsch &
Kessler, 2010; Waser & Campbell, 2004; Mitchell et al., 1998; Faegri & Van der Pijl,
1979). Studies have repeatedly shown that the variation in biotic (pollinator and non-

pollinator) and abiotic environments may lead to the differentiation of plant traits and



adaptive evolution among the populations. For example, pollinator syndrome (a suite of
floral characters specialized in the attraction of pollinators/pollen vectors) (Ashworth et
al., 2015; Fenster et al., 2004) was described to have evolved through selection by
pollinators. These floral traits have been studied extensively to understand the evolution
of different floral forms. There are numerous studies available on the selection of floral
traits and their function in shaping plant-pollinator interactions. These types of floral
traits have been categorized simply into those that attract and those that deter (Irwin et
al., 2004) to more complex distinctions such as rewards, color, fragrance and
morphology (Fenster et al., 2004). In their recent review Caruso et al. (2019) classified
plant functional traits into four major categories namely, plant-level attraction traits
(e.g., flower number, inflorescence height, and daily display size), flower-level attraction
traits (e.g., flower color, corolla size, and petal size), phenology traits (e.g., flowering
time, duration, peak) and efficiency traits (e.g., nectar spur length and flower tube
length, which affect the mechanical fit between flower and pollinator to increase pollen

removal/deposition).

There is a growing body of literature available on the effects of variation of
abiotic factors on plant populations, floral traits, and adaptive evolution through natural
selection. They provide valuable insights into the mechanisms driving plant
diversification and adaptation to local environments. However, despite their significant
potential to influence mean fitness and the floral traits of populations, the significance

of non-pollinator agents in shaping the realized selection pressures on floral traits in



natural environments is often underestimated (Caruso et al., 2019; Garcia et al., 2023;
Sletvold, 2019). Hence, adopting a comprehensive approach that recognizes the effects
of multiple selection agents is vital for understanding the evolution of plant floral traits.
Also, examining both biotic and abiotic agents of selection simultaneously within wild
and experimental plant populations can greatly help us understand how these agents
collectively influence selection on floral traits. This approach can also shed light on
whether non-pollinating agents of selection reinforce or counteract the direction of
pollinator-mediated selection (Elle, 2004; Elle & Hare, 2002; Irwin, 2006; Strauss &

Whittall, 2006).

Most selection studies have demonstrated that different functional floral traits
can be under selection with varying strengths (Harder & Johnson, 2009; Kingsolver et al.,
2001). Because flower morphology is thought to experience stronger selection than
vegetative characters (Caruso et al., 2019; Benitez-Vieyra et al., 2006), the majority of
studies have focused on general floral features attractive to flower visitors, such as
flower number, flower size, display height or traits associated with breeding systems
such as pollen presentation (Harder & Johnson, 2009; Fenster et al., 2004). Recent
studies have shown that selection on floral efficiency traits is often stronger than floral
attraction traits (Caruso et al., 2019; Harder & Johnson, 2009). However, we have a
limited understanding of other functional trait classes, especially floral reward traits such
as nectar and pollen (Caruso et al., 2019; Harder & Johnson, 2009; Parachnowitsch et al.,

2019).



Studying multifaceted floral traits and knowing functional relationships among
functional traits and constraints affecting independent trait evolution is important in
interpreting evolution (Junker & Parachnowitsch, 2015). To date, thousands of
standardized estimates of phenotypic selection have been accumulated, providing a
window into patterns of selection in nature. There are numerous studies available on the
selection of floral traits, either as a unimodal investigation or with a more holistic
approach, where several floral traits are considered (Sletvold, 2019 and references
therein). But the majority of studies focus on only a few representative traits from
individual functional trait classes, with very few examining more than four functional
trait classes simultaneously. This limitation may be due to limitations that persist in data
collection and statistical analysis on numerous plant and floral traits in one study.
Incorporating many traits into methodological approach outlined by Lande and Arnold
(1983) reduces statistical power and increases issues related to multicollinearity among
traits. Therefore, this statistical approach has a limitation in that it leaves the question of
whether a measured trait is the actual target of selection or whether other unmeasured
traits are the true target of selection (Lande & Arnold, 1983). Frequently ignored floral
reward traits are often underestimated, leading to a poor understanding of their
functional significance (Parachnowitsch et al., 2019). Hence, carefully choosing traits
from a wide range of measurements and incorporating those traits that represent all
functional classes into the analysis as much as possible offers the advantage of better

understanding the targets of selection.



In addition to the effects of agents of selection discussed above, maternal effects
also play a significant role in shaping the initial phenotype of offspring, influencing traits
such as growth rate, size, and morphology. By considering maternal effects alongside
phenotypic selection, researchers can better assess the interplay between genetic
inheritance and environmental influences on trait variation. While there is a growing
body of research on environmentally induced maternal effects in plant species, our
understanding of the links between maternal effects and extreme climate events, such
as frequent drought, remains limited (De Long et al., 2019). Despite numerous studies
exploring maternal effects on traits such as seedling size, adult plant size, and
physiological traits, including herbivory resistance and timing of flowering, there is a
notable scarcity of research examining maternal effects on floral functional traits directly
related to plant fitness, such as flower size, signal, and rewards (Agrawal, 2001, 2002;
Franks et al., 2008; Helenurm & Schaal, 1996; Holeski et al., 2013; Schmid & Dolt, 1994;
Singh et al., 2017). Historically, environmental cues such as precipitation have reliably
signaled suitable conditions for plant germination and offspring fitness. However, we
observe that the anthropogenic climate change has disrupted the predictability of
temperature and rainfall patterns, leading to increased unpredictability in environmental
cues (Donohue et al., 2005; Schuler & Orrock, 2012; Wolfe & Mazer, 2005). These
changes in precipitation patterns can trigger premature seed germination, resulting in
diminished plant fitness (Donohue et al., 2005). Consequently, the rapid environmental

changes associated with climate change have disrupted the ecological cues that plants



rely on, leading to altered offspring growth, trait values, and reproduction. By integrating
studies on maternal effects with investigations into phenotypic selection, we can gain
insights into how plants respond to changing environmental cues and the adaptive
significance of maternal effects in shaping plant fitness and reproductive success amidst

ongoing climate change.

Throughout three chapters of this thesis, | (and co-authors) sought to better
understand how pollinator (biotic) and drought (abiotic) mediated selection influence a
variety of vegetative and floral traits belonging to different functional trait classes. This
investigation was conducted in both wild and experimental/common garden
populations. | explore the relationships between vegetative and floral traits,
environmental factors (drought), and evolutionary processes across three
interconnected chapters. In Chapter 2, | adopt a functional perspective to investigate
adaptive flower evolution in two bee-pollinated Penstemon species, focusing on
phenotypic selection across four functional trait classes of floral traits, including floral
rewards such as nectar and pollen. In Chapter 3, | examine the impact of climate change-
induced droughts on plant-pollinator interactions and floral characteristics, using a
common garden factorial experiment to manipulate water availability and pollination in
Brassica rapa. By comparing open-pollinated and hand-pollinated plants under varying
water conditions, | assess the evolutionary consequences of drought and pollination on
floral trait evolution. Finally, in Chapter 4, | explore the role of plasticity and maternal

effects in shaping plant performance and floral traits under drought conditions in



Brassica rapa. Through controlled experiments and statistical analyses, | sought to
elucidate the complex interactions between maternal legacy, environmental conditions,
and plant traits, shedding light on the mechanisms underlying plant adaptation to

changing environments.

Together these chapters provide a comprehensive understanding of the natural
selection of floral traits, the impact of environmental stressors on plant-pollinator
interactions, and the role of plasticity and maternal effects in shaping plant evolutionary
responses to environmental changes. My thesis demonstrates the importance of
studying maternal effects in conjunction with phenotypic selection studies for a
comprehensive understanding of the adaptive responses of plants to changing

environmental conditions.
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Abstract

Taking a functional view of floral traits helps decipher adaptive flower evolution by
identifying which traits experience direct selection. However, studies have often focused
on few floral traits, hindering the identification of the targets of selection. Floral rewards
like nectar and pollen, although essential for many flower visitors, have received limited
attention. To address this gap, we measured phenotypic selection on traits across four

functional classes in two bee-pollinated Penstemon species.

We measured 15 traits that characterize plant size, visual attraction, pollinator fit, and

rewards in two populations of sympatric Penstemon mensarum & P. strictus to measure
phenotypic selection and identify targets for adaptive evolution. Because these species
are similar in floral form and share pollinators, we also directly compared differences in

selection patterns.

We found that selection acted on size, signal, fit, and reward traits and highlighted the
importance of measuring multiple traits with similar function. For example, despite
positive correlations across corolla tube measurements in P. strictus, we found selection
in opposing directions for some dimensions. When comparing these similar conspecifics,
we found significantly different selection patterns and selection targets. Interestingly, we
also found that these mass flowering species may experience fitness costs to flower

production (P. strictus) and pollen production (P. mensarum).

16



Our research shows that including floral traits across many functional classes can provide
deeper insight into floral evolutionary patterns and therefore future studies should
incorporate floral traits across major functional classes for a holistic understanding of

natural selection targets.

Keywords

Floral Rewards; Floral Signals; Functional Traits; Natural selection; Nectar; Penstemon;

Pollen

17



Introduction

Understanding the evolutionary causes and processes involved in maintaining
the tremendous diversity of angiosperms has been a central theme in floral evolutionary
ecology. Floral evolution in angiosperms has long been attributed to pollinator-mediated
selection (Faegri & Van der Pijl, 1979; Fenster et al., 2004; Harder & Johnson, 2009),
supported by extensive evidence from phenotypic and phylogenetic studies at both
species and intraspecific levels (Ashworth et al., 2015; Sapir & Armbruster, 2010; Sapir &
Ghara, 2017). All these studies have emphasized the pivotal role of pollinators as a
significant selective force behind floral diversity. However, beyond pollinators, other
biotic elements like herbivores and abiotic factors such as resource availability also
contribute significantly to the selection pressures on floral traits (Caruso et al., 2019;
Parachnowitsch, 2011; Parachnowitsch & Kessler, 2010; Strauss & Whittall, 2006). These
factors can independently influence floral evolution, and at times, their interactions play

a crucial role in shaping the selection dynamics of floral traits (Caruso et al., 2019).

Animal-pollinated flowers can be described by a combination of traits which can
serve different functions to achieve successful reproduction. While the term functional
traits can be misleading because ultimately, all traits can be classified as functional
(Ppedal, 2021), it can be useful to partition floral complexity into functional groups such
as pollinator attraction, rewards, and mechanical fit between flower and pollinator, etc.

Understanding relationships among functional trait classes and potential constraints
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affecting independent trait evolution is important in interpreting the evolution of
flowers (Junker & Parachnowitsch, 2015). In landmark work by Lande and Arnold (1983),
they suggested a method to study phenotypic selection on correlated characters to
determine the targets of selection, allowing comparison of the strength of selection
among traits. However, this method is sensitive to unmeasured floral functional traits in
the study because these unmeasured traits have the potential to be the true targets of
selection (Lande & Arnold, 1983). Therefore, studies that examine many aspects of the
floral phenotype by including different functional trait classes are better able to identify

selection targets.

Hundreds of estimates of phenotypic selection on floral traits have accumulated,
providing a window into patterns of selection on floral traits (Caruso et al., 2019; Harder
& Johnson, 2009). Foremost, these estimates demonstrate that floral traits are often
experiencing natural selection, perhaps because of their role in reproduction. When we
compare among traits, we often observe that traits linked to attracting pollinators or
enhancing pollination efficiency are frequently targeted by pollinator-driven selection
(Campbell et al., 1996; Lu et al., 2021; Parachnowitsch & Kessler, 2010). Traits like gape
width, nectar spurs and size of floral tubes impact a flower's fitness by altering how well
the flower fits mechanically with the pollinator (Campbell et al., 1991; Sletvold & Agren,
2011; Wu & Li, 2017). Moreover, previous studies have found that the selection on traits
that affect the mechanical fit between flowers and pollinators is often stronger than

selection on traits that attract pollinators (floral attraction traits/signal traits) (Caruso et
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al., 2019; Harder & Johnson, 2009), suggesting that evolution in these fit traits may drive
floral diversification more than attraction traits. Additionally, recent phenotypic selection
studies shows that attraction traits such as plant height, flower size and flower color can
affect overall fitness through biotic and abiotic selection pressures (Caruso et al., 2019;
Elle, 2004). Therefore, comparing traits within studies is a powerful tool for
understanding natural selection. Also, it enables future studies to make meaningful
comparisons within and between species. However, for floral evolutionary studies, we
see a gap persist in understanding the strength of selection on less studied traits,
especially floral reward traits such as nectar and pollen (Caruso et al., 2019; Harder &

Johnson, 2009; Parachnowitsch et al., 2019).

Nectar is a major nutrient source for many flower visitors and pollen can also be
an important reward for bees. Thus, these traits are thought to be shaped in part by
pollinator-mediated selection (Irwin, Adler, & Agrawal, 2004; Parachnowitsch et al., 2019
and references therein). However, only a handful of studies estimate phenotypic
selection on nectar traits (Benitez-Vieyra et al., 2010; Gijbels et al., 2015; Hodges, 1995;
Kulbaba & Worley, 2012; Mitchell, 2004; Zhao et al., 2016) and none on pollen. Selection
has been detected on traits such as nectar sugar concentration(Kulbaba & Worley, 2012),
and nectar amino acid content (Gijbels et al., 2014, 2015), as well as on the variation in
nectar availability across different flowers within an inflorescence, commonly referred to
as the inflorescence nectar gradient (Zhoa et al. 2016), although nectar is not always a

target of selection when it has been measured. These limited studies show a lack of
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attention to the microevolution of floral rewards, making it challenging to compare
these with other functional traits and determine the targets of selection. Including
rewards in microevolutionary studies is particularly important because of the expected
correlations with other traits, especially signaling traits that are hypothesized to provide
honest signals of rewards to pollinators (Wright & Schiestl, 2009). However, since simple
positive correlations between signals and rewards cannot always be assumed (Burdon et

al., 2020), the inclusion of rewards to determine the targets of selection is crucial.

In this study we quantify phenotypic selection on plant floral traits of two bee-
pollinated species of the genus Penstemon: P. mensarum & P. strictus. Significant
selection on floral traits has been detected in the genus for P. strictus (Recart &
Campbell, 2021b, 2021a) and P. digitalis (Parachnowitsch et al., 2012; Parachnowitsch &
Kessler, 2010a), and the genus shows rapid speciation thought to be driven by plant-
pollinator interactions (Wessinger et al., 2019; Wolfe et al., 2006, 2021). However, P.
mensarum hasn’t been studied previously. Comparing the same suite of traits in closely
related species in a similar environment helps us understand the processes of natural
selection and evolutionary adaptation that cause the divergence of taxa (Donihue &
Lambert, 2015; Geber & Griffen, 2003; Reich et al., 2003). Despite the previous selection
studies conducted, our current understanding of the relative strength of phenotypic
selection on floral traits in congeneric species growing in relatively similar environments
remains limited due to a scarcity of comprehensive data. Therefore, we selected two

sympatric and phylogenetically close congeners in the same location to compare
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present-day phenotypic selection on a suite of floral traits to further our understanding

of divergent selections on floral traits.

We have two major aims in this study. First, we compare trait classes
characterized by plant size, floral signals, pollinator fit and rewards in these two species
to determine the targets of selection. Second, given that these congeners are frequently
visited by generalized pollinators, we hypothesize that the different parts of these
flowers might play distinct roles in attracting and interacting with specific pollinators. To
test whether pollinators exert different selection pressures on different parts of the
floral tube, we quantify the selection on the corolla tube before the constriction and on
the nectar tube. This will allow us to compare selection pressures acting on different
parts of flowers and will provide insights into the mechanisms driving evolutionary
adaptations in these congeners. Thus, our study addresses the gap in the current
understanding of selection on frequently ignored floral traits in a generalized pollinator

environment.

Materials and methods

Study species and system.

We studied the species Penstemon strictus Benth (Rocky Mountain Penstemon)
and Penstemon mensarum Pennell (Grand Mesa Beardtongue), which are widely
distributed on dry slopes between 5500-11000 ft and in meadows at lower elevations in

the western United States. The species have also been cultivated and used in
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revegetation projects (Ackerfield, 2015; Smith & Panjabi, 2014) around Rocky Mountain
Biological Laboratory (RMBL), Crested Butte, Colorado, where we were based. Peak
flowering is offset for these species, with P. mensarum usually flowering in May through
July and P. strictus from July to August. However, these populations overlap in flowering
phenology briefly. Both species are of similar height, with inflorescences that can have
over 100 flowers. Both have the "classical" bee-pollination syndrome, which is
characterized by flowers with a well-defined three-dimensional form, typically more or
less tubular in shape, often zygomorphic (bilaterally symmetrical) and offer nectar and
pollen as rewards to attract bee pollinators (Faegri and van der Pijl, 1966). The flowers of
P. strictus are generally larger than those of P. mensarum and are typically deep blue to
violet, in contrast to the deep cobalt-blue to lavender flowers of P. mensarum.
Penstemon strictus has been a popular species for pollination studies out of RMBL
(Castellanos et al., 2002, 2003, 2004, 2005; Crosswhite & Crosswhite, 1966; Pyke, 1978;
Thomson et al., 2000; Wilson et al., 2004; Zimmerman, 1988; Zung et al., 2015) and
therefore some of the importance of the floral traits and pollination ecology are
understood. For example, Bombus spp. are more effective pollinators of P. strictus than
other bee species (Recart & Campbell, 2021a) and hummingbirds (Castellanos et al.,
2003). P. strictus has been frequently used to compare bee and hummingbird
pollination in Penstemon. A striking difference between syndromes in Penstemon is
flower colour, but also includes other characters such as flower size, corolla tube length,
extended lips, nectar amounts, etc. (Castellanos et al., 2004; Wilson et al., 2004). The

lower lip of P. strictus and the width of the corolla tube are important for interactions
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with bumblebees as removal and constriction experiments have demonstrated
(Castellanos et al., 2004; Zung et al., 2015). Plants with longer lower lips (platforms) have
higher visitation rates and longer lower lips are also under pollinator-mediated selection
to increase in P. strictus (Recart & Campbell, 2021a). Some previously studied
protandrous flowers such as P. digitalis have more nectar in the female phase (Burdon et
al., 2020) and some such as P. strictus flowers replenish nectar after visitation
(Castellanos et al., 2002; Thompson, 2001). Pollen is also released gradually from the
anthers as they dehisce (Thompson, 2001). While P. mensarum has received less
attention, the overlap in flowering seasons in these two sympatric, closely related and
bee-pollinated Penstemon species in similar habitats makes these species ideal for
studying multifaceted floral phenotypes and comparing selection on different plant-

floral functional traits.

In 2019, we selected ~95 plants each in P. strictus and P. mensarum populations
from two large patches growing close to each other on the slopes of Lupin trail, Crested
Butte. The P. strictus population was on the banks of Nicholson Lake (38°54'03.3"N
107°00'25.1"W) and P. mensarum population on the banks of Slate River (38°54'13.9"N
107°01'06.8"W) close to the lake (approximately 500m between the species). Both
populations were intermixed with surrounding vegetation. P. mensarum was growing
alongside perennials such as Aspen Fleabane (Erigeron speciosus), Sulfur Buckwheat
(Eriogonum umbellatum), Yellow Salsify (Tragopogon dubius), and Owl's Claws

(Hymenoxys hoopesii), as well as shrubs like Sagebrush (Artemisia sp.). In contrast, the P.
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strictus population was primarily associated with the introduced Creeping Thistle
(Cirsium arvense). We observed both species grow taller than surrounding vegetation in
disturbed areas closer to the dirt roads, where competition with other species was
reduced. The populations were generally dense, with a mean distance between two
individuals ~0.5m for both species. To limit bias, we chose individual plants along a
transect at regular intervals (~*0.5m) to ensure a representative sample of the
population. Because plant distribution varied, we used a single transect for P. strictus
and three parallel transects 5 m apart for P. mensarum. We flagged plants below flowers

to minimize any effects on the flower's attractiveness to pollinators.

Measurements

For each plant, we measured 15 phenotypic traits representing four functional
trait classes: plant size, visual attraction, pollinator fit, and rewards. We selected traits to
represent functional groups with potential for pollinator-mediated selection that were
easy to measure with minimal disruption to pollinator behaviour. We estimated size by
measuring total plant height (PH) = inflorescence length (INFL) + stem height (SH), and
the total number of flowers produced (FLWR). Plant height was the total stem length
from the ground to the tip using a 1m ruler at the end of the flowering season. We also
measured the proportion that was stem and inflorescence by measuring from the
ground to the lowest flower for each plant and calculating INFL from those two
measures. We estimated attraction traits by measuring the visual appeal of individual

flowers, specifically the length of the center lower lip where the petals are not fused (lip
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length, LL), and the peak display size, which is the number of flowers presented during
the peak flowering of the inflorescences (DISP). We estimated five dimensions of the
tubular flowers to measure mechanical fit: total flower length (FL) = corolla tube length
to the constriction point (CTL) + nectary tube length (NTL), constriction width (CW), and
gape width (GW) (Figure 1). Because bees enter these flowers to access rewards, the
gape width and constriction point may be particularly important for nectar collection
(Castellanos et al., 2005; Parachnowitsch & Kessler, 2010a; Zung et al., 2015). We
haphazardly chose three flowers per plant to measure with digital Vernier calipers. The
same researcher measured flowers to reduce human error (Parachnowitsch & Kessler,
2010a), and not all three flowers were measured on the same day to account for intra-
plant variation. Measuring flowers on different days further aids in accounting for intra-
plant variation because it allows us to capture the potential differences in flower
development stages or rates within the same plant over time. We averaged the three

measures per plant for a plant mean.
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Penstemon strictus

INFL

SH

Figure 2.1. Trait measurements using Penstemon strictus as an example of vegetative
structure (A), flower side view (B) and the front view (C). P. mensarum flowers shown for
comparison (D, E). INFL = inflorescence length, SH = stem height, TC = tube constriction,
NTL = nectar tube length, CTL = corolla tube length, FL = flower length, GW = gape width,
LL = lower lip length. Note the visible differences in corolla tube lengths, nectary tube
lengths, gape widths and the length and width of center lower petals showed with

arrowheads. Drawing scale: A = 1:4.5 cm, B,C,D,E = 1:3 cm by Kaushalya Rathnayake

Rewards were estimated as the nectar volume (NV) and mean number of pollen
grains in short stamens (PSS) and long stamens (PLS), which were added to get the total
pollen count (PC). We used strips of filter paper Wicks® to assess nectar volumes

(Thomson et al., 2000). We covered inflorescences with mesh bags in the evening to
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prevent pollinator access. After 12 hours, we removed mesh bags, inserted small strips
of filter paper into each tube of three haphazardly chosen flowers in the male phase, left
for one minute and measured the distance nectar eluted on the paper strip with digital
calipers. We limited our nectar sampling to male phase flowers to reduce variability
because Penstemon spp. often show nectar production differences with sexual phase
(Burdon et al., 2020; Parachnowitsch et al., 2019), and we lacked sufficient female phase
flowers at the sampling time. During peak flowering, we chose two flower buds per plant
to collect anthers. Whenever possible, we selected mature but unopened buds and
excised flowers in the early morning before anthesis for anther collection (Shivanna &
Rangaswamy, 2012) to avoid pollen loss to pollinators. We separated anthers into short
and long stamens and stored them in 0.5ml Eppendorf tubes till they dried to inhibit
mold formation (Kearns & Inouye, 1993). Anthers were crushed and dispersed ina 1:1
Lactic acid/Glycerol mix. Then, we counted pollen using a hemocytometer and estimated

the total number of pollen grains in each stamen type we collected.

We also observed and recorded pollinators pollen robbers and other insects
associated with the focal flower species to assess whether similar pollinators were
visiting these two species. We observed pollinators by conducting observation sessions
haphazardously prior to field sampling sessions, walking along transects for 30 minutes
each session, once in the morning from 8:00 to 8:30 AM and once in the afternoon from
3:30 to 4:00 PM. To identify visitors to species, we captured representative flower-

visiting insects and identified them in the field when possible, using available guides and
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collections at RMBL. However, we did not record insect visits to individual plants
included in our study, as our focus was not on studying the effects on pollinator

visitation to flowers or identifying agents of selection.

We estimated female fitness components by assessing the number of mature
fruits, and seeds per fruit. In August 2019, when the fruits matured, we revisited the
populations to count the number of fruits developed and those aborted (AFN). We
collected five fruits per plant to estimate seed number as it is likely a better reflection of
pollination success than fruit number (FN). We counted seeds per fruit (SPF), took an
average per plant and multiplied by the number of fruits to estimate the total number of

seeds per plant (SEED).

Statistical analysis

All statistical analyses were done in R version 4.1.2 (R Core Team, 2024). While it
is obvious that these species differ, we checked whether plant and floral characteristics
were significantly different for our population. We used a one-way MANOVA followed by
individual ANOVAs. All 19 traits (Table 1) were added as dependent variables, and
species was treated as the independent variable. We also estimated Pearson correlation

(r) between all floral traits within each population using the corrplot package.
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Directional selection

We estimated phenotypic selection for each species following Lande and Arnold
(1983). We first standardized phenotypic traits within species with Z-scores (mean of 0
and variance of 1). We used the number of seeds as our fitness measure and relative
seed number (seeds/population mean) to convert it to relative fitness for each plant. To
calculate univariate selection differentials (total phenotypic selection, S;), we considered
each trait separately in linear models that measured selection as the covariance
between relative fitness and the standardized traits. To estimate the targets of selection,
we calculated selection gradients (68;), using a single multivariate model for each species
with standardized traits as explanatory variables and relative fitness as the response
variable. However, we could not include all fifteen traits in these models because we
lacked statistical power and correlations among traits could cause issues of
multicollinearity. Thus, we reduced our trait set to exclude composite traits by stepwise
variable selection procedure for linear regression using ‘vif’ function and visualizing VIF
(variance inflation factors) values in the car package (Fox et al., 2012). We removed any
traits that yielded VIF > 3.00 except for floral display size from the P. strictus data set
(VIF=3.11). We did not remove floral display size so that both species had the same set
of traits, allowing for direct comparisons. The final model included 10 traits belonging to
four major trait classes mentioned above: 1. size traits (plant height, total number of
flowers), 2. signal traits (display size, length of central lower petal), 3. floral mechanical
fit traits (corolla tube length to the constriction point, nectary tube length, constriction

width, and gape width), 4. rewards traits (nectar volume, total pollen grains). We used
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total number of seeds produced by a plant as our fitness estimate. These traits were a
representative set and had VIFs closer to 2.0 or less. To assess whether linear selection
gradients differed between the two Penstemon populations, we used analysis of
covariance (ANCOVA) using the General Linear Models (GLM) procedure and type Il
sums of squares. Models included the traits and a term for species and all trait by
species interactions as explanatory variables and relative fitness (within each species) as
the response variable. A significant interaction term indicates that selection differed

between the two Penstemon species.

Quadratic and correlational selection

To test for non-linear relationships between floral traits and fitness, we estimated
standardized quadratic (yi) and correlational (y;;) selection gradients for the 10 selected
traits in the selection gradient analysis, including both the linear quadratic and cross-
product terms for the traits. Differences in the strength of quadratic selection gradients
between the Penstemon species were tested using ANCOVAs as described above. We
doubled the estimates following Stinchcombe et al., 2008 to represent the curvature of
the fitness function, essentially to capture the strength of stabilizing or disruptive

selection.

31



Results

Pollinator observations

While both species had access to the same pollinator community within the
habitat, we observed some differences in the pollinators visiting each species. The most
common visitors to P. strictus and P. mensarum were hymenopterans. We identified
Bombus bifarius, B. appositus, B. californicus, B. nevadensis, B. pensylvanicus, B.
flavifrons, B. frigidus and Anthophora sp. visiting P. strictus. The same bumblebee
species visited P. mensarum, except B. nevadensis, B. pensylvanicus, and B. bifarius were
not observed. We saw a variety of unidentified solitary bees, wasps, and beetles visiting
both species. We also identified three butterfly species on P. mensarum, namely Icaricia
icarioides, Plebejus melissa, and Tharsalea helloides, while only one species, Papilio
rutulus, was observed foraging on both Penstemon species. Interestingly, White-lined
Sphinx (Hyles lineata) and Rufous Hummingbird (Selasphorus rufus) were observed

foraging on P. mensarum in morning hours when nectar is more plentiful.

Trait comparison

In general, the nineteen phenotypic traits, including fitness traits measured
varied within and between the two Penstemon species, (Pillai’s Trace = 0.81, F0,162 =
244.67, P less than 0.001). P. strictus was taller and had more flowers than P. mensarum
(Table 2.1). However, the range of plant heights in the two species overlapped (~43-
99cm), and the average height was not very different (approximately 4 cm). For signal

traits, the display sizes of P. strictus were also larger and denser than P. mensarum (Table
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2.1), suggesting they would have a stronger long-distance visual signal. However, for
single flowers, the lip length was longer in P. mensarum but more variable in P. strictus.
The pollinator fit traits were also significantly different between the species; P. strictus
has larger, longer, and wider flowers, but the variability of flower length and corolla tube
length of P. mensarum is higher than P. strictus. Interestingly, we found no significant
difference in reward traits between the species; both offered similar amounts of nectar
and pollen (Table 2.1). While there is no difference in the total number of pollen grains
per flower between the two species, the short stamens of each seem to bear a higher
number of pollen grains than the longer extruded stamens. Fitness was higher in P.
strictus. The two species failed to set fruit for approximately 12 flowers/plant (aborted
fruits); however, because P. strictus generally produced more flowers, it produced more
fruits than P. mensarum. P. strictus also produced ~3.5 times the number of seeds per

fruit than P. mensarum.
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Table 2.1 : Comparison of floral traits of P. mensarum and P. strictus. Mean, SD, Range and coefficient of variation (CV) of functional
trait values are shown. Note that the variable with the smaller CV is less dispersed than the variable with the larger CV. Traits that are

significantly different in each species are marked with stars. Signif. codes: 0 “***’ 0.001 ‘**’ 0.01 “** 0.05°7 0.1 ‘"1

143

P. mensarum P. strictus
i i + +
Trait class Trait Mean £ SD oV Mean £ SD oV F value p
[Range] [Range]
64 +13.6 68 + 10.9 5.79 0.02 *
Plant height 21.27 15.96
ant height (cm) [43- 99] [43- 99]
26+9.2 33+11 21.65 <0 Hokk
- Inflorescence length (cm) (7- 62] 35.23 (7.4-59.4] 33.98
38+9.2 35+7.3 4,78 0.03 *
St height 24.35 20.7
em height (cm) [19- 66.5] [21.2- 53.7]
36+ 15 49 + 21 2297 <0 *okk
Total fl 42.43 42.44
oraltiowers [11-91] [6- 103]
4.86+0.82 4,56 £ 1.07 4.55 0.03 *
Lip | th 16.94 23.54
ip length (mm) [3.32-9.26] [3.1- 8.83]
Signal Flower density (cm™) 0.78£0.47 59.53 0.93 £0.56 60.29 3.8 0.05
8 ¥ [0.22- 3.14] 2% [0.04- 2.3] ‘
Daily display size 19£9 48.67 3223 74.91 2435 | <0 |***
y display [5- 55] °7 - 101] ‘
2196 +1.81 28.94 +2.01 609.37 >0 *okk
FI | th 8.23 6.96
Fit ower length (mm) [17.51- 27.62] [23.59- 34.13]
Corolla tube length (mm)  15.88 + 1.42 895 21.03+1.75 8.31 47952 >0 *kx



w
2]

Rewards

Fitness

Tube constriction (mm)
Nectary tube length (mm)
Gape width (mm)

Nectar volume (mm)

Short-stamen pollen count

Long-stamen pollen count

Total pollen count

Aborted flowers
Number of seeds

Number of fruits

[12.47- 19.74]
3.57+0.74
[2.39- 8.37]
7.12+1.04
[4.77- 10.71]
6.58 + 1.02
[4.44-9.78]
1.8+1.24
[0.1- 7.78]

26769+ 11900
[500- 59250]
20419 + 11425
[750- 56750]
47188 + 18494

[4500- 92500]
13+8

[0-37]

500 + 348

[0- 1633]
23+ 14

[0- 79]

20.72

14.55

15.49

68.8

44.45

55.95

39.19

61.93

69.63

60.07

[16.2- 25.47]
3.95+1.03
[2.58- 8.42]
8.46 + 1.62
[5.4- 12.19]
8.56+1.51
[5.67- 15.03]
1.87 £1.15
[0.07- 5.62]

24283 + 13329
[1750- 81750]
23386 + 10161
[3250- 49500]
47669 + 17425

[7000- 100500]
13 +11

[0- 48]

1796 + 833
[280- 4532]
36+ 15

[6- 77]

26.04

19.17

17.66

61.44

54.89

43.45

36.55

87.85

46.4

42.52

8.11

45.12

108.5

0.15

1.77

3.44

0.03

0.03

190.64

34.02

<0

<0

<0

0.7

0.18

0.07

0.86

0.87

* %k

* %k %

* %k %

% %k %

% %k %



Table 2.2: Comparison of natural selection differentials (S;) between P. mensarum (n=90)

and P. strictus (n=95). Significant differentials are marked with astersks. Signif. codes: 0

“k*¥0.001 “**/0.01 “*’0.0570.1°"1

P. mensarum P. strictus
Trait class Trait )
Site Site
Plant height 0.4+ 0.06*** 0.15+ 0.05**
Inflorescence Length 0.2+ 0.07** 0.2+ 0.04%**
Size .
Stem height 0.55+ 0.05%** -0.09+ 0.05°
Total flowers 0.19+ 0.07** 0.23+ 0.04%***
Sienal Lip length 0.29+ 0.07*** -0.04+ 0.05
i
: Daily display size 0.29% 0.07*** | 0.07+0.05
Flower length 0.1+ 0.07 0.17+ 0.05%**
Corolla tube length 0.05+ 0.07 0.11+ 0.05*
Fit Tube constriction 0.08+ 0.07 -0.01+0.05
Nectary tube length 0.06+ 0.07 -0.06+ 0.05
Gape width 0.11+0.07 0.12+ 0.05*
Nectar volume 0.05+ 0.07 -0.04+ 0.05
Short-stamen pollen count 0+ 0.07 0.02+0.05
Rewards
Long-stamen pollen count -0.04+ 0.07 0.01+0.05
Total pollen count -0.02+ 0.07 0.03+0.05
Fitness Aborted flowers -0.02+ 0.07 -0.03+£ 0.05

Trait correlations

Correlations among traits were common but not always the same for the two
species (Fig. 4, appendix 4). In general, the daily display size (signal trait) of both species
was correlated with plant height and inflorescence height (all size traits) but not with
stem height. However, plants with bigger display sizes and total number of flowers suffer
from an increased absolute number of flower abortions. Comparatively, the largest plant
of these two, P. strictus, has a stronger correlation between plant height and
inflorescence height with the number of aborted flowers. Flower measurements such as
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lip length, gape width, corolla tube length and width of constriction were highly
correlated in both species, suggesting signaling function (lip length) and fit traits are not

completely independent.

We used the correlations between floral signals and rewards to assess the
honesty of floral traits. The length of the central lower petal was an honest signal of
nectar volume in P. mensarum but not P. strictus. In P. strictus, nectar volume was
instead correlated with daily display size. Corolla tube dimensions such as corolla and
nectary tube lengths in P. strictus and constriction width in P. mensarum were also
correlated with nectar volume. While the width of constriction positively correlates with
nectar volume in P. mensarum, nectary tube length and corolla tube length in P. strictus
correlated with nectar volume negatively. Conversely, only daily display size was

correlated with pollen count for P. strictus.

Natural selection

We found significant total selection on a different subset of traits in P. mensarum
and P. strictus (Table 2.2). However, there was selection to increase size traits for both
species, except for stem height in P. strictus and generally, selection on these size traits
was stronger in P. mensarum than P. strictus. We found total selection to increase the
signal traits in P. mensarum, while in contrast, total selection acted on fit traits in P.
strictus (Table 2.2). Interestingly, neither species had a significant selection of rewards

traits, as we predicted.
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Generally, the targets of selection were also different in the two species, except
for strong positive selection on the total flower number (Fig. 2.2). When correlations
among traits were controlled for, signal traits remained important for P. mensarum;
however, it was the signal of individual flower size (lip length) rather than the display size
of the inflorescence that was the target of selection. Surprisingly, the selection
coefficients for both signal traits were negative in P. strictus, and these were significantly
different than selection in P. mensarum (Fig 2.2). We found that selection on two traits,
plant height and the length of the central lower petal, are marginally significant (P~0.05)
while the total number of flowers are strongly (P<0.05) selected in P. mensarum.
Conversely, we found significant phenotypic selection on only four traits in P. strictus;
namely, the total number of flowers, display size, length of the corolla tube and the
length of the tube after the constriction. Moreover, we observed weak selection to
increase the gape width of P. strictus flowers as well. We did not observe significant
selection on reward traits in either species. We found significant phenotypic selection to
increase the total number of flowers in both species but significant selection to decrease
the display size of P. strictus. Furthermore, in ANCOVA analysis, we found that natural
selection in some floral traits was significantly different and opposite between two
Penstemon species. While selection favored plants with a higher number of flowers,
wider constriction, and small gape widths in P. mensarum, narrower constriction in

flowers and wide-open flowers were favored in P. strictus (Fig 2.2).
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Figure 2.2: Comparison of standardized selection gradients (B +SE) for floral traits of two species of Penstemon; P. mensarum and P.
strictus via relativized total seed number. Note: selection gradients calculated for the peak display size of the inflorescences (DISP), lip
length (LL), corolla tube length to the constriction point (CTL) and nectary tube length (NTL) differs significantly between two
Penstemon species. Significant traits in each species are marked with black asterisks and black lines over axis labels marks traits

experience significantly different selection pressures between species.



Across the two species, we only found two instances of significant quadratic
selection. We found selection on total flower number? in P. strictus (Fig. 2.3. A) and total
pollen count? in P. mensarum (Fig. 2.3. B). However, there were no traits for which the
strength of quadratic selection differed between the two species (P>0.06, see Appendix
1).

Despite observing correlations between functional traits, our analysis found no
evidence of selection acting on the combinations of traits we tested within P. strictus
populations (P> 0.08 in all cases; see Appendix 2). Conversely, we found significant
positive correlational selection to the total number of flowers (size) and nectar reward

combination in P. mensarum (see Appendix 2).
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Figure 2.3: Scatterplots showing quadratic selection gradients for the total number of flowers in P. strictus (A) and total pollen count
in P. mensarum (B) via female fitness. Selection gradient (yii) values are reported adjacent to the corresponding selection gradient
regression lines. Residual values from regressions with all traits are plotted to visualize the direct effect of the focal trait on fitness

while controlling for the effects of other traits in the model.
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NCTR = nectar volume, PC = total pollen count, ABRTD = number of aborted flowers, FR = number of fruits per plant.



Discussion

Our study characterized floral traits of two populations of congeneric bee-
pollinated Penstemon species. Given that P. strictus and P. mensarum are distinct species
which are not known to hybridize, it was not surprising we found significant differences
for most traits (Table 1). Phenotypic differentiation in functional traits between
congenerics is believed to emerge as a direct result of divergent selection pressures
imposed on vegetative and floral traits (Harder & Johnson, 2009; Joffard et al., 2020).
Therefore, we hypothesized that variation in traits between P. strictus and P. mensarum
may result from different selection pressures experienced by these congenerics, even
when they share a similar physical and pollinator environment (Opedal, 2021). We did
find a different subset of traits were experiencing selection in the two species (Fig. 2),
with a general pattern of significant selection in one species but not the other (Gianoli &
Saldaiia, 2013; Irwin, 2000; Kimball et al., 2013; Munguia-Rosas et al., 2011). Our results
did not support an alternative hypothesis that a shared environment leads to similar
selection pressures (Bazzaz, 1991) as is implicitly expected for pollination syndromes
(Ashworth et al., 2015; Fenster et al., 2004). Variation in microhabitats and interactions
could explain the differences we observed. Interestingly, the phenotypic selection we
observed would act to make the species more similar for three traits (plant height, daily
display size, and nectary tube length) and more different for three traits (lip length,
corolla tube length, and gape width). For example, P. strictus has the larger daily display

size but selection to be smaller like P. mensarum, while P. mensarum has both longer lip
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lengths and selection to increase them. Direct comparisons among related species that
share pollinators are rare (reviewed in Eisen et al., 2020), with the exception of
hybridizing species (Kimball, 2008; Schemske, 1981). Thus, our results suggest these
studies could provide insight into understanding floral diversity especially in sympatric

congeners.

When comparing selection across the functional trait classes, we observed at
least one trait from each functional trait class (size, signal, fit, and rewards) was the
target of selection for one or both species. In studies considering multiple co-occurring
species, the strength and which trait experienced directional selection often differed
considerably between the two species (Eisen et al., 2020). Comparing trait classes such
as in Opedal (2021), we don’t see strong evidence that one type of trait is more likely to
experience selection over the others apart from total flower number (e.g., Harder and
Johnson, 2009). Similar results are seen when comparing traits for Penstemon digitalis,
where the strongest selection is on flower number, likely because it strongly influences

the maximum seed number in these species (Parachnowitsch & Kessler, 2010).

We found selection to increase plant size in both species studied. Size can
experience selection for two main reasons. First, plant size can influence the apparency
and attractiveness to pollinators (Conner et al., 1996; Parachnowitsch & Kessler, 2010;
Sandring & Agren, 2009; Worley & Barrett, 2000) and second, traits such as plant height

and flower number are commonly treated as an estimate of general plant vigour
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(Andersson, 1996; Parachnowitsch & Kessler, 2010; Worley & Barrett, 2000). Both
hypotheses suggest positive selection is expected for size, which we saw for these
species and is common in other studies (Andersson, 1996; Ashman & Morgan, 2004;
Harder & Johnson, 2009; Stanton et al., 2000; Zu & Schiestl, 2017). Selection to increase
plant height was only observed for P. mensarum, suggesting that this trait may have a
role in apparency. Although these species were growing in the same area, P. mensarum
was more often growing mixed with other herbaceous plants, while P. strictus often
grew as single species patches. Selection on size may be context-dependent, influenced
by the surrounding community of plants (Parachnowitsch et al., 2014; Sletvold et al.,
2013), which may explain the differences in patterns of selection we observed. We also
found stabilizing selection on total flowers produced in P. strictus (Fig. 3. A), and
selection for smaller daily displays (Fig. 2). It is known that while producing more flowers
may increase the chances of pollination and seed production, it does not guarantee a
higher fitness if resources are limited and insufficient to meet the demands of both plant
growth and the production of surplus flowers (MacTavish & Anderson, 2020). Thus,
natural selection favors individuals that can optimize resource allocation and
reproductive output within the constraints of their environment. Stabilizing selection on
total flowers could be the result of conflicting selection from pollinators and the abiotic
environment due to the cost of producing surplus flowers in comparatively bigger
herbaceous plants growing in resource-limited environments (Cohen & Dukas, 1990;

Ehrlen, 1991; Parachnowitsch & Kessler, 2010).
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Given their vast importance in flowering plants, we expected selection on all
floral level signals in both species unless they are at an adaptive peak (Schiestl &
Johnson, 2013). But we only observed significant selection to increase the center lower
lip in P. mensarum (Fig. 2). Many studies often assumed that these broadened center
lower petals first function to attract pollinators from afar and then provide a landing pad
for pollinators to access floral rewards once they are close to flowers (Owen & Bradshaw,
2011; Thomson et al., 2000). Therefore, it has been studied as an “attractiveness
character” in many flowering plants (Hossack, 2021; McDonald & Caruso, 2019; Owen &
Bradshaw, 2011; Wilson et al., 1994), including Penstemons (Thomson et al., 2000).
Furthermore, it has been found that landing pads and other floral traits, such as
constriction width, work in conjunction affecting pollen-transfer efficiency by bees
(Castellanos et al., 2004; Zung et al., 2015). However, until this study, the phenotypic
selection of landing platforms has been measured only for one species in the genus
Penstemon; P. strictus (Recart & Campbell, 2021a). Unlike Recart & Campbell (2021a), we
did not find selection on landing pads in P. strictus and instead observed significant
selection on landing pads in P. mensarum. Broadening our understanding of the function
of landing pads in flowers of varying sizes, findings of this study indicate that while
smaller flowers benefit from having a conspicuous, expanded center lower petals/larger
landing pads do not always provide an advantage (see Fig. 2). The presence of
phenotypic selection for larger landing pads in P. mensarum populations, coupled with
the absence of such selection in P. strictus, led us to hypothesize that for smaller flowers,

a broader center lower petals create a larger target for pollinators to identify and land
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on, facilitating their access to nectar and pollen. This can increase the chances of
successful pollination and, therefore, reproductive success for the plant. For larger
flowers like P. strictus, a broadened center and lower petals may not necessarily be
advantageous. Because pollinators can easily spot these already bigger and showy
flowers and access floral rewards without significantly diminishing pollinator service by
landing on the side of the corolla and entering laterally into broadened floral tubes

without having to use landing pads (Castellanos et al., 2004).

Penstemon flowers have distinct sections of their tubes that may serve different
functions. The corolla tube up to the constriction point acts as a pollinator fit trait which
can facilitate insect pollinators to remain longer in the flower, influencing the
effectiveness of each visit in picking up and exporting pollen out of the flower (Campbell
et al., 1996). Longer corolla tubes can require a certain length of proboscis, beak, tongue
or body size for successful pollination, thus promoting specialization between pollinators
and flowers (Fenster et al., 2004). This can reduce the likelihood of pollen being
transferred to non-compatible plant species, increasing the efficiency of pollen transfer
within and among populations of the same species. Insects do not extend their
proboscis any longer than necessary to access nectaries and can also get discouraged by
long nectary tubes (Nilsson, 1988). Thus, shorter nectary tubes (floral tube starting from
the constriction point) can facilitate easier access to nectar for pollinators, which can
encourage repeated visits and increase the likelihood of pollen transfer (Pyke, 1991).

Therefore, different parts of floral tubes could experience different selection. Our data
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support this hypothesis, and it is likely that these Penstemons benefit from longer
corolla tubes and shorter nectary tubes as they increase the efficiency of pollen transfer.
In this study, the observed selection to increase the size of the corolla tube and decrease
the width of constriction and nectary tubes in P. strictus reflects adaptation to nectar-
foraging pollinators and is likely due to pollinator-mediated selection. In comparison, we
do not observe selection on pollinator fit traits in P. mensarum, the relatively smaller
flower of the two studied species. Therefore, we can assume that pollinator fit traits of P.
mensarum are already in their adaptive peak, which no longer experiences strong

selection by their pollinating agents.

We did not observe linear selection on floral rewards traits, but we observed
stabilizing selection on the total amount of pollen in P. mensarum. Stabilizing selection
hints that there is a cost to producing a large number of pollen grains in smaller flowers
such as P. mensarum. In these environments, resources such as water, nutrients, and
sunlight may be scarce and unpredictable. This can make it challenging for plants to
allocate sufficient resources toward reproduction, including the production of pollen
(Harder & Thomson, 1989; Spalik, 1991). Therefore, plants growing in these
environments may need to prioritize their reproductive efforts and produce an optimum
number of pollen grains to increase the likelihood of successful pollination (Descamps et
al., 2021; Fang et al., 2010). Furthermore, the short growing seasons in these
environments can further limit the time available for reproduction. This means that

plants may need to produce and disperse pollen quickly and efficiently to maximize their
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chances of pollination before the growing season ends. Therefore, we hypothesize that
the quadratic selection we observe could be governed by resource availability rather
than pollinator-mediated. While pollen grain number likely contributes to the male
fitness of these flowers, assessing male fitness accurately requires molecular data to
assess paternity (Briscoe Runquist et al., 2017). Our data suggest that plants with more
pollen grains do not facilitate higher seed sets, perhaps because plants with more pollen
may increase the potential for geitonogamous self-pollinated flowers, reducing female
fitness. While we found selection on pollen numbers, being one of the first studies
reporting the selection on the pollen of any plant species, we encourage studying other
pollen traits which may experience selection. For example, the timing of pollen release
could be a target of selection (Castellanos et al., 2005; Lloyd & Yates, 1982; Thomson et
al., 2000), but we did not quantify variation in the pollen presentation schedule.
Regardless, we suggest that including such pollen traits is important in selection studies
as overlooking pollen traits could hinder our holistic understanding of the natural

selection of floral traits.

While signal honesty may be preferred by pollinators (Wright & Schiestl, 2009),
honesty within species may be more nuanced (Burdon et al., 2020). For P. strictus, plants
with larger floral displays also had more pollen and nectar in their male phase flowers
(Fig. 4), suggesting that display could be an honest signal (Grindeland et al., 2005; Ortiz
et al., 2021; Parachnowitsch & Kessler, 2010). We did not detect selection to increase

displays or rewards for this species. In contrast, floral dimensions were positively
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correlated with nectar reward in P. mensarum. However, there was no selection on this
trait-reward correlation; instead, there was selection on the combination of the total
number of flowers and nectar volume in P. mensarum. Thus, we did not find evidence for
phenotypic selection on the honesty of floral signals in these Penstemon species.
Because we only observed correlational selection with the total number of flowers

which is directly related to plant vigour, selection on floral nectar reward in P. mensarum
may occur via plant resource availability and thus be context-dependent rather than

pollinator-mediated.

Conclusion

Our study compared two similar Penstemon species, P. mensarum and P. strictus,
and found significant interspecific differences in the pattern of selection on plant
vegetative and floral traits. Our study reveals distinct selection pressures shaping floral
traits in two closely related Penstemon species, P. strictus and P. mensarum, despite
their shared environment and pollinator communities. We observed significant
phenotypic differentiation in floral traits between these species, with P. strictus favoring
larger, more visible displays that attract pollinators but experience stabilizing selection to
avoid excessive size. In contrast, P. mensarum shows a strong selection for individual
floral traits, particularly lip length, which serves as an honest signal of nectar availability.
Interestingly, both species demonstrate selection on size traits, although the focus

differs: P. strictus shows selection to reduce display size, while P. mensarum exhibits
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selection to increase traits that enhance plant apparency among neighboring vegetation.
Overall, our findings suggest that even within similar habitats, subtle variations in
microhabitats and floral traits can drive divergent selection, leading to distinct

evolutionary pathways that maintain species identity and floral diversity.

Also, we emphasize the importance of including floral traits that represent major
functional trait classes to gain insight into the true targets of selection. Additionally, we
demonstrate the importance of studying the complexity within the same function, such
as flower size and fit traits. We also found that producing larger displays and more pollen
in mass flowering species can come with fitness costs, and the combined effects of size
and reward traits may play a role. Pollinators and abiotic microclimatic agents, such as
soil water availability, may impose contrasting selection on floral functional traits in
sympatric species. Therefore, we suggest further manipulative experiments to
determine and understand the agents of selection on plant and floral traits in these

functional trait classes.
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Appendix 2.1

Table A2. 1: Standardized directional, quadratic selection (£SE) for floral traits of two species of Penstemons via relative fitness

relativized total seed number. Notes: Traits with statistically significant selection (P < 0.01) are bolded. The data is based on a sample

of 90 plants from two populations.

P. mensarum P. strictus Selection difference
Trait class Trait
Bixe p vite p Bite p vite p |a] 6 P |aly P

Size Plant height 0.14+0.06 | 0.02 | 0.19+0.05 | 0.06 | 0.02+0.05 | 0.67 | 0.09+0.03 | 0.16 | -0.12+0.08 | 0.13 | -0.05+0.06 0.4
Total flowers 0.44+0.06 <0 | 0.02+0.03 | 0.82 | 0.3910.06 <0 | -0.18+0.04 | 0.03 | -0.04+0.09 | 0.62 | -0.1+0.06 0.09
Signal Daily display size 0.03+0.06 | 0.65 | 0.05+0.03 | 0.35 | -0.2810.06 <0 | 0.08+0.05 | 0.43 | -0.3+0.09 <0 | 0.01+0.06 | 0.83
Lower petal length 0.12+0.06 | 0.05 | -0.04+0.05 | 0.66 | -0.06+0.05 | 0.18 | -0.02+0.03 | 0.71 | -0.19+0.08 | 0.02 | 0.01+0.05 | 0.84
] Corolla tube length | -0.04£0.07 0.5 | -0.06+0.04 | 0.41 | 0.2+0.05 <0 | -0.08+0.03 | 0.19 | 0.24+0.08 <0 | -0.01+0.05 | 0.82
it Tube constriction -0.03+0.06 | 0.67 | -0.13+0.04 0.1 [ -0.07+0.05 | 0.21 | -0.02+0.03 | 0.75 | -0.04+0.09 | 0.64 | 0.05+0.05 | 0.28
Nectary tube length | 0.06+£0.07 | 0.42 | 0.14+0.05 | 0.14 | -0.23+0.05 <0 | 0.05+0.04 | 0.57 | -0.29+0.08 <0 | -0.05+0.06 | 0.47
Gape width -0.02+0.06 | 0.74 | 0.09+0.04 0.2 | 0.09+0.04 | 0.04 | 0.04+0.02 | 0.27 | 0.11+0.07 | 0.13 | -0.02+0.04 | 0.54
Rewards Nectar volume 0.01+0.05 | 0.78 | 0.03+0.05 | 0.78 | -0.04+0.04 | 0.28 | -0.02+0.03 | 0.69 | -0.06+0.06 | 0.38 | -0.02+0.05 | 0.65

Total pollen count 0.01+0.05 | 0.83 | -0.14+0.03 | 0.03 | 0.02+0.04 | 0.62 | 0.02+0.03 | 0.77 | 0.01+0.06 | 0.91 | 1.54+0.81 | 0.06




Appendix 2.2

Table A2.2: Standardized correlational selection, comparison of correlational selection gradients (+ SE) for floral traits of two species
of Penstemons via relative fitness relativized total seed number. Only correlations between floral size, signal and fit traits with floral

rewards traits are shown. Notes: Traits with statistically significant selection (P < 0.1) are bolded. The data is based on a sample of 90

L9

plants from two populations.

P. strictus P. mensarum Difference
. Functional trait class Correlated trait vijte p vijte p |A] vij p
Reward traits

Size Plant height -0.03+0.07 0.7 -0.02+0.07 0.74 0+0.1 0.99
Total number of flowers -0.06+0.07 0.4 0.26+0.1 0.01 -0.32+0.13 0.01
Signal Lip length 0.02+0.07 0.73 -0.13+0.08 0.14 0.15+0.11 0.18
Display size -0.01+0.08 0.89 -0.16+0.09 0.11 0.14+0.13 0.27
Nectar Volume Corolla tube length 0.08+0.06 023 -0.08+0.07 03 015+01 012

Tube constriction -0.06+0.08 0.48 0zx0.07 0.98 -0.06+0.12 0.6

Length of nectar tube 0.02+0.07 0.81 0.09+0.09 0.33 -0.08+0.11 0.5

Gape width 0.03+0.08 0.68 0x0.08 0.96 0.03+0.12 0.8
Size Plant height -0.02+0.06 0.67 0.06+0.08 0.41 -0.09+0.09 0.36
Total number of flowers -0.02+0.08 0.75 0.13+0.08 0.1 -0.15+0.11 0.18
Total Pollen count Signal Lip length 0.01+£0.07 094 -0.02+0.08 0.82 0.02+0.11 0.83
Display size 0.07+£0.08 0.38 -0.06+0.07 0.38 0.12+0.11 0.24
Fit Corolla tube length 0.06+0.07 0.43 0.1+0.09 0.27 -0.04+0.12 0.71




89

Tube constriction -0.01+0.07 0.9 -0.08+0.09 0.36 0.07+0.12 0.55
Length of nectar tube -0.12+0.07 0.09 -0.16%0.1 0.12 0.04+0.12 0.74
Gape width 0.09+0.06 0.11 0.09+0.06 0.15 0zx0.09 0.99
Rewards Nectar volume -0.06+0.05 0.29 0.11+0.08 0.17 -0.17+0.1 0.08
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Appendix 2.3

Table A2.3: Trait correlations of P. mensarum (upper matrix) and P. strictus (lower matrix). Abbreviations ; PH= Plant height, INFL=
Inflorescence length, SH= Stem height, FLWR= Number of flowers ,LL=Lip length, FD= Flower density, DISP= Daily display size, FL=
Flower length, CTL= Corolla tube length ,CW= Constriction width ,NTL= Nectar tube length, GW=Gape width, NV=Nectar volume,
PSS= Pollen in shorter stamen, PLS= Pollen in longer stamen, PC= Total pollen count, ABRTD = Number of aborted flowers, RF=

Relative fecundity. Significant correlations (p<0.05) are highlighted.

P. mensarum

NCTR FLL CLL CORT CONST TUBE GW PH INFH  DISP ABRTD FR FLWR SH PC
NCTR 1 -001 0352 -0.028 0.358 0.129 0.116 -0.057 -0.046 -0.037 -0.184 0.12 0.015 -0.038 -0.005
FL -0.168 1 0471 0.693 0.276 0.589 0.415 0.062 0.227 0.092 -0.065 0.126 0.082 -0.136 0.134
LL -0.08 = 0.219 1 0271 0.602 0.386 0.498 -0.024 0.134 -0.083 -0.183 0.312 0.192 -0.169 0.185
CTL -0.223 0.65 0.365 1 0.296 0.685 0.267 0.063 0.206 0.208 -0.011 0.06 0.049 -0.113 0.067
CONST -0.139 @ 0.274 0.662 0.549 1 0492 0471 -0.13 -0.076 -0.13 0.034 0.087 0.097 -0.116 0.117
NTL -0.366 0.298 0.191 0.607 0.356 1 0403 0.023 0.064 0.021 -0.086 0.054 0.005 -0.03 -0.083
GW -0.044 0.351 0.352 0.41 0499 0.112 1 0.018 0.147 -0.005 -0.062 0.209 0.159 -0.121 -0.043

PH -0.08 0.263 -0.061 0.28 0.021 0.241 0.228 1 0739 0414 0.111 0.592 0.6 0.738 -0.2
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INFH

DISP

ABRTD

FR

FLWR

SH

PC

-0.035

0.336

0.135

0.045

0.107

-0.066

0.118

0.263

-0.011

-0.036

0.262

0.173

-0.013

-0.113

-0.127

-0.149

-0.009

-0.121

-0.094

0.105

-0.085

0.251

-0.023

0.004

0.196

0.146

0.03

-0.024

0.036

-0.102

-0.012

0.009

-0.025

-0.011

0.13

-0.119

0.253

-0.088

0.073

0.159

-0.146

0.21

0.194

0.143

0.154

0.192

0.016

0.085

0.786

0.504

0.508

0.463

0.62

0.279

0.073

P. strictus

1

0.585

0.554

0.642

0.777

-0.374

0.044

0.338

0.678

0.505

0.744

-0.153

0.253

0.136

0.296

0.195

0.691

-0.098

0.068

0.629

0.384

-0.111

0.843

-0.303

0.084

0.647

0.505

0.412

0.859

-0.277

0.099

0.091

0.273

0.028

0.245

0.239

0.042

-0.136

-0.038

0.069

-0.085

-0.042

-0.16
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Abstract

In many regions, climate change has disrupted precipitation patterns, leading to
more frequent summer droughts that can alter floral traits and disrupt plant-pollinator
interactions, impacting pollination and reproductive success. However, our
understanding of how water availability and pollinators influence the evolution of plant
and floral traits remains limited, particularly in relation to the evolutionary outcomes for
complex floral traits under varying water conditions.

To address this, we conducted a common garden factorial experiment on Brassica rapa,
manipulating water availability (well-watered vs. droughted) and pollination type (open-
vs. hand-pollinated) to assess pollen limitation and examine pollinator-mediated

selection under differing water conditions.

Our results showed that drought significantly reduced most floral traits,
especially flower number and reproductive output, although nectar concentration
increased. Contrary to our expectations, no pollen limitation was found under either
treatment. Selection patterns also varied with water availability: floral diameter was
selected for increased size under drought but not in watered conditions, and plant
height experienced disruptive selection under watered but not drought conditions.
Additionally, water availability altered pollinator-mediated selection on plant height,

underscoring the context-dependent nature of these selective pressures.
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This study deepens our understanding of how drought stress and pollinator-
mediated selection interact in Brassica rapa, revealing the dynamic ways in which
environmental factors shape plant adaptation and floral evolution in response to

climate change.
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Introduction

Climate change has altered precipitation patterns across the globe, increasing
the frequency and severity of summer droughts in some regions (Kuppler & Kotowska,
2021; Naumann et al., 2018; Pachauri & Reisinger, 2008; Spinoni et al., 2014). Drought
can directly affect plant fitness by changing floral traits that affect reproductive success
(Descamps et al., 2018, 2020; Kuppler & Kotowska, 2021, 2021; Llorens & Penuelas,
2005). These changes to floral traits due to drought can also impact plant fitness
indirectly by influencing how pollinators interact with flowers, altering pollinator
services and subsequent reproductive success (Descamps et al., 2018; Kuppler et al.,
2021; Kuppler & Kotowska, 2021). Therefore, studying the effect of water stress on
floral traits and pollinator behaviour has been a major theme of ecological studies in

recent years (e.g., Kuppler & Kotowska, 2021).

The reproductive success of flowering plants depends on the resources available
to produce flowers (Burkle & Runyon, 2017; Descamps et al., 2018, 2020). Water is
essential for plant reproduction because it plays a crucial role in multiple stages of the
floral life cycle, including maturing a pollinated flower into a fruit. Water is in high
demand throughout flowering, from the initial production of buds to their expansion,
flower opening, nectar production, and maintaining the turgor (rigidity) of floral organs
like petals, stigma, and stamens. Inconsistencies in water availability can lead to

variation in floral traits among individual plants.
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Water deficiency can also induce changes in plant vegetative growth, floral
morphology, and floral rewards such as nectar and pollen (Descamps et al., 2020;
Kuppler et al., 2021; Kuppler & Kotowska, 2021). In their recent meta-analysis, Kuppler
and Kotowska (2021) found that plant size traits such as plant height, number and size
of the inflorescence, along with floral morphology traits such as petal length, petal
width, nectar tube length and overall flower size were reduced as a response to water
deficit in wild plants. The reduction of plant and floral sizes may be an adaptive
compromise to decrease the water needed, as smaller plants and flowers lose less water
through processes of evaporation and transpiration (Burkle & Runyon, 2017; Carroll et
al., 2001; Galen, 2000; Gallagher & Campbell, 2017; Hofer et al., 2022; Kuppler et al.,
2021). As a result plants under water stress have been observed to produce smaller
and/or short-lived flowers (Burkle & Runyon, 2017; Carroll et al., 2001; Gallagher &
Campbell, 2017; Kuppler et al., 2021) shrinking the morphological trait variation in plant
populations Strauss & Whittall, 2006). Likewise, reduced water availability has been
shown to decrease the volume of nectar produced in plants, as nectar typically consists
of up to more than 90% water. These effects can result in altered trade-offs among
fitness components, influenced by variations in resource acquisition and allocation

(Anderson & Wadgymar, 2020; MacTavish & Anderson, 2020; Wadgymar et al., 2017).

Drought-induced changes in plant size and floral morphologies can create
mismatches in plant-pollinator interactions disrupting functional complementarity

between pollinators and flowers they visit, and can affect seed production (Gérard et
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al., 2020). Temporal mismatches can be driven by changes occurring in flowering
periods of plants and phenology of the pollinators (Gérard et al., 2020; Menzel et al.,
2006; Monahan et al., 2016). Functional and recognition mismatches between plants
and pollinators (Descamps et al., 2020; Gérard et al., 2020; Hofer et al., 2022) occur
when pollinators cannot detect plastic changes occurring in plant size and floral
morphologies and fail to adjust their behaviours, such as rate of visitation, flower
handling and floral resource intake (Conner & Rush, 1997; Descamps et al., 2018;
Gallagher & Campbell, 2017; Hofer et al., 2022; Kuppler et al., 2021). Behavioural
experiments often show that bumblebees prefer larger plants, inflorescences and
display sizes over water-stressed, shorter plants with reduced display sizes due to the
lesser number of flowers produced (Gérard et al., 2020; Hofer et al., 2021). Moreover,
potential morphological mismatches can arise due to disruption of overall size matching
between floral fit traits, such as floral tube length, petal width and body sizes of
pollinators (Dohzono et al., 2011; Harder, 1983). All these mismatches occurring
between water-stressed plants and flower visitors directly lower pollen transport
services and pollination efficiency (Descamps et al., 2020; Hofer et al., 2021; Kuppler et
al., 2021; Llorens & Penuelas, 2005) and are directly responsible for the process of
natural selection exerted by pollinators (Alexandersson & Johnson, 2002; Bartkowska &

Johnston, 2012; Caruso et al., 2019; Galen, 2000).

In many cases, floral traits are shaped by both pollinator and non-pollinating

agents such as antagonists (herbivores, seed predators, and pathogens) and
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environmental factors like heat and drought stress. These influences demonstrate the
complexity of factors affecting floral characteristics (Strauss & Whittall, 2006). The
contribution of non-pollinator agents to the realized selection pressures on floral traits
in natural environments is often overlooked. Therefore, a multifaceted approach
recognizing the effects of multiple selection agents is important to understand the
evolution of plant floral traits. Studying multiple biotic and abiotic agents of selection
within wild plant populations offers insights into the collective influence on floral traits.
It helps ascertain whether non-pollinating agents reinforce or antagonize pollinator-
mediated selection (Elle, 2004; Elle & Hare, 2002; Irwin, 2006; Strauss & Whittall, 2006).
While many studies have looked at the potential interactions of non-pollinator biotic
agents of selection such as antagonists (Agrawal et al., 1999; Bartkowska & Johnston,
2012, 2012; Parachnowitsch & Caruso, 2008; Santangelo et al., 2019; Sletvold et al.,
2013) relatively few researchers took interest in studying abiotic agents of selection,
despite their potential to greatly influence mean fitness and plant-floral traits of the
populations (Caruso et al., 2019; Garcia et al., 2023; Sletvold, 2019). Abiotic stresses
such as drought can have a significant effect on evolution of floral traits by lowering
population mean fitness to create an opportunity for selection (Rundle & Vamosi, 1996;
Sletvold, 2019). Therefore to reveal the pattern of selection and floral evolution in
stressful environments warrants experiments that manipulate abiotic and pollination

factors together (Sletvold, 2019).
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We investigated how water stress affects floral traits and both pollinator-
mediated and non-pollinator-mediated selection on floral traits, specifically focusing on
female fitness in the fast-cycling Brassica rapa. We manipulated water availability and
pollination method (open vs. hand) using a common garden factorial experiment at a
rooftop greenhouse and measured the effects of these manipulated conditions on floral
traits, vegetative traits, and reproductive success. The choice of conducting our research
in a controlled greenhouse environment, rather than a natural habitat, was driven by
the need to manipulate soil water conditions (Dorman et al., 2009; Kawakami et al.,
2011). We measured and compared pollinator-mediated selection on floral and plant
traits in different environmental conditions with altered pollinator and water
availability. We expected that the reduction in water availability would influence plant
fitness via altering the attractiveness of plants and flowers to pollinators. We assessed
plant-floral traits in four combinations of water availability and pollination methods and
asked the following questions: 1. How do plant and floral traits of Brassica rapa change
in response to reduced water availability? 2. Does selection on vegetative and floral
traits differ in watered and drought conditions? 3. Does pollinator-mediated selection

differ between watered and drought conditions?

Materials and methods

Study plant
We used the rapid cycling Brassica rapa L (syn. B. campestris: Brassicaceae)

purchased from the Wisconsin Fast Plants® Program (Carolina Biological Supply Co.,
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Burlington, NC, USA). Brassica rapa is a self-incompatible annual or biennial plant with a
short generation time of approximately 30-45 days from seed to developing fruits
(Williams & Hill, 1986). It is an ideal model species for microevolutionary studies as they
maintain sufficient genetic and phenotypic variability (Agren & Schemske, 1992; Miller &
Schemske, 1990) by having gametophytic self-incompatibility system which limits
inbreeding (Nasrallah & Nasrallah, 1989; Waller et al., 2008). Moreover, having a
generalized pollination system (including bumblebees, honeybees, hoverflies and
butterflies) makes them an excellent choice to use in common garden experiments (Zu
& Schiestl, 2017). There is also evidence B. rapa populations evolve rapidly in response
to drought (Franks et al., 2016; Johnson et al., 2022), suggesting that phenotypic
selection would differ between watered and drought conditions. These qualities have
rendered B. rapa a frequent subject in numerous natural selection studies (Agren &
Schemske, 1994; Franks et al., 2018; Knauer & Schiestl, 2017; Zu et al., 2020; Zu &
Schiestl, 2017) providing an opportunity to compare our findings with the outcomes of

previous experiments and contribute novel insights.

Study set up/ Water treatment.

To effectively manage data collection and experimental conditions, we sowed
seeds over five consecutive weeks, beginning on June 17th, 2021, and ending on July
15th, 2021. This process resulted in the cultivation of 420 plants divided into five blocks,
each experiencing two different watering schemes. Each week we sowed 2 B. rapa

seeds in 84 Deepot ™ tree pots (diameter 2.5 cm, height 35.5 cm) in the greenhouse.
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The seeds were soaked for 12 hours prior to sowing, and we used VPW30 horticulture
basic mix (ASB-Greenworld Inc.) with added Osmocote™ controlled release fertilizer.
Pots were watered every other day until the first two true leaves appeared when we
thinned to one plant per pot. Plants were then randomly assigned to either watered or
drought (N=40/treatment). Watered plants received water every two days (W) and
drought plants were watered once a week (D). Four plants were watered to use as
pollen donors. All plants were kept inside the University of New Brunswick (UNB) owned
greenhouses with supplemental light (6:00-20:00) and chillers to keep temperatures
under ~25BC to avoid exposure to rain. Additionally, we assessed soil moisture levels
before watering and postponed watering for drought treatments if the soil moisture
content exceeded 50% of that in the watered pots. Furthermore, we conducted a Welch
Two-Sample t-test to compare soil moisture content between drought and watered

plants, and it showed significant difference (t =-21.367, df = 324.63, p < 0.01).

At flowering, we randomly assigned 20 plants from each watered and drought
treatment to either hand-pollination (H) or open-pollination (O) treatment, resulting in
four treatment groups: WO, WH, DO, DH. Open-pollinated plants were relocated
outside the greenhouse every sunny day from 0700h to 1100h, a time when wild
pollinator activity is typically at its peak, to ensure exposure to natural pollination. While
plants get access to wild pollinators for six consecutive days in their flowering period we
performed supplemental hand-pollination. Ten randomly chosen plants from the hand-

pollination treatment were initially assigned to one main donor plant. Using a small

80



brush, we carefully transferred pollen between flowers, ensuring pollination with the
assigned donor plant's pollen. Additionally, to enhance genetic diversity, we
supplemented the pollination process by randomly gathering pollen from other donor
plants. After completing the hand-pollination procedure, all plants were relocated
outdoors to provide uniform environmental conditions while manipulating pollinator
access. We continued hand-pollination from the first day of flowering until all plants in a
block were done flowering (approximately six days). Our protocol ensured each flower
in the hand-pollinated treatment received pollen supplements at least once during its
flowering period. While we sowed seeds across five weeks to enable effective
observation and management of the plants throughout their growth stages, thereby
facilitating better data collection, exposure to pollinators often overlapped between
blocks due to variations in flowering times throughout the experiment. We believe
having overlapping exposure to pollinators between blocks increases cross-pollination

rates, pollination success, and consistency in data collection and observation.

Plant traits measurements

To test whether there is an association between the watering scheme and
phenology, the date and number of the first open flowers were recorded. We
phenotyped plants and flowers to determine the effect of water and pollination
treatment on plant size (plant height), floral rewards (nectar), floral display/signal traits
(flower size), pollinator efficiency traits (length of stigma/stamen and herkogamy), and

female fitness components (number of seed pods, seeds produced per plant). We
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censused plants every two days to estimate the number of flowers produced in each
plant's peak flowering. At peak flowering, we measured petal length, flower diameter,
long stamen length, short stamen length, and stigma length to the nearest 0.01mm with
digital vernier calipers on three flowers per plant. Herkogamy/stamen-stigma offset was
calculated as the difference between stigma length and the longest stamen. Mean
values were used to estimate the plant phenotypes. We used 1ul micropipettes
(Drummond Microcaps®, USA) to measure nectar volume. Because nectar quantities are
small for this species (Mohr & Jay, 1990), we pooled nectar from 2-3 flowers to measure
sugar concentration with a hand-held digital refractometer (Palm Abbe™, PA201, Misco,
USA) and divided by flower number to get nectar volume/flower. Nectar measurements

were taken in the morning before plants were moved to the roof.
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Figure 3.1: Trait Measurements of Brassica rapa: (A) Flower Trait Measurements, (B)

Reproductive Organ Measurements, and (C) Plant Height Measurement. Drawing Scale:

A, B=4:1cm, C=1:10 cm, by Kaushalya Rathnayake.

At the onset of seed pod development, we measured plant heights from the soil

to the top of the plant using a ruler to the nearest 0.1 cm. To quantify female

reproductive fitness, we counted the number of seed pods at maturation, which we
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harvested and dried to count the total seeds. We divided seeds/pods to estimate seeds

per fruit.

Data analysis

We excluded plants that lacked data due to premature mortality before data
collection began, resulting in final sample sizes of 85 watered/open-pollinated, 81
watered/hand-pollinated, 65 drought/open-pollinated, and 72 drought/hand-pollinated
plants. The final dataset consisted of measurements of 13 plant/floral traits for 303
plants across four treatments. We assessed pollen limitation by calculating the value of
1 - (mean female fitness of open-pollinated plants/mean female fitness of hand-
pollinated plants) for each treatment. Positive values in this calculation would indicate
the presence of pollen limitation, suggesting a reduction in female fitness due to
inadequate pollen receipt. The significance of the pollen limitation was obtained by
conducting one-sample t-tests to determine the differences in reproductive success
between the open-pollinated and hand-pollinated treatments in watered and droughted
environments. Subsequently, we performed a two-way ANOVA to test the effect of
water availability (watered and drought conditions) and pollinator treatment (open and
hand-pollination) and their interaction on reproductive fitness, considering the potential
influence of different blocks. We used square root transformation for the number of
seeds per plant to improve the normality of residuals. Because we did not find pollen
limitation, we present all summary statistics for watered and droughted treatments

pooled across pollination treatment. The opportunity for selection in each watered
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treatment was calculated as the variance of relative female fitness following Sletvold et
al., 2017 (Sletvold et al., 2017; Trunschke et al., 2017). We conducted a multivariate
analysis of variance (MANOVA) to identify the specific traits significantly influenced by
the pollinator method within each watered condition. This analysis tested differences
among the various water treatment groups for measured floral traits. Subsequently, for
each trait included in the MANOVA, we performed univariate ANOVA to further
elucidate the observed differences. To account for multiple comparisons, we applied the

Bonferroni correction to the post-hoc tests.

We estimated the directional selection for our four treatments (WO, WH, DO,
DH) separately using the linear and nonlinear regression method proposed by Lande and
Arnold (1983). We used relative fitness (seed number/treatment mean) and
standardized traits to a mean zero and variance of one within each treatment. We
reduced the 13 traits to avoid multicollinearity by a combination of estimating Pearson's
product-moment correlations and variance inflation factors (VIFs) to identify any traits
which could cause multicollinearity. We chose one of the pairs of traits that were highly
correlated and kept traits with VIF < 2.5, keeping at least one trait to represent plant
size, floral signals, pollination efficiency, and reward. Our final models included plant
height, number of flowers at the peak flowering, flower diameter, Herkogamy, and
nectar concentration. We calculated linear (Bi) and quadratic (stabilizing and disruptive
selection) (yii) selection gradients by analyzing the linear and quadratic terms of full

regression models, with relative fitness as the dependent variable and standardized
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traits as the explanatory variables, using separate models for directional selection
gradients (based on linear terms) and quadratic selection gradients (based on linear and
squared terms). We doubled the reported yii and associated standard errors
(Stinchcombe et al., 2008). All models were fitted in R (R Core Team, 2024) using the
glm() function of the MASS package (Ripley et al., 2013). The significance of each model
was assessed using the Wald chi-square test implemented in the anova() function, and

VIFs were tested using vif() function of the car package (Fox et al., 2012).

We conducted a series of subtractions using estimated linear and quadratic
selection gradients (B & y) to calculate the strength of net selection mediated by two
selection agents in each watered condition and context dependence of pollinator-
mediated selection. To illustrate, we used linear selection estimates to calculate, 1.

Pollinator-mediated selection in watered conditions as AB poll = Bwo— Bwx and the
associated standard errors as /SEEWO + SEéWH (Bartkowska & Johnston, 2012;

Sletvold & Agren, 2010) following methods proposed by Sletvold, 2019. Additionally, we
used quadratic selection estimates to evaluate the stabilizing or disruptive effects of two
selection agents, as well as the pollinator-mediated quadratic selection in both watered

conditions and its associated standard errors, using the same approach.

To determine whether the net selection differed between drought and watered
treatments, we analyzed the open-pollinated plants (WO & DO) with linear mixed-

effects regression (Imer). We used relativized fitness within treatment as the response
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variable and five plant and floral traits, along with water treatment and the interaction
between traits and water treatment, as explanatory variables in the linear mixed-effects
model. Additionally, we included blocks as a random factor to account for potential

variability between five blocks in the dataset.

We then tested the complete dataset, including open and hand pollination treatments
in two water treatments (WO, WH, DO & DH) with a separate Imer to determine
whether pollinated-mediated selection varied in watered and drought conditions. This
model consisted of relative fitness as the response variable and five traits, water
treatment, pollinator treatment, trait x water treatment, trait x pollinator treatment
and trait x water treatment x pollinator treatment as explanatory variables and block as
arandom variable. Three-way interaction terms estimated the context dependence of
pollinator-mediated selection on traits with different watering. Due to significant two-
way and three-way terms, we conducted additional tests to assess the impact of
pollinator treatments under droughted and watered conditions (WO, WH & DO, DH), as
well as the effect of water treatment on non-pollen-limited conditions (WH & DH). We
used three separate Imer models to determine pollinator-mediated and drought-
mediated selection in our treatments. We applied a similar approach to examine the
impact of pollinators and water conditions on quadratic selection gradients. However,
due to the limited statistical power stemming from our small sample size, we couldn't
include interaction terms for all quadratic terms in the full mixed-effects model. As a

result, we conducted linear mixed-effects models for both water and pollinator
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treatments separately. We performed all analyses with R 3.6.3 (R Core Team, 2023) in R
studio v.2023.09.1 Build 494 (RStudio Team, 2023), using the packages CAR v.3.0-10
(Fox et al., 2012), LME4 v.1.1-29 (Bates et al., 2009) and GGPLOT2 (Wickham et al.,

2016).

Results

Trait expression, pollen limitation and opportunity for selection

Plant and floral traits differed between watered and droughted treatments
(Pillai's Trace = .21, F14,288 = 5.66, p < .001), with a general trend of reduced values in
droughted treatments except for nectar volume and concentration. We observed a
significant decrease in display size with drought, both in the number of flowers that
opened first and the number of flowers at peak flowering (Table 3.1). While petal
measurements did not significantly differ between treatments, the stamen and stigma
lengths changed between treatments. However, the offset of sexual parts was
maintained across treatments with no significant difference between watered and
droughted conditions. We observed no significant change in nectar volumes, but nectar
concentration (measured in Brix values) increased significantly compared to watered
plants. (Table 3.1). The largest effect of drought was a significant reduction of

reproductive output, measured as seed pods developed and the total number of seeds.

The multivariate effect of pollination (open vs. hand pollination) was significant

for watered plants (Pillai's Trace = .21, F1s5,150 = 2.79, p <.001) and marginally significant
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in droughted plants (Pillai's Trace = 16, F1s5121= 1.95, p = .07). Subsequent univariate F
tests showed that only lengths of stigma (F1,162 = 14.16, p< .001) and herkogamy (F1,164 =
4.16, p = .04) were significantly higher in watered plants than in droughted plants. Plant
height (F1,135= 3.87, p = .05), number of flowers at the peak flowering (F1,135=5.90, p =
.01), stamen (F1,135 = 8.46, p< .001), and herkogamy (F1,135 = 5.45, p = 0.021) contribute

to the difference observed in droughted plants.

We observed no pollen limitation. The female fitness, measured by the number
of seeds per plant, exhibited no significant differences between treatments (water
treatment x pollination = F1=0.99, p= 0.31). Pollen limitation values were -0.24 (p>0.10)
in watered conditions and -0.11 (p>0.43) in droughted conditions. The opportunity for
selection, as measured by the variance of relative female fitness differed across
treatments. It was highest in the watered conditions for open-pollinated (7.25) and
hand-pollinated (6.40) groups. Droughted open-pollinated plants (1.89) and hand-

pollinated (1.67) plants had reduced variance.
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Table 3.1. Comparison of plant traits between dry and wet treatment conditions
Percentage change in trait values calculated relative to the trait values of watered plants
(Wet-Dry/Wet*100). The negative number implies that the well watered plants are

having higher values. The significance of the one-way ANOVA are shown. *p < 0.05, **p

< 0.001.
Trait Treatment % Change
Dry Wet relative to p-value
(n=137) (n=166) watered
Plant height (cm) 17.72+4  18.41+458 -3.75 0.16
Number of first flowers 218+135 255+164 -14.56* 0.03
Display size at peak 9.69+509 12.34+6.06 -21.43** 6.27
x107
Petal length (mm) 345+0.78 359+0.83 -3.94 0.13
Flower diameter (mm) 993+161 10.25+1.74 -3.09 0.10
Length of stamens (mm) 552+093 589+0.87 -6.27** 0.04
x1072
Length of stigmas (mm) 6.87£1.09 7.32+£0.9 -6.23** 8.18x10
5
Herkogamy (mm) -1.34+0.94 -1.43+1.04 -6.12 0.44
Nectar volume (pl/flower) 0.03+£0.02 0.03x0.02 -~0 0.57
Nectar concentration (g/100ml) 3.69+£3.58 2.89+3.02 27.58* 0.03
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Number of pods per plant 7.03+411 10.74+7.28 -34.59** 2.05x10°

7

Number of seeds per plant 50 + 42 87 + 83 -42.6%* 1.62x10°

6

Phenotypic selection

Phenotypic selection differed between watered and droughted plants for two
traits, plant height and flower diameter (Fig. 3.2). We found significant directional
selection to increase flower diameter in drought conditions but not watered plants.
Interestingly, this was not driven by a significant difference in pollinator-mediated
selection for these treatments. However, there is a trend toward stronger pollinator-
mediated selection in drought plants (Table 3.2). Moreover, pollinator-mediated
selection for bigger flowers in drought (ABpoi = 0.41) accounted for the net selection
observed. There was selection to increase plant height in both watered and droughted
plants (Fig. 3.2a). However, the shape of selection varied between treatments (Fig.
3.2b). We detected significant disruptive selection (Table 3.2) on plant height in open-
pollinated plants in watered conditions, and this selection was significantly different
from a trend towards stabilizing selection on plant height in droughted conditions.
Interestingly, pollinator-mediated selection on plant height differed between the two
watering environments (Figure 3.2c), with pollinators selecting shorter plants in watered

conditions and taller ones in drought.
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For our other three traits, we found similar patterns of selection regardless of
whether plants were water-stressed or not. We found selection to increase herkogamy
in both abiotic conditions. However, this could not be explained by pollinator
preferences (Table 2). We found no evidence for selection on display size or nectar

concentration in our experiment.
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Table 3.2: Linear (B = SE) and non-linear (y + SE) selection gradients for five phenotypic traits of Brassica rapa in four experimental
treatments. p<0.1, *p < 0.05, **p < 0.01.
Pollinator-mediated selection

Open-Pollinated Hand-Pollinated

€6

Trait B+SE v+SE B+SE vESE ABpon £SE | Aypon =SE
Watered Plant height 0.35+0.08" 0.13+0.05 059+0.1" 0.02+0.09 -024+013 0.22+0.21
Display size 0.09+0.08 -0.02+0.05 008+0.1 -0.04+0.05 001+013  0.05+0.13
Flower diameter 005+0.08 -0.02+0.06 -0.2+0.1° 0.13+0.07 0.26+013 -0.3+0.19
Herkogamy 0.25+0.08" 0.05+003 019+01 -0.01+0.06 0.06+013 0.1+0.14
Nectar concentration  -0.03+0.09 -0.04+0.04 0.05+0.1 -0.07+0.07 -0.08+0.13 0.07+0.15
Drought Plant height 041+0.08" -0.07+0.08 02+0.11 -0.09+0.07 022+014 0.04+0.21
Display size 0.02+0.08 001+005 01+01  001+0.09 -0.12+0.13 0.01+0.21
Flower diameter 0.31+0.08™ 0.01+007 -01+011 0.03+0.07 041+014 -0.05+0.2
Herkogamy 0.16+0.08 -0.02+0.06 0.11+0.11 -0.02+0.08 0.05+0.14  0.01+0.2
Nectar concentration  -0.08+0.08 0.03+0.04 0.11+0.1 -0.08+0.07 -0.19+0.13 0.23+0.16
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Figure 3.2: Phenotypic selection on plant height, display size (number of flowers at peak flowering), flower diameter, herkogamy,
and nectar concentration in experimental populations of Brassica rapa grown in two soil water conditions. Net directional selection
gradients estimated from open-pollinated plants (a, B £ SE), net stabilizing or disruptive selection (b, y + SE), pollinator-mediated
directional selection (c, ABpoll = SE), and stabilizing or disruptive selection (d, Aypoll = SE). The asterisks above bars indicate whether
selection is significantly different from zero and the symbols above the long lines indicate whether selection estimates differ

between treatments from ANCOVA models. * P < 0.05; ** P < 0.001.



Discussion

Brassica rapa plants in our experiment consistently produced fewer flowers in
response to reduced water availability, which led to lower female fitness. Like many
studies (e.g., Kuppler & Kotowska, 2021), we observed most flower traits, such as
number of first flowers, daily display size, lengths of stamen and lengths of stigmas
trended toward reduction in water stress, apart from a significant increase in nectar
concentration. Interestingly, the traits that differed in selection between watered and
drought conditions did not show significant phenotypic differences, namely plant height
and floral diameter. Overall, while pollinator-mediated selection did not significantly
deviate from zero for most traits in our experiment, we observed variation in its
influence between watered and drought conditions, particularly for plant height. This
suggests that pollinators play a role in shaping the adaptive dynamics of this trait under

different environmental conditions.

We found selection to increase flower size in drought but not watered plants.
While drought often reduces flower size (Carroll et al., 2001; Kuppler et al., 2021;
Kuppler & Kotowska, 2021), selection to increase flower size in drought but not watered
plants was also seen in Ipomea purpurea (Garcia et al., 2023). Conversely, in Primula
tibetica, where the authors use two sites with different water stress to address
differences in selection, they found selection to increase corolla size was only detected

in the high-water site for plants with nutrient addition, and this was not significantly
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different from selection observed at the low-water site (Wu et al., 2023). Larger flowers
can be costly for plants under water stress (Galen, 1999, 2000; Kuppler et al., 2021),
which could suggest selection for smaller flowers in drought is more likely; however,
thus far there is no evidence for this pattern. Selection to increase flower size is
common (Harder & Johnson, 2009b) and often pollinator-mediated (Parachnowitsch &
Kessler, 2010; Trunschke et al., 2017), and we also found the magnitude of pollinator-
mediated selection accounted for net selection on floral diameter, helping support the
idea that pollinators often prefer larger flower. This suggests that pollinator-meditated
selection may be strong in stressful environments such as drought despite the costs of

maintaining those flowers.

We also found differences in selection on plant height between water
treatments; however, the patterns were more complex than those for flower size. The
net selection was for taller plants in both drought and watered conditions. Selection for
taller plants can be common because it is often associated with plant vigour and/or
plant apparency (Grindeland et al., 2005; Parachnowitsch & Kessler, 2010b; Zu &
Schiestl, 2017). For B. rapa, artificial selection shows this trait can quickly evolve and
have correlated responses with other important traits for pollinator interactions, such as
floral volatiles, petal reflectance and nectar sugars (Zu & Schiestl, 2017). Pollinator-
mediated selection on plant height differed with water conditions in our experiment,
with selection for taller plants in drought. Interestingly, this observation aligns with Wu

et al. (2023), who also found pollinator-mediated selection favoring taller plants in
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response to nutrient addition, particularly in areas with low soil water content. Their
study revealed a consistent interactive influence of soil water content on pollinator-
mediated directional selection for plant height, thereby shaping the evolutionary
trajectory of plant and floral traits. The same study found that soil water and nutrient
availability interactively influenced pollinator-mediated correlational selection on plant
height and display size. Even though we do not have statistical power to test
correlational selection in our study, our results suggest that selection by pollinators may
differ depending on the expression of other traits. For example, we observed taller
plants were favored when the display size was reduced in drought, and the magnitude
of selection decreased when the display size was larger in well-watered conditions.
However, we also found disruptive selection in watered conditions, suggesting that
there was a fitness advantage to both short and tall phenotypes. Our results suggest a
synergistic relationship between plant height and display size in attracting pollinators,
with the effectiveness of these traits contingent upon the environmental context in
which the plants grow. Interestingly, unlike many other studies (Grindeland et al., 2005;
Harder & Johnson, 2009a; Parachnowitsch & Kessler, 2010b; Sletvold & Agren, 2010),

we did not find display size itself was a target of selection in our experiments.

While drought effects on floral traits are common, we found two interesting
patterns for B. rapa. First, we observed fewer flowers in drought but no change in
flower size. Our results are consistent with a negative trade-off between flower size and

number (Cohen & Dukas, 1990; Sargent et al., 2007; Worley & Barrett, 2000) where
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water is a limiting resource. Second, pollinator efficiency traits were maintained in
drought stress. Both stamens and the stigma were shorter in drought compared to
watered conditions, but the offset was maintained, suggesting that herkogamy is
important perhaps to avoid pollen discounting (Barranco et al., 2019; Barrett, 2003). Our
results are similar to those for two Clarkia species that also showed no effect of drought
on herkogamy, but interestingly, for these species, drought affected dichogamy (timing
between sexual functions) and selfing (Kay & Picklum, 2013), which we did not measure

in our experiment.

Nectar also was affected by drought conditions in our experiment, but not in the
way we expected. We found significantly higher sugar concentrations with drought in
our B. rapa plants, but drought conditions did not lead to smaller nectar volumes,
consistent with Phillips et al. (2018), who observed no decrease in nectar volume per
flower for Lathyrus pratensis, Onobrychis viciifolia, and Prunella vulgaris due to drought.
This shows that although droughted plants produce a similar amount of nectar as
watered plants, the nectar from droughted plants has higher sugar concentrations,
making their flowers offer greater sugar rewards. Decreased nectar volumes are more
common with water stress (Carroll et al., 2001; Gallagher & Campbell, 2017; Garcia et
al., 2023; Rering et al., 2020), but nectar concentration is often not affected (Kuppler &
Kotowska, 2021). We used potted plants that were exposed to pollinators outside, and
field studies often find no difference in nectar volume with water stress (Kuppler &

Kotowska, 2021) which may help explain our results. However, the mechanism is
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unclear because our plants were not exposed to rain and were carefully maintained in
their watering regime. Interestingly, Suni et al. (2020) reported that plants from drier
environments produced more nectar with higher sugar content under water-stressed
conditions in certain populations of Phlox drummondii. In contrast, plants from wetter
environments produced less nectar with lower sugar content in response to water stress

(Suni et al., 2020) in concordance with our findings.

We did not find any evidence of net or pollinator-mediated selection on nectar
concentration. Few phenotypic selection studies have included nectar traits
(Parachnowitsch et al., 2019), making generalizations challenging. However, one study
with B. rapa found selection to increase nectar volume (Dorey & Schiestl, 2022) and we
found strong correlations between nectar volume and sugar concentration here as seen
in other B. rapa studies (Gervasi & Schiestl, 2017). Nectar in B. rapa emits attractive
volatile compounds (Knauer & Schiestl, 2017; Moreira et al., 2023), but unlike Gervasi
and Schiestl (2017), we did not find plant height or flower size were correlated with
nectar traits and therefore were not honest signals for this population. Our results
suggest that maintaining constant floral nectar volume and higher sugar concentration,
despite the rising costs in stressful environments, may benefit plants (Pyke, 1991). This
strategy mirrors their behavior in natural conditions, where plants optimize pollinator
visitations and flower handling times to enhance overall fitness through the optimal

amounts and viscosity of nectar (Harder, 1983; Kim et al., 2011; Thomson, 1988).
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We found drought stress reduced the number of seeds; however, plants were
not more pollen limited in drought than watered conditions. Instead, differences in
seeds were likely due to fewer flowers produced by droughted plants as commonly seen
in other systems (Fang et al., 2010; Gallagher & Campbell, 2017; Hofer et al., 2022;
Kooyers, 2015; Kuppler et al., 2021; Kuppler & Kotowska, 2021). However, as expected
and observed in other studies, we observed the opportunity for selection increased with
water availability and the mean population fitness increases (Sletvold & Agren, 2014;
Trunschke et al., 2017; Wu et al., 2023). Despite the increased opportunity for selection,
we did not find more traits were targets of selection in watered conditions; instead in
drought there were more traits under selection. These results highlight the importance
of measuring selection in these stressful conditions to understand the potential for

evolution.

Many plant floral traits represent adaptive compromises to selection caused by
pollinator and non-pollinator agents of selection (Strauss & Whittall, 2006). Previous
studies have found that selection mediated by abiotic factors such as soil water
availability is similar in strength to pollinator-mediated selection (review: Caruso et al.,
2019). Therefore, when abiotic agents of selection act on floral traits, their effect can be
either reinforcing or antagonistic to the direction of pollinator-mediated selection
(Strauss & Whittall, 2006). Studies can overlook the significance of non-pollinator-
mediated selection within their research, as their results frequently align with previously

identified pollinator-mediated selection. However, the presence of floral traits that

100



diverge from the optimal traits favored by pollinators is often left unexplained (Caruso
et al., 2019; Strauss & Whittall, 2006). Our factorial experiment allowed us to test the
strength of selection imposed by biotic (pollinator) and abiotic (drought) agents of
selection as well as how pollinator-mediated selection depends on the abiotic agent of
selection, i.e., context dependence. Although there were no significant differences
between treatments, we observed an increase in pollinator-mediated selection for plant
height under drought conditions compared to watered conditions. This suggests a
potential synergistic relationship between plant height and other correlated floral traits
in attracting pollinators. In contrast, in watered conditions where resources are
plentiful, the advantages conferred by slightly increased height showed to be less critical
for individual plant success, reproductive fitness or attractiveness to pollinators. Hence,
pollinators might exert negative selection on excessive height to favor traits more
directly associated with reproductive success or pollinator attraction. These
observations suggest that visible phenotypic differentiation in certain correlated floral
traits may not always be necessary for those traits to influence pollinator behavior or
reproductive success. However, we did not observe context dependance in pollinator-
mediated selection to flower diameter, floral level signal traits. The lack of dependence
of pollinator-mediated selection on water availability for flower-level traits could be due
to several reasons such as 1. consistency in pollinator preferences (Kuppler & Kotowska,
2021), 2. trait robustness or stability even under varying water availability (Strauss &

Whittall, 2006; Suni et al., 2020), 3. trait compensation (Andersson, 2005) or 4. lag
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effects (Johnson et al., 2022; @. H. Opedal et al., 2016). However, such effects warrant

further investigations.

Conclusion

Our results support the idea that soil water availability has a relatively large
effect on some plant and floral phenotypes and the selection on those traits. Also, the
impact of environmental context on pollinator-mediated selection affected traits
differently. Signal traits were affected by drought and pollinator-mediated selection
more than pollinator efficiency and rewards traits, supporting the general expectation
that pollinator-mediated selection on visual display should be stronger in resource-
deficient environments. However, water stress drove selection on floral traits in both
similar and different ways by affecting the expression of traits, altering the distribution
of phenotypes that attract pollinators, and limiting seed production, thereby decreasing
population mean fitness. (Carroll et al., 2001; Caruso et al., 2019). However, it is still
challenging to know the magnitude of each process that contributes to the selection
observed in flowering plants (Caruso et al., 2017; MacColl, 2011; Strauss & Whittall,
2006). Therefore, it is important to conduct crossed factor manipulative experiments,
such as ours, to distinguish the effect of multiple agents of selection to understand
adaptive evolution in floral traits. Such experiments can improve the current
understanding of responses of plant, pollinators and their interactions in drought events

and, in turn, will increase our ability to provide insight on how plants will allocate their
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resources for pollinators and how they impact ecosystem function under predicted
increase in frequency and severity in droughted conditions. Thus, we encourage more
such experiments covering many taxa, including not only economically important plants

but also rare and common wild plants.
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Appendix 3.1

Table A3.1. Strength of directional selection on floral traits mediated by two selection

agents in each watered condition and context dependence of pollinator-mediated

selection.

Trait

Plant height

Number of early

flowers

No of flowers at the

peak

Flower diameter

Herkogamy

Nectar concentration

AB poll

-0.19+
0.149
-0.093
0.143
-0.068
0.147
0.207 £
0.132
0.072 £
0.135
-0.174

0.159

AB drought

0.073
0.128
-0.047
0.125
0.007 £
0.127
0.297 £
0.119
-0.029
0.121
0.057 £

0.139

116

AB poltin
drought
0.252 +
0.151
-0.073 £
0.135
-0.102
0.139
0.394 +
0.14
0.08 +
0.141
-0.12 +

0.161

AB drought hand

poll

-0.37
0.169
-0.067
0.151
0.041+
0.158
0.11 %
0.151
-0.037
0.153
0.003 £

0.178

AB drought+poll

-0.117 +
0.149
-0.14 +
0.139
-0.061 +
0.145
0.503 £
0.133
0.043 £
0.14
-0.117 +

0.17



Appendix 3.2

Table A3.2. Strength of stabilizing and disruptive selection on floral traits mediated by

two selection agents in each watered condition and context dependence of pollinator-

mediated selection.

Trait

Plant height

Number of early

flowers

No of flowers at the

peak

Flower diameter

Herkogamy

Nectar concentration

AV poll

0.291 +
0.231
-0.465 +
0.23
0.173 £
0.167
-0.361
0.202
0.054 +
0.143
0.114 +

0.168

AV drought

-0.218 £
0.203
-0.254
0.238
-0.03 ¢
0.159
0.111+
0.196
-0.097 =
0.145
0.093 £

0.129

117

AY pollin
drought
0.272
0.23
-0.367
0.237
0.011+
0.213
0.036 +
0.213
0.057
0.211
0.101 +

0.179

AV drought hand

poll

-0.199
0.254
-0.352
0.23
0.133 ¢
0.218
-0.286 +
0.218
-0.099 +
0.209
0.105+

0.21

AV drought+poll

0.073
0.269
-0.719
0.267
0.143 £
0.142
-0.25+
0.211
-0.043 +
0.173
0.207 £

0.174
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Figure A3.1: Density curves representing the distribution of plant floral trait values
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Figure A3.2: Association between soil moisture content and floral trait expressions of
Brassica rapa. Blue dots represent plants in the watered treatment, yellow dots under
drought treatment. Regression lines derived from a (generalized) linear mixed model;
grey shades are standard error of the regression lines. Trait values for plant height are in
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All other values are counts.
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Figure A3.3. Heatmap of Pearson's product-moment correlation coefficients r between
floral traits of Brassica rapa individuals in droughted open-pollinated (a), droughted
hand-pollinated (b), watered open-pollinated (c), and watered hand-pollinated (d)
treatments. In the lower-left half of the matrix, only significant correlations (P < 0.05) are
colored, and their r values are shown on each square. Non-significant correlations are

left blank.
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Chapter 4: Investigating maternal effects and phenotypic plasticity
in response to drought stress: A study on floral traits in Brassica
rapa

Abstract

Plants, though immobile, respond to environmental changes by altering traits. Plasticity
and maternal effects—non-genetic influences of the maternal environment on offspring
phenotype—allow plants and their offspring to adjust to conditions, impacting fitness.
Our study investigates how maternal effects shape floral traits and interact with

environmental conditions in Brassica rapa.

We used rapid-cycling Brassica rapa plants, known for their genetic and phenotypic
variability, to investigate how maternal effects—where the conditions experienced by
mothers influence the traits and fitness of their offspring—and drought conditions affect
plant traits.We grew seeds from watered and drought maternal treatments under
controlled watering regimes and measured plant and floral traits, including flower
dimensions, nectar volume, and biomass. We used linear mixed effect models to analyze
the data, examining the relationships between maternal drought effect, watering

regime, and plant traits, which revealed significant interactions among these factors.

Brassica rapa floral traits exhibit significant phenotypic plasticity and context dependent

maternal effects. We recorded significant maternal effects on those traits related to
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floral attraction (petal length, flower diameter) and pollinator efficiency (stigma length
and herkogamy). Also, it has been observed that maternal effects are more pronounced
in plants growing in drought conditions. Since maternal effects interact with prevailing
environmental conditions, we emphasize the importance of considering these

interactions in predicting plant responses to climate extremes.
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Introduction

Plants have evolved various mechanisms to respond to environmental changes
by altering their trait expression. For example, in the face of fluctuating environmental
conditions such as temperature, rainfall, and nutrient availability, plants can adjust their
traits, including leaf morphology, phenology, flower color, scent production, and nectar
composition (Aslam et al., 2022; De Long et al., 2019; Kuppler & Kotowska, 2021;
Minden & Olde Venterink, 2019; Ordofiez et al., 2009; Singh & Prasad, 2022). This trait
plasticity has been often hypothesized as adaptive because these adjustments of plant
phenotypes can contribute to enhancing plants’ fitness under prevailing environmental
conditions (Brunet & Etten, 2019; Galloway, 2005). Plasticity to current conditions can
directly impact individual and population fitness by increasing seed production and the
overall reproductive success of the plant population. Additionally, it may indirectly
contribute to genetic diversity by allowing a broader range of genotypes to persist, thus
maintaining genetic variability within the population. (Alqudah et al., 2011; Descamps et
al., 2021; Kuppler et al., 2021; Platenkamp & Shaw, 1993). However, plasticity in parent
plants is not limited to their own traits and fitness but can also be passed on to offspring
and affect the offspring’s trait expression (Galloway, 2005). While maternal and paternal
environments both contribute to this transgenerational plasticity, maternal effects are
generally more prominent in nature than paternal effects due to the asymmetry in
investment between mothers and fathers in reproduction (Galloway, 2005; Mousseau &

Fox, 1998; Roach & Wulff, 1987). Consequently, maternal effects exert a more influential
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role in shaping offspring traits, potentially making maternal effects a form of adaptive or

maladaptive plasticity.

Maternal effects have long been acknowledged by quantitative geneticists
(Mousseau & Fox, 1998; Wolf & Wade, 2009). Traditionally, these effects were seen as
non-genetic environmental factors introducing unwanted variability into estimates of
heritability and selection analysis (Roach & Wulff, 1987). However, this view overlooks
the critical role maternal effects can play in shaping the fitness of offspring in varying
environments. Specifically, environmental maternal effects can slow down the response
to selection by introducing additional noise and potentially reducing the genetic
covariation between generations (De Long et al., 2019; Herman et al., 2012). Thus, while
these effects can complicate selection studies, they also provide a mechanism by which
mothers can influence offspring success in response to environmental cues (Galloway,

2005; Mousseau & Fox, 1998).

While maternal effects can influence any plant trait, their effects on floral traits
are particularly interesting because of the direct connection to reproduction. Maternal
effects can play a role in shaping trait expressions of offspring, which can directly affect
plant-pollinator interactions (Brunet & Etten, 2019; Yan et al., 2016). Therefore, studies
on maternal effects are essential for unravelling the complex relationships between

maternal traits, offspring floral characteristics, and plant fitness.
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Our understanding of the maternal effects is increasing with the accumulating
number of studies on environmentally induced maternal effects. However the links
between maternal effects and extreme climate events such as frequent droughts remain
poorly understood (De Long et al., 2019). While a number of studies consider the
maternal effect on seedling size (Black, 1958; Domic et al., 2020; Galloway, 1995; Singh
et al., 2017), adult plant size (Dolan, 1984; Stanton, 1984), physiological traits such as
offspring herbivory resistance (Agrawal, 2001, 2002; Franks et al., 2008; Holeski et al.,
2013; Singh et al., 2017), the timing of flowering (Schmid & Dolt, 1994) and reproductive
success (Helenurm & Schaal, 1996), there is a scarcity of research measuring maternal
effects on floral functional traits (flower size, signal and rewards) that directly affect
plant fitness. Historically, environmental cues such as precipitation reliably signalled
suitable conditions for plant germination and offspring fitness. However, anthropogenic
climate change has increased the unpredictability of temperature and rainfall, disrupting
these reliable cues (Donohue et al., 2005; Schuler & Orrock, 2012; Wolfe & Mazer, 2005).
These rapid environmental changes have reduced the reliability of cues for plants,

leading to altered offspring growth, traits and reproduction.

Our objectives were to investigate the significance of maternal drought effect on
plant traits and explore the interactive effects of maternal effects and prevailing
environmental conditions on offspring plant phenotypic traits. We conducted a
reciprocal transplant experiment with crossed environmental treatments, using Brassica

rapa seeds collected from a common garden experiment where water availability was
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manipulated. With the data available from the previous experiment (Rathnayake &
Parachnowitsch, 2024 unpublished) we first addressed whether there were any maternal
effects on floral traits and whether these were predicted by phenotypic plasticity in the
maternal environment. We also compared maternal effects to the current environment
to assess which had a stronger influence on trait expression by also manipulating water
availability for the offspring. Through this study, we seek to provide insights into how
past environmental experiences of maternal plants may shape the phenotypic variability
of their progeny in fluctuating environments and aim to shed light on the evolutionary

and ecological implications of maternal effects in a rapidly changing world.

Materials and methods

Study species

We used rapid cycling Brassica/Brassica rapa L, purchased from the Wisconsin
Fast Plants® Program supplied by Carolina Biological Supply Co. (Burlington, NC, USA).
Rapid cycling Brassica rapa is a self-incompatible plant that completes its life cycle from
seed to fruit development in approximately 30-45 days (Williams & Hill, 1986).
Moreover, rapid cycling Brassica rapa maintains a considerable amount of genetic and
phenotypic variability similar to annual wild populations of B. rapa, making it an ideal
candidate for investigating the mechanisms of evolution on a small scale (Agren &
Schemske, 1992; Dechaine et al., 2015; Miller & Schemske, 1990). Therefore, Brassica
rapa has been used in a number of ecological and genetic studies focusing on the

evolution of plant and floral traits (Agren & Schemske, 1992; Ali et al., 2023; Zu et al,,
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2016; Zu & Schiestl, 2017) in varying environmental conditions, especially in changing
water availability (Guo et al., 2015; Hamann et al., 2018) and temperature (Scheepens &

Stocklin, 2013).

Experimental setup

We collected and used the seeds from plants grown in a drought experiment
during the summer of 2022 (Rathnayake & Parachnowitsch, 2023, Unpublished). We
randomly chose 20 mothers from approximately 100 plants in two treatments: one
group received regular watering, while the other experienced drought conditions. From
each of these mothers (N = 40), we randomly selected 12 seeds. To organize data
collection, we planted the seeds over two consecutive weeks in two germinating rounds.
For each round, we germinated six seeds per family in Petri dishes on moist filter paper
in a growth chamber (Conviron ATC60, Controlled Environment Ltd, Canada) set to 16
hours of supplemental light, 75% humidity, and 25°C. When seeds germinated, we
transplanted them into deepot tree pots (diameter 2.5 cm, height 35.5 cm) and moved
them to the greenhouse with 16 hours of supplemental light and 25°C. We used VPW30
horticulture basic mix (ASB-Greenworld Inc), supplemented with Osmocote® 14-14-14
controlled release fertilizer (2.1 kg m3). We randomly selected three plants per family in
each round and assigned them to one of two treatments: watered or drought. We
watered plants with 50 ml water every two days (watered) or once per week (drought).
Before watering drought plants, we used an SM 150 soil moisture kit (Delta-Y devices,

Cambridge, UK) to check soil moisture. If the soil water content in drought treatments
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exceeded 50% of the water content in watered treatments, we delayed watering until it
fell to 50% of the soil water content in watered plants. We maintained the watering
scheme throughout the growth period of the plants until they reached maturity.

Germination or transplant loss led to a final sample size of 388 plants.

Trait measurements

To examine the effects of the maternal environment and current watering
scheme on phenotype expression, we conducted phenotypic assessments during the
plants' peak flowering. We measured petal length, flower diameter, stamen length, and
stigma length for three randomly chosen open flowers per plant with digital vernier
calipers. We calculated herkogamy as the difference between the long stamen and
stigma for each flower. We used the plant mean values of measurements in analyses. To
measure nectar volume, we used 1ul micropipettes (Drummond Microcaps®, USA). Due
to the relatively small quantities of nectar produced by this species (Mohr & Jay, 1990),
we pooled nectar from 2-3 flowers to obtain an adequate volume for measurement.
Subsequently, we converted the nectar volumes to nectar volume per flower for further
analysis. Once siliques began to develop, we measured the height of each plant from the
soil to the tip using a ruler. We harvested the above-ground tissue excluding siliques
because these plants were isolated from pollinators. We dried plants for five days in an

oven (~40 °C) before measuring their dry mass.
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Statistical analyses

We used linear mixed effect models to assess the effects of maternal
environment (watered-maternal, drought-maternal), current greenhouse treatment
(watered, drought) and their interaction on plant traits. We included maternal
environment and current environment as fixed effects and growth round (one or two)
and maternal plant identity as random factors in LME models. We assessed the
normality of the trait data distribution using the Shapiro-Wilk test. To meet the
assumptions of normality, we applied a square root transformation to the dry weight
data and a log transformation to the nectar volume measurements. After achieving
normality, we scaled the dataset to standardize the variables. After removing the
missing values, we had a total of 355 (n) observations (maternal drought 190 and
maternal watered 165) in our dataset. Due to the number of dependent variables and
unequal number of observations in each variable in the dataset, we initially used
principal component analysis (PCA) to reduce the dimensionality of our dependent
variables (traits). Following this, we performed a MANOVA on the first three principal
components, which together captured the majority of the variance in the dataset. The
MANOVA results indicated significant multivariate effects (Appendix 4.2) from the
maternal environment and current environment across the dependent variables. To
further explore these multivariate effects, we analyzed each trait individually using linear
mixed-effects models using the Ime4 package (Bates et al., 2009) in R (R Core Team,
2013). We analyzed all traits measured (plant height, flower diameter, petal length,

stamen length, stigma width, herkogamy and nectar volume per flower) using individual
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linear mixed-effects models as above. Whenever significant interactions were detected,
we performed posthoc tests with Tukey HSD adjustments that account for multiple
comparisons using Ismeans in R (Lenth, 2016). For all the LME models we used restricted
maximum likelihood and type Ill sum of squares with Satterthwaite approximation for

degrees of freedom (Luke, 2017).

Results

We observed significant effects from maternal environment, treatment or
interactive effects for all traits except plant height and stamen length (Figure 4.1). For
dry weight, we found that a significant maternal effect depended on the current water
treatment (F1,313.28=7.42, P<0.001). In watered conditions, there was no evidence of
maternal effects, but in drought conditions plants from watered mothers were heavier
than mothers in drought. Additionally, we found significant effects from current water
treatment (F1,351.85=28.12, p<2.02e-07) and maternal effect (F1,37.43=5.46, p<0.025) on
petal length, indicating independent influences of both factors on this trait. However, we
did not observe an interactive effect from maternal effect and treatment. The flower
diameter was marginally affected by the interactive effect of treatment and maternal
effect (F1,351.67=3.15, P=0.075), suggesting a potential influence of both factors on this
trait. On the other hand, we found no significant effect from maternal drought effect,

current water treatment, or their interactive effect on plant height and stamen length.
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Table 4.1: Comparison of plant growth and floral traits under different watering
treatments. This table presents data on various growth and floral traits of plants
subjected to different watering treatments: Maternal environment (historically watered

or droughted), Current treatment (current watering or droughted).

Maternal Watered Drought
environment (mean + sd) (mean + sd)
Current Watered Drought Watered Drought
treatment
Plant height (cm) 31.9+11.3 30.3+7.2 30.4+8.6 29.6+8.1
Dry weight (g) 0.49+0.24 0.67+0.31 0.53+0.25 0.58 £ 0.27
Petal length 6.15+0.75 5.74+0.71 6.39+0.76 5.97 £0.87
(mm)
Flower diameter | 12.73+1.77 12.34+1.55 13.39+t1.6 12.65+1.72
(mm)
Stamen length 6.94+1.52 6.99+1.28 7.01+£1.25 7.25+1.38
(mm)
Stigma length 7.92+£2.06 7.54+1.81 9.22 +2.37 8.24 +2.45
(mm)
Herkogamy (mm) | 0.98 +2.96 0.56+2.43 2211292 0.99 +3.28
Nectar 0.05+0.04 0.04 £0.03 0.05+0.04 0.04 £0.03
volume/flower
(1))

We found that the stigma length and herkogamy were both significantly affected
by the interactive effect of maternal effects and treatment. Stigma length exhibited a
significant interactive effect between the maternal environment and the current
greenhouse treatment (F1,353.39 = 4.13, P = 0.043). Similarly, the herkogamy exhibited a
significant effect (F1,356.9=5.45, P=0.020) due to the interactive effect of the maternal
legacy and current greenhouse treatment. Nectar volume responded to water treatment

(F1,363.03=7.88, p=0.005). However, we did not observe a significant effect from maternal
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legacy or an interactive effect. While we only provide significant maternal and treatment

effects here, insignificant effects are listed in Appendix 4.1.
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Figure 4.1. Mean plant traits (+/- SE) across all plants from seeds of maternal origins
exposed to either watered or drought conditions, grown under both watered and
drought conditions. The X-axis represents the conditions under which the offspring were
grown (Current Watered or Drought). The blue line represents plants from seeds of a
watered maternal origin, and the red line represents plants from seeds of a drought
maternal origin. Significant maternal effects (green), treatment effects (blue) and
interactive effects (red) from Linear Mixed Model analyses are shown using colored dots.

Letters denote significantly different groups.
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Discussion

Our objective was to investigate the interactive effects of maternal effects and
prevailing environmental conditions on offspring phenotypic traits. Our results show that
Brassica rapa floral traits exhibit significant phenotypic plasticity and maternal effects.
Interestingly, the offspring of droughted mothers had lower trait values for all traits
measured except for dry weight and stamen length under drought conditions. However,
in watered conditions, offspring of droughted mothers exhibited higher trait values in
flower-level signal traits (e.g., petal length and flower diameter) and pollinator efficiency
traits (e.g., stigma length and offset/herkogamy) than offspring of watered mothers. This
confirms the presence of significant maternal effects on those traits related to floral
attraction (petal length, flower diameter) and pollinator efficiency (stigma length and
herkogamy). Plant heights, dry weights, stamen lengths, or nectar volumes of offspring
from both watered, and droughted mothers showed no differences in trait values under
current watered conditions, nor did our analysis reveal any maternal effects. These
findings reveal that, regardless of the maternal environment, offspring produce smaller
flowers under subsequent drought conditions than under watered conditions and

accumulate more dry mass in their stems (De Long et al., 2019).

We found that neither treatment nor maternal effects significantly impacted the
plant heights of experimental plant populations, consistent with previous studies that

report inconsistent relationships between maternal plant size and offspring adult plant
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size in certain species (Dolan, 1984; Solbrig, 1981). Furthermore, in our previous
common garden experiment, we observed that although plant height does not exhibit
phenotypic plasticity in response to the water conditions, there is consistent phenotypic
selection for increased plant height in both watered and drought environments
(Rathnayake & Parachnowitsch, 2024, unpublished). This absence of maternal or current
environmental effects on plant height can be attributed to several reasons. Maternal
effects in many species tend to have a significant influence on an individual's phenotype
only at the early seedling stage, diminishing over time (Roach & Wulff, 1987; Thomas,
1967). This observation can be species-specific, as ecological studies have shown
variation in offspring plant size traits caused by maternal effects, leading to differential
fitness within populations (Roach & Wulff, 1987). However, in the case of Brassica rapa,
it is possible that plant height is not strongly influenced by maternal effects, as some
traits may be primarily determined by genetic factors rather than maternal influences
(Garwood et al., 1970). Furthermore, other environmental factors, such as nutrient
availability or light intensity, may exert a stronger influence on plant height than
maternal effects or water availability. However, further research is needed to fully
understand the underlying mechanisms and explore potential variations in plant height

under different conditions.

We expected that offspring from watered maternal plants would accumulate
higher biomass in their growth period than those from drought-stressed plants as both

maternal genetic and environmental factors could significantly influence seed quality
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and plant performance (Luzuriaga et al., 2006; Marshall & Uller, 2007; Mousseau & Fox,
1998, 1998; Platenkamp & Shaw, 1993; Roach & Wulff, 1987; Weiner et al., 1997). While
a recent study by Matzrafi et al. (2020) on Amaranthus palmeri shows that drought-
stressed plants can produce less dormant and larger seeds, leading to competitive and
vigorous seedlings, our study finds different and contradictory results to this. In our
study, offspring from both drought and watered mothers accumulated similar biomass
during their lifetime in watered conditions. However, offspring from watered mothers
accumulated significantly higher dry matter in the current drought environment,
suggesting that watered mothers are better able to provision offspring, so they do better
in stressful conditions than those mothers that had a stressful environment. This ability
can be attributed to several factors, including epigenetic modifications enhancing
drought tolerance in offspring (Miryeganeh, 2021; R. K. Singh & Prasad, 2022; Tricker et
al., 2013), carryover effects related to adaptations, adjustments made by plants in
response to past drought experiences (transgenerational memory) (Matzrafi et al., 2021)
or a trade-off mechanism whereby plants allocate resources differently under water-
limited conditions—favoring stem dry matter accumulation over flower size to support
structural resilience and survival. These factors may have given a competitive advantage

to offspring with watered maternal legacy in terms of accumulating dry matter.

Floral signal and efficiency traits also showed significant treatment and maternal
effects. We observed a decrease in petal length, floral diameter (floral signal traits) and

herkogamy (efficiency trait) under drought conditions in offspring with droughted
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maternal plants. However, this pattern did not hold true for offspring with watered
maternal plants. Also, it is worth noting that in our previous manipulative experiment
(Rathnayake & Parachnowitsch, 2024, unpublished), maternal plants did not show
phenotypic plasticity in these traits in response to water availability. Therefore, it is
apparent that experiencing drought across consecutive generations—first in the
maternal environment and then in the offspring—significantly affects trait plasticity
throughout generations. These observations, along with the offspring of droughted
mothers displaying similar flower diameter and herkogamy to offspring of watered
mothers in a droughted environment, support the environmental mismatch hypothesis
(Giordano et al., 2014; Monaghan, 2008). Typically, offspring perform better when their
environment matches that of their mother. In cases of mismatch—such as when
offspring of droughted mothers are grown in a watered environment—they may exhibit
enhanced growth due to being prepared for a harsher environment but receiving more
resources than expected (Giordano et al., 2014; Monaghan, 2008). In contrast, in a
droughted environment, the offspring's stress tolerance helps prevent severe negative
effects, but they do not grow as vigorously as they would in a watered environment.
Conversely, our observation on petal length suggests that strong maternal effects are

present, and these effects become more noticeable in stressful environments.

Our study does not find evidence for existing maternal effects on floral nectar
production. As expected by previous studies (Gallagher & Campbell, 2017; Petanidou et

al., 1999; Waser & Price, 2016), water availability significantly influences nectar volume
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production. The allocation of plant resources towards nectar secretion is driven by the
immediate availability of resources within the plant's environment (Petanidou et al.,
1999). Therefore, variation in nectar volume is more likely due to treatment effects,
reflecting the plant's response to specific water conditions. This suggests that maternal
effects contribute little to nectar volume variation compared to the strong influence of

water availability.

Drought events can significantly affect soil properties, reducing water availability
for plants and altering plant productivity (Descamps et al., 2018, 2020; Kuppler &
Kotowska, 2021, 2021; Llorens & Penuelas, 2005). In this study, we demonstrate that a
single drought event can create substantial maternal effects, resulting in functional trait
variations within a B. rapa population. However, whether the maternal effects of
drought observed here are truly adaptive and have positive implications for daughter
plants, enabling them to survive future drought conditions, remains unclear. If these
effects are adaptive, we would expect to see adjustments in signal traits that enhance
pollinator attraction while minimizing costs of evapotranspiration (Suni et al., 2020),
along with improvements in pollinator efficiency traits to promote more effective pollen
transfer and, ultimately, increased offspring production. Conversely, if these effects are
maladaptive, we might instead observe reduced fitness in the subsequent generation
(Backhaus et al., 2014). Our findings reveal that prevailing water conditions interact with
maternal effects across multiple traits. This interaction suggests that maternal effects on

most floral traits are context-dependent. However, it is important to exercise caution

139



when drawing broad conclusions, as plant responses to drought can vary depending on
the timing of the drought (Hoover & Rogers, 2016) and the genetic makeup of the plants
(Craine et al., 2013; Juenger, 2013; Ribaut et al., 2009), factors which we did not
consider/manipulate in this study. Additionally, repeated drought events may lead to
contrasting consequences for plant trait plasticity or alter the relative importance of
maternal effects and current water availability in shaping plant floral phenotypes (De
Long et al., 2019). The long-term consequences of such effects could have implications
for the dynamics of plant communities and ecosystem functioning in regions with

varying water availability regimes.

This study highlights the need to consider potential interactions among maternal
effects and treatment effects when making inferences about the predictability of plant
floral phenotypes. By understanding how drought maternal legacies can interact with
current water availability, we can better predict the responses of plant populations as
climate extremes, such as drought, become more frequent. Also, an important question
arising from our findings is whether the maternal effects observed are adaptive or
maladaptive. Specifically, do offspring plants growing in environments that match their
maternal environments exhibit better performance, such as higher trait values that
attract more pollinators, compared to offspring growing in environments that do not
match their maternal environments? We suggest further research on this topic to better
understand how maternal effects influence plant fitness across varying environmental

conditions.
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Appendix 4.1

Table A4.1. Type Il Analysis of Variance tables with Satterthwaite’s method conducted

for Linear mixed model fit by REML for each trait to assess the effects of maternal

environment (watered-maternal, drought-maternal), current greenhouse treatment

(watered, drought) and their interaction. Signif. codes: 0’***” 0.001 "**’ 0.01 '*’ 0.05 "/

01’71

Plant
height

Dry weight

Petal
length

Flower
diameter

Stamen
length

Stigma
length

Herkogamy

Ss Mean Num Den F P

Sq DF DF value value
Legacy 0.28 0.28 1 3734 032 0.58
Treatment 0.51 0.51 1 36229 0.56 0.45
Legacy:Treatment 0.00 0.00 1 362.26 0.00 0.95
Legacy 0.01 o0.01 1 3570 0.24 0.63
Treatment 1.16 1.16 1 313.28 20.05 0.00
Legacy:Treatment 0.43  0.43 1 31328 7.42 0.01
Legacy 431 431 1 3743 546 0.02
Treatment 22.23 22.23 1 35194 2812 0.00
Legacy:Treatment 0.10 0.10 1 35185 0.13 0.72
Legacy 251 251 1 3695 3.16 0.08
Treatment 10.32 10.32 1 351.67 13.00 0.00
Legacy:Treatment 2,50 2.50 1 351.67 3.15 0.08
Legacy 1.60 1.60 1 3564 250 0.12
Treatment 0.48 0.48 1 35257 0.74 0.39
Legacy:Treatment 0.86 0.86 1 35254 134 0.25
Legacy 553 5.53 1 3790 1275 0.00
Treatment 6.01 6.01 1 353.42 13.87 0.00
Legacy:Treatment 1.79 1.79 1 35339 413 0.04
Legacy 291 291 1 3650 7.85 0.01
Treatment 490 4.90 1 356.94 13.22 0.00
Legacy:Treatment 2.02 2.02 1 35690 545 0.02
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Legacy 0.00 0.00 1 3697 0.04 0.85

\’/\IO(TSJ::; Treatment 0.01 0.01 1 363.00 7.88 0.01 **
Legacy:Treatment  0.00  0.00 1 363.03 0.03 0.87
Appendix 4.2

Table A4.2: MANOVA Results for Principal Component Analysis (PCA) performed on the
first three principal components (PC1, PC2, and PC3) to assess the influence of the
maternal environment (Legacy) and current environmental conditions (Treatment) on
plant traits. Pillai's Trace was used to determine the multivariate significance, and F-tests
were conducted to evaluate the effects.

Effect Pillai's Approx  Num Den Pr(>F) Significance
Trace F DF DF

Maternal 0.040702 9.5747 3 677 3.37E-06  ***

environment

Current 0.077374 18.9249 3 677 8.53E-12  ***

treatment

Residuals 679
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Chapter 5: General conclusion

My thesis adds new insights to floral evolution and how biotic (pollinators) and
abiotic (drought) agents of selection act on floral phenotypic traits. In my first study, |
compared natural selection on floral traits in two bee-pollinated Penstemon species, P.
mensarum and P. strictus, focusing on functional trait classes. | aimed to identify the
targets of selection for adaptive evolution by measuring phenotypic selection across four
functional classes, including plant size, visual attraction, pollinator fit, and rewards. The
findings revealed that both species experienced selection on size, signal, fit, and reward
traits, with significantly different selection patterns and targets. Notably, my findings
highlighted the importance of measuring multiple floral traits with similar functions to
gain a comprehensive understanding of their contributions to reproductive success,
potential trade-offs and interactions. These findings also shed light on the potential
fitness costs associated with flower and pollen production. | emphasized the need for
incorporating floral traits across major functional classes to gain a holistic understanding

of natural selection targets and floral evolutionary patterns.

The study on co-occurring Penstemons inspired me to study the effect of non-
pollinator agents of selection on floral phenotypes more in detail using Brassica rapa as
a model species. In my second study | explored the effects of climate change-induced
drought on floral traits and reproductive fitness in Brassica rapa. The study aimed to
investigate the relationship between water availability, pollinator-mediated selection,

and plant and floral characteristics. To achieve this, | conducted a common garden
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factorial experiment manipulating water availability and pollination methods. The results
revealed a decline in most trait values under drought conditions, with the strongest
effects on flower numbers and reproductive output. Contrary to my expectations, no
evidence of pollen limitation was observed in either water treatment. Additionally, the
study revealed that pollinator-mediated selection differed between watered and
drought conditions, highlighting the context-dependent nature of selection pressures

contributing to our knowledge of ecosystem responses to climate change.

We cannot overlook floral trait plasticity in plants as a response to changing
environmental conditions or the influence of maternal effects on offspring traits.
Therefore, in my third study, | aimed to study the interactive effects of maternal effects
and prevailing environmental conditions on offspring traits, particularly in the context of
drought. | conducted the study as a continuation of the previous greenhouse
experiment. The statistical analyses revealed significant effects of both maternal legacy
and treatment on plant traits, showing phenotypic plasticity and maternal effects in
observed floral traits. Notably, offspring from drought-stressed mothers were less heavy
and produced relatively smaller flowers under drought conditions, suggesting a potential
maternal priming (+ or -) effect. Additionally, | emphasized the interactive effect of
prevailing water conditions on maternal effects, highlighting the context-dependent
influences of maternal effects on most floral traits in my manuscript.

My thesis stands out from currently available studies for two reasons. First,

unlike some previous studies that focus on only a few traits, all three of my studies
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include at least one trait from size, signal, fit, and rewards functional trait classes within
the same study, allowing for direct comparison. By studying multiple trait classes, | could
capture a broad spectrum of selection dynamics, as natural selection can act differently
on each trait class. Therefore, these studies stand with a few studies available that
consider many functional trait classes in one study to estimate natural selection for wild
species. Additionally, because some of these traits have been least studied, | was able to
document phenotypic selection acting on them, contributing to the growing body of
literature. One such example is the landing platform, where, until this study, phenotypic
selection had only been measured for one species in the genus Penstemon, P. strictus
(Recart & Campbell, 2021). Second, studying phenotypic selection in two congeners
provides insight into understanding floral diversity, especially in closely related species.
Direct comparisons among related species that share pollinators are rare (reviewed in
Eisen et al., 2020), except in cases involving hybridizing species (Kimball, 2008;
Schemske, 1981). This thesis proves that such studies could provide valuable insights

into understanding floral diversity, particularly in sympatric congeners.

The inclusion of a number of floral functional traits together in classical selection
studies can provide valuable insights into floral diversity and evolutionary trajectories of
phenotypes. | showed the potential of studying the least-studied floral traits, such as
floral reward (nectar, pollen) alongside more commonly observed traits could reveal
novel insights into plant-pollinator interactions, adaptive strategies, and evolutionary

processes that more commonly observed traits cannot fully capture. For example, we
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could test whether there is evidence for selection on the honesty of floral signals in
these Penstemon species. While we did not detect selection to increase displays or
rewards for P. strictus, floral dimensions were positively correlated with nectar reward in
P. mensarum. However, there was no selection on this trait-reward correlation nor

evidence for selection on the honesty of floral signals in these Penstemon species.

My thesis also explores the effect of water availability on the expression of floral
traits and phenotypic selection. The results of these studies confirmed patterns which
have been observed before in similar studies while adding emphasizing observations
which haven’t been recorded in the literature previously. Like many studies (e.g.,
Kuppler & Kotowska, 2021), we observed most flower traits, such as the number of first
flowers, daily display size, lengths of stamen and lengths of stigmas trended toward
reduction in water stress. Unlike the findings of previous studies, nectar also was
affected by drought conditions in our experiment, but not in the way they observed. We
found significantly higher sugar concentrations with drought in our B. rapa plants, but
drought conditions did not lead to smaller nectar volumes. More interestingly, | did not
find evidence of net or pollinator-mediated selection on nectar concentration nor
correlations with other traits, which would lead them to be honest signals for this
population. Moreover, the traits that differed in selection between watered and
drought conditions did not show significant phenotypic differences, namely plant height
and floral diameter. We warrant further research to reveal underlying processes that

explain this observation.
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My finding shows that populations of Brassica rapa exhibit phenotypic plasticity
and maternal effects in observed floral traits. which aligns with previous studies showing
inconsistent relationships between maternal plant size and offspring adult plant sizes in
certain species (Dolan, 1984; Solbrig, 1981). Based on our analysis, it appears that
maternal effects significantly impact floral traits, especially in stressful conditions like
drought. Also, my study confirms the presence of significant maternal effects on traits
related to floral attraction, such as petal length, flower diameter, stigma length, and
herkogamy, which play a crucial role in influencing pollinator efficiency. My study further
showed that water availability significantly influences nectar volume production rather
than maternal environmental effects, as expected by previous studies, (Gallagher &
Campbell, 2017; Petanidou et al., 1999; Waser & Price, 2016). Moreover, my study also
supports the claim that maternal effects are context-dependent. | conclude that
maternal effects are complex and dependent on environmental conditions. Further
research is needed to determine whether these effects are beneficial for offspring in
environments that match their maternal conditions and how they may impact plant

fitness in future climate scenarios, such as increased drought.

In conclusion, my thesis adds to our understanding of floral evolution, especially
in response to both biotic and abiotic selective pressures. By investigating multiple
functional trait classes and studying phenotypic selection across different environmental

contexts, | was able to uncover new insights into how selection targets vary between
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closely related species. My work on pollinator and drought-mediated selection, as well
as the impact of maternal effects on floral traits, highlights the complex and context-
dependent nature of these processes. This research not only expands the current
knowledge on floral diversity and plant-pollinator interactions but also emphasizes the
need for continued investigation into the role of maternal effects and phenotypic

plasticity in shaping plant fitness, particularly in light of climate change.
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