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ABSTRACT
Earlier spring warming temperatures induced by climate change are projected to

advance snowmelt in the alpine tundra, resulting in changes to plant flowering regimes which
have the potential to interrupt reproductive processes. In this study, | investigate the effect of
snowmelt timing on the flowering synchrony and reproductive success of three co-flowering
species across four sites with various mean snowmelt timing in an alpine meadow ecosystem. |
find distinct responses to earlier snowmelt within my study species. Changes to snowmelt
timing may have detrimental impacts on reproduction in some species, but positive effects in
others. My results suggest that changes to flowering synchrony among and within species in
response to snowmelt can have species and interaction specific consequences for

reproduction in future climate scenarios.
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CHAPTER 1

LITERATURE REVIEW

Flowering phenology can be signaled by multiple different aspects of the environment,
and the signals utilized often vary between species (Wilczek et al 2010, Kudo 2020). Many of
these cues are expected to shift with climate change (Chmura et al 2018). In the alpine tundra,
one of the most important phenological cues to instigate flowering is snowmelt because alpine
environments have relatively short summer growing seasons, and consequently short time
periods in which to flower (Inouye and Wielgolaski 2013, Kudo 2020). Plant responses to
snowmelt can be related to different environmental variables, including moisture and
temperature. Increases in soil moisture can cue plants into the start of the growing season as
melting snow increases soil moisture, which can instigate plant growth and flowering (Holway
and Ward 1963, Holway and Ward 1965). Cumulative increases in daily temperatures can
contribute to snowpack thawing and cue plants to flower (Hulber et al 2010). Soil warming
therefore is an important cue for the start of the growing season (Inouye 2019). Nonetheless,
not all phenological cues in the alpine tundra are related to snowmelt timing. Daylength, or
photoperiod, has been shown to influence phenology in alpine plants, and can even buffer
plants from emerging too early after warm spells in late winter or early spring (Keller and

Korner 2003, Bannister et al 2005).

The effects of climate change likely will have increasingly important impacts for

flowering phenology in alpine ecosystems. One of the aspects of climate change that impacts



alpine ecosystems is earlier warming temperatures and reduced snowpack in the spring, which
result in earlier snowmelt timing (Wipf et al 2009, Vorkauf et al 2021). Additionally,
temperatures are becoming more variable, which some studies suggest will result in reduced
phenological sensitivity in plants (Wang et al 2013). Previous research has shown that advanced
snowmelt timing has caused earlier flowering in alpine plants (Petragalia et al 2014, Winkler et
al 2018). These shifts in phenology in response to snowmelt timing could therefore have

consequences for alpine plant reproduction.

An important aspect of plant phenology is synchrony, or the amount of overlap in timing
of events. Flowering synchrony can be thought of as the temporal overlap in flowering
distributions, or times when plants put out flowers (Augspurger 1983). Flowering synchrony is
important because it can influence plant reproduction via several factors. At the individual
level, flowering at the same time as conspecific neighbors can increase the chances of receiving
and getting fertilized by outcrossing pollen (Tachiki et al 2010, Feldman 2008). On the other
hand, individuals flowering synchronously with heterospecific neighbors can increase the
chances of heterospecific pollen deposition (Morales and Traveset 2008, Smith et al 2021). At
the community level, competition for pollinators may also be higher when flowering
synchronously with heterospecifics; however large and attractive floral displays created by
multiple flowering species blooming together may also act facilitatively and attract more
pollinators to the community than a single species, increasing pollination rates for all species
(Hurtado et al 2023, Johnson et al 2022, Hegland and Totland 2012). As discussed before,
phenological cues that initiate flowering vary among plants. As spring temperatures continue to

warm and snowmelt times become earlier, some plants may adjust their phenology to match



snowmelt, but others that use different phenological cues may not. This is one key way in which

shifting phenology can impact alpine reproduction.

Another key component of synchrony is that between plants and pollinators. Flowering
synchrony with pollinators is often necessary for plant reproduction, as most flowering alpine
plant species rely on insect visitors for pollination services (Ollerton et al 2011). The main
pollinating insects in this ecosystem are bees and flies, followed by butterflies, moths, and
some beetles (Inouye 2019). Pollinator diversity is lower in the alpine compared to lower
elevations due to the harsher conditions that some animals cannot tolerate, though many
insect taxa specialize in alpine pollination (Inouye 2019). Furthermore, pollinators are a
relatively scarce resource due to the harsh climate (Kearns 1992, Bingham 1999). Thus,
synchrony between plants and pollinators is likely very important for increasing the chances of

a given pollinator encounter.

Nonetheless, it is important to note that plant reproductive success depends not only on
pollinator abundance, but also on their effectiveness at pollination (Herrera 1989, Kehrberger
et al 2019, Willcox et al 2017). Flowering species often have floral morphological traits that
select for the most effective types of pollinators, known as pollination syndromes (Fishman and
Wyatt 1999). In addition to floral anatomy, pollinators have different behaviors that work to
collect and spread pollen between flowers, and this can influence their effectiveness in
pollination services. Floral constancy is the idea that pollinators use a search image approach to
finding flowers (Waser 1986). Floral constancy was originally found in bees, but evidence exists
for constancy in flies, beetles, and lepidopteran foraging behaviors as well (Amaya-Marquez

2009). Pollinators that exhibit floral constancy are more likely to visit flowers with similar traits



(e. g. color, morphology, scent). This can lead to greater outcrossing rates through higher rates
of conspecific pollen deposition (Montgomery 2009). However, pollinators don’t always visit
the same species within a given foraging event, and therefore heterospecific pollen may end up

on stigmas as well (Ashman 2013).

High heterospecific pollen loads can negatively affect plant reproduction by clogging
receptive stigmas and thus reducing the chance of fertilization by conspecific pollen (Galen and
Gregory 1989, Bell et al 2005). Heterospecific pollen can also be allelopathic, releasing
chemicals that inhibit germination, tube growth, or ovule development (Ashman and Arceo-
Gomez 2013). The amount of heterospecific pollen deposited on stigmas of a given plant
species depends on multiple factors. Past research on 29 species occupying a prairie community
show that flowers with restrictive morphologies received less heterospecific pollen than those
with unrestrictive morphologies (Montgomery and Rathcke 2012). Additionally, the amount
and diversity of heterospecific flowers within a flowering community can affect the number of
heterospecific pollen grains deposited on stigmas (Levin and Anderson 1970). With this in mind,
if earlier snowmelt alters flowering synchrony between heterospecific plants, the amount of
heterospecific pollen deposited on stigmas may change. Although, plant-plant flowering and

plant-pollinator synchrony may not respond to snowmelt congruently.

Both plants and their pollinators can respond to earlier snowmelt in different ways,
either advancing, delaying, or maintaining their phenology. In many cases, pollinators are not
shifting their phenology in the same way their plant counterparts are (McKinney et al 2012,
Kudo 2014) leads to plant-pollinator mismatch, which can negatively affect plant reproduction

by reducing the co-occurrence of effective pollinators available for pollen transfer (Hegland et



al 2009, Miller-Struttmann et al 2015, Gerard et al 2020). For example, one study found that
solitary nesting bees and wasps are less likely than plants to advance their phenology due to
spring warming (Forrest and Thomson 2011). Nonetheless, the researchers posit that this alone
is unlikely to significantly affect either plants or pollinators because both members of the
relationship likely respond to the same phenological cues, given survival and reproduction are
closely tied into the interaction. This supports the notion that plant-pollinator interactions may
be resilient to the effects of climate change due to the nested structure of their interactions
and plasticity of generalist pollinators (Memmott et al 2007, Gerard et al 2020). In alpine
ecosystems, plant pollinator interactions may be conserved through microclimate differences,
interannual climate variation, and the generalist foraging behavior of alpine pollinators
throughout the flowering season (ller et al 2013, Hall 2018, Inouye 2020). Therefore, the effects
of earlier snowmelt and changes in flowering synchrony have implications for alpine plant-

pollinator interactions and fertilization.

Understanding how snowmelt timing influences flowering synchrony and plant
reproduction in alpine environments will bring researchers to a greater understanding of how
plant fitness will be affected by changes in climate. Though plant phenological responses to
climate change have been well documented, less research has explored the impact of snowmelt
on flowering synchrony, particularly in alpine regions. In this thesis, | aim to elucidate how
snowmelt timing influences flowering synchrony within and between three alpine cushion
plants, and whether variation in synchrony has impacts on pollen deposition and fruit

production.



CHAPTER 2

EARLIER SNOWMELT TIMING IS ASSOCIATED WITH SPECIES-SPECIFIC SHIFTS IN FLOWERING
SYNCHRONY AND REPRODUCTION IN THREE ALPINE PLANTS!

1 Horne, E.C. To be submitted to a peer-reviewed journal



ABSTRACT

With earlier spring warming temperatures brought on by climate change, snowmelt
timing is also becoming earlier in the alpine tundra. Earlier snowmelt timing in this ecosystem
has the potential to shift flowering regimes throughout the growing season. However, not all
plants shift their flowering timings at the same rate, both within and among species, resulting in
changes to flowering synchrony and potentially novel floral neighborhoods. Changes in
flowering synchrony can have impacts on plant-plant interactions, particularly in the context of
pollination and reproduction. This study aims to determine the effect of snowmelt timing on
the conspecific and heterospecific flowering synchrony between three alpine cushion plant
species, Silene acaulis, Minuartia obtusiloba, and Phlox condensata. Additionally, | investigated
the effect of conspecific floral display on conspecific pollen deposition as well as the effect of
conspecific and heterospecific flowering synchrony on fruit set. | compared these results with
the overall effect of snowmelt on fruit production and pollen deposition. | measured floral
display size, fruit set, and pollen deposition across four sites with varying mean snowmelt
timing in an alpine meadow ecosystem. | find that responses to earlier snowmelt within these
three species are distinct. The earlier flowering species, Phlox and Silene, showed less
synchrony with heterospecifics with earlier snowmelt timing. The later flowering species,
Minuartia, showed more conspecific and heterospecific synchrony with earlier snowmelt
timing. | find that conspecific synchrony increased fruit production in Minuartia and Phlox, and
heterospecific synchrony increased and decreased fruit production in Silene and Phlox,
respectively. Nonetheless, | find that the overall effect of snowmelt timing seems to be a

stronger driver of reproductive success than plant-plant interactions.



INTRODUCTION

Many plants that reside in the alpine tundra adjust their phenology to the timing of
snowmelt (Inouye and Wielgolaski 2013). One aspect of phenology that is particularly
important for plants is flowering time. Flowering time influences the number of potential mates
available for outcrossing, and how many pollinators are available to reach those potential
mates (Weis et al 2014, Shelton et al 2023). Due to climate change, earlier snowmelt is
occurring in the alpine with the rise of warmer and more variable spring temperatures (Wipf et
al 2009, Vorkauf et al 2021). Thus, many plant species are expected to shift their flowering
times with earlier snowmelt, if they haven’t already, given that this is a common phenological
cue for flowering in alpine regions (Winkler 2018, Inouye and Wielgolaski 2013). Nonetheless,
some plants rely on other cues, such as photoperiod, temperature, and water availability to
induce flowering (Keller and Korner 2003, Bannister et al 2005). Shifts in flowering time, or the

lack thereof, can have consequences for plant reproduction.

Within a single plant species, shifting phenology may have negative impacts for plant
reproduction through a variety of mechanisms. Phenological mismatch between pollinators and
plants induced by climate change may negatively affect pollination within plant species
(Hegland et al 2009, Miller-Struttmann et al 2015, Gerard et al 2020). However, phenological
mismatch may be buffered in alpine environments by microclimate differences, interannual
climate variation, and the adaptability of generalist pollinators throughout the flowering season
(ller et al 2013, Hall 2018, Inouye 2020). Another way shifting flowering regimes can influence
plant reproduction is via changes in plant-plant interactions. Flowering synchrony is the amount

of overlap between flowering periods, and can be measured within and between plant species



(Ims 1990). Shifting phenology can affect flowering synchrony, resulting in consequences that

can influence reproduction.

In particular, changes in flowering time can alter synchrony within a single species, or
conspecific synchrony, which can have positive and negative effects on plant reproduction
depending on community context. If plants are flowering at the same time as their conspecific
neighbors, this can increase outcrossing rates due to increased chances of pollinators visiting
plants of the same species and spreading pollen between individuals (Feldman 2008).
Additionally, a higher number of the same plant species flowering together increases the
chance for conspecific pollen deposition, increasing the chance of fertilization (Duffy and Stout
2011). Nonetheless, competition can still have a strong influence on the amount of pollination
services received among conspecifics. Individuals flowering at the same time as other
conspecific individuals might reduce visitation rate by decreasing the ratio of pollinators to
plants, thus increasing the demand for pollinators (Bergamo 2020, Ward 2013). In this case,
flowering less synchronously with conspecifics would increase reproductive output, though not

necessarily outcrossing.

Dynamics between plants and pollinators become more complicated when considering
plant communities as a whole, and how heterospecific flowering synchrony influences
reproduction. Individuals flowering together with their heterospecific neighbors to create large,
showy displays might be more attractive to pollinators, facilitatively increasing pollinator
visitation (Moeller 2004, Tachiki et al 2010). However, more heterospecific synchrony also
creates a higher chance for heterospecific pollen deposition (Ashman 2013). High heterospecific

pollen loads can reduce the chance of fertilization by clogging receptive stigmas and reducing



conspecific pollen germination (Galen and Gregory 1989, Bell et al 2005). Low pollinator fidelity,
unrestrictive floral morphology, and high diversity of flowering communities all have the
potential to increase heterospecific pollen deposition (Montgomery 2009, Fishman and Wyatt
1999, Levin and Anderson 1970). However, pollinators are unlikely to visit plant species
randomly with respect to their frequency, and instead may rely on a search image to
temporarily specialize on one or a few plant species while foraging. This pattern of floral
constancy in pollinator behavior can reduce heterospecific pollen load (Levin and Anderson

1970).

The strength of competition or facilitation within a flowering neighborhood depends on
community composition and structure. Plants tend to experience more heterospecific
pollinator competition when surrounding plants are visited by the same pollinators and have
similar pollination syndromes, and this competition is thought to structure communities so that
a diversity of pollination syndromes are present (Sargent and Ackerly 2008). However, Sargent
and Ackerly (2008) also note that, in communities structured by pollinator facilitation, more
similar pollination syndromes are expected since plant species that share pollinators are more
likely to persist when coexisting in these communities. Pollinator resources can also vary in
different communities, where overall pollinator abundance, visitation rate, pollinator
effectiveness, and floral constancy may also play a role in driving reproductive success (Hegland
et al 2009, Miller-Struttmann et al 2015, Gerard et al 2020, Montgomery 2009, Willcox et al
2017). In alpine ecosystems, pollinators are a relatively scarce resource due to the harsh
climate (Kearns 1992, Bingham 1999). A lack of readily available pollinators might drive more

competitive plant interactions owing to lower visitation rates by effective pollinators (Chittka
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and Schurkens 2001). Nonetheless, other research hints to the importance of facilitative
pollination interactions (Moeller 2004, Gurung et al 2018). In the case of flowering synchrony in
alpine communities, it is unclear whether competition or facilitation is a more powerful driver

of reproductive success.

Research that seeks to disentangle the effects of earlier snowmelt on coflowering
synchrony and plant reproduction could better inform how climate change will impact
flowering community persistence in alpine environments. In this study, | examine the dynamics
of flowering synchrony in three alpine cushion plants: Silene acaulis (Carophyllaceae),
Minuartia obtusiloba (Carophyllaceae), and Phlox condensata (Polemoniaceae). | explore
whether snowmelt timing affects flowering synchrony both within and between species. | also
investigate how local conspecific and heterospecific floral displays influence patterns of pollen
deposition over the flowering season. Lastly, | test whether conspecific or heterospecific

synchrony influences reproductive success.

Flowering earlier increases the length of the potential flowering period, creating greater
opportunity for plants to flower asynchronously. Therefore, | hypothesize that individual
variation and variation between species in response to snowmelt will induce more asynchrony
in conspecific and heterospecific flowering in sites with earlier snowmelt (Figure 1). Given the
most common alpine pollinators likely exhibit some floral constancy and the relative scarcity of
pollinators in alpine tundra habitats (Waser 1986, Bingham 1999, Amaya-Marquez 2009), |
predict that greater conspecific synchrony will result in higher reproductive success through
facilitation, and the presence of more outcrossing opportunities. In contrast, | predict that

greater heterospecific synchrony will result in lower reproductive success due to competition

11



for pollinators and higher rates of heterospecific pollen deposition. Alternatively, | could find
that heterospecific synchrony could confer a fitness advantage by aiding in an overall more
attractive floral display, or that the competitive and facilitative effects of synchrony combine to

show no net effect (Figure 2).

METHODS

Study System and Species

| collected data at the Niwot Ridge LTER (40.05411, -105.5891, 3022-3790m, Colorado,
USA) from June 19* through August 15t of 2023. Niwot ridge is an alpine meadow along the east
face of the front range of the Rocky Mountains. | conducted this study at four previously
marked sites at varying elevations (Table 1) and exposure to maximize variation in snowmelt
timing (Figure 3). | expected that two sites, Early 1 and Early 2, would have earlier snowmelt
because they are more exposed and slightly higher in elevation compared to the other two
sites, Late 1 and Late 2. Sites at higher elevations are more exposed to winds that prevent the
formation of heavy snowpack, thus snow melts more readily than sites where snowpack is
thicker. These sites are part of a demography and phenology study established in 2021
(DeMarche, unpubl. data). Each site contains one transect where plants of all three study

species were mapped and marked (Figure 4).

Three alpine cushion species were chosen for this study: Silene acaulis, Minuartia
obtusiloba, and Phlox condensata. All three species are long-lived herbaceous perennials mainly

found in alpine tundra environments, and they all flower between June and August. Cushion
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plants are characterized by their short, dense growth pattern, forming mats that spread radially
along the ground. Foliage consists of densely packed stems that end with a rosette. These three
species commonly cooccur, often with overlapping foliage, and flower at approximately the
same time, making them good candidates for studying effects of synchrony in the wild (Figure

5).

Silene acaulis produces small flowers ranging from light to dark pink, with reproductive
structures presented openly. Silene acaulis individuals can live for hundreds of years, with some
of the oldest plants being over 300 years old (Morris and Doak 1998). This plant is
gynodioecious, where some individuals only produce female (pollen-sterile) flowers and some
individuals produce hermaphrodite flowers. Silene acaulis females have been shown to produce
more fruits and higher quality seeds than their hermaphroditic counterparts (Morris and Doak
1998). Minuartia obtusiloba is also gynodioecious. This species produces smaller, white flowers
with reproductive structures presented openly. Life expectancy for M. obtusiloba is around 200
years (Forbis and Doak, 2004). Minuartia obtusiloba and S. acaulis share similar pollinators,
including insects from Coleoptera, Diptera, Hemiptera, Hymenoptera, and Lepidoptera (Resasco
unpubl. data). Phlox condensata flowers range from white to pale purple, and reproductive
parts remain inside the corolla tube, with stigmas underneath anthers (Locklear 2011). They are
generally larger than S. acaulis and M. obtusiloba flowers. Little is known about P. condensata
pollinators, though in observations | made, | noted visits from ants (Formicidae) and flies
(Tachinidae, Syrphidae). Another study from Niwot ridge also observed ant and fly visitors to
Phlox (Rose-Person et al 2023). One study suggests they are visited at night by moths (Kendall

et al 1981).
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Snowmelt

To estimate snowmelt timing, | used data on soil surface temperatures recorded by
three HOBO 64k temperature data loggers (°®Onset Computer Corporation) at the beginning,
middle, and end of each transect. Temperature data is recorded every 2-4 hours across the
entire year. | averaged data across the three loggers to get an estimate of mean plot conditions.
| estimate last snow cover date by finding the first spring day with mean temperature >2°C and
>1°C difference between maximum and minimum daily temperatures, indicating that a sensor
is no longer insulated by snowpack (Zettlemoyer et al, 2024). When snowpack is present, soil
temperature remains constant due to insulation from the snow. Thus, | can use a combination

of the soil temperature and its variation to estimate snowmelt.

Floral Display Over Time

| counted the number of open flowers for the three species at each transect throughout
the season to measure the overlap in flowering distributions. | used photographs of 0.5x0.5m
guadrats along the transect to count flowers after the flowering season ended (Figure 6).
Photographs were taken three days per week. This method allowed me to maximize my time in
the field, given some individuals of each species can produce hundreds of flowers. At each site,
| placed a quadrat made of PVC piping against a transect tape running along the transect. If
flowers of either of the three focal species were present in the transect, | would take a photo of
the quadrat; otherwise, | recorded 0 open flowers for that quadrat at that time. Cameras were

positioned so that the PVC quadrat's top and bottom edges lined up with the photograph's
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edges. Once a photo was taken, | moved the quadrat to the next 50cm location. If there were
no flowers from the three focal species in a quadrat, that quadrat was skipped. After the field
season had passed, | went through every photo and quantified the number of flowers of each
species that were present in each quadrat. Flowers were not counted if they were early (buds),
senesced, or overlapped with other quadrats. When | found overlap in quadrats, | counted

them in the first quadrat where they were observed, and ignored them in later ones.

Synchrony Estimates

| calculated a synchrony index for each focal species in each quadrat of a site by
comparing the flowering distribution of that species within a quadrat to the site-level flowering
distribution of each of the three focal species. This resulted in quadrat-level estimates of both
conspecific and heterospecific synchrony for each of the three focal species. The synchrony
index quantifies the amount of overlap between two flowering distributions (Hall et al 2018),

as:

D
Fqd Fsd
Slqg=1-—05 | ———1(1)
Fqs Fss
d=1

where Fqq and Fsq are the total number of open flowers on day d for a quadrat g or for the site s,
and Fgs and Fss are the total number of flowers produced across all D census days for a quadrat
g or for the site s, respectively. This index ranges from 0, where there is no overlap in flowering

between a quadrat and the site, and 1, where there is perfect overlap between the quadrat and

the site. Conspecific synchrony quantifies the overlap between a species’ flowering distribution
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within a quadrat to the site level flowering distribution of the same species. Heterospecific
synchrony, similarly, quantifies the overlap between a species’ flowering distribution within a
guadrat to the site level floral display of each of the other two species, resulting in two
estimates of heterospecific synchrony per species (ex. Silene vs. Minuartia, and Silene vs.

Phlox).

Pollen Deposition

At each of the four sites, | collected stigmas from each plant species and sex (when
applicable) to observe the composition and quantity of pollen deposited on receptive flowers.
Throughout the flowering season (6/19-7/28), we visited each site twice per week and collected
10 stigmas from haphazardly selected individuals of each species. For gynodioecious species, |
aimed to collect 5 stigmas from individuals of each sex. | collected all stigmas from 4-10
individuals per species per sampling date, with no more than three flowers collected from a
single individual. Silene acaulis and Minuartia obtusiloba produced three stigmas per flower
and Phlox condensata produced one per flower. | did not record the identity of plant individuals
when collecting stigmas, and therefore cannot include this as a covariate in analyses. Stigmas
were preserved in microcentrifuge tubes filled with a mixture of acetic acid and ethanol, then
transferred to tubes filled with 75% ethanol after 24 hours (Kearns and Inouye 1993). In order
to identify pollen grains of particular species, | also collected anthers of each of the three focal

species as well as other co-flowering plant species found within a given site to form a pollen
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library. Anthers were preserved similarly to stigmas by storing first in acetic acid and ethanol for

24 hours, then transferring to 75% ethanol until ready to be mounted.

Anthers were mounted on slides and observed under a microscope (Accu-Scope® EXI-
310) and imaged to create a pollen library for future reference. Stigmas were mounted on
slides using a 20% glycerin solution. All stigmas from an individual flower were mounted on the
same slide. Pollen grains were viewed under a (get exact brand and model) microscope. | used
the pollen library as a reference to visually identify pollen grains found on the collected stigmas
based on size and morphology. At this stage, | noted that S. acaulis pollen and M. obtusiloba
pollen grains were indistinguishable based on morphology and size. | attribute this to these
species being in the same family. Pollen grains that were unfamiliar or not present in the pollen
library were categorized based on shape. The number of heterospecific pollen grains and
conspecific pollen grains were recorded. S. acaulis pollen and M. obtusiloba pollen were

categorized as Carophyllaceae pollen.

Fruit Set

Towards the end of the field season (7/21 —8/1), demographic data were collected for
all mapped plants in a transect. Among other measurements, this includes fruit count and plant
size, which were used in this study. Plant size for M. obtusiloba and S. acaulis was determined
by calculating the area of the plant as an ellipse (Morris and Doak 2010). | measured the plant's
length along the longest axis and then the length perpendicular to the longest. The percentage

of the plant missing from the ellipse was estimated as well. These measurements were used to
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calculate the final area of the plant. Plant size for P. condensata was assessed using rosette

count. Fruit count consisted of the total fruits produced by a single plant.

Statistical Analyses

All analyses were performed using R Statistical Software (v4.1.3; R Core Team 2021). All

model assumptions were met before running analyses.

Synchrony and snowmelt: | tested patterns of flowering synchrony across sites by fitting
separate general linear models for each species. For each species, | used synchrony as the
response variable and included site, comparison species, and their interaction as predictors.
Comparison species refers to which species’ flowering distribution — S. acaulis, M. obtusiloba, or
P. condensata - at the site level was being compared to the species at the quadrat level. For
example, S. acaulis at the quadrat level had three comparisons: S. acaulis at the site level
(conspecific synchrony), and M. obtusiloba and P. condensata at the site level, (heterospecific
synchrony). Thus, including comparison species as a predictor allowed me to test for
differences in conspecific vs. heterospecific synchrony both as a main effect and as an
interaction with site. | used a similar approach to assess the effect of snowmelt time on
synchrony. | again fit separate general linear models for each species with synchrony as the
response variable, and included mean snowmelt date, comparison species, and their interaction
as predictors. | tested the significance of predictors with type Il F-tests using the Anova
function in the car package (Fox and Weisberg 2019) and calculated estimated marginal means

and confidence intervals using the emmeans package (Lenth 2023).
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Pollen deposition: To determine whether floral display influences conspecific pollen
deposition, | tested for a relationship between the total number of conspecific flowers within a
transect on a particular sampling day and the percentage of conspecific pollen grains found on
nearby stigmas collected the following day. | fit generalized linear models for each species,
using the quasibinomial family to account for large variation in the data. | used the number of
conspecific flowers, site, and the interaction between conspecific flowers and site as predictor
variables. | tested for effects of sex for Silene and Minuartia, but sex was not significant so |
excluded it from my analyses. | tested the significance of predictors with type Il F-tests using

the Anova function in the car package (Fox and Weisberg 2019).

Using a similar method to testing the effects of floral display, | tested the effect of
snowmelt timing on conspecific pollen percentage using the mean snowmelt date as a
predictor variable. | fit generalized linear models for each species using the quasibinomial
family. | tested the significance of predictors using type Il F-tests using the Anova function in

the car package (Fox and Weisberg 2019).

Reproductive success: To assess whether flowering synchrony influences reproductive
success, | tested for a relationship between the fruit production of individual plants and the
synchrony values calculated for the quadrat in which that plant occurred. This allowed me to
relate reproductive success, which | measured at the level of individuals, with patterns of local
flowering synchrony measured at the level of quadrats. | fit negative binomial models to
account for overdispersion in fruit count data, and fit separate models for each species. | used
guadrat-level summed fruit number as the response variable and included each of the three

measures of synchrony (conspecific plus both heterospecific comparisons), plant size (log
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transformed plant area for S. acaulis and M. obtusiloba, log transformed rosette count for P.
condensata), plant sex, and site as predictor variables. | fit negative binomial generalized linear
models for each species, using the log link function to account for overdispersion. | then ran a
type Il F-test with the Anova function in the car package (Fox and Weisberg 2019) on each of

the models to determine significance of predictors.

Using a similar method to testing the effects of synchrony, | tested the effect of
snowmelt timing on fruit set using the mean snowmelt date as a predictor variable. | also
included plant size and site as predictors. | fit negative binomial generalized linear models for
each species, using the log link function to account for overdispersion, and ran a type Il F-test
with the Anova function in the car package (Fox and Weisberg 2019) on each of the models to

determine significance of predictors.

RESULTS

Synchrony and Snowmelt Timing

Early 1 experienced the earliest average snowmelt, followed by Early 2, Late 1, and Late
2, respectively (Figure 6). Snowmelt timing differences were slight between sites Early 2, Late 1,

and Late 2.

Across sites, | see distinct differences in the flowering distributions of the three species.
P. condensata flowers first at most sites, with a short and narrow flowering window (Table 2,

Figure 7). Phlox condensata generally produces the largest floral display at peak flowering
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compared to the other species, with the exception of Early 1. S. acaulis flowering peaks in
between the other two species, with flowering window varying between sites. M. obtusiloba
peaks latest of the three, and has a long flowering window. Peak flowering dates for P.
condensata and M. obtusiloba were earlier in the more exposed sites compared to the
sheltered sites. Silene acaulis peak flowering dates were inconsistent between sites, however

Late 1 peak flowering date was later than the other three. (Table 2, Figure 7).

There was a significant interaction effect of site with comparison species, indicating that
synchrony differed among sites, but this depended on the type of synchrony for all three
species (Table 3). All three species consistently had higher conspecific synchrony than
heterospecific synchrony across sites. Phlox condensata and M. obtusiloba, were least

synchronous with each other (Figure 8).

The interaction between comparison species and snowmelt date was significant for all
three species (Table 4), indicating that the effect of snowmelt timing varies depending on
species and species comparison. For P. condensata, heterospecific synchrony with both S.
acaulis and M. obtusiloba decreased significantly with earlier snowmelt date, whereas
conspecific synchrony remained stable and high (~0.75) regardless of snowmelt conditions
(Figure 9). For M. obtusiloba, conspecific synchrony and synchrony with S. acaulis increased
significantly with earlier snowmelt (Figure 9). In S. acaulis, there was significantly less synchrony

with P. condensata with earlier snowmelt (Figure 9).
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Pollen Deposition

Carophyllaceae pollen percentage in M. obtusiloba appears to be lowest early in the
flowering season across all sites, and in S. acaulis in most sites except Late 2 (Figure 10).
Contrastingly, in P. condensata, the percentage of conspecific pollen appears to remain

consistently high throughout the flowering season (Figure 10).

The interaction between the number of conspecific flowers and site was a significant
predictor of the proportion of conspecific pollen and Carophyllaceae pollen deposited on
stigmas in both P. condensata and S. acaulis, respectively (Table 5). In M. obtusiloba, main
effects of floral display and site were significant, but not the interaction, indicating floral display
is an effective predictor of Carophyllaceae pollen deposition regardless of site (Table 5). The
effect of floral display was positive in M. obtusiloba across sites, but negative in P. condensata
in Early 1 and Late 1 (Figure 11). In S. acaulis, Carophyllaceae pollen percentage increased with
conspecific floral display in Early 2 and Late 1, but decreased in Late 2 (Figure 11). Earlier mean
snowmelt date significantly decreased Carophyllaceae pollen deposition in Silene acaulis and
Minuartia obtusiloba, but had no effect on Phlox condensata conspecific pollen deposition

(Table 6, Figure 12).

Fruit Production

Conspecific synchrony was a significant predictor of fruit production in both M.
obtusiloba and in P. condensata (Table 6). For both of these species, conspecific synchrony

increased fruit production (Figure 13). There was no significant effect of conspecific synchrony

22



on fruit production in S. acaulis (Table 6). Interestingly, S. acaulis synchrony with M. obtusiloba
significantly increased fruit production in S. acaulis, whereas synchrony with S. acaulis
significantly decreased fruit production in P. condensata (Table 6, Figure 13). In all three
species, both site and plant size also significantly influence fruiting (Table 6). Earlier mean
snowmelt date significantly decreased fruit production in M. obtusiloba and P. condensata, but

significantly increased fruit set for S. acaulis (Table 7, Figure 14).

DISCUSSION

Changes in flowering synchrony of plant communities due to climate change could have
profound impacts on pollinator visitation and reproductive success. In this study, | compared
conspecific and heterospecific synchrony, pollen deposition, and reproductive success of three
co-flowering alpine plants in sites that vary in the timing of snowmelt. | found that flowering
synchrony varies significantly with snowmelt date, but this depends on the type of synchrony. |
find that conspecific floral density lowers conspecific pollen deposition in Phlox condensata,
increases it in Minuartia obtusiloba, and mixed results depending on site for S. acaulis. Fruit set
is influenced by conspecific and heterospecific synchrony depending on the species and
comparison species. Earlier snowmelt timing overall decreases fruit set in M. obtusiloba and P.
condensata, but increases fruit set in S. acaulis. Overall, plant phenological responses to
environmental changes like snowmelt timing appear to be species specific, as are the

consequences for reproduction.
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Snowmelt and Synchrony

The effect of snowmelt timing on flowering synchrony differed in magnitude and even
direction depending on the species involved (Figure 9). Overall, conspecific synchrony values
were consistently higher than the heterospecific synchrony values for all three species,
regardless of snowmelt. This is consistent with another study examining snowmelt effects on
synchrony within populations of Empetrum hermaphroditum, an alpine dwarf shrub (Bienau et
al 2015), and another study investigating synchrony across multiple species (Carbognani et al
2016). | find the largest effects of snowmelt date are on heterospecific synchrony (Figure 9).
The two earlier flowering species were less synchronous together with earlier snowmelt,
indicating that climate change may reduce synchrony between these species as regular spring
snowmelt times become earlier. In other research, Chen et al (2022) noted reduced
heterospecific synchrony in warmed plots compared to untreated plots, consistent with what |
see in P. condensata and S. acaulis. This trend is also seen in Fisogni et al (2022), where
heterospecific synchrony decreased across an elevation gradient due to warming temperatures
across four decades of sampling. Perhaps these two species rely on different phenological cues
to flower, given that phenological responses to climate change are often species specific, and
even if species respond to the same factor, they can respond in different directions (Arft et al

1999, Galen and Stanton 1995, Hulber et al 2010).

Conversely, | find in later flowering species, heterospecific synchrony increases with
earlier snowmelt. Earlier snowmelt also induced greater conspecific synchrony in later
flowering species. If conspecific synchrony is greater with earlier snowmelt in M. obtusiloba,

this might provide greater outcrossing opportunities under climate warming. Carbognani et al
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(2016) saw greater synchrony between both conspecifics and heterospecifics in experimentally
warmed plots compared to untreated plots, which is consistent with most of my observations in
M. obtusiloba. Minuartia obtusiloba flowering has a greater spread throughout the season and
peaks later than the other species. Moore and Lauenroth (2017) find that earlier flowering
species are more phenologically responsive to warming, whereas in later flowering species with
longer flowering durations, flowering phenology is driven more by precipitation. Perhaps
species like Minuartia that have a general strategy of flowering for longer time periods will

show less shifts in flowering time in response to snowmelt.

Reproductive Success

Synchrony and floral display influence strong effects on conspecific pollen deposition
and fruit set, however these effects indicate a mix of competitive and facilitative interactions. In
P. condensata, conspecific floral display decreases the proportion of conspecific pollen
deposition, and this is dependent on site (Figure 11). This finding is especially interesting, given
that | found flowering synchrony with conspecifics in P. condensata increases fruit set. A study
looking at heterospecific pollen deposition in a hummingbird pollinated community found
increased reproductive success with greater amounts of heterospecific pollen, and they suggest
the negative consequences of heterospecific pollen deposition may be overcome by sufficient
deposition of conspecific pollen (Lopes et al 2021). | find mixed results in Silene acaulis, where
the effect of conspecific floral display on the percentage of conspecific pollen deposited on

stigmas is site dependent. In two sites, there is a positive relationship, and in one site, | find a
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negative relationship. This indicates there may be site differences in either pollinator
interactions or selfing in this species. In Minuartia, | see that a greater floral display size
increases the percentage of conspecific pollen deposited on stigmas regardless of site,
indicating that fertilization is more likely with larger conspecific floral displays. This is consistent

with what | see in fruit production as well for this species.

| found evidence for conspecific synchrony to be an important driver of reproductive
output in the form of fruit set in two of my three study species (Figure 13). Silene acaulis did
not exhibit a relationship between conspecific synchrony and fruit set, contradictory to my
hypothesis and results of other studies on conspecific synchrony in this species (Hall et al 2018,
Kempe 2014). Higher conspecific synchrony is thought to increase outcrossing potential, and
therefore increase reproductive output (Tachiki et al 2010, Feldman 2008). However, there is a
possibility that competition for pollinators can nullify the facilitative effect of attracting
pollinators, as exemplified in Schiffer et al (2022), where flowering before or after the peak
blooming period increased plant fecundity through escaping conspecific competitors. In
Minuartia obtusiloba and Phlox condensata, | find that higher conspecific synchrony increases
fruit set, which is consistent with my hypothesis and supports conspecific facilitation. In M.
obtusiloba, earlier snowmelt increases conspecific synchrony, indicating that climate change

may increase reproduction through this mechanism.

Flowering synchronously with M. obtusiloba increased fruit set in S. acaulis, a result
consistent with the hypothesis of facilitation between heterospecifics (Figure 13). This could be
because the facilitative effect of attracting pollinators is stronger than the competitive effect of

sharing pollinators between these two species. This may be driven by the fact that S. acaulis
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and M. obtusiloba are closely related and share similar pollination syndromes (Moeller 2004).
Furthermore, pollinator observations of both species show they are often visited by the same
species, and thus both species’ compounded floral display may attract pollinators beneficial to
both species (Resasco unpubl. data). In contrast, | find that flowering synchronously with S.
acaulis decreased fruit set in P. condensata, consistent with the prediction that heterospecific
plants compete for pollinator resources. In this case, perhaps pollinator competition is stronger
than facilitation between these two species. Given that synchrony with Silene acaulis decreases

Phlox fruit production, earlier snowmelt may benefit reproduction this species.

Climate Change Implications

All of my study species are long-lived plants. Plants that utilize this strategy generally
tend to put more energy into survival rather than recruitment (Forbis and Doak 2004).
Nonetheless, particularly in future climate scenarios where warming threatens survival,
reproduction is an important demographic factor contributing to population persistence in
long-lived species. For example, populations in Silene acaulis’ southern range are increasingly
limited by the effects of climate warming on reproduction (Morris and Doak 2010). Thus, it is
important to study the effects of climate change on reproduction in long-lived plants as well as

shorter-lived plants.

| find that snowmelt timing has overall effects on reproduction in my study species, and
these effects appear to be disconnected from my findings on species interactions (Figure 15).

Though we see earlier snowmelt has positive effects on fruit production indirectly in M.
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obtusiloba via increases in conspecific synchrony, earlier snowmelt appears to decrease fruit
production (Figure 13). In Phlox condensata, we see a release of competition from S. acaulis in
early snowmelt conditions, but still we see an overall negative effect of earlier snowmelt on
reproduction. These results indicate positive changes in plant-plant interactions in these species
may not be enough to compensate for the other negative effects of earlier snowmelt on
reproductive output. For example, earlier snowmelt can expose flowers to more frost events,
which can decrease reproduction (Inouye 2008, Wheeler et al 2014). Earlier snowmelt timing
has a positive effect on fruit set overall in Silene acaulis, though the mechanisms behind this

finding are unclear.

CONCLUSION

| find evidence for species specific responses to synchrony with earlier snowmelt
between both conspecifics and heterospecifics in my three study species. Based on my results,
these responses likely will have species dependent impacts on reproductive success. These
species-specific responses may be driven by factors such as main pollinator species and
pollinator sharing among plant species, typical flowering duration, and phenological cues, to
name a few. Nonetheless, the plant-plant responses | investigate here appear to have relatively
little impact on the overall effects that earlier snowmelt have on reproduction in my study
species. Future research should consider the interplay between direct and indirect effects of

earlier snowmelt timing on plant reproduction.

28



Table 1: Information regarding the four sites used in this study. Elevation is shown in meters.

For each flowering species, the number of tagged individuals of that species present at the site
is shown.

Elevation S. M. P.
Site Latitude Longitude (m) acaulis obtusiloba condensata Quadrats
Earlyl 40.05312103 -105.57557530 3514 23 104 102 46
Early2 40.05400306 -105.57878193 3503 98 179 112 54
Latel 40.05304495 -105.57698180 3493 48 101 113 54
Late2 40.05610614 -105.58080640 3501 46 103 105 56
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Table 2: Table showing the onset, peak and last day of year (DOY) in which flowering occurred
for each species at each site.

Species Site Onset DOY Peak DOY Last DOY
Silene Early 1 178 187 210
Early 2 178 187 >210
Late 1 175 185 203
Late 2 178 192 208
Phlox Early 1 171 185 201
Early 2 166 180 203
Late 1 166 180 201
Late 2 173 185 210
Minuartia Early 1 178 194 >210
Early 2 175 194 >210
Late 1 171 192 >210
Late 2 175 199 >210
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Table 3: Results of the Anova to assess the effect of site on flowering synchrony across the

three focal species. Comparison species refers to which species’ flowering distribution at the

site level is being compared to the species at the quadrat level.

Site ANOVA Silene

Factor Df F value Significant?
Site 3 2.4577 0.06282
Comparison species 2 12.4385 6.17E-06 ***
Site:Comparison species 6 2.7592 0.01246 *
Site ANOVA Phlox

Factor Df F value

Site 3 5.0206 1.92E-03 **
Comparison species 2 241.606 <2.2E-16 ***
Site:Comparison species 6 19.9249 <2.2E-16 ***
Site ANOVA Minuartia

Factor Df F value

Site 3 2.624 497E-02 *
Comparison species 2 66.5706 <2.2E-16 ***
Site:Comparison species 6 9.0251 1.88E-09 ***
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Table 4: Results of the Anova to assess the effect of snowmelt day of year (DOY) on flowering

synchrony across the three focal species. Comparison species refers to which species’ flowering

distribution at the site level is being compared to the species at the quadrat level.

Snowmelt ANOVA Silene

Factor Df F value P Significant?
Mean Snowmelt DOY 1 1.3979 0.2379
Comparison species 2 4.3432 1.37E-02 *
Mean Snowmelt DOY: Comparison species 2 4.4025 0.01295 *
Site ANOVA Phlox

Factor Df F value P

Mean Snowmelt DOY 1 13.147 3.13E-04 ***
Comparison species 2 25.048 3.71E-11 ***
Mean Snowmelt DOY: Comparison species 2 23.913 1.06E-10 ***
Site ANOVA Minuartia

Factor Df F value P

Mean Snowmelt DOY 1 6.1541 1.34E-02 *
Comparison species 2 16.6893 8.86E-08 ***
Mean Snowmelt DOY: Comparison species 2 15.869 1.93E-07 ***
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Table 5: Results of the Anova to assess the effect of conspecific floral density on the proportion
of conspecific pollen deposited on stigmas across the three focal species.

Pollen Deposition ANOVA Silene

Factor Df Chisq P Significant?
Conspecific Flowers 1 0.5378 0.463334

Site 3 5.5764 1.34E-01
Conspecific Flowers:Site 3 13.875 0.003081 **
Pollen Deposition ANOVA Phlox

Factor Df Chisq P

Conspecific Flowers 1 4.3886 0.03618 *
Site 3 1.8772 5.98E-01
Conspecific Flowers:Site 3 8.0873  0.0442421 *
Pollen Deposition ANOVA Minuartia

Factor Df Chisq P

Conspecific Flowers 1 9.9258 1.63E-03 **
Site 3 19.1658 2.53E-04 H**
Conspecific Flowers:Site 3 4.446 0.2171
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Table 6: Results of the Anova to assess the effect of mean snowmelt DOY on conspecific pollen
percentage across the three focal species.

Pollen Deposition vs Snowmelt ANOVA

Silene

Factor Df Chisq P Significant?
Mean Snowmelt DOY 1 4.64 7.44E-06 ***
Pollen Deposition vs Snowmelt ANOVA

Phlox

Factor Df Chisqg P

Mean Snowmelt DOY 33.281 6.03E-01
Pollen Deposition vs Snowmelt ANOVA

Minuartia

Factor Df Chisq P

Mean Snowmelt DOY 3 6.117 1.74E-02 *
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Table 7: Results of the Anova to assess the effect of flowering synchrony on fruit set across the
three focal species.

Fruit vs Synchrony ANOVA Silene
Factor Df Chisq P Significant?

Silene-Silene Synchrony 1 0.33 0.56549
Silene-Phlox Synchrony 1 33 6.93E-02
Silene-Minuartia Synchrony 1 6.212 0.01295 *
logArea 1 57.726 3.01E-14 ***
Sex 1 0.682 0.40899

Site 3 28.154 3.37E-06 ***
Fruit vs Synchrony ANOVA Phlox

Factor Df Chisq P

Phlox-Phlox Synchrony 1 18.102 2.09E-05 ***
Phlox-Silene Synchrony 1 15.752 7.22E-05 ***
Phlox-Minuartia Synchrony 1 1.741 0.187
logRosette 1 313.323 <2.2E-16 ***
Site 3 73.028 9.59E-16 ***
Fruit vs Synchrony ANOVA

Minuartia

Factor Df Chisq P
Minuartia-Minuartia Synchrony 1 10.632 0.001112 **
Minuartia-Silene Synchrony 1 0.99 3.20E-01
Minuartia-Phlox Synchrony 1 0.057 0.810498
logArea 1 149.16 <2.2E-16 ***
Sex 1 0.886 0.346448

Site 3 8.826 3.17E-02 *
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Table 8: Results of the Anova to assess the effect of mean snowmelt DOY on fruit set across the
three focal species.

Fruit vs Shnowmelt ANOVA Silene

Factor Df Chisq P Significant?
Mean Snowmelt DOY 1 4.64 3.12E-02 *
Sex 1 1.133 0.28723
logArea 3 61.766 3.87E-15 ***
Fruit vs Snowmelt ANOVA Phlox

Factor Df Chisq P

Mean Snowmelt DOY 33.281 7.98E-09 ***
logRosette 1 287.581 <2.2E-16 ***
Fruit vs Snowmelt ANOVA Minuartia

Factor Df Chisq P

Mean Snowmelt DOY 3 6.117 1.34E-02 *
Sex 1 0.928 0.33537
logArea 189.573 <2.2E-16 ***
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Figure 1: Conceptual diagram of hypotheses for question 1.
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Figure 2: Conceptual diagram of hypotheses for question 2.
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Figure 3: Map showing topography and elevation of the four sites used in my study
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Figure 4: Diagram showing transect layout. Transect length varies by site, with the shortest
being 11.5m long and the longest being 14m long. Each transect is delineated by a positive and
negative side in order to map plants using an x,y coordinate.
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Figure 5: Graphic showing three study species. From top to bottom on the left: Phlox
condensata, Minuartia obtusiloba, Silene acaulis. Photo on the right shows an example of the
three species flowering together. Phlox and Minuartia photo courtesy of Southwest Colorado

Wildflowers
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Figure 6: Boxplot showing the distribution of snowlelt time at each site. Averages, calculated
from the 2-3 temperature loggers per site, are shown with red dots. Snowmelt was collected
using HOBO temperature loggers placed in varying locations along the focal transect.
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Figure 7: Plots showing the distribution of flowering time for each species. Julian day is shown

on the x axis, and flower count is shown on the y axis. Flower counts were collected by

manually counting flowers captured in photographs along each transect.
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Figure 8: Bar plots showing estimated marginal mean synchrony values at each site organized
by quadrat level species. X axis shows comparison species, and y axis shows synchrony index.
Black lines show confidence intervals.

Species comparison . M . P . S

A) Silene

Early 1 Early 2 Late 1
>
Lo06-
=
204-
o
5 02-
j o
=
@ po-
B) Phlox

Early 1 Early 2 Late 1
% 08-
pe]
£ 06-
504-
20 L - - -
=
Wop-
C) Minuartia

Early 1 Early 2 Late 1 Late 2
>
B 06-
£
204-
2
i ﬁ ] | M
j o
=
®po-

1 1 1 1 1 1 1 1 1
M P S M ] S M P S

44



Figure 9: Scatterplots showing the effect of snowmelt timing on heterospecific and conspecific
synchrony organized by quadrat level species. Lines show slope of relationship with grey

confidence intervals.
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Figure 10: The percent conspecific pollen deposited on stigmas of each of the three species at

each site across the growing season.
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Figure 11: Predicted relationships of conspecific floral display and the proportion of conspecific

pollen deposition. Predictions generated using the model.
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Figure 12: The effect of mean snowmelt day of year (DOY) on the percentage of conspecific
pollen deposited on stigmas of the three study species.
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Figure 13: Predicted relationships of conspecific and heterospecific synchrony with fruit set in
each of the three species. Asterisks indicate significance of synchrony as a predictor. Predictions

generated using the model
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Figure 14: Effect of mean snowmelt day of year (DOY) on the number of fruits produced by the
three study species.
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Figure 15: Diagram showing main results for each species. Solid lines indicate a positive effect,
whereas dashed lines indicate a negative effect
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CHAPTER 3

CONCLUSIONS AND LIMITATIONS

Conclusions

Overall, I find evidence that changes to synchrony may occur with earlier snowmelt
timing within my three study species. These responses appear to be species specific between
both conspecifics and heterospecifics. These responses likely will have species dependent and
interaction dependent impacts on reproductive success, where some species benefit and others

fare worse.

In Phlox condensata, one of the earlier flowering species, | find no effect on conspecific
synchrony with earlier snowmelt, however earlier snowmelt reduced synchrony with S. acaulis
and M. obtusiloba. Phlox condensata produced more fruit with higher conspecific synchrony,
which will likely remain the case in earlier snowmelt scenarios, given snowmelt timing has no
effect on conspecific synchrony. Phlox condensata produced less fruits when flowering
synchronously with S. acaulis, indicating competition between these species for pollinators may
occur. With earlier snowmelt, this detriment may be reduced via less synchrony with S. acaulis.
Nonetheless, snowmelt had an overall negative effect on P. condensata fruit production. In this
case, escape from pollinator competition with S. acaulis is likely not enough to overcome other

detriments of earlier snowmelt on reproduction in this species.
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Silene acaulis conspecific synchrony showed weaker responses to snowmelt timing,
contrary to previous studies, though synchrony with P. condensata decreased with earlier
snowmelt. Conspecific synchrony had no effect on fruit production, however synchrony with M.
obtusiloba positively affected fruit production. This effect will likely be preserved in earlier
snowmelt scenarios, given that synchrony with M. obtusiloba was unaffected by earlier
snowmelt timing. Earlier snowmelt timing also reduced the percentage of conspecific pollen on
S. acaulis stigmas, which may work to reduce fruit set in this species as well. The overall effect
of earlier snowmelt increases fruit production, indicating reproduction in S. acaulis might

actually improve.

| find that in Minuartia obtusiloba, earlier snowmelt predicts greater conspecific
synchrony and greater synchrony with Silene acaulis. Greater conspecific synchrony was found
to increases fruit production and percent conspecific pollen deposition in this species. Though
this indicates this species may have higher fecundity in future warming scenarios, | find that
overall earlier snowmelt has a negative effect on M. obtusiloba, indicating that increases in
conspecific synchrony are not enough to compensate for other negative effects of earlier

snowmelt.

Limitations

As Wolkovitch et al (2012) points out, there are often two ways researchers determine
the effects of climate change on plants: space for time substitutions and warming experiments.

| used a natural variation in snowmelt for this study, however other researchers have used
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snowmelt manipulations to observe effects on flowering phenology and synchrony (Carbognani
et al 2016). One major caveat to my study is that my observations may be attributed to site
level adaptation rather than exclusively snowmelt differences. The more sheltered, lower
elevation sites | observed as having later snowmelt likely have historically had later snowmelt
than the more exposed, earlier snowmelt sites. Thus, perhaps attributing effects of different
snowmelt times from each site on fruit number are not transferable to the effects of climate
change (Lovell et al 2023). Nonetheless, warming experiments have the potential to alter other
environmental factors that can influence plant responses. In fact, Wolkovitch et al (2012) finds
that experimental warming often underpredicts plant responses to warming compared to long
term observational trends. Future studies in this system would benefit from experimental

snowmelt treatments as well as natural variation in order to disentangle site level effects.

| collected my data in a relatively short time period, over only one growing season.
Other synchrony research generally spans more than one flowering season (Bienau et al 2015,
Hall et al 2018). In particular, Waananen et al (2018) find that inter-annual variation in
synchrony explained 39% more of the variation in daily mating potential compared to variation
within one year. Variation may come from interannual differences in pollinator availability and
visitation, which may influence reproductive success. Additionally, changes in weather patterns
have the potential to alter fruit production, such as frost events and the amount of
precipitation (Korner 2011, Dolezal et al 2020). Future studies in this system that observe
effects for multiple seasons might be better informed as to the interannual variation in
synchrony among and within species. Additionally, other studies looking into the effects of

snowmelt and synchrony on reproduction in other alpine plants would inform other plant
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responses to climate change. | only analyze three species within a diverse flowering community;
thus, | only observe a fraction of heterospecific synchrony effects likely taking place in this
community. Including more plants into the study, particularly plants with varying phenologies,
pollination syndromes, and pollinators, would provide a more comprehensive view of

heterospecific synchrony, competition, and facilitation.

To measure pollen deposition, | collected stigmas outside of the transects where floral
display was measured to avoid affecting fruit production estimates. Thus, my results regarding
the effect of floral display size on conspecific pollen deposition may not be as accurate as they
could have been if | measured the site level floral display of the larger surrounding area.
Additionally, collecting floral display size of the plants | collected from may have provided more
information on the importance of individual level floral display. Pollinators often visit multiple
flowers on one plant, and individual display size can influence conspecific pollen deposition
(Mitchell et al 2004). This may be particularly important in P. condensata and hermaphroditic S.

acaulis and M. obtusiloba individuals who are capable of producing pollen and selfing.

When examined under the microscope, Silene acaulis and Minuartia obtusiloba pollen
grains appeared identical, and thus could not be distinguished from each other. Thus, | used
Carophyllaceae pollen as my measure of conspecific pollen deposition. My results regarding
conspecific pollen deposition between these species could be improved by a more rigorous

method to determine pollen species under the microscope.

Based on my research, it appears that reproduction related responses to earlier

snowmelt vary between species, and that variation has consequences that work to help or
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hinder reproduction. Nonetheless, the plant-plant interactions that | study here don’t appear to
be as important as other effects that earlier snowmelt may have on alpine plant reproduction.
My research helps to inform how climate change impacts interactions between flowering
plants, and the relative importance of these interactions for reproduction. Future research
could benefit from considering the connections between direct and indirect effects of earlier
snowmelt timing on plant reproduction. Additionally, work focusing on long term effects of
snowmelt timing on flowering synchrony and reproduction may provide a clearer picture of

how climate change will impact this system.
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