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ABSTRACT
The ecological consequences of anthropogenic climate-warming remain poorly
understood for pollinators. In order to better understand these consequences, and thus the
consequences of climate-warming for pollination services, we must determine how
pollinator life histories mediate responses to climate-warming.
To help address these research needs, we conducted three studies. First, we used
field-collected solitary bee species (i.e., Osmia spp. and Megachile spp.) to investigate
how overwintering life stage (i.e., adult versus prepupae), body size, and sex influenced
solitary bee survival, weight loss prior to emerging, and timing of emergence in response
to manipulated seasonal temperature and the durations of seasons. Second, we
manipulated the amount of asynchrony (days) between female solitary bee emergence
and flowering periods. We used a mesocosm-based experimental design to investigate the
effects of phenological asynchrony on the female lifespan, female interaction rates with
flowers, and reproductive success. In a third study, we manipulated the amount of
phenological difference between conspecific male and female solitary bees (i.e., the
degree of protandry; males emerging prior to females), and investigated the influence of
sex-specific phenological responses to temperature on male-female interactions and
reproductive success.
Our main findings and subsequent conclusions were that i) compared to bees that
overwinter as prepupae, patterns in weight loss prior to emergence, adult longevity, and
timing of emergence suggested that post-emergence fitness in adult-wintering bees may
decrease under climate-warming as a result of increased energy depletion at the time of
emergence, increasing asynchrony with flowering periods, and sex-specific phenological
responses, ii) asynchrony between a spring-active female solitary bee species (i.e., Osmia
cornifrons) and flowering periods caused reductions in offspring body size and reduced
interaction rates between females and flowers, which could have consequences for both
bee and plant reproductive success, and iii) when the degree of protandry was either
reduced or increased from an intermediate level, the probability of female offspring
production tended to decrease. This suggests that changes in the degree of protandry may
influence the fitness tradeoffs associated with protandry, resulting in consequences for
current and future solitary bee reproductive success.
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INTRODUCTION
Due to the strong influence of temperature on biological and ecological processes
(Brown et al. 2004), climate-warming continues to have profound implications for the
distributions, abundances, and phenologies of many species (Parmesan & Yohe 2003;
Pecl et al. 2017; Root et al. 2003; Walther et al. 2002). Among and within species,
differences in physiological tolerances and life history strategies likely underlie observed
response patterns to climate-warming (Buckley & Kingsolver 2012). Differences among
responses to climate-warming across and within species prompt concerns that shifts in the
spatial and temporal distributions of species will disrupt both inter- and intra-specific
interactions (Ockendon et al. 2014; Tylianakis et al. 2008). Such disruptions have already
had important implications for vital ecosystem processes (Hooper et al. 2005) and the
persistence of species (Hooper et al. 2012). In particular, disruptions to pollination
services provided to plants through interactions with bees have critical implications (Potts
et al. 2016), as bee-mediated pollination maintains biodiversity (Ollerton et al. 2011), as
well as global crop production (Klein et al. 2007). In light of this, much effort has been
made to understand the consequences of climate-warming for bee-plant interactions (e.g.,
Bartomeus et al. 2011; Burkle et al. 2013; Forrest & Thomson 2011). However, we still
lack a basic understanding of how, and to what extent bees will be impacted by climatewarming, as well as how these impacts will affect interactions with plants (Forrest 2015).
Solitary bees are the most diverse and abundant pollinators of both wild plants
and crops (Klein et al. 2007). As such, understanding the impact of climate-warming on
solitary bees is of the upmost importance. Of particular significance to understanding the
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consequences of climate-warming for solitary bees and their interactions with plants is
determining how bee traits mediate the degree to which climate-warming influences bee
phenologies and winter mortality across species (Forrest 2015; Hegland et al. 2009).
While we are beginning to understand how species traits mediate differential responses to
climate-warming among groups of plant species (Calinger et al. 2013; Fitter & Fitter
2002; Slominski et al. 2018), we lack a mechanistic understanding of how species traits
will mediate solitary bee responses. This information is vital for determining how
temperature-related bee mortality and changes in phenological synchrony with flowering
periods will continue to impact bee populations and bee-plant interactions. Although, the
consequences of climate-driven phenological asynchrony with pollinators has started to
become clear for plant reproductive success (Burkle et al. 2013; Kudo & Ida 2013;
Thomson 2010), the consequences of phenological asynchrony for solitary bee behavior
and reproduction have not been well elucidated in bees with different life-history patterns
(Rafferty 2017; Schenk et al. 2018a). Furthermore, sex-specific phenological timing in
solitary bees is common (i.e., protandry, or the degree to which males emerge from nests
prior to females; Gordon 2003; Torchio 1989). Given this, climate-warming could alter
the degree of protandry in solitary bees, therefore affecting the ability of some females to
find mates, as well as female nesting behavior. Yet, determining the likelihood and
consequences of sex-specific responses to climate-warming in solitary bees, has not
received much attention (but see, CaraDonna et al. 2018; O'Neill et al. 2011).
The overarching goal of the work reported here is to help understand the
ecological consequences of climate-warming for solitary bees, and how these
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consequences impact solitary bee interactions with plants. In doing so, we strive to build
a more complete understanding of the implications of climate-warming for bee species,
pollination services, and the ecosystem processes that pollination supports. In chapter
one, we focus on how differences in physiological tolerances among solitary bee species
with differing life-histories, as well as between the sexes within species, mediate survival
and phenological change in response to climate-warming.
Building on this work, chapter two investigates the consequences of asynchrony
between female solitary bee emergence and flowering periods for female mortality,
female interaction rates with flowers, and reproductive success. In chapter three, we
explore the consequences of temperature-related increases in the degree of protandry for
male-female interactions and female reproductive success.

4
SOLITARY BEE RESPONSES TO SEASONAL TEMPERATURE AND TIMING:
INVESTIGATING THE ROLES OF OVERWINTERING LIFE STAGE, BODY SIZE,
AND SEX
Introduction
Determining the consequences of climate-warming for bee-plant interactions, and
thus pollination services, remains difficult due to a limited understanding of how bees are
responding to changing seasonal temperatures (Rafferty 2017). For instance, climatewarming is known to cause phenological mismatches (e.g., temporal decoupling of
seasonal bee activity and flowering periods; Burkle et al. 2013; Forrest et al. 2010;
Gienapp et al. 2014; Kudo & Ida 2013; Memmott et al. 2007). However, the degree to
which individual species and bee-plant interactions are susceptible to phenological
mismatches is largely unknown (Rafferty 2017), owing in part to a poor understanding of
how the magnitude of phenological shifts will differ among bee species. While variation
of phenological responses in plant species has been linked to life-history traits such as
flowering season (Fitter & Fitter 2002; Cook et al. 2012) and pollination mode (Calinger
et al. 2013), few studies have examined the influence of life-history traits on phenological
responses in bees. In addition, laboratory studies have revealed how pre-emergence
rearing temperatures affect survival of immature stages (Bosch & Kemp 2003; O'Neill et
al. 2011), body size at maturity (Radmacher & Strohm 2010), adult lipid stores (O'Neill
et al. 2011), and adult lifespans (Sgolastra et al. 2011). Such effects may impact bee-plant
interactions by affecting the composition of bee species in a community (Ricketts et al.
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2008; Steffan-Dewenter & Tscharntke 1999), phenological synchrony, or pollinator
effectiveness (e.g., successful pollen transfer per visit; Jauker et al. 2016; Sahli & Conner
2007). Yet, the effects of temperature on winter mortality, body size, and lifespan in bees
has only been investigated in a limited number of managed solitary bee species, with the
primary goal of promoting optimal emergence timing and fitness for crop pollination.
The paucity of information on non-managed species makes it difficult to fully assess or
generalize the threats of climate-warming for bees and bee-plant interactions (Scaven &
Rafferty 2013).
For solitary bees, the most abundant and diverse group of wild pollinators
(Michener 2000), responses to climate-warming will likely be driven in part by the
influence of temperature on biological processes occurring prior to emergence (Bosch &
Kemp 2000; Kemp & Bosch 2000). For example, emergence can occur earlier in the
season if the number of days above a threshold temperature accumulate more quickly
(i.e., degree days; Forrest & Thomson 2011). Warmer temperatures can also increase
energy consumption during non-feeding life stages inside the nest (Schenk et al. 2018b;
Sgolastra et al. 2011), which can cause increased winter mortality or earlier emergence
associated with a reduced lifespan (Bosch et al. 2010). Increased temperature can also
accelerate development, resulting in reduced body size (Radmacher & Strohm 2010) and
earlier emergence (Bosch & Kemp 2004; O'Neill et al. 2011). In addition, elevated
seasonal temperatures and shorter winters associated with climate-warming (Sparks &
Menzel 2002) may shorten periods of cold exposure, which can disrupt diapause
development (Hodek & Hodkova 1988) and cause increased winter mortality and delayed
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emergence (Bosch & Kemp 2003; Sgolastra et al. 2010). Responses to climate-warming
in solitary bees will ultimately depend on interplay among multiple biological
mechanisms acting during different developmental stages.
In insects and other organisms, the interplay among mechanisms driving
responses to temperature can be complex (Kingsolver et al. 2011; Post et al. 2008), even
counterintuitive (Cook et al. 2012), with responses depending on physiological
adaptations associated with life-history traits (e.g., Buckley & Kingsolver 2012; Cook et
al. 2012; Diamond et al. 2011; Schenk et al. 2018b; Sgolastra et al. 2016). In particular,
solitary bee species in temperate zones overwinter either as mature adults or as prepupae
(Stephen et al. 1969). Overwintering life histories determine the seasonal timing of
transitions between life stages, which in turn may influence how biological processes are
impacted by climate-warming. For example, adult-wintering bees may have a higher
metabolic demand during fall (i.e., prior to overwintering) compared to prepupaewintering bees that overwinter in an immature life stage (Waters & Harrison 2012). If
temperature-driven energy depletion influences winter mortality, the timing of
emergence, and lifespans, adult-wintering bees may be more sensitive to warmer,
extended falls compared to prepupae-wintering bees (Bosch et al. 2010; Denlinger et al.
1972). In addition, size-specific metabolic constraints (i.e., higher metabolic demand per
unit body mass as mass decreases; Gillooly et al. 2001; 2002) can influence the effects of
temperature on energy consumption, potentially resulting in stronger responses to fall
temperature and duration in smaller adult-wintering bee species and smaller individuals,
such as males. In contrast to adult-wintering bees, prepupae-wintering bees develop into
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adults during spring and early summer after overwintering. Therefore, developmental
rates, emergence timing, and energy consumption may be more sensitive to spring
temperatures in summer-active prepupae-wintering bees compared to adult-wintering
bees that emerge during early spring (Kemp & Bosch 2000; O'Neill et al. 2011).
Understanding how life histories will mediate solitary bee response to climatewarming has been limited by the narrow scope of research investigating bee responses to
temperature. For example, most studies have isolated the effects of a single component of
climate warming, such as increased winter temperature (e.g., Fründ et al. 2013; Schenk et
al. 2018b) or extended fall (e.g., Sgolastra et al. 2011; but see Bosch & Kemp 2003), or
have only exposed a single species to manipulations (e.g., Bosch & Kemp 2000; Kemp &
Bosch 2000; but see Fründ et al. 2013). Such studies have provided an important
foundation for understanding how temperature influences biological processes in solitary
bees. However, conclusions about how solitary bees are responding to climate-warming
based on individual species responses to temperature manipulations isolated within a
single season of a complex life cycle may be misleading (Kingsolver et al. 2011),
particularly given differences in solitary bee life history traits and the year-round
influence of climate-warming (Alexander et al. 2006; Burrows et al. 2011; Sparks &
Menzel 2002). To understand how solitary bees are responding to climate-warming, and
in turn, help determine the threats posed by climate-warming to bee-plant interactions, we
must begin to understand how life history traits influence responses to the combined
effects of seasonal temperature and the duration of seasons experienced across different
stages of bee life cycles.
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To address these research gaps, we asked (1) how does seasonal temperature
interact with the duration and timing of fall, winter, and spring to influence biological
responses in solitary bees, and (2) how do life history traits mediate these responses. To
answer these questions, we reared eight solitary bee species with different life history
traits in one of eight treatment combinations. Treatments manipulated fall and spring
temperature (i.e., ‘warm’ or ‘cool’), the duration of fall (i.e., ‘short’ or ‘long’), and the
start of spring (i.e., ‘early’ or ‘late’; Figure 1). Fall and spring manipulations resulted in
three winter durations (60, 90, 120 days), but all treatments received the same winter
temperature. During the experiment, we quantified winter mortality, weight loss prior to
emergence (i.e., ‘weight loss’), the number of days to emerge following spring onset (i.e.,
‘days to emerge’), body size at maturity (i.e., ‘body size’), and lifespan following
emergence without feeding (i.e., ‘lifespan’). To evaluate how life-history traits influenced
the responses in this study, and to disentangle the direct and indirect effects of treatments
on each response variable, we used structural equation analyses (Grace 2006). We
produced two mechanistic models comparing and contrasting responses between adultand prepupae-wintering bees.
Based on differences in life history traits (Kemp & Bosch 2000; Torchio 1989) as
well as physiological and metabolic responses to temperature observed in managed
solitary bee species and other insects (e.g., Bosch & Kemp 2003; Gillooly et al. 2001;
Radmacher & Strohm 2010; Waters & Harrison 2012), we hypothesized that elevated
temperature and extended fall duration would increase weight loss and winter mortality,
while also decreasing the number of days to emerge and lifespan in adult-wintering bees
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(Figure 2). We predicted that these responses would be strongest in smaller adultwintering bee species and male bees (Figure 2). We did not expect body sizes of adultwintering bees to respond in this study because we assumed that adult-wintering bees had
already reached full body size prior to the start of the experiment (Kemp & Bosch 2005;
Kemp & Bosch 2000). For prepupae-wintering bees, we hypothesized that elevated
spring temperature would reduce the number of days to emerge and reduce bee body size
(as a result of accelerated development caused by warmer temperature), but we did not
expect an interaction between temperature and the duration of fall to influence emergence
(Figure 2). As a result of decreased days to emerge (and subsequently less time spent in
non-feeding life-stages), we predicted that elevated temperature would mitigate weight
loss and increase lifespan in prepupae-wintering bees (Figure 2). Because the prepupal
life stage may be less sensitive to temperature (Pitts-Singer & James 2009), we did not
expect winter mortality in prepupae-wintering bees to vary in this study and we did not
anticipate body size to mediate the effects of temperature. Finally, due to the potential
influence of winter duration on diapause termination, we expected a shorter winter
duration to extend diapause and increase the number of days to emerge in both adult- and
prepupae-wintering bees (Bosch & Kemp 2003; Forrest & Thomson 2011) (Figure 2).
After evaluating these hypotheses, we discuss the potential ramifications of our results
for bee-plant interactions and bee-plant communities.
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Materials and Methods
Focal Bee Species
In this study, we assessed phenological and non-phenological responses of cavity
nesting solitary bees from the genera Osmia (mason bees) and Megachile (leafcutter
bees) (Hymenoptera: Megachilidae). In total, we studied eight species with at least 20
emerged individuals. Six of the species overwinter as adults: Osmia californica Cresson
(n = 41), Osmia coloradensis Cresson (n = 101), Osmia lignaria Say (n = 177), Osmia
montana Cresson (n = 30), Osmia tersula Cockerell (n = 26), and Osmia vallicola
Cockerell (n = 20), and two species overwinter as prepupae: Megachile lapponica (n =
32) and Megachile relativa (n = 33). One additional adult-wintering species, Osmia
penstimonis, received treatments, but no individuals emerged (n = 80 non-emerged bees),
thus, O. penstimonis were not analyzed. Species included in the study range in size from
approximately 6 to 20 mm long and are widespread and abundant pollinators of both wild
plants and crops, making this a relevant suite of species to address the objective of this
study. In addition, as cavity-nesting species that naturally nest above ground in existing
cavities, these species are expected to be more susceptible to changing seasonal
temperatures compared to species that nest below ground, due to the insolating effects
that nesting below the soil surface provides (Forrest & Thomson 2011; Sgolastra et al.
2011).
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Experimental Design
The solitary bees examined in this study were collected by placing trap-nests at
six locations near Bozeman, Montana (Appendix A) starting in March and April 2013.
Because previous work has shown that environmental conditions (not local genotypes)
dictate responses to temperature in solitary bees (Forrest & Thomson 2011), we assumed
that individuals of the same species collected at different locations would not have preadapted sensitivities to temperature. After retrieving nests during September 2013, we
determined overwintering life-stage (i.e., adult or prepupae) by inspecting cocoons using
a Leica S6E dissecting microscope. We assumed that each individual had developed to
their overwintering life stage by this time (Kemp & Bosch 2005; Kemp & Bosch 2000).
To avoid the disruption caused by opening cocoons, we used nesting materials and
cocoon sizes to approximate species; species identities were later confirmed after
emergence.
To investigate how seasonal temperatures, as well as the duration and timing of
seasons influenced responses in solitary bees, we reared individual bees inside gelatin
capsules using 4.5 x 4.5 meter Conviron temperature-controlled chambers. Temperature
treatments consisted of two regimes that manipulated fall and spring temperature, while
exposing bees to the same winter temperature (‘cool’ regime: 6/4/18°C, ‘warm’ regime:
9/4/21°C, fall/winter/spring). Temperature manipulations were based on seasonal average
temperatures near Bozeman, MT (NOAA, https://www.ncdc.noaa.gov/) and were
designed to simulate a projected 3°C increase in seasonal average temperature caused by
a doubling of atmospheric CO2 (IPCC 2014). All treatments received the same winter
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temperature to isolate the effects of fall and spring temperature on biological processes
occurring during non-wintering periods of the solitary bee life cycle. Within each
temperature regime we used four factorial treatment combinations consisting of either a
‘short’ or ‘long’ fall duration and an ‘early’ or ‘late’ date of spring onset (Figure 1). We
manipulated the duration of fall by moving bees between chambers set to fall and winter
temperatures after 30 (short fall), or 60 days (long fall). Spring onset was manipulated by
moving bees between chambers set to winter and spring temperatures on either 26 March
(early spring) or 25 April (late spring). Fall and spring treatment combinations resulted in
winter durations of either 60, 90, and 120 days in length. The start and end dates for each
90 day winter period depended on fall and spring treatment combinations, allowing an
assessment of how fall duration and the date of spring onset interacted with winter
duration. Historically (1971-2000), mean air temperatures near Bozeman, MT fall below
0°C from December through February (NOAA, https://www.ncdc.noaa.gov/). Using
these data to roughly approximate the start and end dates of winter, we manipulated short
fall duration treatments to end during December and long fall duration treatments to
extend into January. Similarly, we manipulated early-spring onset treatments to begin
during March (i.e., the first month of mean temperature above 0°C) and late-spring onset
treatments to extend into April. We quantified bee mass prior to the start of the study by
weighing the cocoon (i.e., cocoon containing the bee plus provision and nesting
materials) to the nearest 0.1 mg using a Mettler Toledo NewClassic MF electronic
balance. We distributed individuals of the same species and individuals from the same
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mother (i.e., cocoons from the same nesting cavity) equally across treatments. In total, we
assigned 1,326 individual cocoons to treatments.
After moving bees into spring treatments, emergence was monitored twice each
day (0800 and 1800) and the number of days to emerge following spring onset was
calculated. We defined emergence as cocoons that had been torn open by a bee. Bees that
did not emerge were inspected for the presence of parasitoids. Non-emerged bees that had
not been parasitized were identified to species (when possible given adequate
development), and used to analyze treatment effects on winter survival. After emergence,
bees were re-weighed (emerged bee plus cocoon and nesting material) no more than 14
hours after emergence to calculate weight loss occurring during treatments (i.e., weight
prior to treatments – weight of emerged bee). In some cases, weights after emergence
were greater than weights prior to treatments, which we attribute to moisture that was
absorbed by the pollen provision and/or the nesting materials contained in each cocoon
(May 1972). Emerged bees were placed (still inside their capsule) in ambient lab
temperature (21°C) without feeding and monitored once per day until death to determine
post-emergence lifespan without feeding (Bosch & Kemp 2000). We determined death by
probing the intertegular space of the thorax (i.e., between the base of the wings) with
forceps; if no movement was observed for three seconds, we assumed the bee was dead.
Deceased bees were identified to species and sex was determined (Michener 1994;
(McGavin 1994; Rightmyer et al. 2013); Sheffield et al. 2011). To measure body size,
intertegular distance was quantified by measuring the distance (i.e., ocular units) between
tegulae (i.e., base of the wings) using a calibrated reticle ruler and measurements were
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converting to millimeters (Appendix A). Weight loss was divided by intertegular distance
and analyzed as the proportion of weight loss (mg) per unit body size (mm).
Statistical Analyses: Mixed-effects and Generalized Linear Models
Of the bees that emerged, eight species were represented by at least 20 individuals
(i.e., 460 total bees) and were included in the analyses. Statistical analyses were
conducted using R statistical software version 3.4.3 (R core team 2017). We investigated
responses to fall and spring temperature, the duration of fall, the date of spring onset, and
the duration of winter in adult- and prepupae-wintering solitary bees by analyzing five
response variables individually (winter mortality, weight loss, emergence, lifespan, and
body size). Collinearity among these response variables was accounted for using
Piecewise SEM (see Statistical Analyses: Piecewise SEM). Analyses of emergence,
lifespan, weight loss, and body size were conducted separately for species grouped by
adult- and prepupae-wintering species (i.e., Osmia spp. and Megachile spp., respectively)
using linear mixed-effects models (‘nlme’ package; Pinheiro et al. 2013). Emergence was
log-transformed in adult-wintering models to improve normality. All linear mixed-effects
models included a random intercept for ‘maternal identity’ (i.e., bees from the same
mother were contained in a single tube) nested within ‘collection location’ (i.e., the field
location of the trap-nest from which bees were collected) to account for possible
violations of independence among bees from the same mother and bees collected at the
same location. To achieve homogeneity of variances when variances differed among
levels of categorical variables, we used the ‘varIdent’ variance structure (Pinheiro et al.
2013). Winter mortality rates varied among species (see Results), and we could only
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analyze treatment effects on winter mortality (i.e., emergence occurring prior to the start
of spring or not emerging) for O. coloradensis and O. tersula. Winter mortality was
analyzed using generalized linear models with a ‘logit’ link (R core team 2017). In
addition, a considerable number of O. lignaria emerged prior to the start of spring (i.e.,
while still in winter treatment). Thus, we analyzed the probability of emerging during
winter using generalized linear models with a ‘logit’ link (R core team 2017).
All models included temperature (i.e., cool or warm), fall duration (i.e., short or
long), spring onset (i.e., early or late), and sex (i.e., male or female) as categorical
explanatory variables. All models excluding winter mortality models and models fitted to
winter emergence also included species (i.e., six levels in Osmia models and two levels in
Megachile models). Given that body size could both influence the response to, and result
from our treatments, we first fit the latter. We found treatment effects on body size for
Megachile but not Osmia. Therefore, we only included body size as a covariate in Osmia
models. In each model, we included temperature × fall duration and temperature × spring
onset interactions to test whether the effects of temperature interacted with the effects of
fall duration or spring onset. We included a fall duration × spring onset interaction to
determine if the effects of fall duration and the timing of spring onset interacted with
winter duration and the seasonal timing of winter. Interactions of each covariate (i.e.,
species, sex, and body size) with each explanatory variable (i.e., temperature, fall, and
spring) were included to assess species-, sex-, and size-specific responses to each
treatment. Finally, a temperature × fall duration × spring onset three-way interaction was
included to assess whether the mediating effects of winter duration on fall duration and
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spring onset depended on temperature. Across all species and responses, the temperature
× fall duration × spring onset interaction was only significant at α < 0.05 in the model
fitted to winter mortality in O. coloradensis (see Results), and thus we do not discuss this
interaction in the results outside of this one instance. To determine the influence of each
treatment and their interactions on each response variable, we evaluated significance
levels using ANOVA tables (R core team 2017). We then evaluated our hypotheses with
post-hoc tests using the ‘lsmeans’ package (Lenth and Hervac 2015) which tested
pairwise comparisons between treatment levels (averaged over the remaining treatments)
and generated an estimate of effect size. A ‘false discovery rate’ p-value adjustment
(Benjamini & Hochberg 1995) was used when comparing means across multiple
combinations of explanatory variables or covariates. Figures representing the model
estimates (i.e., least square means) were produced with the ggplot2 package (Wickham
2009).
Statistical Analyses: Piecewise SEM
To disentangle the direct and indirect effects of treatments on the response
variables tested in this study (not including winter mortality), we fit Structural Equation
Models (SEMs) separately for adult- and prepupae-wintering bees using the
‘PiecewiseSEM’ package (Lefcheck 2015). This approach allowed us to produce and
compare mechanistic models representing our a priori hypotheses for adult- and
prepupae-wintering bees (Figure 2). The categorical explanatory variables temperature,
fall duration, spring onset, and sex, were included in each model fit to emergence,
longevity, weight loss, and body size. As in each mixed-effects model, body size was
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only included as a response variable in prepupae-wintering models and only as an
explanatory variable in adult-wintering models. For adult-wintering bees, we included
weight loss as an explanatory variable in emergence and lifespan models to assess the
role of weight loss (i.e., a proxy for energy consumption) as a mechanism influencing
emergence and lifespan. In prepupae-wintering models, we included emergence as an
explanatory variable in weight loss and body size models to assess whether the effects of
temperature on emergence resulted in decreased body size and decreased weight loss. In
addition, we included weight loss as an explanatory variable in lifespan models fitted to
prepupae-wintering bees to assess whether treatment effects on weight loss influenced
lifespan. All models fitted within the ‘PiecewiseSEM’ framework used the ‘lme’ function
in the ‘nlme’ package (Pinheiro et al. 2013) and included a random intercept for maternal
identity nested within collection location. Emergence and lifespan were log-transformed
to improve normality. To facilitate comparisons among each link, coefficients were range
standardized (Bollen and Grace 2005), that is, each effect is reported as the percent of the
range of values for a given response variable (when a variable is categorical), or as the
percent change per each one unit increase in a continuous explanatory variable. To
improve clarity and to highlight potentially distinct mechanistic pathways operating
between adult- and prepupae-wintering species, we only report significant links (i.e., α <
0.05) and focus on indirect treatment effects.
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Results
Adult-wintering Bees: Emergence
When evaluating emergence across all adult-wintering bees (Osmia spp.; Figure
3), there was a significant temperature × fall duration interaction (Table 1; Figure 4A)
causing bees in the long-fall duration treatment to emerge in 0.9 ± 0.4 fewer days on
average after the onset of spring when temperature was warm compared to cool (t271 =
2.50, p = 0.040). In contrast, there was no effect of temperature when fall was short (t271
= 1.89, p = 0.120). In the cool-temperature treatment, short-fall duration caused bees to
emerge in 1.2 ± 0.5 fewer days on average compared to long-fall duration (t271 = 3.10, p =
0.013). In contrast, there was no effect of fall duration in the warm temperature treatment
(t271 = 0.95, p = 0.414).
In addition, there was a significant fall duration x spring onset interaction (Table
1; Figure 4B) causing bees to emerge in 2.9 ± 0.5 days on average in the short-fall
duration + late-spring onset treatment combination (i.e., 120 days of winter), which were
fewer compared to all other fall duration + spring onset treatment combinations (average
difference in means: 1.5 days; p-values ≤ 0.018). The pattern of earlier emergence when
fall duration was short and spring onset was late was stronger in female bees. Females
emerged in 3.6 ± 1.3 fewer days on average in the short-fall duration + late-spring onset
treatment combination (i.e., 120 days winter) compared to the long-fall duration + earlyspring onset treatment combination (i.e., 60 days winter; t271 = 3.67, p = 0.001). In
contrast, there was no difference in the timing of emergence between the short-fall
duration + late-spring onset treatment combination and the long-fall duration + early-
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spring onset treatment combination in males (t271 = 1.24, p = 0.322). When winter was 90
days (i.e., short-fall duration + early-spring onset or long-fall duration + late-spring
onset), a later start to winter or a later onset of spring (i.e., long fall + late spring) caused
bees to emerge in 1.0 ± 0.5 fewer days on average compared to when winter occurred
earlier in the year (i.e., short fall + early spring; t271 = 2.53, p = 0.018). Body size did not
influence the effects of temperature, fall duration, or spring onset on adult-wintering bee
emergence (Table 1).
When analyzing emergence in adult-wintering species separately (Figure 5), we
found that O. californica, O. coloradensis, O. lignaria, and O. montana primarily drove
the emergence patterns we observed across Osmia species, whereas emergence in O.
tersula, and O. vallicola did not respond to treatments (Figure 6). Only O. coloradensis
emerged in fewer days on average in the warm temperature treatment compared to the
cool treatment when fall duration was long (3.7 ± 1.4 days; t271 = 3.21, p = 0.009). In the
cool temperature treatment, short-fall duration caused earlier emergence on average
compared to long-fall duration in O. californica (3.8 ± 1.5 days; t271 = 3.39, p =0.005), O.
lignaria (1.1 ± 0.5 days; t271 = 3.09, p 0.013), and O. montana (2.1 ± 0.9 days; t271 = 2.82,
p = 0.031). The short-fall duration + late-spring onset treatment (i.e., 120 days of winter)
caused O. californica, O. lignaria, and O. montana to emerge in fewer days on average
compared to all other fall duration + spring onset treatment combinations (average
difference in means: 2.7 days; p-values < 0.001; Figure 7). When winter was 90 days, a
later onset of winter (i.e., long-fall duration + late-spring onset) caused earlier mean
emergence in O. californica (3.5 ± 2.0 days; t271 = 2.12, p = 0.042) and O. coloradensis
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(6.63 ± 2.4 days; t271 = 3.83, p = 0.001) compared to when winter occurred earlier in the
year (i.e., short-fall duration + early-spring onset). This pattern was also marginally
significant in O. montana (1.9 ± 1.2; t271 = 1.78, p = 0.091; Figure 7). In addition, mean
emergence in O. californica, O. coloradensis, O. lignaria, and O. montana occurred
earlier when spring was late compared to early (average difference in means: 1.8 days; pvalues < 0.001; Figure 7).
Adult-wintering Bees: Lifespan
When evaluating lifespan across all adult-wintering bees (Osmia spp.; Figure 8),
bees lived 1.2 ± 0.3 days longer on average in the cool treatment compared to the warm
(t263 = 4.85, p < 0.001). In addition, there was a significant temperature × fall duration
interaction (Table 1; Figure 9A). Compared to all other temperature + fall duration
treatment combinations, marginal evidence suggested that mean lifespan tended to be
longest (i.e., 6.1 ± 0.3 days) in the cool + long-fall duration treatment combination
(average difference in means: 1.3 days; p-values ≤ 0.070). In addition, there was a
significant temperature × spring onset interaction (Table 1; Figure 9B). When compared
to all other temperature × spring onset treatment combinations, lifespan was shorter on
average (i.e., 3.7 ± 0.3 days) in the warm + late-spring onset treatment (average
difference in means: 2.0 days; p-values ≤ 0.015) and longer on average (i.e., 7.2 ± 0.3
days) in the cool + early-spring onset treatment (average difference in means: 2.8 days
longer; p-values < 0.001). Across treatment combinations, males lived 1.1 ± 0.2 days
longer on average compared to females (t263 = 4.76, p < 0.001). However, the negative
effect of warm temperature and late-spring onset was stronger for male lifespan
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compared to female (i.e., significant sex × temp and sex × spring interactions; Table 1;
Figure 9B). These patterns resulted in a larger difference on average in lifespan between
males and females when temperature was cool (1.5 ± 0.4 days; t263 = 4.16, p < 0.001)
compared to warm (0.7 ± 0.3 days; t263 = 2.49, p = 0.020), and when spring was early (1.7
± 0.4 days; t263 = 4.44, p < 0.001) compared to late (0.5 ± 0.2 days; t263 = 2.07, p 0.036).
Body size did not influence the effects of temperature, fall duration, or spring onset on
adult-wintering bee lifespan (Table 1).
When analyzing lifespan in adult-wintering species separately (Figure 10), the
pattern of a shorter lifespan in the warm treatment compared to the cool was driven
primarily by O. vallicola (3.4 ± 0.8 days; t263 = 4.42, p < 0.001; Figure 10), O. lignaria
(1.1 ± 0.3 days; t263 = 3.51, p = 0.001; Figure 10), and O. californica (1.6 ± 0.6 days; t263
= 2.56, p = 0.011; Figure 10). Compared to all other temperature + spring onset treatment
combinations, mean lifespan was significantly longer in the cool + early-spring onset
treatment combination for O. vallicola (average difference in means: 5.2 days, p-values <
0.001; Figure 11), O. lignaria (average difference in means: 2.0, p-values < 0.001; Figure
11), O. californica (average difference in means: 2.9 days, p-values ≤ 0.002; Figure 11),
and marginally longer in O. coloradensis (average difference in means: 2.0, p-values ≤
0.084; Figure 11). In addition, lifespan was shorter on average in the late-spring onset
treatment compared to the early-spring onset treatment in each species (average
difference in means: 2.3 days; p-values ≤ 0.025; Figure 12).
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Adult-wintering Bees: Weight Loss
When evaluating weight loss across all adult-wintering bees (Osmia spp.; Figure
13), the warm treatment increased mean weight loss per mm of intertegular distance (i.e.
body size) by 0.8 ± 0.3 mg/mm compared to the cool treatment (t236 = 2.83, p = 0.005;
Figure 14). The effect of warm temperature was stronger when fall duration was long. In
the warm treatment, bees lost 1.0 ± 0.3 mg/mm more weight on average in the long-fall
duration treatment compared to short-fall duration (t236 = 3.0, p = 0.019; Figure 14).
The difference in weight loss between male and female bees depended on fall
duration (i.e., significant sex × fall duration interaction; Table 1; Figure 14). Across
treatments, females lost 1.2 ± 0.3 mg/mm more weight on average compared to males
(t246 = 3.78, p < 0.001). However, females lost 1.65 ± 0.4 mg/mm more weight compared
to males when fall was long (t236 = 3.71, p = 0.002), and there was no difference in
weight loss between females and males when fall duration was short (t236 = 1.67, p =
0.119).
In addition, body size influenced weight loss, but the relationship between body
size and weight loss depended on spring onset treatment (i.e., significant spring onset ×
body size interaction; Table 1). When spring onset was late, mean weight loss increased
by 0.2 ± 0.1 mg/mm per each 0.1 mm increase in body size (95% CI from 0.03 to 0.33
mg/mm increase; Figure 15), and there was no relationship between body size and weight
loss when spring onset was early (95% CI from -0.20 to 0.02 mg/mm).
When analyzing weight loss in adult-wintering species separately (Osmia spp.;
Figure 16), weight loss responses to temperature and spring onset observed across species
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were primarily driven by O. californica, O. lignaria, and O. montana. The warm
treatment increased weight loss in O. californica (2.0 ± 0.6 mg/mm; t236 = 3.3, p = 0.001;
Figure 17) and O. lignaria (1.1 ± 0.4 mg/mm greater loss; t236 = 2.60, p = 0.010; Figure
17), whereas early spring onset increased weight loss in O. californica (3.4 ± 0.6 mg/mm;
t236 = 5.4, p < 0.001; Figure 17), O. lignaria (2.2 ± 0.5 mg/mm greater loss; t236 = 4.16, p
> 0.001; Figure 17), and O. montana (1.9 ± 0.5 mg/mm greater loss; t236 = 3.49, p =
0.001; Figure 17).
Adult-wintering Bees: Adult Body Size
There were no effects of temperature, fall duration, or spring onset, and no
significant interactions affecting body size across adult-wintering bee species (Table 1).
Adult-wintering Bees: Winter Mortality and Winter Emergence
Winter mortality was low (< 6%) in O. californica, O. lignaria, O. montana and
O. vallicola, but higher in O. coloradensis (26%), O. tersula (75%), and O. penstimonis
(100%). For O. coloradensis, there were no effects of temperature or fall duration on the
probability of surviving winter (Table 2). Osmia coloradensis were more likely to survive
when spring onset was late compared to early (z = 2.38, p = 0.017; Figure 18). In
addition, there was a significant temperature × fall duration × spring onset interaction
influencing winter mortality in O. coloradensis (Table 2). However, post-hoc analyses
did not reveal any significant differences among these treatment combinations outside of
the difference between early- and late-spring onset. Neither body size nor sex influenced
winter mortality in O. coloradensis (Table 2).
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For O. tersula, there were no effects of temperature or fall duration on winter
mortality (Table 2). There was a trend toward reduced winter mortality when spring onset
was late compared to early. However, post-hoc tests revealed that this difference was not
significant (z = 1.13, p = 0.260; Figure 18). There were no significant interactions
affecting O. tersula winter mortality (Table 2). Given that no O. penstimonis individuals
emerged, treatment effects on winter mortality could not be analyzed.
When spring onset was late, O. lignaria were more likely to emerge during winter
treatment compared to when spring onset was early (z = 5.07, p < 0.001; Figure 19). The
likelihood of emerging during winter treatment was greater for males compared to
females when temperature was warm, or when fall duration was long (i.e., significant sex
× temperature and sex × fall duration interactions; Table 2). In the warm temperature
treatment, male bees were more likely to emerge during winter treatment compared to
females (z = 1.97, p = 0.049; Figure 19), whereas there was no difference in the
likelihood of emerging during winter treatment between male and female bees in the cool
temperature treatment (z = 0.89, p = 0.376; Figure 19). When fall duration was long,
marginal evidence suggested that males were more likely to emerge during winter
treatment compared to females (z = 1.85, p = 0.065; Figure 19), whereas there was no
difference between males and females when fall duration was short (z = 0.93, p = 0.352;
Figure 19). Body size did not influence the likelihood that O. lignaria would emerge
during winter treatment (Table 2).
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Prepupae-wintering Bees: Emergence
When evaluating emergence across all prepupae-wintering bees (Megachile spp.;
Figure 20), the warm temperature treatment caused bees to emerge in 27.2 ± 0.4 fewer
days on average after the onset of spring compared to the cool treatment (t34 = 63.01, p <
0.001; Figure 20). Fall duration had no effect on the timing of emergence in prepupaewintering bees (Table 1). The late-spring onset treatment caused bees to emerge in 1.6 ±
0.4 fewer days on average compared to the early-spring onset treatment (t34 = 3.82, p =
0.001; Figure 21). Sex did not influence the effects of temperature or spring onset on the
timing of prepupae-wintering bee emergence (Table 2).
When analyzing emergence in prepupae-wintering species separately, the warm
temperature effect was slightly stronger on average in M. relativa compared to M.
lapponica (difference in means = 1.9 ± 0.7 days; t34 = 2.79, p = 0.041; Figure 22A) and
only M. lapponica responded to late-spring onset (1.8 fewer days; t34 = 3.41, p = 0.009;
Figure 22B).
Prepupae-wintering Bees: Lifespan
When evaluating lifespan across all prepupae-wintering bees (Megachile spp.;
figure 23), there was a significant temperature × spring onset interaction (Table 1). When
compared to all other temperature and spring onset treatment combinations, the longest
mean lifespan (4.3 ± 0.4 days) occurred in the warm + late-spring onset treatment
(average difference in means: 2.0 days; p-values ≤ 0.005; Figure 24), whereas the shortest
mean lifespan (1.2 ± 0.4 days) occurred in the cool + late-spring onset treatment (average
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difference in means: 2.0 days shorter; p-values ≤ 0.021; Figure 24). Sex did not influence
the effects of temperature or spring on lifespans in prepupae-wintering bees (Table 1).
When analyzing lifespan in prepupae-wintering species separately, both M.
relativa and M. lapponica lived longer on average in the warm + late-spring onset
treatment combination compared to all other temperature + spring onset treatment
combinations (4.3 ±0.4 and 4.2 ± 0.5 days, respectively; p-values ≤ 0.036; Figure 25). In
contrast, the shortest lifespan on average occurred in the cool + late spring treatment
combination (0.7 ± 0.5 days and 1.6 ± 0.5 days, respectively; p-values ≤ 0.036; Figure
25), except for a marginal difference in M. lapponica mean lifespan between early- and
late-spring onset when temperature was cool (t34 = 1.88, p = 0.083; Figure 25).
Prepupae-wintering Bees: Weight Loss
When evaluating weight loss across all prepupae-wintering bees (Megachile spp.;
Figure 26), there was a significant temperature × spring onset interaction (Table 1).
Compared to all other temperature + spring onset treatment combinations, the greatest
mean weight loss (14.4 ± 1.2 mg/mm) occurred in the cool + late-spring onset treatment
(average difference in means: 5.0 mg/mm more; p-values < 0.001; Figure 27). There was
no effect of fall duration, and sex did not influence the effects of temperature and spring
on prepupae-wintering bee weight loss (Table 1).
When investigating each species separately, both M. relativa and M. lapponica
lost more weight in the cool + late-spring onset treatment (14.3 ± 1.7 mg/mm and 14.4 ±
1.3 mg/mm, respectively) compared to all other temperature + spring onset treatment
combinations (p-values ≤ 0.001; Figure 28).
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Prepupae-wintering Bees: Adult Body Size
When evaluating adult body size across all prepupae-wintering species
(Megachile spp.; Figure 29), there was a significant temperature × fall duration
interaction (Table 1). When compared to all other temperature + fall duration treatment
combinations, the smallest mean body size (2.50 ± 0.04 mm) occurred in the cool + shortfall duration treatment (average difference in means: 0.10 mm; p-values ≤ 0.007; Figure
30A). In addition, there was a significant fall duration x spring onset interaction (Table
1). Adult body size in prepupae-wintering bees was 0.11 ± 0.04 mm larger in the long-fall
duration + late-spring onset treatment (i.e., 90 days of winter) compared to the short-fall
duration + late-spring onset treatment (i.e., 120 days winter; t34 = 2.99, p = 0.031; Figure
30B). In contrast, there was no effect of fall duration when spring onset was early (i.e., 60
and 90 days of winter; t34 = 0.07, p = 0.948; Figure 30B). Sex did not influence the
effects of temperature, fall duration, or spring onset on prepupae-wintering bee body size
(Table 1).
When analyzing adult body size in prepupae-wintering species separately, the
pattern of smaller body size in the cool + short-fall duration treatment observed across
species was driven by both M. lapponica and M. relativa (average difference in means:
0.15 mm; p-values ≤ 0.011; Figure 31A). In addition, M. lapponica primarily drove the
effect of long-fall duration when spring onset was late, with bees growing 0.13 ± 0.04
mm larger in the long-fall duration + late-spring onset treatment combination compared
to the short-fall duration + late-spring onset treatment combination (t34 = 3.09, p = 0.024).
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In contrast, M. relativa body size did not respond to fall duration or spring onset
treatments (p-values ≥ 0.362; Figure 31B).
Piecewise Structural Equation Models
Adult-wintering bees: Our model did not differ significantly from the Osmia data
(Fisher C-score2 = 0.94, p = 0.625; Fig 32A), suggesting our model provided an
appropriate fit (Lefcheck 2016). Our model was most effective at describing emergence
(R2c = 0.65), followed by longevity (R2c = 0.49), then weight loss (R2c = 0.16).
The number of days to emerge following spring onset (i.e., ‘emergence’)
increased by 29.5% per each 1 mg/mm increase in weight loss, whereas early-spring
onset caused a 15.3% increase in days to emergence compared to late-spring onset. The
indirect effect of early-spring onset via the direct effect of early-spring onset on weight
loss only accounted for a 1.1% increase in emergence. The only other significant
predictor of emergence was body size, accounting for a 0.5% increase in days to emerge
per each 0.1 mm increase in body size. The indirect effects of fall, temperature, sex, and
body size on emergence via the direct effect of these variables on weight loss were small
(all < 2.5%).
Lifespan was reduced by 34.4% per each 1 mg/mm increase in weight loss, while
early spring onset accounted for a 16.9% increase in lifespan compared to late-spring
onset. The indirect effect of early-spring onset on lifespan via the direct effect of weight
loss only accounted for a 1.2% decrease in lifespan. Both temperature and body size
negatively influenced lifespan, accounting for a 1.2% and 6.9% decrease, respectively.
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Indirect negative effects of fall duration, temperature, sex, and body size on lifespan via
their direct effects on weight loss were small (all < 2.6%).
Prepupae-wintering bees: Our model did not differ significantly from the
Megachile data (fisher C-score10 = 5.65, p = 0.843; Fig 32B), suggesting an appropriate
fit to the data (Lefcheck 2016). Our model was most effective at describing emergence
(R2c = 0.97), followed by weight loss (R2c = 0.55), body size (R2c = 0.55), and longevity
(R2c = 0.46).
Emergence was strongly influenced by temperature, with the warm treatment
accounting for a 72.4% reduction in days to emerge following spring onset compared to
the cool treatment. Emergence influenced weight loss, with a 15% increase in weight loss
per each 1 day increase in emergence. The indirect effect of the warm temperature
treatment on weight loss via the direct effect of emergence on weight loss accounted for a
10.9% reduction in weight loss. The warm temperature treatment increased lifespan by
31.6%, whereas lifespan decreased by 33.3% per each 1 mg/mm increase in weight loss.
The indirect effect of temperature on lifespan via the emergence-weight loss-lifespan
pathway accounted for a 3.6% decrease in lifespan. There were no significant effects of
temperature or days to emerge on body size in prepupae-wintering bees.
Discussion
To determine the potential consequences of climate-warming for bee-plant
interactions, it is imperative to understand how bee life-history traits influence responses
to the combined effects of seasonal temperatures, as well as the duration and timing of
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the seasons experienced across the different stages of the solitary bee life cycle. Our
results showed that temperature and the duration of seasons interacted to influence
solitary bee responses, and that responses depended on overwintering life stage (i.e., adult
or prepupae). In addition, we found evidence of multiple response mechanisms operating
during different stages of the solitary bee life cycle, in some cases causing conflicting
responses to temperature and season length.
We also showed that body size and sex will likely influence solitary bee responses
to climate-warming. Our results demonstrated that the mutual effects of multiple
responses must be considered in order to fully understand the consequences of climatewarming for solitary bees and bee-plant interactions. Based on these findings, we
speculate that adult-wintering species may be more vulnerable to climate-driven nutrient
depletion at emergence compared to prepupae-wintering bees, and that both adult- and
prepupae-wintering bees may be prone to temporal mismatches with flowering plants.
Adult-wintering species may be more prone to mismatches during early spring prior to
the start of spring flowering periods, whereas prepupae-wintering species may be more
prone to experiencing novel communities of flowering plants. The magnitude of change
in emergence timing was greater in prepupae-wintering species compared to adultwintering species receiving the same treatments, suggesting that the separation in flight
seasons between adult-wintering species (i.e., spring-active bees) and prepupae-wintering
species (i.e., summer-active bees) may decrease under climate-warming. Although we
found common response patterns within adult- and prepupae-wintering species, speciesspecific responses were also observed, suggesting that species traits not considered in this
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study will likely interact with overwintering life stage to determine responses by solitary
bees to climate-warming.
Adult-wintering Bees
In the two species with winter mortality rates that allowed analyses (i.e., O.
coloradensis and O. tersula), only O. coloradensis responded to treatments, with winter
mortality more likely when spring was early compared to late. Across adult-wintering
species in this study, early-spring onset delayed emergence and caused increased weight
loss, which may explain higher mortality in O. coloradensis receiving the early spring
treatment. However, treatments cannot explain 75% mortality in O. tersula and 100%
mortality in O. penstimonis, or why early spring only increased winter mortality in O.
coloradensis. Given that O. tersula, O. penstimonis, and O. coloradensis were the three
smallest species in the study, it is possible that size-specific metabolic constraints
(Gillooly et al. 2001) caused greater energy depletion in smaller species compared to
larger species. Greater energy depletion in smaller species may have prevented O. tersula
and O. penstimonis from successfully overwintering given the treatment combination in
this study, and may have contributed to the negative effect of the early spring treatment
on O. coloradensis winter survival (Bosch & Kemp 2004). Alternatively, given that
Osmia tersula is parsivoltine (i.e., can overwinter for one or two years; Torchio &
Tepedino 1982), non-emerged O. tersula individuals may have forgone emergence during
our one-year study. However, parsivoltine bees that develop into adults during their first
summer in the nest generally do not overwinter a second year (Torchio & Tepedino
1982). Here, all individuals assigned to treatments were in the adult life stage, suggesting
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that winter mortality caused O. tersula not to emerge in this study. It is unknown (to our
knowledge) whether O. penstimonis is parsivoltine, but this remains a possibility to
explain why 100% of O. penstimonis individuals did not emerge.
For O. lignaria, the likelihood of emerging prior to spring onset (i.e., in winter
treatment) was greater when spring was late, which is consistent with previous work on
O. lignaria (Bosch & Kemp 2003). This suggests that O. lignaria can emerge in the
absence of perceiving a temperature increase at the spring onset (Hahn & Denlinger
2007). Osmia lignaria are among the first bees in flight each spring within their ranges
(Torchio 1989), and thus, they may allot fewer resources to energy reserves, or emerge in
response to a lower degree-day threshold, at the potential cost of reduced tolerance to
extended winters. In addition, compared to females, male O. lignaria were more likely to
emerge prior to the onset of spring under the warm, extended fall duration treatment
combination. This suggests that emergence may be more constrained in male O. lignaria,
potentially as a combined result of size-specific metabolic constraints (Gillooly et al.
2001) and reduced energy availability at the start of the experiment (i.e., O. lignaria
males entered the experiment with 8.5 mg/mm less mass compared to females; t162 =
9.96, p < 0.001). Premature emergence caused by an extended winter may not be
biologically significant for adult-wintering solitary bees, given that extended winter
duration is not an anticipated consequence of climate-warming (Sparks & Menzel 2002).
However, sex-specific sensitivity to temperature and fall duration could affect synchrony
between male and female emergence timing, a threat of climate-warming that deserves
further investigation.
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Across adult-wintering species, warm temperature and extended fall decreased the
number of days to emerge following spring onset, while also reducing lifespan after
emergence (without feeding) and increasing weight loss. An association between weight
loss and emergence timing (Bosch & Kemp 2003) suggests that adult-wintering solitary
bees may advance their emergence to mitigate energy depletion (Danforth 1999; Schenk
et al. 2018b), a mechanism that can increase reproductive capacity in insects (Irwin &
Lee 2000). Female bees lost more weight when fall was long compared to male bees,
while emergence responses between males and females did not differ, suggesting that
female weight loss may be more responsive to extended fall compared to males, without
influencing emergence. Although we cannot draw a link between weight loss and postemergence fitness in this study, reduced lifespan associated with increased weight loss
suggests that weight loss reduced post-emergence nutrient availability (Bosch & Kemp
2004), which may impact post-emergence functions related to fitness, such as
reproductive tissue synthesis (Hahn & Denlinger 2007) and egg production (O'Neill et al.
2015). One exception was a shorter lifespan when temperature was warm and spring was
late, a treatment combination that was not associated with increased weight loss. This
result implies that mechanisms not resulting in weight loss, such as molecular synthesis
to resist cold damage and desiccation (Morgan & Chippendale 1983) may impose
negative consequences for post-emergence function in adult-wintering solitary bees.
Lifespan can influence reproductive success (Bosch & Vicens 2006), and phenological
synchrony with flowering plants (Burkle et al. 2013), and thus, determining whether
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lifespan without feeding is indicative of lifespan in bees allowed to forage after
emergence should be investigated further.
In addition to the influence of a warm, extended fall, emergence was delayed in
the cool treatment when fall was long, indicating shorter cold exposure may delay
emergence timing (Bosch & Kemp 2003; Sgolastra et al. 2010). Delayed emergence in
response to winter durations shorter than 120 days (i.e., short fall + late spring) is
consistent with cold exposure influencing emergence timing. A larger difference in days
to emerge between female bees experiencing 120- and 60-day winter durations compared
to males suggests that female emergence may be more strongly regulated by winter
duration. Alternatively, male emergence may be more constrained due to less available
energy entering fall (i.e., females weighed 8.3 mg/mm more at the start of fall treatments;
t368 = 12.10, p < 0.001). In addition, when winter was 90 days, a later start to winter (i.e.,
long fall + late spring) decreased the number of days to emerge, suggesting that energy
depletion may have influenced emergence timing when winter duration was equal among
treatments (Sgolastra et al. 2010). Further, weight loss was greater in both temperature
regimes when spring onset was early. This implies that delayed emergence in response to
shorter winter duration caused greater weight loss as a result of increased time spent in
spring temperature prior to emergence, a consequence consistent with previous work on
O. lignaria (Sgolastra et al. 2011).
Interestingly, emergence responses to both warm, extended fall and shorter winter
duration (both anticipated effects of climate-warming) resulted in increased weight loss.
Given the negative consequences of reduced nutrient availability for post-emergence
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functions that influence fitness (Hahn & Denlinger 2007), this result is concerning for
adult-wintering bees. However, when allowed to forage on abundant floral resources, O.
lignaria were able to overcome any potential negative effects of extended pre-winter
duration on reproductive success (i.e., offspring number, size, and sex ratio; Sgolastra et
al. 2016). Moving forward, it will be important to understand how the timing and
abundance of floral resource availability – two factors likely to be impacted by climatewarming – will influence the ability for solitary bees to respond to potentially greater
energy depletion prior to emerging under climate-warming.
Prepupae-wintering Bees
In both prepupae-wintering species evaluated in this study, the warm treatment
decreased the number of days to emerge following spring onset, whereas fall duration had
no effect on the timing of emergence. Given that prepupae-wintering bees develop into
adults following winter diapause, earlier emergence in response to elevated spring
temperature, but not fall duration, suggests that elevated spring temperature was the main
factor causing the emergence response by prepupae-wintering bees in this study, a result
that is consistent with previous work on Megachile (e.g., Kemp & Bosch 2000; O'Neill et
al. 2011). Late-spring onset also decreased the number of days to emerge, suggesting that
winter duration may influence emergence by regulating diapause termination and the
initiation of spring development (Kemp & Bosch 2000). Also as predicted, weight loss
was greatest and lifespan was shortest in the cool treatment when spring was late,
implying that, despite the elevated temperature in the warm treatment, a longer duration
of winter combined with extended days in spring temperature (resulting from delayed
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emergence) caused increased weight loss. As with adult-wintering bees, increased weight
loss was associated with a reduced lifespan. This indicates that the timing of emergence
relative to the onset of spring influenced weight loss, and presumably, also influenced
post-emergence nutrient availability in prepupae-wintering bees (Bosch & Kemp 2004;
O'Neill et al. 2011). Thus, and in contrast to adult-wintering bees, prepupae-wintering
bees may be less vulnerable to the negative impact of climate-warming on post-diapause
functions. We found no influence of sex on prepupae-wintering bee responses in this
study, suggesting that prepupae-wintering bees may be less vulnerable to any negative
effects of sex-specific responses, such as asynchrony in male-female emergence timing or
relative differences in post-emergence nutrient availability driven by unequal weight loss
responses.
In addition, prepupae-wintering bee body size at maturity was larger when
temperature was warm and when fall was long. Commonly, increased rearing
temperature is associated with smaller adult body sizes in terrestrial insects (Atkinson
1994). However, univoltine species (i.e., that have one generation per year), can be more
likely to grow larger in response to warm temperature compared to multivoltine species
(i.e., that have more than one generation per year). Presumably this occurs because
univoltine species can only capitalize on a longer growing season by exploiting the
positive size-fecundity relationship (Honek 1993; Kingsolver & Huey 2008) and not by
increasing reproductive events (Horne et al. 2015). To our knowledge, whether M.
lapponica, and M. relativa are strictly univoltine is unknown.
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Piecewise Structural Equation Model
To further evaluate the underlying mechanisms driving the patterns revealed by
the mixed-effects analyses, particularly the indirect effects of treatments on the response
variables in this study, we conducted structural equation analyses and produced two
mechanistic models (one each for adult- and prepupae-wintering bees). Our adultwintering structural model accounted for 65% of the variation in emergence timing,
suggesting that treatment combinations had a considerable influence on emergence
timing in adult-wintering bees in this study. We anticipated earlier emergence in response
to increasing weight loss, but did not find evidence of this in our structural model. To the
contrary, our results suggest that increased weight loss delayed emergence. Presumably,
this result reflects a stronger effect of delayed emergence on weight loss (i.e., more time
spent in spring temperature following diapause) compared to the effect of warm,
extended fall. This interpretation is consistent with the fact that the magnitude of weight
loss per unit time can be 10 times higher during spring compared to fall in adultwintering bees (Sgolastra et al. 2011). Our structural model accounted for only 16% of
the variation in weight loss, further suggesting that the direct effects of treatments were
not strong drivers of weight loss and that accelerated weight loss may not regulate
emergence timing in adult-wintering bees. This conclusion suggests that the duration of
cold may be more important in determining emergence timing in adult-wintering bees
compared to energy depletion (Forrest & Thomson 2011). Nonetheless, a relatively
strong negative relationship between weight loss and lifespan without feeding suggests
that increased weight loss in response to climate-warming will cause nutrient depletion in
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adult-wintering bees, with potential implications for post-emergence fitness (Hahn &
Denlinger 2007), but see (Sgolastra et al. 2016).
Our prepupae-wintering structural model accounted for 97% of the variation in
emergence timing, suggesting that a 3°C increase in spring temperature will have a strong
effect on emergence. As suggested by mixed-effects analyses, increased days to emerge
increased weight loss. As with adult-wintering bees, greater weight loss shortened
lifespan without feeding in prepupae-wintering species. However, given the negative
relationships between temperature and the timing of emergence, and between the timing
of emergence and weight loss, climate-driven nutrient depletion may not be as
biologically relevant to prepupae-wintering bees compared to adult-wintering bees – and
the majority of temperate-zone solitary bee species overwinter as prepupae.
Implications for Bee-plant Interactions
Our findings for adult-wintering species suggest that climate-warming is more
likely to advance adult-wintering solitary bee emergence timing rather than delay it, with
changes in emergence timing strongly related to the transition from winter to spring (i.e.,
spring onset). Advancing phenologies have been reported for many plant species (e.g.,
Burkle et al. 2013; Fitter & Fitter 2002; Miller-Rushing & Primack 2008), particularly
spring-flowering species (Fitter & Fitter 2002), suggesting that, at a minimum, the
direction of phenological changes in adult-wintering bees (i.e., spring active species) and
spring-flowering plants are moving congruently. However, species-specific responses
(e.g., emergence in O. vallicola and O. tersula did not respond to treatments in this study)
suggests that the susceptibility of adult-wintering solitary bees to temporal mismatches
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with flowering plants will vary by species. Moreover, flowering phenologies may
respond to a different set of cues (e.g., degree-days in the month proceeding flowering;
Forrest & Thomson 2011), or snowmelt date; (Inouye 2008) compared to adult-wintering
bees (e.g., fall temperature and duration and the onset of spring; this study), suggesting
that annual variability in snowpack and seasonal variation in the magnitude of climatewarming may play a central role in determining the degree to which climate-warming
causes temporal mismatches between adult-wintering bees and spring-flowering plants in
temperature systems. For instance, over the past 40 years, snowmelt dates in Colorado
have been variable, and have not advanced consistently with increases in spring
temperature over that same time period (Lambert et al. 2010). Such a scenario could drive
temporal mismatches between early spring-emerging solitary bees and spring-flowering
plants. In addition, the potential effects of climate-warming on bee lifespan, could
influence interactions between adult-wintering bees and spring flowering plants by
further altering the amount of temporal overlap between bee activity and flowering.
Our findings for prepupae-wintering species (i.e., summer-active species) suggest
that advancement in emergence timing caused by a 3°C increase in temperature may
outpace responses in flowering plants. For example, flowering periods have advanced
between four and six days per degree Celsius increase in temperature across North
America and Europe (e.g., Burkle et al. 2013; Fitter & Fitter 2002; Miller-Rushing &
Primack 2008; Primack et al. 2004), whereas prepupae-wintering bee emergence
advanced by nine days per degree Celsius in this study. Moreover, the phenologies of
some summer-flowering plants have been delayed by increased temperature (Cook et al.
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2012), suggesting that both the magnitude and direction of phenological change between
prepupae-wintering bees and summer flowering plants may not be equal. Such divergent
responses could create novel communities of flowering plants within which solitary bees
are present, while potentially exposing late-summer blooming plants to shortages in
pollinator abundance (Aldridge et al. 2011).
The difference in days to emerge between adult-wintering bees and prepupaewintering bees receiving the cool treatment was 62 days, while this difference was only
35 days in the warm treatment, suggesting that the amount of temporal separation
between adult-wintering bees that fly during spring and prepupae-wintering bees that fly
during summer may be reduced by climate-warming. In addition to the potential impacts
of climate-warming on temporal overlap with flowering plants, changes in seasonal
community composition resulting from asynchronous emergence responses among adultand prepupae-wintering bees may impact bee-plant interactions by altering competition
for floral resources (Brosi & Briggs 2013).
In summary, we demonstrated that overwintering life stage mediated solitary bee
responses to seasonal temperature and timing, suggesting that life-history traits will
influence solitary bee responses to climate-warming. Our findings indicate that interplay
among multiple responses will need to be considered in order to fully understand the
consequences of climate-warming for bees and bee-plant interactions. Different response
patterns between male and female bees, particularly in O. lignaria winter emergence,
suggests that climate-warming may have implications for male-female interactions.
Although we found common responses patterns to treatments among bee species that
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share overwintering life histories, species-specific responses were also observed in most
cases, suggesting that life history traits and associated physiological adaptations not
considered in this study will interact with overwintering life histories to determine
solitary bee responses to climate-warming.
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Table 1 Analysis of variance (ANOVA) tables of the linear mixed-effects models fitted
separately to adult- and prepupae-wintering bee emergence, lifespan, weight loss, and
body size. In the list of variables, ‘temperature’ refers to temperature treatment, ‘fall’
refers to fall duration treatment, and ‘spring’ refers to spring onset treatment.
emergence

lifespan

df

F

P

5,267
1,267
1,267
1,267
1,267
1,267
5,267
5,267
5,267
1,267
1,267
1,267
1,267
1,267
1,267
1,267
1,267
1,267
1,267

19.79
230.3
0.26
0.00
84.53
9.34
2.74
1.67
4.80
5.64
2.80
2.99
15.20
0.00
0.06
10.57
1.60
0.42
0.08

<0.001
<0.001
0.612
0.944
<0.001
0.003
0.020
0.142
<0.001
0.018
0.096
0.085
<0.001
0.948
0.806
0.001
0.208
0.517
0.778

1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34

701.01
106.85
4841
1.34
14.03
5.65
1.41
0.54
0.67
0.05
3.37
0.16
0.69
0.11
0.93

<0.001
<0.001
<0.001
0.256
0.001
0.023
0.243
0.468
0.417
0.821
0.075
0.692
0.411
0.743
0.342

df

weight loss

body size

F

P

df

F

P

df

F

P

5,259
1,259
1,259
1,259
1,259
1,259
5,259
5,259
5,259
1,259
1,259
1,259
1,259
1,259
1,259
1,259
1,259
1,259
1,259

7.19
28.31
18.06
1.45
143.9
2.92
4.70
2.10
3.23
22.62
1.62
9.14
13.05
18.11
0.58
0.31
2.40
0.74
0.19

<0.001
<0.001
<0.001
0.229
<0.001
0.089
<0.001
0.066
0.008
<0.001
0.204
0.003
<0.001
<0.001
0.448
0.579
0.123
0.391
0.664

5,232
1,232
1,232
1,232
1,232
1,232
5,232
5,232
5,232
1,232
1,232
1,232
1,232
1,232
1,232
1,232
1,232
1,232
1,232

15.36
29.02
5.61
0.03
47.51
0.50
1.56
0.55
3.10
3.73
4.36
0.00
1.21
0.00
0.51
2.47
0.46
7.88
0.16

<0.001
<0.001
0.019
0.865
<0.001
0.479
0.171
0.737
0.010
0.055
0.038
0.967
0.272
0.963
0.474
0.117
0.500
0.005
0.690

5,271
1,271
1,271
1,271
1,271
NA
5,271
5,271
5,271
1,271
1,271
1,271
1,271
1,271
NA
1,271
NA
NA
1,271

68.09
409.1
0.42
2.37
1.35
NA
0.62
1.23
0.50
0.14
0.03
2.67
0.78
0.39
NA
2.05
NA
NA
0.04

<0.001
<0.001
0.516
0.125
0.247
NA
0.681
0.294
0.778
0.713
0.867
0.103
0.377
0.534
NA
0.153
NA
NA
0.838

1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34

0.72
0.78
26.92
3.61
2.26
1.24
2.05
0.00
0.02
0.26
2.92
0.65
17.52
0.00
4.10

0.402
0.384
<0.001
0.066
0.142
0.273
0.162
0.960
0.877
0.615
0.097
0.424
<0.001
0.988
0.051

1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34

2.75
0.50
14.28
0.19
11.33
0.58
0.00
0.98
2.88
0.01
1.06
0.91
32.02
0.68
3.33

0.106
0.485
0.001
0.668
0.002
0.453
0.966
0.330
0.099
0.910
0.311
0.348
<.0001
0.416
0.077

1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34
1,34

0.25
48.96
11.26
11.45
2.39
0.02
6.09
0.03
4.10
1.70
0.39
5.98
2.91
4.88
0.31

0.623
<0.001
0.002
0.002
0.132
0.903
0.019
0.856
0.051
0.201
0.535
0.020
0.097
0.034
0.582

adult-wintering bees
species
sex
temperature
fall
spring
body size
species x temp
species x fall
species x spring
sex x temp
sex x fall
sex x spring
temp x fall
temp x spring
temp x body size
fall x spring
fall x body size
spring x body size
temp x fall x spring
Prepupae-wintering
bees
species
sex
temperature
fall
spring
species x temp
species x fall
species x spring
sex x temp
sex x fall
sex x spring
temp x fall
temp x spring
fall x spring
temp x fall x spring
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Table 2 ANOVA tables of the generalized linear models of winter survival and the
probability to emerge prior to the initiation of spring treatments.
winter mortality
R.df

Dev.

R.Dev

P

O. coloradensis
sex
temperature
fall
spring
body size
sex x temp
sex x fall
sex x spring
temp x fall
temp x spring
temp x body size
fall x spring
fall x body size
spring x body size
temp x fall x spring

1,135
1,134
1,133
1,132
1,131
1,130
1,129
1,128
1,127
1,126
1,125
1,124
1,123
1,122
1,121

0.13
0.10
1.88
8.52
0.23
0.60
0.09
0.04
0.29
0.12
0.01
0.24
0.63
0.71
4.23

R.df

winter emergence
Dev.

R.Dev

P

O. tersula
157.68
157.58
155.70
147.19
146.96
146.36
146.26
146.22
145.93
145.82
145.80
145.57
144.94
144.23
140.00

0.722
0.753
0.171
0.004
0.633
0.437
0.762
0.836
0.593
0.733
0.908
0.626
0.428
0.400
0.040

1,108
1,107
1,106
1,105
1,104
1,103
1,102
1,101
1,100
1,99
1,98
1,97
1,96
1,95
1,94

0.12
0.04
0.20
4.68
0.00
0.02
1.96
2.30
0.11
0.39
1.31
0.02
0.51
0.40
0.00

R.df

Dev.

R.Dev

P

262.08
261.62
259.38
132.49
131.67
124.66
119.26
116.70
108.60
108.08
108.06
108.06
107.99
107.87
106.42

<0.001
0.496
0.135
<0.001
0.364
0.008
0.020
0.110
0.004
0.473
0.876
0.967
0.793
0.731
0.228

O. lignaria
130.70
130.67
130.46
125.78
125.78
125.76
123.80
121.50
121.39
121.00
119.68
119.67
119.16
118.75
118.75

0.727
0.847
0.652
0.030
0.992
0.898
0.161
0.130
0.737
0.530
0.252
0.895
0.475
0.526
0.994

1,243
1,242
1,241
1,240
1,239
1,238
1,237
1,236
1,235
1,234
1,233
1,232
1,231
1,230
1,229

27.32
0.46
2.24
126.9
0.82
7.01
5.40
2.56
8.10
0.52
0.02
0.00
0.07
0.12
1.45
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Figure 1 Description and timeline of experimental treatments. Treatments represented 4
factorial combinations of fall duration (‘short’ or ‘long’) and date of spring onset (‘early’
or ‘late’), nested within 2 temperature regimes that manipulated fall and spring
temperature while holding winter temperature constant (i.e., ‘cool’ regime: 6/4/18°C and
‘warm’ regime: 9/4/21°C, fall/winter/spring). Fall and spring treatment combinations
resulted in three winter durations (60, 90, 120 days), with the length of winter, as well as
the
start and end date of winter, determined by fall and spring treatment combinations.
30 days
Temperature
regime
(fall/winter/spring)

Fall
dura6on

Spring
onset

Winter
dura6on

1)

cool, 6/4/18°C

short (30 days)

early

90 days

30 days fall

90 days winter

spring

2)

cool, 6/4/18°C

short (30 days)

late

120 days

30 days fall

120 days winter

spring

3)

cool, 6/4/18°C

long (60 days)

early

60 days

60 days fall

60 days winter

spring

4)

cool, 6/4/18°C

long (60 days)

late

90 days

60 days fall

90 days winter

spring

5)

warm, 9/4/21°C

short (30 days

early

90 days

30 days fall

90 days winter

spring

6)

warm 9/4/21°C

short (30 days)

late

120 days

30 days fall

120 days winter

spring

7)

warm, 9/4/21°C

long (60 days)

early

60 days

60 days fall

60 days winter

spring

8)

warm, 9/4/21°C

long (60 days)

late

90 days

60 days fall

90 days winter

spring

26 Nov
experiment
start date

30 days

26 Dec
short fall
end date

25 Jan
long fall
end date

26 March
early spring
start date

25 April
late spring
start date
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Figure 2 Conceptual figure showing response variables (boxes on right) and explanatory
variables (boxes on left) included in our hypotheses for adult-wintering bees (left panel)
and prepupae wintering bees (right panel). Solid directional arrows linking treatments and
responses signify expectations of treatment effects. Arrows between explanatory
variables show expected interactions, with arrow type (i.e., directional or double arrow)
denoting the expected direction of the interaction (e.g., for adult-wintering bees, body
size is expected to influence the effect of temperature and fall duration, but not vice
versa, whereas fall duration and temperature are expected to influence each other).
Dashed lines represent indirect effects of treatments that we assessed with Piecewise
SEM. Grey boxes represent response variables that we did not expect to respond in this
study.
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Figure 3 Log least square mean days to emerge following the initiation of spring
treatment (i.e., spring onset) ± SE. Log Least square means represent all treatment
combinations averaged across adult-wintering bee species (i.e., Osmia spp.) separately by
sex. Fall duration and spring onset treatment combinations are shown along the x-axis.

log(days to emerge)

2.0

temperature
treatment
cool
warm

1.5
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1.0

0.5
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long fall
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fall duration and spring onset treatement

short fall
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Figure 4 Log least square mean days to emerge following the initiation of spring
treatment (i.e., spring onset) ± SE averaged across adult-wintering species (i.e., Osmia
spp.). Least square means represent A) fall duration and temperature treatment
combinations averaged across spring onset treatments and sex, and B) fall duration and
spring onset treatment combinations separated by sex and averaged across temperature
treatments.
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Figure 5 Log least square mean days to emerge following the initiation of spring
treatment (i.e., spring onset) ± SE representing all treatment combinations separated by
adult-wintering species (i.e., Osmia spp.) and sex. Fall duration and spring onset
treatment combinations are shown along the x-axis. Note the range of values on the yaxes differ by species.
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Figure 6 Log least square mean days to emerge following the initiation of spring
treatment (i.e., spring onset) ± SE separated by adult-wintering species (Osmia spp.). Log
least square means represent fall duration and temperature treatment combinations
averaged across spring onset treatments and sex.
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Figure 7 Log least square mean days to emerge following the initiation of spring
treatment (i.e., spring onset) ± SE separated by adult-wintering species (i.e., Osmia spp.).
Least square means represent fall duration and spring onset treatment combinations
averaged across temperature treatments and sex.
O. californica

O. coloradensis

2.75

2.5

O. lignaria

1.25

2.50

log(days to emerge)

2.0

1.00

2.25

1.5
1.0

2.00

0.75

1.75

0.50

1.50
long fall

short fall

long fall

O. montana

short fall

0.25

O. tersula

long fall

short fall

O. vallicola

1.5

2.1
1.2
1.8

1.0

1.0

1.5

0.8

1.2

0.5

0.6
long fall

short fall

long fall

short fall

fall duration treatment

long fall

short fall

spring onset
treatment
early
late

51
Figure 8 Least square mean lifespans (i.e., days alive without feeding following
emergence) ± SE. least square means represent all treatment combinations averaged
across adult-wintering bee species (i.e., Osmia spp.) separately by sex. Fall duration and
spring onset treatment combinations are shown along the x-axis.
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Figure 9 Least square mean lifespans (i.e., days alive without feeding following
emergence) ± SE averaged across adult-wintering species (i.e., Osmia spp.). Least square
means represent A) fall duration and temperature treatment combinations averaged across
spring onset treatments and sex, and B) spring onset and temperature treatment
combinations separated by sex and averaged across fall duration treatments.
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Figure 10 Least square mean lifespan (i.e., days alive without feeding following
emergence) ± SE representing all treatment combinations separated by adult-wintering
species (i.e., Osmia spp.) and sex. Fall duration and spring onset treatment combinations
are shown along the x-axis. Note the range of values on the y-axes differ by species.
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Figure 11 Least square mean lifespans (i.e., days alive without feeding following
emergence) ± SE separated by adult-wintering species (i.e., Osmia spp.). Least square
means represent fall duration and temperature treatment combinations averaged across
spring onset treatments and sex.
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Figure 12 Least square mean lifespans (i.e., days alive without feeding following
emergence) ± SE separated by adult-wintering species (i.e., Osmia spp.). Least square
means represent spring onset and temperature treatment combinations averaged across
fall duration treatment and sex.
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Figure 13 least square mean weight loss prior to emergence per mm of intertegular
distance (i.e., body size) ± SE. Least square means represent all treatment combinations
averaged across adult-wintering bee species (i.e., Osmia spp.) separately by sex. Fall
duration and spring onset treatment combinations are shown along the x-axis. Note
negative weight loss values (i.e., weight gain) are likely due to moisture absorbed by
pollen and/or nesting material prior to emergence.
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Figure 14 least square mean weight loss prior to emergence per mm of intertegular
distance (i.e., body size) ± SE averaged across adult-wintering bee species (i.e., Osmia
spp.). Least square means represent fall duration and temperature treatment combinations
separated by sex and are averaged across spring onset treatments. Note negative weight
loss values (i.e., weight gain) are likely due to moisture absorbed by pollen and/or nesting
material prior to emergence.
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Figure 15 Regression showing the relationship between weight loss prior to emergence
(per unit body size) and body size (i.e., intertegular distance) averaged across adultwintering bee species (i.e., Osmia spp.). Regression lines represent least square means
showing the change in weight loss per each 0.1 mm increase in intertegular distance for
bees in the early-spring onset treatment (dashed line) and late-spring onset treatment
(solid line). Least square means are averaged across fall duration treatments and sex.
Shaded areas represents standard errors associated with each least square mean regression
line. Closed points represent weight loss data occurring in the late-spring onset treatment
and open points represent weight loss occurring in the early-spring onset treatment. Note
negative weight loss values (i.e., weight gain) are likely due to moisture absorbed by
pollen and/or nesting material prior to emergence.
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Figure 16 Least square mean weight loss prior to emergence per mm intertegular distance
(i.e., body size) ± SE. Least square means represent all treatment combinations separated
by adult-wintering species (i.e., Osmia spp.) and sex. Fall duration and spring onset
treatment combinations are shown along the x-axis. Note the range of values on the yaxes differ by species, and that negative weight loss values (i.e., weight gain) are likely
due to moisture absorbed by pollen and/or nesting material prior to emergence.
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Figure 17 Least square mean weight loss prior to emergence per mm intertegular distance
(i.e., body size) ± SE. Least square means represent spring onset and temperature
treatment combinations separated by adult-wintering species (i.e., Osmia spp.), and are
averaged across fall duration treatments and sex. Note the range of values on the y-axes
differ by species, and that negative weight loss values (i.e., weight gain) are likely due to
moisture absorbed by pollen and/or nesting material prior to emergence.
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Figure 18 Probability of surviving winter (i.e., emerging) ± SE for O. coloradensis and
O. tersula. Probabilities represent spring onset treatments and are averaged across fall
duration treatments, temperature treatments, and sex.
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Figure 19 Probability of emerging during winter ± SE for O. lignaria. Probabilities
represent fall duration and temperature treatment combinations separated by sex, and are
averaged across spring onset treatments.
O. lignaria

probability of emerging during winter

0.8

0.6
temperature
treatment
cool
warm
0.4
bee sex
female
male
0.2

0.0
long fall

short fall

fall duration treatment

63
Figure 20 least square mean days to emerge following the initiation of spring treatments
(i.e., spring onset) ± SE. Least square means represent all treatment combinations
averaged across prepupae-wintering bee species (i.e., Megachile spp.) separately by sex.
Fall duration and spring onset treatment combinations are shown along the x-axis.
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Figure 21 Least square mean days to emerge following the initiation of spring treatments
(i.e., spring onset) ± SE averaged across prepupae-wintering bee species (i.e., Megachile
spp.). Least square means represent spring onset treatments averaged across fall duration
treatments, temperature treatments, and sex.
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Figure 22 Least square mean days to emerge following the initiation of spring treatment
(i.e., spring onset) ± SE. Least square means are separated by prepupae-wintering species
(i.e., Megachile spp.) and represent A) temperature treatment averaged across fall
duration treatments, spring onset treatments and sex, and B) spring onset treatments
averaged across temperature treatments, fall duration treatments, and sex.
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Figure 23 Least square mean lifespans (i.e., days alive without feeding following
emergence) ± SE. Least square means represent all treatment combinations averaged
across prepupae-wintering bee species (i.e., Megachile spp.) separately by sex. Fall
duration and spring onset treatment combinations are shown along the x-axis.
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Figure 24 Least square mean lifespans (i.e., days alive without feeding following
emergence) ± SE averaged across prepupae-wintering bee species (i.e., Megachile spp.).
Least square means represent spring onset and temperature treatment combinations
averaged across fall duration treatments, temperature treatments, and sex
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Figure 25 Least square mean lifespans (i.e., days alive without feeding following
emergence) ± SE separated by prepupae-wintering bee species (i.e., Megachile spp.).
Least square means represent spring onset and temperature treatment combinations
averaged across fall duration treatments and sex.
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Figure 26 least square mean weight loss prior to emergence per mm of intertegular
distance (i.e., body size) ± SE. Least square means represent all treatment combinations
averaged across prepupae-wintering bee species (i.e., Megachile spp.) separately by sex.
Fall duration and spring onset treatment combinations are shown along the x-axis.
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Figure 27 Least square mean weight loss prior to emergence per mm intertegular distance
(i.e. body size) ± SE averaged across prepupae-wintering bee species (i.e., Megachile
spp.). Least square means represent spring onset and temperature treatment combinations
averaged across fall duration treatments and sex.
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Figure 28 Least square mean weight loss prior to emergence per mm intertegular distance
(i.e., body size) ± SE separated by prepupae-wintering bee species (i.e., Megachile spp.).
Least square means represent spring onset and temperature treatment combinations
averaged across fall duration treatments and sex.
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Figure 29 Least square mean intertegular distance (i.e., body size) ± SE. Least square
means represent all treatment combinations averaged across prepupae-wintering bee
species (i.e., Megachile spp.) separately by sex. Fall duration and spring onset treatment
combinations are shown along the x-axis.
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Figure 30 Least square mean intertegular distance (i.e., body size) ± SE averaged across
prepupae-wintering species (i.e., Meagachile spp.). Least square means represent A) fall
duration and temperature treatment combinations averaged across spring onset treatments
and sex, and B) fall duration and spring onset treatment combinations averaged across
temperature treatments and sex.
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Figure 31 Least square mean intertegular distance (i.e., body size) ± SE separated by
prepupae-wintering species (i.e., Megachile spp.). Least square means represent A) fall
duration and temperature treatment combinations averaged across spring onset treatment
and sex, and B) fall duration and spring onset treatment combinations averaged across
temperature treatment and sex.
intertegular distance (mm)

A
M. relativa

M. lapponica

2.8
2.7

temperature
treatment
cool
warm

2.6
2.5
2.4

intertegular distance (mm)

B
M. relativa

M. lapponica

2.8
2.7

spring onset
treatment
early
late

2.6
2.5
2.4
long fall

short fall

long fall

fall duration treatment

short fall

75
Figure 32 ‘Piecewise SEM’ results for a) Osmia and b) Megachile models. Boxes on the
left of each panel show explanatory variables and boxes on the right show response
variables. Arrows represent cause-and-effect pathways significant at α < 0.05 and arrow
thickness corresponds to effect size (i.e., both positive or negative effect). Effect
coefficients for each pathway are ‘range standardized’ (i.e., divided by the range of
values for that response variable). Solid arrows denote positive effects and dashed arrows
denote negative effects. Effects are caused by the stated level of each categorical variable
relative to the other level (e.g., in the Osmia model, the warm temperature treatment
accounted for a 2.5% increase in weigh loss relative to the cool temperature treatment).
Effects caused by continuous variables are relative to a one unit increase in the
continuous variable.
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THE EFFECTS OF ASYNCHRONY BETWEEN FEMALE SOLITARY BEE
EMERGENCE AND FLOWERING PERIODS OF PLANTS ON FEMALE BEE
LIFESPAN, INTERACTION RATES WITH FLOWERS, AND REPRODUCTIVE
SUCCESS
Introduction
For many organisms, anthropogenic climate-warming has advanced the dates of
their annual spring life-cycle events (i.e., phenologies; e.g., Parmesan & Yohe 2003;
Walther et al. 2002). In some cases, the magnitude of these advancements can be unequal
between interacting species (e.g., Iler et al. 2013; Visser & Both 2005), prompting
concern that desynchronized phenological timing will disrupt species interactions
(Tylianakis et al. 2008) and threaten the persistence of species that rely on interspecific
interactions for resource acquisition and reproductive success (Cahill et al. 2013;
Ockendon et al. 2014). For example, in temperate systems the magnitude of phenological
advancement of some bee species (i.e., the timing of emergence from nests) has been
greater compared to that of flowering periods (Burkle et al. 2013; Gordo & Sanz 2005;
Willmer 2014), with spring-active bee species particularly prone to a greater magnitude
of advancement compared to spring-flowering plants (Burkle et al. 2013). For bees,
asynchrony between bee emergence and flower availability during early spring (i.e., bee
emergence occurring prior to flower availability; hereafter ‘phenological asynchrony’)
may cause bees to experience a portion of a their lifespan with limited food resources
(Forrest & Thomson 2011). Given the profound ecological and economic importance of
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pollination services provided by bees to both wild plants and crops (Klein et al. 2007;
Ollerton et al. 2011), understanding the consequences of phenological asynchrony
between bee emergence and flower availability is of critical importance. However, our
understanding of how phenological asynchrony affects solitary bee reproduction remains
poorly understood (Forrest 2015), and has lagged behind progress made in determining
the impacts of phenological asynchrony on plant reproduction (Burkle et al. 2013; Gezon
et al. 2016; Kudo & Ida 2013; Rafferty & Ives 2011; Thomson 2010).
Solitary bee reproductive success largely depends on nectar and pollen
availability. After emerging, females must consume pollen to provide the protein required
to initiate egg production (Bell 1973; Richards 1994). During the nesting period, females
provision offspring with nectar and pollen, with total provision per nest and provision
size per individual offspring influencing total offspring produced, offspring size at
maturity (i.e. larger provisions produce larger individuals) and female to male sex ratio
(i.e., females are larger and require a larger provision; Bosch 2008; Bosch & Vicens
2002, 2006; Roulston & Cane 2000; Sgolastra et al. 2016). Here, we consider three nonmutually exclusive pathways (Fig. 33) by which phenological asynchrony could reduce
solitary bee reproductive success as a result of reduced access to nectar and pollen. First,
females that are unable to consume pollen immediately after they emerge may produce
fewer eggs during the nesting period (Bell 1973; Richards 1994), which could result in
fewer offspring produced (Irwin & Lee 2000), smaller offspring (Larsson 1990), or a
greater proportion of male offspring (Budriene et al. 2013; Fig 33, direct pathway 1).
Second, if bee emergence occurs prior to the start of flowering, the duration of a female’s
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nesting period – during which she can provision offspring with nectar and pollen – could
be curtailed. Such curtailment could result from a portion of her lifespan elapsing prior to
flowering begins (Memmott et al. 2007), as a result of a shortened lifespan caused by
starvation after emerging (Schenk et al. 2018a; Vesterlund & Sorvari 2014), or both (Fig
33, direct pathway 2). A shorter nesting period would reduce the total time during which
nest provisioning would be possible. Third, periods without food can cause lingering
deleterious effects that reduce female vigor even after flowers become available (Schenk
et al. 2018a). Less vigorous females may visit flowers at a slower rate (Fig 33, indirect
pathway 3), limiting the amount of nectar and pollen a female could provision to
offspring over her lifetime. Females that experience a shorter nesting period or provision
offspring with less total nectar and pollen could produce fewer offspring (Bosch &
Vicens 2006; Sgolastra et al. 2016; Figure 33, indirect effects of pathway 1 and/or 2).
Alternatively, females could allocate less nectar and pollen to each offspring (Bosch
2008), resulting in smaller mature offspring (Bosch & Vicens 2002; Figure 33, indirect
effects of pathway 1 and/or 2). Smaller offspring are more likely to die while
overwintering (Bosch 2008), and if they survive, smaller individuals in solitary nestprovisioning Hymenoptera often have reduced reproductive potential (Bosch & Vicens
2006). Additionally, male offspring require smaller provisions compared to females
(Torchio 1989). Thus, females that provision less nectar and pollen to nests might
increase the male sex ratio bias of a progeny (Bosch & Vicens 2005; Figure 33, indirect
effects of pathway 1 and/or 2), which could jeopardize the future reproductive potential
of her offspring (Torchio & Tepedino 1980).
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To date, only the potential direct effects of phenological asynchrony on
reproductive success have been assessed (Schenk et al. 2018a), while the indirect effects
of phenological asynchrony via impacts to the nesting period, and on female interaction
rate with flowers have not been quantified. Assessing the indirect mechanisms by which
phenological asynchrony may influence solitary bee reproductive success is of particular
importance for understanding the full consequences of phenological asynchrony for bee
populations (Bosch & Vicens 2006; Torchio & Tepedino 1980), as well as for
understanding the potential reciprocal consequences for plant reproductive success
caused by changes in the occurrence and frequency of interactions between solitary bees
and flowering plants (Vazquez et al. 2005).
The objective of this study was to investigate how asynchrony between bee
emergence and flower availability influenced solitary bee reproductive success via both
direct and indirect mechanisms that affected nectar and pollen availability. To accomplish
this objective, we first manipulated the duration of phenological asynchrony by holding
emerged female bees in a location where flowering plants were absent prior to enclosing
them in outdoor mesh-sided cages (hereafter referred to as mesocosms). Mesocosms
housing female bees also contained male bees, flowering plants, and nesting habitat (i.e.,
trap-nests). Using this experimental approach, we investigated how the duration of
phenological asynchrony (i.e., the number of days between emergence and flower
availability) influenced 1) the number of viable offspring produced (i.e., successfully
emerged offspring), offspring sex ratio, and emerged offspring weight, 2) the duration of
the nesting period (i.e., days females survived after flowering began), and 3) the
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interaction rates between female bees and flowers. We hypothesized that the duration of
the nesting period, female visitation rates to flowers, and metrics of reproductive success
would all decrease as the duration of phenological asynchrony between bee emergence
and flower availability increased (Memmott et al. 2007; Richards 1994; Schenk et al.
2018a). Although we could not formally assess the relative influence of the direct and
indirect effects of phenological asynchrony treatments on reproductive success (see
Methods Statistical analyses), we report the correlations among the duration of the
nesting period, female visitation rates, and reproductive success metrics in addition to the
statistical tests of our hypotheses. We discuss the implications of our findings for beeplant interactions and solitary bee and flowering plant populations.
Methods
Focal Bee Species
Individual cocoons of wintering Osmia cornifrons Radoszkowski (horn-face bee)
were purchased from Crown bees (Woodinville, WA, USA) in January of 2016 and held
at 4°C in a temperature-controlled chamber prior to the start of the study. Osmia
cornifrons is a spring-active, cavity-nesting solitary bee species known to nest in artificial
trap nests (White et al. 2009). Osmia cornifrons is a generalist foraging species native to
Asia that was introduced to North America for agricultural pollination (Bosch & Kemp
2002). Osmia cornifrons overwinter as adults and emerge during early spring in response
to warming temperatures (White et al. 2009). Early-spring emergence and sensitivity of
emergence to temperature make O. cornifrons a relevant model species to investigate the
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consequences of phenological asynchrony between spring-active bee species and flower
availability.
Phenological Asynchrony Treatments
Asynchrony treatments (i.e., days between bee emergence and flower availability)
were conducted during May of 2016 prior to enclosing bees in mesocosms with flowering
plants. First, wintering O. cornifrons were separated by sex (i.e., on average, smaller
cocoons contain males and larger cocoons contain females). We then randomly assigned
female cocoons to one of seven asynchrony treatments (i.e., 0, 2, 4, 6, 12, 14, or 16 days
between emergence and enclosure in mesocosms with flowering plants; Figure 34). We
chose this range of phenological asynchrony treatments to reflect the magnitude of
asynchrony currently threatening bee species (Burkle et al. 2013; Gordo & Sanz 2005;
Hegland et al. 2009; Kudo 2014). We manipulated the number of days between
emergence and enclosure in mesocosms with flowering plants by using temperaturecontrolled chambers. First, we incubated female cocoons at 25°C to simulate warm
spring temperatures that cue emergence in O. cornifrons (White et al. 2009). After
females emerged, we held emerged females without food (i.e., in the absence of
flowering plants) at 4°C for the duration of their assigned treatment (Fig 34). To facilitate
the placement of bees into mesocosms within a concise timeframe across treatment
groups, the timing of incubation was initiated with respect to each asynchrony treatment,
such that bees receiving longer durations of asynchrony were incubated earlier than bees
receiving shorter durations of asynchrony (Fig 34). Days between the start of incubation
for each treatment category were based on findings from White et al. (2009). Here, we
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focused on investigating the relationships among phenological asynchrony, reproductive
success, temporal overlap between female bees and flower availability, and interaction
rate between female bees and flowers in a spring-active solitary bee species. To this end,
we only enclosed female bees into mesocosms that had survived their full phenological
asynchrony treatment, and did not quantify the number of female bees that died during
treatments.
Flowering Plant Species
We provided four flowering individuals each of Phacelia hastata (silverleaf
phacelia), Agastache urticifolia (horse mint), Heterotheca villosa (hairy-false
goldenaster), Machaeranthera tanacetifolia (purple tansyaster), and Campanula
rotundifolia (harebell) as food resources for bees inside each mesocosm in this study (i.e.,
20 total individual plants per mesocosm). These five species were used because they are
all common flowering forbs found in the Western United States (Kershaw et al. 1998),
they are known to interact with generalist foraging bees (Slominski, pers. obs. 2015), and
because of their propensity to successfully flower while being grown in pots inside a
greenhouse (Slominski, pers. obs. 2015). Prior to the start of the study, individual plants
were grown from seed in a greenhouse using 2.6 L (156 cu. in.) pots. Phacelia hastata
and H. villosa seeds were collected from cultivated populations occurring at the Montana
State University Agricultural Research Station and Horticulture Farm (Bozeman, MT).
Agastache urticifolia, M. tanacetifolia, and C. rotundifolia seeds were purchased from
Native Ideals seed farm (Arlee, MT). Open flowers were counted on the date each
individual plant was placed into a mesocosm, and these initial flower counts were used to
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distribute flower availability as equally as possible across mesocosms. The number of
open flowers per cage was quantified weekly thereafter and individual plants were
replaced as needed to ensure flower availability across the duration of the study. There
was no statistical difference in mean flower availability across mesocosms (mean ± SE =
359.1 ± 30.7 open flowers, F1,23 = 0.72, p > 0.810) or treatment categories (F1,7 = 0.85, p
= 0.565). No effort, other than counting flowers, was made to maintain similar flower
availability across mesocosms (e.g., we did not clip flowers)
Experimental Design
To investigate the influence of asynchrony between bee emergence and flower
availability on metrics of reproductive success, the duration of temporal overlap between
female bees and flowers, and female visitation rates to flowers in a spring-active solitary
bee species, we established 24 1.5 × 1.5 × 2.5 m mesocosms located at the Montana State
University Agricultural Research Station and Horticulture Farm (Bozeman, MT, USA)
during spring of 2016. We enclosed four female bees in each mesocosm. All females
placed together in a mesocosm had received the same phenological asynchrony treatment.
Along with females, we placed six male bees in each mesocosm to allow mating (i.e., a
typical male-female sex ratio for solitary bees; Torchio & Tepedino 1980). Male bees
placed into mesocosms with female bees had never emerged more than four days prior to
their enclosure in a mesocosm. In addition to flowering plants, one trap-nest containing
26 cardboard tubes with diameters of 6 or 7 mm was included to accommodate nesting
(White et al. 2009). Zero, 4, and 6 day asynchrony treatments were replicated in four
mesocosms each, while 2, 12, 14, and 16 day asynchrony treatments were replicated in
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three mesocosms each (i.e., 24 total mesocosms). All 24 mesocosms were established
with bees and flowering plants within a 5 day period between 23 May and 27 May. Mesh
net with hole sizes of 0.72 x 0.97 mm (i.e., 25 mesh) was used to construct each
mesocosm, ensuring that bees could not escape and other insects that might use the
flowers could not enter. Because females need wet soil to construct nest partitions and
plugs, a moist mixture of sandy loam soil was also provided as a resource for nest
construction (Torchio 1989).
After placing bees in each mesocosm, bee activity was uninterrupted for 25 days
while data collection was conducted between 23 May to 24 June. This timeframe has
been observed as a general timeframe for nesting in solitary bees (Torchio 1985). To
document the duration of the nesting period (i.e., the number of days females survived in
mesocosms following asynchrony treatments), all females placed together in a mesocosm
were marked with a different color of paint on their thorax using a paint pen. If they were
still alive, marked females were then visually located 2 times each week (all cages were
observed on the same days each week) over the 25 day duration. We calculated the mean
nesting period duration across females per mesocosm. Interactions between females and
flowers were recorded three times per week. We attempted to record visitation by females
to flowers (i.e., ‘visits’) 10 times over the course of the study (i.e., ca. 3 times per week)
by observing each mesocosm for 20 minutes, for a possible total of 200 observation
minutes per mesocosm. However, observations were only conducted when the weather
was conducive for female flight, and thus not all 10 observation sessions were completed
at each mesocosm, and some sessions were stopped before 20 minutes. A ‘visit’ was
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recorded each time a female bee contacted the reproductive tissues of a flower for more
than one second. We calculated the ‘visitation rate’ for each mesocosm during each
observation session (i.e., on each date) by dividing the total number of visits observed per
mesocosm during a given observation session (i.e., on each date) by the duration of that
observation session (i.e., visits/minute). At the end of the experiment, we removed the
cardboard tubes (i.e., nests) from each trap-nest in each mesocosm and stored them at
ambient temperature in a garage in Bozeman, MT until emergence occurred during spring
2017. Each cardboard tube was enclosed in a plastic container allowing the number of
emerged bees per mesocosm to be quantified. Emergence was monitored daily and
emerged bees were immediately frozen. Emerged bees were weighed to 0.1 mg resolution
using a Mettler Toledo NewClassic MF electronic balance. No female offspring were
produced in this study, and thus, sex ratio was not calculated.
Statistical Analyses
The effect of phenological asynchrony treatments on reproductive success metrics
(i.e., total number and weight of emerged offspring per mesocosm), the duration of
temporal overlap between female bees and flowers (i.e., the length of the nesting period),
and female visitation rate were analyzed separately using R statistical software version
3.4.3 (R core team 2017). Correlations among days of asynchrony, visitation rate, and
emerged offspring weight were statistically significant (See Results Correlations among
temporal overlap, interaction rate, and reproductive success). In order to tease apart the
relative influence of the direct and indirect effects of phenological asynchrony treatments
on metrics of reproductive success, a structural equation model would be required (Grace
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2006). However, our study does not provide adequate replicates to employ this approach
(Grace 2006). Thus, we fit individual statistical models that tested the effects of
phenological asynchrony treatments on each metric of reproductive success, as well as on
temporal overlap and visitation rate (i.e., Figure 33; direct pathways 1, 2, & 3). In
addition, we report the correlations among temporal overlap, female interaction rate, and
metrics of reproductive success and speculate about the relative influence of these
indirect mechanisms on solitary bee reproductive success. Total emerged offspring per
mesocosm were analyzed with a generalized linear model (R core team 2017) and mean
emerged offspring weight per mesocosm were analyzed with simple linear regression (R
core team 2017). Because the quantification of temporal overlap between female bees
and flowers was censored both at zero days (i.e., all females placed in mesocosm were
alive on day one), and at 25 days (i.e., possible days of temporal overlap was capped at
25 days despite the possibility of some females living longer than 25 days in a
mesocosm), mean temporal overlap per mesocosm was analyzed using a censored
regression model (‘VGAM’ package; Yee 2018). Interaction rate was analyzed using a
linear mixed-effects model including a random intercept for each mesocosm (‘nlme’
package; Pineiro et al. 2013).
All models used in the analyses included phenological asynchrony treatment (i.e.,
days between female emergence and flower availability) as a continuous explanatory
variable. The models fitted to the duration of temporal overlap and emerged offspring
weight did not include covariates. To account for temporal effects on interaction rate over
the course of a day, we included the start time of each observation session as a covariate
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in the interaction rate model. Not all females originally enclosed in each mesocosm
survived the 25 day duration over which interaction data were collected. Thus, we
included the number of females present (i.e., female count) during each observation
session as a covariate in the interaction rate model. Reproductive output may have been
influenced by the number of females present per mesocosm over the duration of the
study. Thus, we included the mean number of females present per mesocosm across the
25 day study duration as a covariate in the model fitted to total emerged offspring. We
removed one mesocosm from the analysis of temporal overlap because the mesh
enclosure briefly failed (i.e., the zipper was not completely closed for at least 1 day) and
we could not determine if an unaccounted for female died inside the mesocosm or
escaped. Because we accounted for the number of females present in our analyses of
interaction rate and total offspring produced, all 24 mesocosms were included in these
models. Offspring were only produced in 7/24 mesocosms (Appendix B) and offspring
weight (Appendix B) was analyzed using data from these seven mesocosms. All figures
were produced using the ggplot2 package (Wickham 2009). Regressions and standard
errors shown in figures were generated from model estimates using the ‘emmeans’
package (i.e., estimated marginal means; Length 2018).
Results
Effect of Phenological Asynchrony on Reproductive Success, Temporal Overlap, and
Visitation Rate
Across mesocosms, offspring were produced in 7 of 24 mesocosms and only male
offspring were produced (Appendix B). When male offspring were produced, the mean

88
number produced per mesocosm was 1.3 ± 0.2 and did not differ by asynchrony treatment
(Table 3). Emerged offspring weight per mesocosm decreased by 0.3 ± 0.1 mg per day of
increase in asynchrony between bee emergence and flower availability (Table 3; Fig 35).
Across mesocosms, the mean duration of the nesting period per mesocosm was 21.8 ± 0.8
days and was not affected by asynchrony treatment (Table 3). When experiencing zero
days of phenological asynchrony with flower availability, female bees visited an
estimated 2.7 ± 0.3 flowers per minute of observation time. Visitation rate was reduced
by 4.2% ± 2.0% per each day of increase in asynchrony between emergence and flower
availability (Table 1; Fig 36).
Correlations Among Temporal Overlap, Visitation Rate, and Reproductive Success
There were no statistically significant correlations (α = 0.05 ) between the
duration of the nesting period and either total emerged offspring nor emerged offspring
weight (r ≤ 0.27, p ≥ 0.560). Days of phenological asynchrony was significantly
negatively correlated with female visitation rate to flowers (r = -0.55, p = 0.005) and
emerged offspring weight (r = -0.76, p = 0.049). In addition, female visitation rate was
significantly positively correlated with emerged offspring weight (r = 0.76, p = 0.048).
Total emerged offspring was not correlated with days of asynchrony (r = 0.04, p = 0.851)
or visitation rate (r = 0.16, p = 0.446).
Discussion
Understanding how shifts in phenology that lead to asynchrony between bee
emergence and flowering periods will influence solitary bee reproductive success is a key
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component in determining the consequences of climate-warming for solitary bee species
and the plant species to which they provide pollination services. Here, we assessed the
potential direct effects of phenological asynchrony treatments (i.e., bee emergence
occurring before flowering) on total emerged offspring and emerged offspring weight in a
spring-active solitary bee species. In addition, we assessed the potential indirect effects of
phenological asynchrony on solitary bee reproductive success by quantifying for the first
time the influence of phenological asynchrony on the duration of the mating period and
on female visitation rates to flowers. We found that emerged offspring weight and female
visitation rates to flowers were both reduced by increased phenological asynchrony, but
that total emerged offspring and the number of days that female bees were able to survive
in the presence of flowering plants (i.e., the duration of nesting period) were not affected.
In sum, our findings suggest that females in some solitary bee species may be able to
complete a typical nesting duration despite experiencing up to 16 days without food prior
to the start of flowering, but that phenological asynchrony may still impact solitary bee
reproductive success via impacts on visitation rates to flowers.
Unexpectedly, phenological asynchrony treatments did not affect the number of
emerged offspring produced per mesocosm. This could suggest that phenological
asynchrony treatments did not affect the number of mature eggs produced by females, a
process we expected to be negatively affected by phenological asynchrony (Bell 1973;
Richards 1994). However, reproductive output was low across mesocosms, with no
female offspring produced in any mesocosm. This likely indicates that the density or
quality of flowers in each mesocosm, or environmental conditions such as temperature,
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were not adequate to support maximum reproductive output (Bosch & Vicens 2005; PittsSinger & Bosch 2010; Radmacher & Strohm 2010; Rosenheim et al. 1996). Because
reproduction may have been limited by factors other than egg production, we can only
assert that given equal flower availability and consistent environmental conditions in this
study, any affects of phenological asynchrony on the number of eggs produced by
females did not influence total offspring produced.
Emerged offspring weight decreased as the number of days between emergence
and flower availability increased. It is possible that experiencing phenological
asynchrony, and thus not consuming pollen immediately after emergence, caused females
to produce smaller eggs compared to females that experienced fewer days of asynchrony
(Bell 1973; Richards 1994). Smaller eggs could lead to smaller offspring as a result of the
relationship between egg size and initial nutrient content available to a developing bee
(Larsson 1990; Oneill 1985). However, egg size alone does not necessarily determine
offspring size, but rather can be more important in determining the number of offspring
produced, as females that produce larger eggs tend to produce more mature eggs over
their lifetime (O'Neill et al. 2014). In solitary bees, offspring size is most likely
determined by the quality and quantity of nectar and pollen provisioned to nests by
females (Bosch 2008; Bosch & Vicens 2002, 2006; Roulston & Cane 2000, 2002;
Sgolastra et al. 2016), as well as temperature (Radmacher & Strohm 2010) and nest
cavity size (O'Neill et al. 2010). Given that the range of nesting dates, and thus the
weather conditions experienced by bees, were similar across mesocosms, and that nest
cavity size was identical in each mesocosm, it is unlikely that temperature or cavity size
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contributed to differences in emerged offspring weight in this study. Notwithstanding the
potential for egg size to influence adult offspring size, it seems most plausible that the
influence of phenological asynchrony treatments on offspring weight were driven by
alternative effects of asynchrony.
The mean duration of the nesting period was not affected by phenological
asynchrony treatments, suggesting that O. cornifrons may be resilient to periods without
food availability after emergence. Female O. cornifrons were able to complete a typical
duration of nesting activities (Torchio 1985) despite experiencing up to 16 days without
flower availability, and thus the duration of the nesting period was not a likely
mechanism influencing offspring body size in this study. This result was particularly
surprising given previous work showing bee lifespans can be reduced by periods without
food (Schenk et al. 2018a; Vesterlund & Sorvari 2014). Because we did not quantify the
entire lifespan of females (i.e., the experiment concluded 25 days after placing bees in
mesocosms regardless of whether females were still alive), it is possible that phenological
asynchrony may have influenced temporal overlap between females and flowers had we
observed each mesocosm over a longer time period. Nonetheless, we expected the effect
of phenological asynchrony on bee lifespan to cause greater bee mortality prior to 25
days than what was observed. One explanation for this may be that temperature mediated
the effect of phenological asynchrony on female lifespan (Schenk et al. 2018a). Cool
temperatures (e.g., 4°C during phenological asynchrony treatments in this study) reduce
insect metabolic rates (Waters & Harrison 2012), and slow rates of energy depletion in
solitary bees (e.g. Bosch & Kemp 2004; O'Neill et al. 2011). If energy depletion is the
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underlying mechanism causing bees that experience periods without food to have shorter
lifespans (Schenk et al. 2018a; Vesterlund & Sorvari 2014), it is possible that higher
temperatures during such periods would cause greater reductions in lifespan. We
conducted asynchrony treatments at 4°C to mimic a return to cool weather following an
early-spring warm spell that could cause O. cornifrons to emerge before flowering begins
(White et al. 2009). Bees that emerge in response to warm spring weather that persists
after emergence may be less likely to experience prolonged phenological asynchrony
with flowering plants, as such warm conditions would likely cause plants to flower
(Menzel et al. 2006), and help to maintain better synchrony between bee emergence and
flowering. Given that warming seasonal temperatures are a mechanism causing the
phenological shifts that underlie asynchronies between bee emergence and flower
availability, it will be important to understand the role of temperature in mediating the
impact of phenological asynchrony on mating periods in solitary bees (Schenk et al.
2018a; Vesterlund & Sorvari 2014). Moreover, energy depletion prior to emergence (i.e.,
during development and winter diapause) can also be sensitive to temperature (Hahn &
Denlinger 2007), suggesting that interactions among multiple mechanisms that drive
energy depletion in solitary bees will be important in determining the consequences of
climate-warming for solitary bee reproductive success (Kingsolver et al. 2011) and beeplant interactions.
Although we did not see an effect of phenological asynchrony treatments on the
duration of the nesting period, phenological asynchrony treatments did cause a reduction
in female visitation rates to flowers, suggesting that, after flowers become available,
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females experiencing periods of phenological asynchrony are not able to interact with
flowers at the same rates as bees that experienced fewer days of asynchrony. This finding
is consistent with Schenk et al. (2018) who showed that female solitary bee activity (i.e.,
movement versus sitting still) was reduced as a result of phenological asynchrony.
Because solitary bees develop and overwinter in nests on a fixed energy budget (Torchio
1989), energy reserves can be depleted at emergence (O'Neill et al. 2015). Following
emergence, female bees experience intense energetic demands related to egg production,
nest construction, and offspring provisioning (O'Neill et al. 2015). Thus, females
experiencing phenological asynchrony may not be capable of overcoming the apparent
negative consequences of energy depletion caused by phenological asynchrony, even
after flowers became available (Schenk et al. 2018a). As with the effects of phenological
asynchrony on bee lifespan, if energy depletion during periods without food is the
underlying mechanism that drove reduced interaction rates with flowers, the temperature
experienced by female bees during periods of phenological asynchrony, as well as the
effect of temperature on the magnitude of energy depletion during winter diapause (Hahn
& Denlinger 2007), will both likely mediate the impact of phenological asynchrony on
bee-plant interaction rates. Given that plant reproductive success can also be regulated by
bee-plant interaction frequency (Vazquez et al. 2005), slower interaction rates would also
be biologically important for plant populations experiencing phenological asynchrony
with bees.
A relationship between the total amount of nectar and pollen provisioned during a
female’s lifespan and reproductive success in solitary bees has been demonstrated by
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several authors (Bosch 2008; Bosch & Vicens 2002, 2006; Roulston & Cane 2000, 2002;
Sgolastra et al. 2016). Although we were unable to formally assess the relative influence
of the direct versus indirect mechanisms influencing emerged offspring body weight, at a
minimum we argue that reduced female interaction rate with flowers likely impacted
emerged offspring weight to some degree. When experiencing suboptimal reproductive
conditions, such as when experiencing stress associated with periods without food,
Optimal Allocation Theory (Smith and Fretwell 1974) leads to the prediction that female
solitary bees should optimize the amount of investment per offspring in a manner that
maximizes fitness. Given that the number of emerged offspring was not affected by
phenological asynchrony treatments, and that emerged offspring weight was reduced as
the duration of phenological asynchrony increased, it is possible that females
experiencing phenological asynchrony provisioned nests with less pollen and nectar
compared to females that experienced fewer days of asynchrony. If this is true, it appears
that a size-for-numbers tradeoff occurred, with females producing smaller individuals
without sacrificing the total number of viable offspring produced (Bosch 2008). Smaller
offspring are more likely to die during development and overwintering (Bosch 2008),
although we did not quantify offspring survival in this study. In addition, adult body size
is positively associated with individual fecundity; larger females can produce more and
larger eggs (O'Neill et al. 2014), and can provision nests at a greater rate (Bosch &
Vicens 2006), while larger males can establish mating territory more successfully, and
probably mate more often compared to smaller males (Alcock 1990; Oneill 1983; Sugiura
1991). Thus, producing smaller offspring can affect the fecundity of the nesting female,
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as well as the future fecundity of her progeny. The fact that only males were produced in
this study is consistent with the size-for-numbers tradeoff (i.e., males are smaller than
females), though flower density across mesocosms may have limited female offspring
production. Nonetheless, if male reproduction increases as a result of phenological
asynchrony, future reproductive potential may be jeopardized by an increase in maleskewed sex ratios (Bosch & Vicens 2005).
Here, we demonstrate for the first time that female solitary bees experiencing
periods without food following emergence (i.e., phenological asynchrony) have reduced
visitation rates to flowers over the duration of the nesting period. We also show that
female O. cornifrons lifespan may be resilient to periods without food following
emergence, suggesting that some solitary bee species may be able to complete a typical
nesting period despite experiencing up to 16 days without food prior to flowers becoming
available. In addition, we found that phenological asynchrony can be associated with
reduced offspring weight, and that this reduction is likely due in part to reduced visitation
rates by females to flowers. Because both offspring survival and future reproductive
success can be associated with body size in solitary bees, these findings suggest that
phenological asynchrony between solitary bee emergence and flower availability may
have negative consequences for the reproductive success of a nesting female, as well as
her progeny. Our findings have concerning implications for solitary bee populations, as
well as plant-pollinator interactions that drive plant reproductive success. Given that
responses by solitary bees to phenological asynchrony may be driven by increased energy
depletion during periods without food, it is likely that the temperature during periods
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without food, as well as the magnitude of energy depletion prior to emergence (i.e.,
during winter diapause) will mediate the impact of phenological asynchrony on solitary
bee reproduction. We urge future researchers to investigate the mediating effects of
temperature on responses by solitary bees to phenological asynchrony, and to begin
assessing the combined effects of energy depletion occurring both prior to, and following
emergence, on solitary be reproductive success.
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Table 3 Estimates and p–values for models fitted to temporal overlap, interaction rate,
emerged offspring, and offspring weight. Estimates from generalized linear models (i.e.,
temporal overlap and emerged offspring) are back-transformed to the response scale and
represent the multiplicative effect of a one day increase in the explanatory variable.
Bolded p-values represent significance at α = 0.05.
* t–values correspond to estimates from linear models fitted to interaction rate and
offspring weight, while z–values correspond to estimates from generalized linear models
fitted
temporal overlap and emerged offspring.
tableto
1 MS
estimate

df

t / z*

p

-0.394

22

-1.50

0.134

0.958
0.289
1.029

22
147
147

-2.04
-1.52
0.27

0.038
0.132
0.786

1.004
0.732

21
21

0.07
-0.767

0.941
0.443

-0.293
0.949

4
4

-3.00
1.40

0.040
0.236

temporal overlap
days asynchrony
visitation rate
days asynchrony
observation time
females present
emerged offspring
days asynchrony
mean females present
offspring weight
days asynchrony
mean females presnet

Poisson - a one unit increase in treatment or lifespan is associated with a k-fold change in the
response. coefficients here are back transformed to the response scale.
Experiment #2
female lifespan
days asynchrony

estimate
-0.296

df
19

t
-3.72

p
0.002

visitation rate
days asynchrony
observation time
female count
male count
observer

-0.003
0.000
-1.179
-0.458
3.051

19
161
161
161
161

-0.14
0.66
-3.80
-2.50
10.49

0.892
0.510
<0.001
0.013
<0.001

emerged offspring
days asynchrony
male lifespan
female count

0.025
0.239
0.160

16
16
16

0.10
0.33
0.03

0.922
0.748
0.976

sex ratio
days asynchrony
male lifespan
female count

0.006
-0.009
0.348

9
9
9

0.45
-0.28
1.36

0.665
0.785
0.206
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Figure 33 Conceptual diagrams illustrating a) the mechanistic pathways by which we
expect phenological asynchrony to negatively impact metrics of solitary bee reproductive
success (shown in boxes), and b) the hypothesized relationships between phenological
asynchrony and 1) reproductive success, 2) temporal overlap, and 3) female interaction
rate with flowers. In panel a), the solid directional arrow represents the direct effects of
phenological asynchrony on reproductive success. Dashed directional arrows represent
hypothesized indirect pathways by which phenological asynchrony could negatively
affect metrics of reproductive success via the direct effects if phenological asynchrony on
the duration of the nesting period and on female interaction rate with flowers. Double
arrows represent anticipated correlations among variables. In panel b), numbers
associated with each figure (i.e., 1, 2, & 3) correspond with the relationships we expect to
be associated with pathway 1, 2, & 3 in panel a. Directional arrows in figures 1 and 3
within panel b denote the direction of increasing values along an axis. Figure 2 in panel b
depicts the potential negative impact of phenological asynchrony on the duration of the
nesting period. In figure 2 within panel b, bracket widths represent the duration of the
female bee lifespan or the duration of the flowering period, with grey sections of the bee
lifespan representing lost periods of overlap with flowers caused by phenological
asynchrony.
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Figure 34 Mesocosm field site with diagram showing the general timeframe during which
phenological asynchrony treatments and data collection were conducted. Data collection
ended and all remaining nests were removed from mesocosms on 24 June
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Figure 35 Regression showing the relationship between mean offspring weight per
mesocosm and asynchrony treatment. Points are mean offspring weight from the 7
mesocosms within which offspring were produced.
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Figure 36 Regression showing the relationship between logged visitation rate and
asynchrony treatment. Points are logged visits per minute of observation time at each
observation session (i.e., on each date).
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THE EFFECTS OF SEX-SPECIFIC PHENOLOGICAL SHIFTS ON SOLITARY BEE
REPRODUCTIVE SUCCESS
Introduction
Sex-specific responses to environmental conditions are common (Beal et al. 2014;
Blanckenhorn et al. 2014; CaraDonna et al. 2018; Christianson & Creel 2008; Ellis et al.
2017; Labrousse et al. 2017; Lewis et al. 2015; Petry et al. 2016), and often underpin
important life history strategies (Shine 1989). For instance, protandry in animals (i.e.,
sex-specific phenological timing causes males to arrive at mating locations before
females; Morbey & Ydenberg 2001) presumably evolved under selection for sex-specific
responses to environmental conditions. Protandry likely confers a fitness advantage to
males by minimizing mating competition. In addition, early arriving males may be more
fit (Alcock & Thornhill 2014; Morbey & Ydenberg 2001), and thus, protandry could
benefit female fitness by selecting for higher quality males. However, having sex-specific
sensitivities to the environment may also predispose protandrous species to sex-specific
responses to climate change (Hultine et al. 2018; Moller 2004; Sheriff et al. 2013; Sipari
et al. 2014). While considerable effort has been made to understand the implications of
species-specific responses to climate change (Adrian et al. 2006; Buckley 2008; Chen et
al. 2011; Cook et al. 2012; Diamond et al. 2011; Forrest & Thomson 2011; Kingsolver et
al. 2011; Musolin 2007; Slominski et al. 2018; Williams et al. 2012; Williams et al.
2010), the ecological consequences of sex-specific responses to climate change,
particularly in protandrous species, remains largely unexplored.
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Temperature has a strong influence on the phenologies of many species, causing a
clear pattern of earlier phenological timing in response to climate-warming (Parmesan &
Yohe 2003; Walther et al. 2002). In protandrous species, climate-warming can lead to
greater phenological advancement in males compared to females, owing to greater
sensitivity to temperature in males (Slominski Dissertation CH1 2018; Hedlund et al.
2015; Moller 2004; but see Fründ et al. 2013). Within a protandrous population, stronger
responses to climate-warming by males would cause an increase in the maximum degree
of protandry (i.e., the difference in arrival timing between the earliest arriving males and
the start of female arrival), as well as an increase in the mean degree of protandry (i.e.,
the average difference between male and female arrival times). Such shifts could result in
imbalances in the fitness risks that males and females experience within protandrous
populations (Moller 2004; Rainio et al. 2007). For example, the male fitness advantage
associated with protandry is maximized when the benefits of arriving early outweigh the
costs. At least four factors interact to affect male fitness in solitary Hymenoptera
(Hastings 1989, O’Neill 2001): 1) the emergence schedule of males, 2) the emergence
schedule of females, 3) the effective reproductive lifespan of males (which is itself
influenced by mortality and wear-and-tear on males during mate competition), and 4) the
number of times each female mates. Thus, males that emerge too early relative to females
could experience decreased fitness due to lower availability of receptive females at the
time of their emergence and a lower likelihood of interacting with late-emerging females
(which could potentially consist of the bulk of the female population) (Hastings 1989,
Holzapfel & Bradshaw 2002; Moller & Alatalo 1999). However, males that arrive late
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experience greater mating competition and would have fewer receptive females to
interact with, especially when females mate just once in their lives (Holzapfel &
Bradshaw 2002; Moller & Alatalo 1999; Morbey & Ydenberg 2001). Presumably, this
balance also affects female fitness, as the degree of protandry likely influences the
tradeoffs females experience between increased mating opportunities when the degree of
protandry is reduced (Calabrese et al. 2008) and selection for higher male quality when
the degree of protandry increases (Hansen & Price 1995; Moller 1994, 2004; Moller &
Alatalo 1999; Radwan et al. 2005).
Over evolutionary time, selection is thought to stabilize the population mean
degree of protandry at a magnitude that maximizes fitness (Holzapfel & Bradshaw 2002;
Moller 1994; Morbey & Ydenberg 2001). However, ecological responses to climatedriven changes in the degree of protandry will likely outpace adaptive shifts in a
population’s thermal tolerance and phenological plasticity (Parmesan 2006), thus limiting
the potential for selection to mitigate the fitness consequences associated with climatedriven changes in the degree of protandry. Theory suggests that changes in the degree of
protandry outside of the evolved optimum should have consequences for the reproductive
output of that population (Morbey & Ydenberg 2001). Here, our goal is to provide
empirical evidence to evaluate these consequences.
Solitary bees, the most abundant and diverse group of wild pollinators, may be
particularly susceptible to experiencing the fitness consequences of climate-driven shifts
in the degree of protandry for several reasons. First, protandry is common in solitary bees
(i.e., males emerge from their natal nests before females; Gordon 2003; O'Neill et al.
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2011; Richards & Whitfield 1988; Torchio 1989) and the timing of solitary bee
emergence from nests is strongly influenced by temperature (Bartomeus et al. 2011;
Bosch & Kemp 2000; Burkle et al. 2013; Kemp & Bosch 2000; O'Neill et al. 2011).
Protandry and temperature-sensitive emergence may make solitary bees more prone to
sex-specific phenological responses to climate-warming that result in changes in the
degree of protandry within a population (Slominski Dissertation CH1 2018). Second,
male solitary bees have shorter lifespans relative to females (Torchio & Tepedino 1980),
which constrains the realized mating period (i.e., the duration of temporal overlap
between males and females) within a narrow window of time immediately after females
emerge. Third, some species of solitary bees emerge during early spring (Bosch & Kemp
2004; Radmacher & Strohm 2010; Torchio 1989; White et al. 2009), an ecological
strategy that may predispose such species to variable (and potentially suboptimal)
environmental conditions while waiting for females to emerge (Forrest & Thomson 2011;
Moller 2004). A narrow mating window and early-spring emergence may predispose
solitary bees to disruptions in the fitness tradeoffs associated with protandry, such as the
mortality-competition tradeoff in males (Schenk et al. 2018a; Vesterlund & Sorvari
2014), and the mating opportunity-mate quality tradeoff in females (Calabrese et al.
2008; Marshall & Sinclair 2010; Moller & Alatalo 1999; Sturup et al. 2013).
Disruptions in the fitness tradeoffs associated with the degree of protandry could
have important consequences for the current and future reproductive success of solitary
bee populations by influencing female mating success and nesting behavior. For example,
female offspring production, which is important in determining the sex ratio bias and the
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reproductive potential of a solitary bee’s progeny (Bosch & Vicens 2005), requires
successful mating (i.e., only mated females can produce daughters; Gerber &
Klostermeyer 1970). In addition, females are larger and require larger nectar and pollen
provisions during their development in nests compared to males. As a result, nesting
females that provision their offspring at slower rates produce fewer females and increase
the male sex ratio bias of their progeny (Bosch & Vicens 2002, 2006; Radmacher &
Strohm 2010). Given that the competition-induced intensity of male mating attempts
during the nesting period (and thus the effort females spend to resist unwanted mating
attempts) can influence the rate at which females visit flowers (Rossi et al. 2010), the
degree of protandry could influence solitary bee reproductive success by affecting male
mating density during the mating period.
Given observed sex-specific phenological responses to temperatures in solitary
bees that resulted in an increased degree of protandry (Slominski Dissertation CH1
2018), our objective here was to investigate for the first time the effects of an
experimentally manipulated increase in the degree of protandry on reproduction in a
spring-active, protandrous solitary bee species. In particular, we investigated three nonmutually exclusive pathways by which we hypothesized that manipulating the degree of
protandry would influence female offspring production and the sex ratio of a progeny via
affects on male quality (i.e., age and fertility), the duration of the mating period, male
density during the mating period, and female visitation rates to flowers. First, an increase
in the degree of protandry may reduce male fertility in animals as a consequence of
mating at an older age (Moller & Alatalo 1999; Sturup et al. 2013), or enduring longer
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periods of suboptimal environmental conditions (Marshall & Sinclair 2010). The
deleterious effects of an increased degree of protandry on male fertility could reduce
female mating success and female offspring production in solitary bees (Fig 37, pathway
1). In addition, only males in superior condition may be capable of surviving and mating
following an extended waiting period prior to female emergence (Moller 1994, 2004). If
an increase in the degree of protandry selects for higher quality (i.e., most fertile and
longest living) males in solitary bees, female mating success and female offspring
production could increase (Fig 37, pathway 1).
Second, if an increase in the degree of protandry reduces the temporal overlap
between male and female bees (i.e., male mortality reduces the number males available to
females), the duration of the mating period and male density during the mating period
would be reduced (Fig 37, pathway 2 - 2a). A reduced mating period with fewer available
males could reduce female offspring production by reducing mating opportunities and
female mating success (Calabrese et al. 2008).
Third, a shorter mating period with fewer males present (i.e., reduced male
density) caused by an increase in the degree of protandry could reduce the time females
spend resisting male mating attempts that can interfere with nesting activities. Because
female visitation rates to flowers can be influenced by male mating attempts (Rossi et al.
2010), a reduction in male mating interference may allow females to spend more time
provisioning their nests (i.e., visitation rates to flowers increase), which could increase
offspring production (Bosch & Vicens 2002, 2006; Radmacher & Strohm 2010; Fig 37,
pathway 1 - 1b - 1c).
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To investigate the role these pathways play in driving the effects of an increased
degree of protandry on solitary bee reproduction, we manipulated the degree of protandry
by holding emerged male bees in locations without females or flowers for up to 22 days
and before placing them with females inside mesh-sided enclosures (hereafter,
mesocosms). Mesocosms housing females also contained flowering plants and nesting
habitat (i.e., nest-traps). We asked the following questions: How does the degree of
protandry (i.e., the number of days between male and female emergence) influence 1) the
duration of the mating period and male density during the mating period, 2) female
offspring production, and 3) female interaction rates with flowers? Our investigation
highlights the importance of understanding how sex-specific responses to temperature
can alter the fitness tradeoffs associated with protandry, as well as influence both malefemale and bee-plant interactions that mediate reproductive success in solitary bees and
flowering plants.
Methods
Focal Bee Species
Individual cocoons of wintering Osmia lignaria propinqua (blue orchard bee)
(Hymenoptera: Megachilidae) were purchased from Crown bees (Woodinville, WA,
USA) in January of 2016 and held at 4°C in a temperature-controlled chamber prior to
the start of the study. Osmia lignaria are protandrous, spring-emerging solitary bees
known to nest in artificial cavities of trap nests (Torchio 1985). Osmia lignaria are native
to N. America, with wild populations occurring in the Western United States, and are also
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commercially managed for agricultural pollination (Bosch & Kemp 2002). Osmia
lignaria overwinter as mature adults and emerge during early spring in response to
warming temperatures (Bosch & Kemp 2000). Early-spring emergence, the link of
emergence date to temperature, and protandry make O. lignaria a relevant model species
for studying sex-specific phenological shifts in response to climate-warming (Slominski
Dissertation CH1; Hedlund et al. 2015; Moller 2004), as well as for building a more
complete understanding of the consequences of climate-warming for pollinators and
plant-pollinator interactions.
Phenological Asynchrony Treatments
We manipulated the degree of protandry (i.e., the number of days between male
and female emergence) during spring of 2016 prior to enclosing bees in mesocosms with
female bees and flowering plants. First, wintering O. lignaria were separated by sex (i.e.,
on average, smaller cocoons contain males and larger cocoons contain females). We then
randomly assigned cocoons containing males to one of six protandry treatments (i.e., 0, 3,
8, 12, 18, or 22 days between male and female emergence; Fig 38). Emergence by male
solitary bees two weeks prior to females has been reported (Neumann & Seidelmann
2006) and up to one month earlier under experimental temperature manipulations
designed to assess warming spring temperatures associates with climate-warming
(Slominski Dissertation CH 1). Given this, we chose to manipulate the degree of
protandry up to 22 days in order to assess the potential effects of increased protandry
under climate-warming. We manipulated protandry by using temperature-controlled
chambers. First, we incubated male cocoons at 25°C to simulate spring temperatures that
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cue emergence in O. lignaria (Bosch & Kemp 2000). After males emerged, we held them
in locations without females or flowers at 4°C for the duration of their assigned protandry
treatment. Male O. lignaria emerge during early spring when environmental conditions
can be variable. Exaggerated responses to climate-warming could expose O. lignaria
males to suboptimal conditions while waiting for females to emerge (i.e., cold
temperatures and sparse food resources; Forrest & Thomson 2011). Given this, we chose
to hold emerged males in this study at 4°C without flowers in order to simulate
suboptimal conditions following early-spring emergence. To facilitate the placement of
bees into mesocosms within a concise timeframe across treatment groups, the timing of
incubation was initiated with respect to each asynchrony treatment, such that bees
receiving longer durations of asynchrony were incubated earlier than bees receiving
shorter durations of asynchrony. Days between the start of incubation for each treatment
category were based on findings from Bosch and Kemp (2003). Here, we focused on
investigating how the degree of protandy influences the timing of male mortality during
the mating period and female offspring production in a spring-active solitary bee species.
To this end, we only enclosed male bees in mesocosms that had survived their full
phenological asynchrony treatment, and did not quantify the number of male bees that
died during treatments.
Flowering Plant Species
We provided flowering individuals of Phacelia hastata (silverleaf phacelia),
Agastache urticifolia (horse mint), Heterotheca villosa (hairy-false goldenaster),
Machaeranthera tanacetifolia (purple tansyaster), and Campanula rotundifolia (harebell)
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as food resources for bees inside each mesocosm in this study. These five species were
used because they are all common flowering forbs found in the Western United States
(Kershaw et al. 1998), they are known to interact with generalist foraging bees
(Slominski, pers. obs. 2015), and because of their propensity to successfully flower while
being grown in pots inside a greenhouse (Slominski, pers. obs. 2015). Prior to the start of
the study, individual plants were grown from seed in a greenhouse using 2.6 L (156 cu.
in.) pots. Phacelia hastata and H. villosa seeds was collected from cultivated populations
occurring at the Montana State University Agricultural Research Station (Bozeman, MT).
Agastache urticifolia, M. tanacetifolia, and C. rotundifolia seeds were purchased from
Native Ideals seed farm (Arlee, MT). Open flowers were counted on the date each
individual plant was placed into a mesocosm, and these initial flower counts were used to
distribute flower availability as equally as possible across mesocosms. The number of
open flowers per cage was quantified weekly thereafter and individual plants were
replaced as needed to ensure flower availability across the duration of the study. There
was no statistical difference in mean flower availability across mesocosms (mean ± SE =
633.25 ± 105.11 open flowers; F1,23 < 0.80, p > 0.730)) or treatment categories (F1,5 =
1.19, p = 0.355). No effort, other than counting flowers, was made to maintain similar
flower availability across mesocosms (e.g., we did not clip flowers).
Experimental Design
To investigate how the degree of protandry influenced the length of the mating
period, male density during the mating period, female visitation rates to flowers, and
reproductive success, we established 24 1.5 × 1.5 × 2.5 m mesh-sided mesocosms located
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at the Montana State University Agricultural Research Station (Bozeman, MT, USA)
during spring of 2016. We enclosed four male bees that had received the same protandry
treatment in each mesocosm. Along with males, we placed two female bees in each
mesocosm. A 2:1 male sex ratio inside each mesocosm roughly approximates observed
sex ratios in O. lignaria populations (Torchio 1985). Female bees were incubated at 25°C
to stimulate emergence and were held at 4°C for no more than 2 days prior to enclosure
in mesocosms. The enclosure of males with females in a mesocosm marked the start of
the mating period for that mesocosm. In addition to flowering plants, one trap nest
containing 26 cardboard tubes with diameters of 6 and 7 mm was included to
accommodate nesting (Torchio 1985). Each protandry treatment was replicated 4 times
(i.e., 6 treatments × 4 mesocosms = 24 total mesocosms). All 24 mesocosms were
established with bees and flowering plants within a 5 day period between 6 June and 11
June. Mesh net with hole sizes of 0.72 x 0.97 mm (i.e., 25 mesh) was used to construct
each mesocosm, ensuring that bees could not escape and other insects could not enter. A
moist mixture of sandy loam soil was also provided as a resource for nest construction
(Torchio 1989).
After placing bees in each mesocosm, bee activity was uninterrupted for 28 days
while data were collected between 6 June to 9 July. Four weeks has been observed as a
general timeframe for nesting in O. lignaria (Torchio 1985). To quantify the number of
days males survived inside each mesocosm, all males placed together in a mesocosm
were marked with a different color of paint on their thorax using a paint pen. When still
alive, marked males were then visually located 2 times each week over the 28 day
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duration. We quantified the length of the mating period as the total number of days at
least one male bee remained alive inside each mesocosm. We calculated mean male
density during the mating period by summing the number of males present across all
observation sessions when at least one male bee was located and dividing by the number
of observation sessions included in that summation. We also calculated total male
lifespan (i.e., days of protandry + days alive inside mesocosms) to assess the effect of
protandry treatments on total male lifespan. We attempted to record visitation by females
to flowers (i.e., ‘visits’) three times per week by observing each mesocosm for 20
minutes, for a possible total of 240 observation minutes per mesocosm. However,
observations were only conducted when the weather was conducive for female flight, and
thus not all 12 observation sessions were completed at each mesocosm, and some
sessions were stopped before 20 minutes. A ‘visit’ was recorded each time a female bee
contacted the reproductive tissues of a flower for more than one second. We calculated
the ‘visitation rate’ for each mesocosm during each observation session (i.e., on each
date) by dividing the total number of visits observed during that individual session by the
duration of that observation session (i.e., visits/minute). At the end of the experiment, we
removed the cardboard tubes (i.e., nests) from each trap nest in each mesocosm and
stored them at ambient temperature in a garage in Bozeman, MT until emergence
occurred during spring 2017. Each cardboard tube was enclosed in a plastic container
allowing the number of emerged bees to be quantified. The offspring sex ratio per
mesocosm was calculated by dividing emerged female bees by emerged male bees.
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Statistical Analyses
The effect of protandry treatments on the length of the mating period, male
density during the mating period, female visitation rates to flowers, and offspring
production were analyzed separately using R statistical software version 3.4.3 (R core
team 2017). In order to tease apart the relative influence of the alternative pathways by
which we expected protandry treatments to influence solitary bee reproduction (Fig 37), a
structural equation model would be required (Grace 2006). However, our study does not
provide adequate replicates to employ this approach (Grace 2006). Thus, we analyzed
each step of each pathway in Figure 37 (i.e., arrows pointing from explanatory variable to
response variable).
Six mesocosms were removed from the analyses because females failed to survive
past the mating period and neither visitation nor reproduction data were collected. This
resulted in an uneven number of mesocosms assigned to each protandry treatment (i.e.,
zero days protandry = 4 mesocosms, 3 days of protandry = 3 mesocosms, 8 days of
protandry = 4 mesocosms, 12 days of protandry = 2 mesocosms, 18 days of protandry = 3
mesoscoms, and 22 days of protandry = 2 mesocosms). In addition to directly testing the
effect of protandry treatments on the length of the mating period and on male density
during the mating period (Fig 37, pathway 2), we assessed the underlying mechanisms
affecting these response variables by analyzing both the number of days males survived
in mesocosms (i.e., male survival) and total male lifespan (i.e., the number of days males
survived in mesocosms + the number of days in protandry treatment). The length of the
mating period, male density, male survival, and male lifespan were counts censored at
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zero (i.e., only emerged males received protandry treatments and all males placed in
mesocosms were alive on day one), and thus were analyzed using censored regression
models (‘VGAM’ package; Yee 2018). Each of these models included protandry
treatment as a continuous explanatory variable.
Female visitation rates were analyzed using a linear mixed-effects model (‘nlme’
package; Pineiro et al. 2013). A random intercept for each mesocosm and each visitation
observer (i.e., two individuals recorded visitation rates during this study) were included
to account for repeated observation sessions conducted at each mesocosm, and differing
visit detection rates between observers, respectively. The visitation rate model included
male density as an explanatory variable (Fig 37, pathway 2b). In addition, we included
the start time for each observation session and the number of females present at each
observation session as covariates to account for temporal effects on visitation rate over
the course of a day and competition among females on visitation rate, respectively. In
addition, we accounted for potential temporal autocorrelation among observation sessions
conducted in temporal proximity (Torchio & Tepedino 1980) by including the
‘corCAR1’ (‘nlme’ package; Pineiro et al. 2013) correlation structure.
Total female offspring production was low, with females only produced in 9 out
of 18 mesocosms, and only one mesocosm with more than one female produced (4
females). Because we were unable to analyze total female offspring produced per
mesocosm, we instead analyzed the probability of producing a female (compared to not
producing a female) in each mesocosm using a generalized linear model (‘stats’ package;
R core team 2017). The female offspring model was fitted with protandry as a continuous
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explanatory variable and included a quadratic term for protandry treatment to assess
whether the probability of producing female offspring was maximized at an intermediate
degree of protandry (i.e., tradeoffs in fitness are balanced). Not all females survived the
entire duration of the study, and reproductive output could have depended on the number
of females in each mesocosm, as well as how long each female was alive during the
nesting period. Thus, we included the mean number of females present in each mesocosm
as a covariate in the female offspring model. The sex ratio per mesocosm was analyzed
separately as a function of protandry treatment (Fig 37, pathway 2 & 3), mean mating
period length per mesocosm (Fig 37, pathway 1b), and mean visitation rate per
mesocosm (Fig 1, pathway 4c) using linear models (R core team 2017).
All figures were produced using the ggplot2 package (Wickham 2009).
Regressions and standard errors shown in figures were generated from model estimates
using the ‘emmeans’ package (i.e., estimated marginal means; Length 2018).
Results
Mating Period Length and Male Density During the Mating Period
Across mesocosms, the mean length of the mating period (i.e., the number of days
during which at least one male bee remained alive inside each mesocosm) was 24.6 ± 0.7
days and there was no effect of protandry treatments on the length of the mating period
(Table 4). There was a negative effect of increasing degree of protandry on male bee
density. In the absence of protandry (i.e., zero days between male and female
emergence), mean male bee density during the mating period was 2.0 ± 0.2 bees, with
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male density decreasing by 0.04 ± 0.02 (t1,16 = -2.78, p = 0.014) bees per each day
increase in protandry (Table 4, Fig 39). There was a negative effect of increasing the
degree of protandry on the number of days males lived inside mesocosm. In the absence
of protandry, male bees lived an estimated 12.3 ± 0.9 days inside mesocosms, with a
decrease in days alive of 0.3 ± 0.1 (z1,16 = -5.11, p < 0.00) days per each day increase in
protandry (Fig. 40). Male density during the mating period and male survival inside
mesocosms were strongly positively correlated (r = 0.84, p < 0.001). Male lifespan (i.e.,
days alive in mesocosms + days of protandry treatment) also responded to protandry
treatment, with lifespan increasing by 0.7 ± 0.1 (z1,16 = 8.17, p < 0.001) days per each day
increase in protandry (Fig 40).
Visitation Rate
Female visitation rate to flowers was reduced by the number of male bees present,
as well as by the presence of another female (Table 4). In the absence of males, females
visited 3.1 ± 0.3 flowers per minute of observation time, with visits per minute
decreasing by 0.5 ± 0.1 (t1,141 = -3.24, p = 0.002) flowers per each additional male bee
present (up to four) (Table 4, Fig 41A). When only one female was present in a
mesocosm, she visited an estimated 3.1 ± 0.3 flowers per minute of observation time,
whereas visitation rate decreased to 2.1 ± 0.3 (t1,141 = -2.79, p = 0.006) flowers per
minute of observation time when two females were present (Table 4; Fig 41B).
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Reproduction
Female offspring were produced in 9 out of 18 mesocosms, and only one
mesocosm produced more than one female (4 females). There were no statistically
significant effects of protandry treatment, mating period length, or mean visitation rate on
the probability of producing female offspring (Table 4). It is noteworthy that 7 of the 9
mesocosms within which females were produced contained males that had received
intermediate protandry treatments (i.e., 8, 12, or 18 days), with 4 females produced when
males experienced 12 days of protandry. However, a modal response curve describing the
probability that a female was produced was not statistically significant (i.e., Table 4,
pathway 1: protandry treatment: t14 = 1.31, p = 0.189; protandry treatment2: t14 = - 1.19,
p = 0.234; Fig 42). Neither protandry treatment nor mating period length influenced the
sex ratio per mesocosm (Table 4). There was a marginal effect of mean visitation rate on
the sex ratio per mesocosm (Table 4). When visitation was lowest (i.e., 1.1 visits per
minute), the female to male sex ratio was 0.4 ± 0.1, with this ratio decreasing by 0.2 ± 0.1
(t1,11 = -1.97, p = 0.074; fig 43) with each one flower/min increase in visitation rate.
Discussion
Recent research has shown a propensity for stronger phenological responses to
increased temperature in male solitary bees compared to conspecific females (Slominski
Dissertation CH1), which could drive an increase in the degree of protandry in solitary
bee populations under climate-warming. To provide the first assessment of the fitness
consequences associated with an increase in the degree of protandry in solitary bees, we
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manipulated the degree of protandry and investigated four non-mutually exclusive
pathways through which we expected the degree of protandry to influence solitary bee
reproduction. Our findings support the theory that fitness tradeoffs associated with the
degree of protandry influence reproductive success in protandrous species (Morbey &
Ydenberg 2001), and that an intermediate degree of protandry may balance tradeoffs in
mating opportunity, male quality, and the intensity of male mating interference during the
nesting period that results in maximal current and future reproductive success in solitary
bees. Our results suggest that sex-specific responses to climate-warming that alter the
balance in fitness tradeoffs within protandrous species could have important
consequences for their reproductive success and population dynamics (Torchio &
Tepedino 1980). Given that sex-specific responses to temperature are not confined to
protandrous species (e.g., Petry et al. 2016; Rozas et al. 2009; Xu et al. 2008), assessing
the potential consequences of sex-specific responses to climate-warming will be vital for
more completely understanding the ecological implications of climate-warming.
We found no effect of protandry treatments on the length of the mating period
(i.e., the number of days at least one male bee remained alive inside each mesocosm).
However, the mean number of days male bees survived inside mesocosms decreased as
the degree of protandry increased, resulting in lower mean male density during the
mating period. That is, on average, an increase in the degree of protandry shortened the
amount of temporal overlap between male and female bees. Despite this, the mating
period was equal for at least one male in each mesocosm, regardless of the degree of
protandry they experienced. This suggests that some male bees within solitary bee
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populations may be able to remain alive for the entire duration of a normal mating period,
even with a difference in emergence timing of up to 22 days. However, this will not
likely be the case for most males in a population, indicating that an increase in the degree
of protandry may create an imbalance in the mortality-mating competition tradeoff male
solitary bees experience, with a majority of males likely to experience mortality soon
after females emerge when the degree of protandry increases.
We tested two underlying mechanisms that we anticipated would drive earlier
male mortality and reduced male density in response to an increase in the degree of
protandry: i) a shift in the proportion of the male lifespan that occurs prior to female
emergence and ii) a reduction in the male lifespan caused by experiencing suboptimal
conditions during protandry treatments. In protandrous species, a greater magnitude of
phenological advancement in response to climate-warming by males compared to females
could result in reduced temporal overlap between the sexes (Moller 2004). Given a fixed
lifespan, the magnitude of the difference in phenological response should equal the
change in temporal overlap. Here, we increased the degree of protandry between male
and female bees by manipulating male emergence up to 22 days prior to females. Thus,
we expected the minimum amount of change in temporal overlap to equal the length of
the protandry treatments, with the potential for a further reduction in temporal overlap
caused by a decrease in male lifespan due to starvation during protandry treatments.
However, the change in temporal overlap (i.e., the number of days males lived inside
mesocosms) was less than half of the increase in the degree of protandry. This
relationship resulted from an increase in total male lifespan (i.e., days alive in
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mesocosms + days of protandry treatment) in response to increasing protandry. Extended
lifespans in response to increased protandry indicate that, despite the absence of food,
one day spent at 4°C was not equivalent to one day spent inside a mesocosm in terms of
cost to the male lifespan. This was surprising given that we expected exposure to cold
temperatures without food to shorten the male lifespan (Schenk et al. 2018a; Vesterlund
& Sorvari 2014). Although nutrition is strongly linked to lifespan across diverse taxa
(Zimmerman et al. 2003), it is possible that male O. lignaria lifespans responded more
strongly to the influence of temperature on metabolic rate (Speakman 2005) than to the
absence of food. Under cooler temperatures, insect metabolic rates slow (Waters &
Harrison 2012) and bees do not fly, resulting in less energy consumption compared to
warmer ambient conditions where activity increases and energy-demanding flight occurs
(Heinrich 1975). Given this, cool temperatures and low activity levels during protandry
treatments may have reduced the cost to the male lifespan compared to equal time under
warmer temperatures inside mesocosms (Speakman 2005). With that said, the cost of
protandry treatment was not zero, and an increase in the degree of protandry did impose
the cost of earlier mortality, on average. This premise suggests that the temperature
experienced by male solitary bees while waiting for females to emerge may play a key
role in determining the effect of climate-driven changes in the degree of protandry on the
fitness risks associated with protandry, with potentially greater risk of mortality prior to
mating for males as the temperature males experience while waiting for females to
emerge increases.
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We anticipated that earlier male mortality and reduced male density during the
realized mating period would reduce mating opportunities for females, resulting in
reduced mating success and fewer female offspring. In addition, we expected that
increased protandry would reduce male fertility or select for higher quality males, with
the possibility for these mechanisms to occur simultaneously. Neither protandry
treatment nor male density during the mating period significantly influenced the
probability that a female was produced per mesocosm or the sex ratio per mesocosm.
This could indicate that, despite reduced male density and earlier mean male mortality
per mesocosm, the ability of females to successfully mate was not affected. This result
could also indicate that an increased degree of protandry did not impact female mating
success by influencing male fertility via the male mating age, or through selection for the
most vigorous males. However, female offspring production was low across mesocosms,
with females only produced in 9 out of 18 mesocosms, and multiple females were only
produced in one mesocosm (i.e., 4 females). This may indicate that nectar and pollen
availability (i.e., flower density) was not adequate to support maximal female offspring
production (Bosch & Vicens 2005; Pitts-Singer & Bosch 2010). Given this, it is difficult
to conclude with confidence about the influence of the degree of protandry or the density
of males present during the realized mating period on female mating success, and
subsequent female offspring production in this study.
Although our ability to assess the influence of the degree of protandry on
reproduction may have been limited by low nectar and pollen availability, it is
noteworthy that the probability of producing female offspring weakly trended toward a
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modal probability curve (i.e., a quadratic response curve) centered around the
intermediate protandry treatment (i.e., 12 days of protandry). Out of nine mesocosms
within which female offspring were produced, seven represented intermediate degrees of
protandry (i.e., 8, 12, and 18 days between male and female emergence), whereas females
were only produced in two mesocosm representing 0, 3, and 22 day protandry treatments.
In addition, in the only mesocosm in which multiple females were produced, males had
received the 12 day protandry treatment. This weak trend supports the theory that
selection stabilizes the degree of protandry at an intermediate magnitude where fitness
tradeoffs are balanced and reproductive success is maximized (Holzapfel & Bradshaw
2002; Moller 1994; Morbey & Ydenberg 2001), and that changes in the average degree
of protandry in a solitary bee population may have consequences for the current and
future reproductive success of that population by altering reproductive output and the
male sex ratio bias.
Female visitation rates to flowers marginally decreased as male density during a
given observation session increased. This is consistent with Rossi et al. (2010) who
showed that higher male density during the female nesting period decreased female
visitation rates to flowers, presumably as a result of increased time spent resisting mating
attempts by males. Provisioning rate is linked with female offspring production and the
progeny sex ratio, with increased provisioning rates leading to more female offspring and
a less male-biased sex ratio (Bosch & Vicens 2006; Sgolastra et al. 2016). Our findings
suggest that an increase in the degree of protandry may lead to greater visitation rates by
females to flowers, and possibly a greater provisioning rate. Unexpectedly, an increase in
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female visitation rate in this study, was associated with an increase in male-biased sex
ratios. In order for a female to produce female offspring, she must mate and inseminate
an egg with sperm. However, females can dictate the sex ratio of their progeny to
maximize fitness (Smith and Fretwell 1974; Bosch & Vicens 2005) regardless of mating
success (Gerber & Klostermeyer 1970). In instances when nectar and pollen resources are
low, it may be advantageous for females to increase the male sex ratio bias and maximize
the number of less costly offspring (Rosenheim et al. 1996) in exchange for reducing the
risk of failing to produce more costly females. This may have been the case in this study,
such that, when female visitation rates were higher, females opted to produce more males
instead of risking a failed attempt at producing a female under limited resource
availability. Regardless, we demonstrate a negative relationship between male presence
during the nesting period and reproductive success, indicating that the degree of
protandry may influence female interactions with flowers by mediating male density,
which in turn can influence a female’s total reproductive output.
Taken together, our findings suggest that interplay among multiple mechanisms
may act to stabilize the degree of protandry in solitary bee populations at an intermediate
level that maximizes reproductive success. It is likely that an intermediate degree of
protandry balances the fitness tradeoffs associated with protandry, and it is possible that
this balance may be disrupted if the degree of protandry increases as a result of climatewarming. Here, we found that the degree of protandry altered male density during the
realized mating period. This likely influenced the intensity and duration of male mating
attempts experienced by females during the nesting period (i.e., while females are
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provisioning nests). More and prolonged male mating attempts can interfere with female
nesting behavior, including visitation rates to flowers, as females spend time resisting
mating attempts by males (Rossi et al. 2010). Although male density would presumably
influence the ability for females to find mates, we show that increased male density was
associated with reduced reproductive success, suggesting a tradeoff between adequate
opportunities to mate and increased male mating interference that may limit a female’s
ability to provision her nest. However, we acknowledge that confining bees inside a
mesocosm may have artificially intensified the effect of male mating attempts on female
nesting behavior, while also mitigating the potential negative effect of low male density
on the opportunity for females to find mates. It is also possible that the degree of
protandry altered the tradeoff between mating opportunity and male fertility (Marshall &
Sinclair 2010; Moller & Alatalo 1999; Sturup et al. 2013), resulting in enhanced female
offspring production at the intermediate degrees of protandry. However, we stress that
low nectar and pollen availability may have influenced female offspring production,
which limits our ability to assess the reproductive responses to protandry treatments
observed in this study. Because selection will favor the degree of protandry that
maximizes fitness within a population, any climate-driven imbalances in the fitness
tradeoffs associated with protandry could stabilize through time. However, it is unlikely
that adaptive evolution in a population’s thermal tolerance and phenological plasticity
will keep pace with ecological responses to climate-driven changes in the degree of
protandy (Parmesan 2006), thus limiting the potential for selection to mitigate the fitness
consequences associated with climate-driven changes in the degree of protandry in the
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short-term. Our results highlight the importance of understanding how sex-specific
responses to climate-warming will impact the current and future reproductive potential in
protandrous species, as well as other taxa that may be predisposed to sex-specific
phenological responses to climate-warming. We urge future researchers to consider sexspecific responses in order to build a more complete understanding of the ecological
consequences of climate-warming.
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Table 4 Model results testing each step of each pathway by which climate-driven changes
in the degree of protandry was hypothesized to influence solitary bee reproductive
success. Bolded p-values represent significance at α ≤ 0.05.
* z-values correspond to generlized linear models and censored generlized linear models,
while z-values corresponsd to linear models
pathway

variable

estimate

df

t,z*

p

probability of female offspring
1

protandry treatment
protandry treatment2
mean females present

0.03
-0.01
1.04

14
14
14

1.31
-1.19
0.78

0.189
0.234
0.437

2a

mating period length
mean females present

0.19
-0.04

15
15

0.95
-0.03

0.340
0.980

2c

mean visitation rate
mean females present

1.17
2.54

15
15

1.04
1.24

0.297
0.216

female : male sex ratio
1

protandry treatment

0.01

11

1.61

0.138

2a

mating period length

0.01

11

0.14

0.895

2c

mean visitation rate

-0.22

11

-1.97

0.074

0.05

16

0.56

0.581

-0.04

16

-2.43

0.014

-0.48
0.00
-1.00

141
141
141

-3.24
1.49
-2.79

0.002
0.137
0.006

mating period length
2

protandry treatment
male density

2

protandry treatment
visitation rate

2b

males density
observation time
females present
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Figure 37 Conceptual diagram (inside the surrounding figures) illustrating non-mutually
exclusive pathways by which we hypothesized changes in the degree of protandry could
influence reproductive success (i.e., female offspring production) in O. lignaria, a springactive, protandrous solitary bee species (i.e., pathway 1; pathway 2 - 2a; pathway 2 - 2b 2c). Hypothesized cause-and-effect relationships in the pathways are represented by
directional arrows, with solid arrows representing direct effects of a change in the degree
of protandry and dashed arrows representing indirect effects of a change in the degree of
protandy. The figures surrounding the pathway diagram illustrate the hypothesized
relationships and underlying mechanisms associated with each step in each pathway (xaxes and right y-axes illlustrate the hypothesized cause-and effect relationship in each
step, while x-axes and left y-axes illustrate the hypothesized underlying mechanism),
with numbers and letter corresponding to pathway steps in the diagram.
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Figure 38 Mesocosm field site with diagram showing the general timeframe during which
protandry treatments and data collection were conducted. Data collection was ended and
all remaining nests were removed from mesocosms on 9 July.
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data collec-on
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mean number of days males survived in mesocosms

Figure 39 Regression showing the relationship between least square mean male density
during the mating period (i.e., the number of days males survived inside mesocosms
following protandry treatments) and protandry treatment ± SE (shaded area). Points
represent mean male lifespan per mesocosm.
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Figure 40 Regressions showing the relationship between the least square mean number of
days males survived inside mesocosms and protandry treatment (dashed line; left y-axis),
compared to the relationship between the total least square mean male lifespan per
mesocosm (i.e., days alive inside mesocosms + days of protandry treatment) and
protandry treatment (solid line; right y-axis). Shaded areas corresponding with each
regression line represent standard errors associated with each least square mean
regression line. Closed points represent total mean male lifespan per mesocosm and open
points represent the mean number of days males survived inside mesocosms following
protandry treatments.
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Figure 41 A) Regression showing the relationship between visitation rate and male
density during the mating period ± SE (shaded area). Points represent visitation rate at
each observation session. B) mean visitation rate when one or two females were present ±
SE.
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Figure 42 Probability of at least one female being produced per mesocosm ± SE (shaded
area) as a function of protandry treatment. Closed points with values at 1.00 represent
mesocosms that did produce female offspring and closed points with values at 0.00
represent mesocosms that did not produce female offspring.
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Figure 43 Regression showing the relationship between least square mean female : male
sex ratio in each mesocosm and mean visitation rate per mesocosm ± SE (shaded area).
Closed points represent sex ratios per mesocosm from the 13 mesocosms that produced
offspring.
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CONCLUSIONS
In sum, these studies helped to further our understanding of the ecological
consequences of climate-warming for solitary bees and their interactions with plants. In
chapter one, we showed that solitary bee overwintering life stage plays a role in
mediating solitary bee responses to manipulated seasonal temperature, and the duration
and timing of seasons experienced by solitary bees prior to emergence. Our experimental
design combined temperature manipulations across multiple life stages and revealed
interactive effects of temperature and season length, as well as evidence of interplay
among multiple response mechanisms operating during separate life stages. Together,
these findings indicate that solitary bee responses to climate-warming will likely depend
on how temperature affects physiological processes across their complex life cycles.
Patterns in weight loss and phenological change suggest that adult-wintering solitary bee
species may be more vulnerable to post-emergence fitness consequences associated with
warmer, extended fall seasons compared to prepupae-wintering species. In addition,
stronger sensitivity to temperature in male O. lignaria bees compared to females implies
that the degree of protandry between males and females of adult-wintering species,
particularly in early-spring emerging species such as O. lignaria, may increase under
climate-warming, which could impact male-female interactions during the mating period.
In addition, adult-wintering bees (i.e., primarily spring-emerging bees) may be more
prone to emerging prior to the start of flowering in the spring, while prepupae-wintering
bees (i.e., primarily summer-emerging bees) may be expected to experience temporal
overlap with flowering periods of plants within novel communities.
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Chapter two builds on the findings from chapter one by investigating the
reproductive consequences of a temporal mismatch between female solitary bees and
flowering periods in plants. We showed that manipulated temporal mismatch (i.e., female
solitary bees emerging prior to the start of flowering) had consequences for solitary bee
reproductive success (i.e., reduced offspring weight), which likely stemmed from reduced
female interaction rates with flowers, and thus, reduced provisioning rates. Because
offspring size is associated with survival rates and reproductive potential in both male
and female solitary bees, our findings suggest that temporal mismatch may have negative
consequences for current and future reproductive success in solitary bees, which could
have implications for solitary bee population dynamics and the persistence of solitary bee
species. In addition, this work is the first to show a relationship between temporal
mismatch and female visitation rates to flowers, indicating that temporal mismatch
between solitary bees and plants may have consequences for both bee and plant
reproductive success.
In chapter three, we look at how an increase in the degree of protandry between
male and female O. lignaria affects reproductive success, a scenario which we anticipate
given observed greater sensitivity to temperature in male compared to female O. lignaria.
The probability of female offspring production tended to increase when the degree of
protandry was manipulated to an intermediate degree, suggesting that solitary bee
reproductive success is maximized when the fitness tradeoffs associated with the degree
of protandry are balanced. In particular, this result may have been driven by an imbalance
in the fitness tradeoffs experienced at either end of the range of protandry manipulations.
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For instance, male density decreased as the degree of protandry increased, which may
have reduced female offspring production by decreasing mating opportunities for
females. On the other hand, when the degree of protandry was decreased and male
density was greater, intensified mating competition may have increased male mating
interference, which may have decreased female offspring production by reducing female
provisioning rates. These findings indicate that a climate-driven increase in the degree of
protandry may create imbalances in the fitness tradeoffs associated with protandry. Such
imbalances could result in negative consequences for the future reproductive potential in
solitary bee species by driving a reduction in female offspring production and an increase
in the male-skewed sex ratio bias.
By contributing important information to how solitary bee life history traits will
mediate differential responses to climate-warming across groups of solitary bee species
with shared traits, this work furthers our understanding of the mechanisms by which
climate-warming is impacting solitary bees and their interactions with plants. In addition,
we provide novel examples of how an understanding of trait-mediated responses to
climate-warming in solitary bees can be used to investigate the reproductive
consequences of climate-warming for solitary bee species, as well as for plant-bee
interactions. Moving forward, we urge future researchers to continue investigating the
role of life histories in mediating pollinator responses to climate warming, with a
particular focus on how responses may be determined from interplay among multiple
mechanism operating across the complex life cycle of pollinators. Such information will
be vital for pinpointing the pollinator species most vulnerable to the negative effects of
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climate-warming and for informing strategies to mitigate the impacts of climate-warming
on pollination services upon which much of the world’s diversity relies.
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APPENDIX A
TRAP-NEST LOCATIONS AND BEE BODY SIZE
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A1 trap-nest locations and characteristics

site name
Jack Creek 1
Jack Creak 2
Jack Creek 3
Jack Creek 4
Hyalite 1
Hyalite 2
Hyalite 3
Battle Ridge 1
Battle Ridge 2
Mount Ellis 1
Mount Ellis 2
Sypes 1
Sypes 2
Sypes 3
Bear Trap 1
Bear Trap 2
Bear Trap 3

Latitude (°)
45.34273
45.33571
45.32700
45.35650
45.48301
45.47734
45.46762
45.88130
45.88063
45.61991
45.61217
45.74255
45.74363
45.74565
45.54361
45.54691
45.55797

Longitude (°)
-111.47722
-111.47556
-111.47990
-111.49178
-110.98194
-110.97901
-110.98618
-110.88435
-110.88564
-110.96126
-110.96956
-110.98563
-110.98837
-111.00034
-111.59014
-111.59064
-111.59673

Elevation (m)
2083
1990
2065
2030
2074
2164
2230
1978
1992
1685
1820
1821
1780
5610
1339
1429
1429

habitat type
montane forest/subalpine
montane forest/subalpine
montane forest/subalpine
montane forest/subalpine
montane forest/subalpine
montane forest/subalpine
montane forest/subalpine
montane forest/subalpine
montane forest/subalpine
montane/foothills
montane/foothills
montane/foothills
montane/foothills
montane/foothills
sagebrush steppe/riparian
sagebrush steppe/riparian
sagebrush steppe/riparian
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A2 mean intertegular distance of bee species with standard errors

N
43
137
34
252
34
80
35
110
26

mean intertegular distance (mm)
2.83
2.13
2.71
2.84
2.56
1.65
2.55
2.24
2.43

SE
0.10
0.04
0.07
0.05
0.06
0.04
0.06
0.06
0.10
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intertegular distance (mm)

species
O. californica
O. coloradensis
M. lapponica
O. lignaria
O. montana
O. penstimonis
M. relativa
O. tersula
O. vallicola
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APPENDIX B
OFFSPRING PRODUCTION AND WEIGHT
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B1 mesocosms with offspring produced by treatment
asynchrony treatment
0 days
2 days
4 days
6 days
12 days
14 days
16 days

mesocosms with offspring produced
2
1
0
1
0
1
2
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B2 mean offspring weight by mesocosm

mesocosm
3
6
15
16
20
23
24

asynchrony treatment
16 days
0 days
2 days
0 days
6 days
14 days
16

N
4
1
1
2
1
3
3

mean weight (mg)
10.40
13.20
10.70
16.00
13.10
7.85
10.0

