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Abstract

1. Climate change is rapidly altering thermal environments across the globe. The ef-

fects of increased temperatures in already warm environments may be particu-
larly strong because organisms are likely to be near their thermal safety margins,

with limited tolerance to additional heat stress.

. We conduct an in situ field experiment over 2 years to investigate the direct ef-

fects of temperature change on an early-season solitary bee in a warm, arid region
of the Southwestern USA. Our field experiment manipulates the thermal environ-
ment of Osmia ribifloris (Megachilidae) from larval development through adult
emergence, simulating both previous cooler (c. 1950; nest boxes painted white)
and future warmer (2040-2099; nest boxes painted black) climate conditions. In
each year, we measure adult emergence phenology, linear body size, body mass,

fat content and survival.

. Bees in the warming treatment exhibit delayed emergence phenology and a sub-

stantial increase in phenological variance. Increases in temperature also lead to
reductions in body mass and fat content. Whereas bees in the cooling and control
treatments experience negligible amounts of mortality, bees in the warming treat-

ment experience 30%-75% mortality.

. Our findings indicate that temperature changes that have occurred since c. 1950

have likely had relatively weak and non-negative effects, but predicted warmer
temperatures create a high stress thermal environment for O. ribifloris. Later and
more variable emergence dates under warming likely compromise phenological
synchrony with floral resources and the ability of individuals to find mates. The
consequences of phenological asynchrony, combined with reductions in body
mass and fat content, will likely impose fitness reductions for surviving bees.
Combined with high rates of mortality, our results suggest that O. ribifloris may
face local extinction in the warmer parts of its range within the century under

climate change.

. Temperature increases in already warm ecosystems can have substantial conse-

quences for key components of life history, physiology and survival. Our study
provides an important example of how the responses of ectothermic insects to
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1 | INTRODUCTION

Temperature is universally important for organisms (Hill, Wyse, &
Anderson, 2016), and the thermal environment of a diversity of or-
ganisms is changing rapidly because of global climate change (IPCC
2014; Parmesan & Yohe, 2003). For ectothermic insects, tempera-
ture is a principal determinant of metabolism and developmental
rates, and therefore, increases in temperature have a variety of con-
sequences. Warmer temperatures associated with climate change
lead to earlier phenological events, shrinking body size and reduced
survival in insects (e.g. Bartomeus et al., 2011; Bowden et al., 2015;
Gordo & Sanz, 2005; Penick, Diamond, Sanders, & Dunn, 2017,
Sgolastra, Bosch, Molowny-Horas, Maini, & Kemp, 2010; Stange &
Ayres, 2010). These responses to climate warming may have rami-
fications for insect population dynamics, species interactions, eco-
system function, and the local persistence or extinction of insect
species (e.g. Burkle, Marlin, & Knight, 2013; Deutsch et al., 2008;
Forrest & Chisholm, 2017; Kingsolver, 1989; Sheridan & Bickford,
2011).

Understanding the consequences of warming is especially timely
for insect pollinators, given the importance of pollination services
in concert with their documented global declines (Biesmeijer, 2006;
Burkle etal., 2013; Garibaldi etal., 2013; Ollerton, Winfree, &
Tarrant, 2011). It has been difficult to study the effects of climate
warming on insect pollinators because relatively few long-term data-
sets exist that allow researchers to link pollinator ecology to changes
in climate (Bartomeus et al., 2011; Burkle et al., 2013; Kudo & Ida,
2013; Ogilvie et al., 2017). The responses of some insect pollinators
to warming have been investigated under simplified laboratory con-
ditions (Bosch & Kemp, 2003, 2004; Friind, Zieger, & Tscharntke,
2013; Sgolastra et al., 2011) and others with short-term observa-
tional studies (Forrest & Chisholm, 2017; Kudo, Nishiwaki, Kasagi,
& Kosuge, 2004). However, field experiments that manipulate
temperature conditions on a meaningful aspect of the pollinator’s
life cycle are conspicuously lacking and can provide a more pre-
dictive understanding of the direct effects of temperature change.
Experiments that incorporate daily variation are likely to be particu-
larly insightful because temperature variation itself can make insects
more vulnerable to climate change (Kingsolver, Diamond, & Buckley,
2013; Paaijmans et al., 2013).

The effects of warming should be particularly strong when
the temperature of the environment is near the optimal tem-
perature of the organism (i.e. a narrow thermal safety margin;

Deutsch et al., 2008). For this reason, ectothermic organisms in

temperature increases in already warm environments may be insufficient to

mitigate the negative consequences of future climate change.

bees, ectotherms, heat stress, insects, Osmia, phenological mismatch, pollinator declines,

already warm ecosystems may have especially limited tolerance
to additional heat stress (Aradjo et al.,2013; Hoffmann, Chown, &
Clusella-Trullas, 2012; Huey et al., 2009; Kingsolver et al., 2013;
Sunday, Bates, & Dulvy, 2011). Ectothermic insects are predicted
to be particularly vulnerable to heat stress associated with fu-
ture climate change at mid-latitudes (Hoffmann etal., 2012;
Kingsolver et al., 2013). Furthermore, within these mid-latitude
regions, insects living in characteristically warm environments
like deserts may already face stressful temperature conditions
(Vale & Brito, 2015).

We developed an experimental approach to investigate the
direct effects of temperature variation associated with climate
change on a mid-latitude, early-season pollinating bee (Osmia ribi-
floris; Megachilidae) under field conditions in the Southwestern
USA. Temperatures for this region of the USA have already warmed
by c. 1.55°C since 1949 and are projected to become increas-
ingly warmer in the coming decades (Brusca et al., 2013; Garfin,
Jardine, Merideth, Black, & LeRoy, 2013; IPCC 2014). Our field
experiment manipulates the thermal environment experienced
by O. ribifloris from larval development through adult emergence
(Figure 1), simulating both previous cooler (c. 1950) and future
warmer (2021-2099) climate conditions (Table 1), while simulta-
neously incorporating daily and day-to-day temperature variation.
We examine how temperature directly influences several import-
ant components of O. ribifloris life history and physiology: adult
emergence phenology, body size (linear size and mass), adult fat
content and survival. This experimental set-up allows us to inves-
tigate how this early-season pollinator may have responded to
warming over the past several decades, and how it may respond to
continued warming in future.

2 | MATERIALS AND METHODS

2.1 | Study site and natural history

This experimental study was conducted in a warm, arid region of the
Southwestern USA in the Santa Catalina Mountains, c. 40 km north-
east of Tucson, Arizona (32°20'17.2248”N, 110°42'57.3228"W;
1,500 m a.s.l). This dry, mid-elevation ecosystem sits at the intersec-
tion of open oak woodland and desert grassland, and is dominated by
Bouteloua curtipendula, Quercusemoryi, Q. arizonicaand Arctostaphylos
pungens (Brusca et al., 2013; Whittaker & Niering, 1964). Our study
population represents the lower elevation limits of Osmia ribifloris in

the Santa Catalina Mountains.
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FIGURE 1 Life cycle of the solitary bee Osmia ribifloris in the study area near Tucson, Arizona, USA, in the Santa Catalina Mountains.
Parts of the life cycle during which the temperature manipulation was applied are highlighted with red and blue. Note that members of the
genus Osmia undergo a period of prepupal diapause as well as a period of adult diapause. lllustration by P.J.C

Osmia ribifloris biedermanii (Megachilidae, hereafter Osmia ribi-
floris) is a solitary bee native to the Western USA, with a patchy
distribution (Rust, 1986). Female bees construct nests of masticated
leaf pulp within existing wooden cavities. In our study population,
females lay eggs in early spring, and larval development proceeds
through spring until summer; larvae enter a state of prepupal dia-
pause during summer, and following pupation in mid-late summer,
adults remain inside the cocoon and enter a second diapause until
emergence in January or February (e.g. Sgolastra, Kemp, Maini, &
Bosch, 2012; Figure 1). Emergence in this population is notably ear-
lier than other Western populations of O. ribifloris (which emerge
in March and April; Krombein, 1967; Rust, 1986). Because nests
are sealed and built inside wooden cavities that are shielded from
sunlight and precipitation, temperature is the primary abiotic factor
regulating development and phenology. Unlike most members of
the genus, O. ribifloris is oligolectic, foraging and provisioning larvae
with one or a few pollen resources (Haider, Dorn, Sedivy, & Miiller,
2014; Rust, 1986). Osmia ribifloris emergence and nesting coincide
with flowering of A. pungens; at this time of the season virtually no
other floral resources are available until after nest-building is com-
plete. Therefore, in our study population, females exclusively visit
and collect pollen for larval provisions from A. pungens (point-leaf

manzanita, Ericaceae).

2.2 | General experimental protocol

Our experiment has four stages: collection of newly completed nests
from unmanipulated nest boxes and transfer to experimental nest
boxes; exposure to experimental temperature treatments in the field
from April until emergence in the following year; monitoring emer-
gence phenology; and collection of emergent bees and postprocess-
ing in the laboratory to measure adult body size and fat content.

2.3 | Natural population nesting phenology

In December 2012, a series of 30 artificial trap-nest boxes were
equally distributed across three nearby sites (10 boxes per site). Nest
boxes were constructed from wooden blocks to mimic natural nest-
ing habitat (following Torchio, 1990); Megachilidae bees readily accept
and build nestsinside of these artificial wood nest boxes (also referred
to as trap-nests). Thirty holes were drilled in each nest box, measur-
ing 6 mm in diameter and 12 cm in length; each hole was lined with a
paper drinking straw to allow for nest removal. Once per week, from
January until the end of March, all active nests were scored with a
start and end date.

Once population-level nesting was complete, a random sample

of nests constructed during the population’s peak nesting activity
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TABLE 1 Historic (1950-2011) and projected (2021-2099)
temperature change in the Desert Southwestern USA compared to
mean temperature differences between experimental treatments
and controls (cooling in relation to historic temperatures and
warming in relation to projected temperatures). Historic
temperature change is based on Brusca et al. (2013) for Tucson,
Arizona, USA, and projected temperature changes are based on
high emission (A2) scenarios reported in Garfin et al. (2013) for the
Desert Southwestern USA; values represent lower and upper
bounds

Mean temperature A °C relative

to control
Cooling Warming
Historic or

Year range projected A°C 2013 2014 2013 2014
1950-2011 -1.5t0 0.0 -0.9 -1.1 - -
2021-2050 +1.0 to +2.0 - - +1.8 -
2041-2070 +1.8to +3.3 - - +2.6
2070-2099  +2.8to +5.0 - - - -

Note. Note that the mean difference in warming relative to the control in
2013 falls within the upper bounds of the 2021-2050 temperature pro-
jections and the lower bounds of the 2041-2070 projections.

was relocated to the experimental temperature treatments nearby.
Here, we define peak nesting as the two successive weeks with
the greatest nesting activity. We limited our collection of nests to
this peak nesting period to minimize effects with which the timing
of nest construction may be correlated (e.g. floral resource avail-
ability). These nests were then randomly assigned to experimental

temperature treatments.

2.4 | Temperature experiment

We established three temperature treatments in the field during
the 2013-2014 season (2013 or year 1) and 2014-2015 season
(2014 or year 2): warming, control and cooling. Bees were ex-
posed to these temperature treatments from the early stages of
larval development until adult emergence (Figure 1). The warming
treatment consisted of nest boxes painted with flat black acrylic
latex-based paint (Figure 2); because a black surface absorbs more
radiant energy, this treatment warms internal nest temperatures.
The control treatment consisted of identical nest boxes painted
with a transparent acrylic paint (Figure 2); these resemble the
unmanipulated nest boxes placed in the wild nearby. The cooling
treatment differed between the 2 years of the experiment, al-
though treatment effects were similar (see Section 3). In the first
year of the experiment, nest boxes were affixed with wooden
shade structures; in the second year of the experiment, nest boxes
were painted with a white, reflective acrylic latex-based roof paint
(Figure 2; Elastek, Tucson, AZ). Both cooling treatments reduced
the absorption of radiant energy (via shading or reflection), which
cools internal nest temperatures. The roofs of nest boxes in all

treatments were painted with the same white, reflective paint to

FIGURE 2 Photograph of the field experiment at the study site
near Tucson, Arizona, USA, in the Santa Catalina Mountains during
the 2014-2015 season. Black nest boxes represent the warming
treatment, white nest boxes represent the cooling treatment, and
natural wood nest boxes represent the control treatment. Each
nest box contains three individual nests relocated from nearby
“unmanipulated” nest boxes; individual nests were randomly
assigned to each nest hole across treatments. Each set of three nest
boxes includes all three treatments, representing an experimental
block

prevent excessive heating and to prevent any top-down tempera-
ture gradients within each nest box. Because the experiment is
set up under naturally variable field conditions, the temperature
manipulations incorporate day-to-day variation in temperature. All
nest boxes contained an internal compartment to house a temper-
ature data logger (HOBO, Onset, Bourne, MA, USA); data loggers
were placed inside a subset of the manipulated nest boxes (2013,
n = 6; 2014, n = 15) to monitor their internal temperatures during
the course of the experiment.

During year 1 of the experiment, nine total experimental nest
boxes were set up with three replicates within each treatment. Each
experimental nest box contained a single vertical column of five nest
holes. In April 2013, 45 nests were relocated from the unmanipu-
lated nest boxes to the experiment. During year 2 of the experiment,
30 total experimental nest boxes were set up with 10 replicates
within each treatment. Each experimental nest box had three verti-
cal holes drilled into it. In April 2014, 90 nests were relocated from
the unmanipulated nest boxes to the experiment.

In both years, the experiment was set up on an exposed hillside
within an approximate 15 x 15 m area (Figure 2). All nest box holes
were oriented approximately south. Within each experimental block,
nest boxes were attached to a wooden structure similar to a sawhorse,
and the centre of each nest box was c. 0.5 m from the ground (Figure 2).
Treatments were set up in a fully randomized block design.



CARADONNA ET AL.

Functional Ecology 2349

2.5 | Response variables

In early December, prior to adult emergence, all nests were affixed
with a clear plastic vial to capture emerging bees (following Forrest &
Thomson, 2011). Emergence was monitored every 3 days from the
beginning of January until March, until emergence ceased. All emer-
gent adults were collected, sexed and brought back to the laboratory
for processing.

Body size was quantified with two measurements: (a) a linear
measure of body size that is analogous to length (intertegular span,
which is the distance between a bees’ wing tegulae, measured to the
nearest 0.01 mm; Cane, 1987), and (b) body mass (measured to the
nearest 0.001 mg). Before weighing, all emergent bees were dried at
50°C for 5 days until reaching constant mass. Although linear body
size and body mass may be strongly correlated, body mass can re-
spond to changes in temperature while linear body size remains un-
changed (Chown & Gaston, 2010), making it important to measure
both variables.

Adult fat content upon emergence provides further insight
into the underlying cause of any changes in body size. For exam-
ple, warmer temperatures may lead to reductions in body mass
because of depletion of fat bodies. Adult fat content was mea-
sured on a subset of adult bees. Dry bees were placed in three
24-hr changes of methyl-chloroform to extract lipids and then
were redried and reweighed (Folch, Lees, & Sloane Stanley, 1957;
Raubenheimer & Simson, 2003). The difference between the ini-
tial dry weight and dry weight following lipid extraction divided
by the initial dry weight provides a measure of overall adult fat
content (i.e. proportion body fat). Our measure quantifies total
lipid content, rather than only storage lipids (fat bodies) and there-
fore provides an overestimate of storage lipids (Williams, Thomas,
MacMillan, Marshall, & Sinclair, 2011). Nevertheless, in the related
taxon, Osmia lignaria, total adult fat content evaluated via methyl-
chloroform extraction is strongly related to storage lipid content
(Sgolastra et al., 2011). Importantly, our method of lipid extraction
does not introduce bias into our results: Any relative differences in
adult fat content among treatments should be robust.

After emergence was complete (i.e. no newly emerging bees for at
least two consecutive weeks), all nests were examined for the pres-
ence of dead bees (prepupa, pupa and adults). Sex could not be de-

termined on all dead specimen because some were underdeveloped.

2.6 | Data analysis

Differences in temperature among treatments were analysed using
linear mixed effects models in r 3.3.1 (Ime4 package in R; Bolker
et al., 2009; Bates et al., 2015; R Core Team, 2016). The effective-
ness of our temperature treatments were investigated using both
mean temperature and daily maximum temperature. Day of year
was included in each model as a random intercept to account for
the repeated measure of daily temperature readings. Pairwise com-
parisons among treatments were examined using Tukey’s Honest
Significant Difference (HSD) method.

Differences in O. ribifloris response variables among treatments
were analysed using linear mixed effects models with each bee nest
nested within experimental block as a random intercept term. Each
model also included a treatment x sex interaction. Years were ana-
lysed separately because the number of bee nests and the design
for the cooling treatment differed across years. After determining
the presence of an overall treatment effect in each model for each
response variable, pairwise comparisons among treatments for each
sex in each year were examined using Tukey's HSD method. Sexes
were analysed separately because sex-specific differences in re-
sponse variables were expected: Male solitary bees emerge before
females, and female bees tend to be larger than males. For adult
emergence phenology, we additionally examined differences in vari-
ance among treatments using the nonparametric Brown-Forsythe
Levene test for homogeneity of variances for each sex in each year.
When unequal variance was detected, mean differences in emer-
gence phenology among treatments for each sex in each year were
examined used a linear mixed effect model that accounted for un-
equal variance (nlme package in R; Pinheiro, Bates, DebRoy, & R Core
Team, 2016). Mortality (proportion of dead bees per nest, weighted
by the total number of bees per nest) was analysed using a gener-

alized linear mixed effect model with a binomial error distribution.

3 | RESULTS

Warming increased the mean daily internal temperature of the nest
boxes by 1.8-2.6°C relative to controls; cooling decreased mean
daily temperature by 0.9-1.1°C relative to controls (2013-2014,
F = 3,556, p <0.0001; 2014-2015, F = 18,395, p < 0.0001; Table 1).
These mean daily temperature differences agree well with previ-
ous climate conditions (cooling treatment = c. 1950) and projected
climate conditions (warming treatment =c. 2021-2099) (Table 1).
However, because the experimental treatments are most effective
at altering temperature during daylight hours, the treatment effects
may also be realized via comparison of daily maximum temperatures.
Here, warming increased daily maximum temperatures by on aver-
age 3.6°C during the first year of the experiment and 6.6°C during
the second year of the experiment, relative to controls; cooling de-
creased daily maximum temperatures by on average 2.9°C during
the first year of the experiment and 2.7°C during the second year
of the experiment (2013-2014, F = 4,458, p < 0.0001; 2014-2015,
F = 21,349, p < 0.0001; Figure 3 and Supporting Information Figure
S1). Air temperatures in the area were variable across the 2 years
of the experiment, with 2014 (i.e. the 2014-2015 season) ranking
as the second warmest year on record since the 1980s and 2013
ranking as the 7th warmest year (Supporting Information Table S1).
During the 2013-2014 season, 163 bees emerged from 32
nests, amounting to 58, 54 and 21 bees from the control, cooling
and warming treatments, respectively. During the 2014-2015 sea-
son, 131 bees emerged from 55 nests, amounting to 71, 79 and 13
bees from the control, cooling and warming treatments, respec-

tively (Supporting Information Table S2). Bees did not emerge from
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FIGURE 3 Experimental treatment effects measured with data loggers inside of next boxes for the 2014-2015 season. (a) Daily
maximum temperatures are from the approximate time of nest completion, April 2014, until the approximate time of adult emergence,
January 2015. The lines for each treatment are slightly smoothed using a spline function for illustrative purposes (smoothing

parameter = 0.35). (b) Box plots of daily maximum temperature for each treatment. Thick horizontal lines represent medians, with box edges
representing the 25th and 75th percentile and whiskers representing minimum and maximum (within 1.5 times the interquartile range).
Different lower case letters indicate pairwise significant differences at p < 0.001. Experimental treatment effects for the 2013-2014 season
are qualitatively similar and are provided in Supporting Information Figure S1

all nests for several reasons: because of mortality that occurred
during the temperature experiment, because of parasitism (by
Sapyga angustata; P.J.C. unpublished data) that occurred during nest
construction prior to nest transfer into the experiment, because
bees left some nests vacant during nest construction (as defence
against parasitism, e.g. Tepedino, McDonald, & Rothwell, 1979) or
some combination thereof.

There was no treatment x sex interaction for any response vari-
able in either year, indicating that the effect of treatment did not de-
pend on sex (Table 2). As expected, sex had a significant effect on all
response variables (Table 2), and further analysis of results is shown
separately for the sexes for each year of the experiment. Model co-
efficients for all pairwise comparisons for each response variable are
provided in Supporting Information Table S3.

Warmer nesting temperatures delayed emergence date for
both males and females, whereas cooler nesting temperatures
had a weaker and more variable effect (Table 2 and Supporting
Information Table S3; Figure 4). For males, warming led to a 9.8-
day delay in the timing of emergence relative to the control in
year 1, and a 23.1-day delay in year 2; for females, warming led
toa 23.0-day delay in emergence in year 1 and a 4.9-day delay in
year 2. For males, cooling led to a 6.6-day delay relative to the
control in year 1, and a 2.9-day advance in year 2; for females,
coolingledtoa 5.1-day delay relative to the controlinyear 1, and
a 2.1-day advance in year 2.

Warmer nest temperatures increased variance in emergence date,
whereas cooling had a weaker and less consistent effect (Figure 4;
Supporting Information Table S3). In most cases (except females in year
2), variance in emergence date differed across treatments (males, year
1: F=6.91, p < 0.003; males, year 2: F = 10.27, p < 0.001; females, year
1: F=491, p=0.019; females, year 2: F=0.79, p =0.457). For males,
warming led to a 5.5-fold and a 3.4-fold increase in variance in emer-
gence relative to the control in years 1 and 2, respectively (Figure 4;

TABLE 2 Model coefficients for all response variables from
generalized linear mixed effects models (except phenological
variance, which is conducted on each sex in each year separately).
p-values were estimated using the Kenward-Rogers approximation
with type Il sums of squares; type Il sums of squares were used
because we did not detect a significant treatment x sex interaction

2013-2014 2014-2015

Response variable 7 p IF p
Emergence phenology

Treatment 17.63 <0.0001 16.26 <0.0001

Sex 10.425 0.002 50.68 <0.0001

Treatment x sex 1.24 0.299 0.471 0.626
Linear body size

Treatment 2.70 0.080 LB 0.149

Sex 526.78 <0.0001  970.10 <0.0001

Treatment x sex 0.05 0.951 0.245 0.783
Body mass

Treatment 8.283 <0.001 30.265  <0.0001

Sex 134.22 <0.0001  298.80 <0.0001

Treatment x sex 0.023 0.978 1451 0.240
Fat content

Treatment 34.21 <0.0001 41.94 <0.0001

Sex 24.39 <0.0001 21.25 <0.0001

Treatment x sex 1.613 0.211 0.338 0.714
Survival

Treatment 9.392 <0.001 24.22 <0.0001

Supporting Information Table S3). For females, warming led to a 3.7-
fold increase in variance in emergence in year 1 (Figure 4; Supporting

Information Table S3). In contrast, cooling only significantly altered
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FIGURE 4 Adult emergence phenology for Osmia ribifloris males and females in three temperature treatments from the 2 years of the
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variance in emergence relative to the control in males in year 1 (by two-
fold; Figure 4; Supporting Information Table S3).

Experimental nest temperatures had no effect on adult linear
body size(Table 2;Figure 5).Incontrast,adultbody massresponded
to temperature manipulation across all sexes and years (Table 2;
Figure 5). For males, warming led to a 24.4% decrease in body mass
relative to the control in year 1, and a 30.1% decrease in year 2; for
females, warmingled to a 14.4% decrease in body massinyear 1 rel-
ative to the control, and a 29.2% decrease in year 2. Cooling had an
overall weaker effect in the opposite direction. For males, cooling
led to a 9.0% increase in body mass relative to the control in year
1,and a 15.6% increase in year 2; for females, cooling led to a 6.3%
increase in body mass relative to the control in year 1, and an 8.4%
increase in year 2.

Warmer nest temperatures consistently led to a decline in
adult fat content for both sexes, whereas cooling had no effect
(Table 2; Figure 5). For males, warming led to a 45.0% reduction in
fat contentin year 1 relative to the control, and a 39.0% reduction
inyear 2; for females, warming led to a 47.2% reduction in fat con-
tent in year 1, and a 55.5% reduction in year 2. In contrast, bees
in the cooling treatments experienced either a modest increase in
fat content or no change at all relative to the control. For males,
cooling led to a 7.3% increase in fat content relative to the control
inyear 1,and a24.5% increase in fat content in year 2; for females,
coolingledto a 6.8% decrease in fat content relative to the control
inyear 1,and a20.0% increasein fat contentrelative to the control
in year 2.

Experimental warming had a strong and negative effect on bee
survival (Table 2; Figure 6). Mortality was greatest in the warmest
treatments, reaching 30.3% in year 1, and 73.4% in year 2. In con-

trast, mortality was very low in both control and cooling treatments:

zero in year 1 and <5% in year 2 in controls, and <4% in year 1 and
<1% in year 2 in the cooling treatment. In both years of the experi-
ment, the majority of the observed mortality in the warming treat-
ment occurred among adult bees [75.0% (12/16 dead bees) and
55.1% (27/49 dead bees), in years 1 and 2, respectively]. The remain-

ing bees died during prepupal or pupal stages.

4 | DISCUSSION

Using an in situ field experiment to investigate the direct ef-
fects of temperature on Osmia ribifloris, an early-season solitary
bee, we find consistent evidence that increases in temperature
of a couple of degrees Celsius on average, and several degrees in
terms of daily maximum, can have substantial consequences for
key components of its life history and physiology. Responses of
O. ribifloris to cooling suggest that the temperature changes that
have occurred since c. 1950 until the present have had relatively
weak and non-negative effects. However, the shifts in phenol-
ogy, reductions in body mass and fat content, and increases in
mortality in response to warming indicate that O. ribifloris is
likely to approach the limits of its thermal safety margins under
future climate change in the Southwestern USA, with implica-
tions for its long-term viability.

The consistently delayed emergence phenology, accompanied
by a considerable increase in phenological variance, is likely driven
by a combination of longer summers and shorter, warmer winters
in the warming treatments (Figure 3; Supporting Information Figure
S1). In the complete absence of winter conditions in a laboratory ex-
periment, bees of the related taxon O. lignaria exhibit delayed emer-

gence, in part owing to a lack of winter chilling (Sgolastra et al., 2010,
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2011). Laboratory experiments also show that longer summers and
warmer winters can desynchronize population-level emergence,
whereas cool temperatures during winter can synchronize emer-
gence among individuals (Sgolastra et al., 2012; Tauber, Tauber, &
Masaki, 1986). In our mid-latitude study system, cool winter condi-
tions are exceedingly brief (Brusca et al., 2013; Garfin et al., 2013),
leaving a narrow margin during which O. ribifloris can meet any win-
ter chilling required to terminate adult diapause and to synchronize
population-level emergence. Therefore, increased temperatures in
the warming treatment may disrupt the physiological processes un-
derlying emergence phenology. In contrast to our results, increases
in temperature across the globe generally lead to earlier pheno-
logical events for many organisms, including bees (e.g. Bartomeus
et al., 2011; CaraDonna, ller, & Inouye, 2014; Gordo & Sanz, 2005;

Hgye, Post, Meltofte, Schmidt, & Forchhammer, 2007; McKinney
et al., 2012; Parmesan, 2007; Thackeray et al., 2010). Many of these
studies reporting advanced phenology are from relatively cooler,
temperate ecosystems that experience pronounced winter. In the
context of these general phenological advancements, our results
are suggestive of a nonlinear response to warming (sensu ller, Haye,
Inouye, & Schmidt, 2013), in which warming leads to phenological
delays rather than advancements in extreme conditions.

Regardless of the mechanism underlying the changes in mean
phenological events and their variance, these phenological responses
have the potential to compromise temporal synchrony with floral re-
sources and the ability of individuals to find potential mates. Bees
that fail to emerge during the flowering period of the single primary

floral resource available during early spring (point-leaf manzanita,
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FIGURE 6 Mortality of Osmia ribifloris in three temperature
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S3 for all model coefficients

A. pungens) have virtually no food resources. Therefore, phenological
synchrony with this floral resource should be paramount for popu-
lation viability of O. ribifloris. Long-term data from the same loca-
tion show that the point-leaf manzanita is flowering later in recent
years (1984-2013; Crimmins, Crimmins, & Bertelsen, 2010; Rafferty,
Bertelsen, & Bronstein, 2016), but the climate cues driving these de-
lays are different than those for O. ribifloris. Our experiment suggests
that O. ribifloris emergence (and subsequent nesting activity) is driven
by temperature, whereas long-term data suggest that point-leaf man-
zanita flowering is driven by the timing of winter precipitation (later
winter rains lead to later flowering; Crimmins et al., 2010). These two
climate factors are not correlated (r = -0.21, p = 0.09) in this region,
indicating that maintenance of phenological synchrony is not guar-
anteed under future climate change conditions. The increase in vari-
ance of adult emergence phenology may further challenge the ability
of O. ribifloris individuals to be well-timed with both floral resources
and potential mates. In sum, these phenological responses to future
climate change conditions may predispose these adult bees to low
resource levels, low mate availability or both, each of which may neg-
atively affect fitness.

In addition to altering emergence phenology, warming also leads
to considerable reductions in body mass and fat content (Figure 5). If
warming has the strongest effect during larval development, we expect
to see smaller adult linear body size (intertegular span) and reduced
body mass. Instead, we find that linear body size remains constant
across all temperature treatments, whereas body mass and fat content
exhibit sharp declines in response to warming (Figure 5), suggesting
that increases in temperature have the greatest effect during adult
diapause. Indeed, Megachilid bees that enter diapause as adults lose
weight rapidly during diapause, especially at warmer temperatures,
but are otherwise insensitive to temperature changes during prepu-
pal dormancy (Bosch, Sgolastra, & Kemp, 2010; Sgolastra et al., 2010,
2011). Therefore, the warming experienced during adult diapause in
our experiment, and the concomitant lack of winter chilling during

this part of the life cycle, likely elevates the metabolism of O. ribiflo-
ris, reducing body mass via depletion of fat stores at a much faster
rate compared to the temperatures experienced in control and cool-
ing treatments. These reductions in body mass and fat content likely
have strong direct effects on bee fitness. Within a given population,
smaller insects generally have lower reproductive fitness (Kingsolver
& Huey, 2008), and laboratory studies of other Osmia spp. show that
adult bees with less mass have less fat stores, shorter life spans and
lower adult vigour (all of which are approximate measures of fitness;
Bosch & Kemp, 2003, 2004; Kemp & Bosch, 2005).

Although there is a suite of negative consequences related to
shifts in phenology and changes in body mass and fat content, a high
proportion of bees fail to survive the warming treatment altogether
(Figure 6). There is also considerable interannual variation in mortal-
ity in the warming treatments, likely due to interannual temperature
variation: 2014 is the second warmest year on record at our study
site (Supporting Information Table S1), and this may exacerbate the
effect of experimental warming on bee mortality compared to 2013.
A longer duration of warmer summer conditions, combined with a
shorter duration of cooler winter conditions, compromises the ability
of O. ribifloris to regulate the onset and termination of adult diapause
in addition to its metabolic activity during adult diapause (Sgolastra
et al., 2010, 2011). The high levels of mortality in our experiment are
consistent with the result of complete or near-complete depletion of
fat stores during adult diapause owing to elevated metabolic activity
under warmer conditions and insufficient chilling (Bosch et al., 2010;
Sgolastra et al., 2011). In sum, these thermal stresses in the warming
treatment likely lead to a cascade of physiological consequences that
ultimately cause mortality (e.g. Sgolastra et al., 2011).

Our findings suggest that unless O. ribifloris can rapidly adapt to
projected temperature increases in the future, it may face local extir-
pation in the warmer parts of its range within the century. Although
warming leads to high levels of mortality, not all bees perish under in-
creased temperature conditions. This leaves an opportunity for rapid
adaptation to increases in temperature during nesting. However,
O. ribifloris is likely near the limits of its thermal safety margins at
our study site, and most terrestrial ectotherms have limited potential
to increase their upper thermal tolerance limits (Aradjo et al., 2013;
Hoffmann et al., 2012). Being near an upper thermal safety margin
also limits the ability of plasticity to compensate for environmen-
tal changes. The consequences of phenological asynchrony of adult
emergence, along with reductions in body mass and fat content, will
likely impose considerable challenges for surviving bees. If local ex-
tirpation does occur in the warmer parts of the geographic range of
O. ribifloris, future warming could ultimately lead to range contrac-
tions towards higher elevations and latitudes.

Here, we show that temperature increases in an already warm,
mid-latitude ecosystem can lead to a variety of responses in an early-
season pollinating bee. However, these responses do not appear to
mitigate the stressful thermal conditions imposed by the increases
in temperature and may lead to the eventual local extirpation of this
species. These findings illustrate the need for continued research
on a diversity of organisms and from a diversity of ecosystems in
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order to appropriately predict and understand organism responses

to future climate change.
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