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ARTICLE INFO ABSTRACT

Keywords: The pollination services provided by insects have been a crucial part of evolution and survival for many species,
heat shock including humans. For bees to be efficient pollinators they must survive the environmental insults they face daily.
bee health

Thus, looking into the short- and long-term effects of heat exposure on bee performance provides us with a foun-
dation for investigating how stress can affect insect pollination. Solitary bees are a great model for investigating
the effects of environmental stress on pollinators because the vast majority of insect pollinator species are solitary
rather than social. One of the most pervasive environmental stressors to insects is temperature. Here we investi-
gated how a one-hour heat shock affected multiple metrics of performance in the alfalfa leafcutting bee, Megachile
rotundata. We found that a short heat shock (1hr at 45°C) can delay adult emergence in males but not females.
Bee pupae were rather resilient to a range of high temperature exposures that larvae did not survive. Following
heat shock (1hr at 50°C), adult bees were drastically less active than untreated bees, and this reduction in activity
was evident over several days. Heat shock also led to a decrease in bee survival and longevity. Additionally, we
found a connection between starvation survival after heat shock and time of exposure, where bees exposed in the
morning survived longer than those exposed in the afternoon, when they would normally experience heat shock
in the field. These data suggest that there is an unexplored daily/circadian component to the stress response in
bees likely similar to that seen in flies, nematodes, and plants which is constitutive or preemptive rather than
restorative. Taken together our data indicate that single heat shock events have strong potential to negatively
impact multiple life history traits correlated with reproduction and fitness.

circadian rhythm
alfalfa leafcutting bee

2001), as is the case of the alfalfa leafcutting bee, Megachile rotun-
data, where individuals are still active in days with higher tempera-

Introduction

Insect pollinators spend most of their day foraging and experi-
ence varying environmental conditions. Insects, being poikilothermic
ectotherms, do not actively regulate their internal body temperature us-
ing their metabolism (May 1979), and instead are heavily influenced
by their behavior and external environmental temperature. Wing move-
ments and flight are major contributors to internal temperature changes
in insects (May 1979, Heinrich 1993), and the temperature of the inter-
nal thorax can rapidly exceed that of the external thorax during flight
(Feller and Nachtigall 1989). Aside from dehydration, temperature may
be the most influential abiotic environmental factor that insect polli-
nators face daily (Hadley 1994, Chown and Terblanche 2006). Some
insects decrease their daytime activity when the temperature is too
high, others tend to hide (Bodenheimer 1934), avoid (Barbagallo and
Garrity 2015), or use evaporative cooling (Prange 1996, Gonzalez-
Tokman et al. 2020) to cope with those temperatures. Other insects re-
main active as long as there is daylight present (Bradshaw and Holzapfel
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tures (44 to 47°C; Barthell et al. 2002), but they have shorter flights
(Klostermeyer and Gerber 1969).

Megachile rotundata is a solitary, cavity nester. Females spend large
periods of time, from mid-morning to mid-afternoon, collecting pollen
and building brood cells (Klostermeyer and Gerber 1969). These bees
use leaves, and flowers, to line cavities where they lay an egg and
add a food provision. Additional leaf pieces are used to cap individual
brood cells for development and overwintering. These cells are com-
posed of 9 to 14 leaf pieces each depending on the diameter of the hole
(Klostermeyer et al. 1973), and females spend anywhere between 81
and 150 minutes completing a single brood cell (Klostermeyer and Ger-
ber 1969, Maeta and Adachi 2005, Pitts-Singer and Cane 2011). This
translates into 6-hour foraging days in varying environmental condi-
tions. Most of these female bee trips do not involve the acquisition of
food, but rather the collection and transportation of leaf pieces used for
cell construction. During these hours spent outside, the bees experience
the warmest temperatures of the day (CaraDonna et al., 2018; Lépez-
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Martinez and Denlinger, 2008; Wilson et al., 2020). At night, the bees
will routinely enter empty cavities to spend the inactive nighttime pe-
riod (Klostermeyer et al. 1973). This daily marathon of cell building,
food/leaf collection and transportation, and temperature exposure falls
strongly on the females as males are not involved in brood cell building.
Consequently, fitness is tightly connected to the female’s ability to build
as many cells as possible under the prevailing environmental conditions.

Environmental stress has short- and long-term effects that go be-
yond the individual experiencing the stress and into future gen-
erations (Ho and Burggren 2010, Ayyanath et al. 2013, Lépez-
Martinez et al. 2014, 2016a). But the traditional timescale of inves-
tigation for stress responses falls between hours and days, excluding
months (outside of overwintering work) and multiple generations. Com-
prehensive experiments into environmental stress exposure are impor-
tant because they can address the multifarious effects of stress. En-
vironmental stress effects are pervasive because they, in part, stem
from mitochondria-induced free radical damage. Free radicals attack
nucleic acids, lipids, and proteins leading to oxidative stress and po-
tentially affecting multiple life history traits (Dowling and Simmons
2009). These free radical-mediated effects of stress can affect perfor-
mance (Lopez-Martinez and Hahn 2012, Margotta et al. 2018), mat-
ing (Ohinata et al. 1979, Nestel et al. 2007, Lopez-Martinez and
Hahn 2012, Lépez-Martinez and Hahn 2014), reproduction (Lépez-
Martinez et al. 2014), longevity (Lopez-Martinez and Hahn 2014, Lopez-
Martinez et al. 2014, Berry and Lopez-Martinez 2020), and F; progeny
performance (Ayyanath et al. 2013, Lopez-Martinez et al. 2014, Lopez-
Martinez et al. 2016a). Every life history trait that has been measured
in response to stress has shown some level of responsiveness, displaying
the plasticity of these traits.

Abiotic environmental factors predate the existence of animals, and
evolution has produced strong and persistent responses to stress that al-
low insects to survive in their current climates (Williams et al. 2014,
Marshall et al. 2020). These abiotic factors can have stimula-
tory/protective effects that are termed hormesis (Calabrese et al. 2007),
or detrimental effects that negatively affect performance and fitness re-
ferred to as environmental stress (Berry and Lopez-Martinez 2020). It is
these latter negative effects that we refer to as being stressful or stress.
It is conventionally thought that most stress responses are restorative in
nature, where an insect elevates their defenses in response to a stres-
sor (Ashburner and Bonner 1979, Feder and Hoffman 1999) therefore
lowering the damage while restoring homeostasis. The bulk of the re-
search into stress physiology focuses on these types of stress responses.
However, when considering complex physiological responses like those
involved in stress, one-sided restorative upregulation is only a part of the
process. Strong constitutive responses are present in insects (Parsell and
Lindquist 1993, Feder and Hofmann 1999, Rinehart et al. 2006), and
complex physiological traits like reproduction and overwintering (i.e.,
diapause) have stress gene upregulation as part of their programming
(Denlinger 2002, Sinclair et al. 2013). Heat shock proteins (HSPs), an-
tioxidant enzymes, and late embryogenesis abundant (LEA) proteins
are some of the proteins encoded by stress genes that are upregu-
lated as an integral part of overwintering and reproduction in insects
(Neuer et al. 2000, Lépez-Martinez et al. 2009, Sim and Denlinger 2011),
and some of them may also be involved in a daily anticipatory response
to stress as well. Diapause, and likely other types of dormancy, are also
accompanied by a suite of protective genes and pathways that are up-
regulated as part of the diapause programming (Robich et al. 2007,
Rinehart et al. 2010, Sim and Denlinger 2011, Ragland et al. 2011).
But those complex physiological syndromes involve multiple cues and
seasonal programming which are thought to be connected to the overall
stress response (Denlinger 2002, Michaud and Denlinger 2007, King and
MacRae 2015). Still, outside of commonly studied complex physiology,
is there a place in our understanding of stress regulation that accounts
for daily cycles?

The notion that stress tolerance has a daily, or circadian, component
is supported in plants where stress genes associated with temperature
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and osmotic stress have their peak expression early in the day (~9am;
Grundy et al. 2015). In animals, the majority of the work indicating
that certain physiological parameters connected to stress and immunity
are regulated in a circadian fashion comes from the nematode, C ele-
gans (Migliori et al. 2011). Here the adults have a daily stress tolerance
rhythm where they have varying responses to oxidative stress and os-
motic shock throughout the day (Simonetta et al. 2008), and these re-
sponses are stronger in the morning than the evenings. In insects, the
apple maggot Rhagoletis pomonella, expresses multiple inducible heat
shock proteins (Hsp70 and Hsp90) at mild temperatures (23°C), well
below the established expression inducibility threshold for these genes
(86°C; Ashburner and Bonner 1979). These maggots living inside of ap-
ples upregulate these genes in preparation for the harsher temperatures
(45 to 47°C) experienced in late afternoon due, in part, to solar irra-
diance (Lopez-Martinez and Denlinger 2008). In order to accumulate
enough protective gene products to survive the afternoon heat, the mag-
gots must begin upregulation early in the day. This preventive expres-
sion pattern was only seen in the field, but not in lab colonies, indicating
that other daily environmental cues (photoperiod or plant cues in addi-
tion to temperature) might be involved. And even though the maggots
started their gene upregulation in the morning, it was not tested whether
they dealt better with stress in the morning versus the afternoon.

In this study we hypothesized that a single heat shock event would
negatively impact bee development and adult performance, and the ef-
fect on adults would be sex-specific with males being more vulnerable.
We focused on a single maximum temperature exposure because these
events have the potential to affect multiple life history traits in insects
(Ma et al., 2015a,b). We chose the alfalfa leafcutting bee, Megachile ro-
tundata, because it is a cavity nester pollinator that is active during the
warmer months of the year. Rather than a thermal regime, we choose
a single pulse of high temperature to determine a baseline for future
work combining multiple heat pulses and eventually thermal regime
changes. We targeted developmental stages because they are immobile
inside a closed brood cell and therefore more vulnerable to the effect
of the stress. In this species, development resumes after overwintering
(diapause and quiescence) and stress challenges at this stage could force
the animals to shift resources meant for development towards repair and
recovery as measured following anoxia exposure (Cervantes and Lopez-
Martinez, 2022). We targeted newly emerged adults to test the potential
long-lasting effects of stress on performance . We expected that a single
heat shock event would increase the amount of time needed for bees to
complete their development due to potential stress recovery costs. For
adults, we focused on sex differences because we expected females to
be more tolerant due to the disproportional amount of time they spend
building brood cells for the developing and overwintering larvae in the
hot afternoons and based on previous work indicating female insects are
more stress tolerant than males (Lin et al. 1998, Matzkin et al. 2009,
Lopez-Martinez and Hahn 2012, Lopez-Martinez et al. 2014, 2016,
Niveditha et al. 2017, Kristensen et al. 2019). Additionally, we investi-
gated whether tolerance to heat shock events differs throughout the day
by comparing morning and afternoon heat shock responses. Our predic-
tion was that bees experiencing stress in the afternoon will be better
protected than those experiencing the heat shock in the morning due
to the additional time needed to accumulate defenses (i.e., heat shock
proteins, Lopez-Martinez and Denlinger 2008). We report significant ef-
fects of age (stage), sex, and time of treatment on stress responses in
leafcutting bees.

Methods
Bee maintenance

Alfalfa leafcutting bees, Megachile rotundata, were purchased from
JWM Leafcutters (Nampa, ID) as post-diapause prepupae that were qui-

escent. To maintain that quiescence until needed, brood cells containing
prepupa were stored in an incubator at 6°C in the dark (Percival Scien-
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tific, Perry, IA, USA). In preparation for experiments, bees were moved
to a 29°C Percival incubator under long day (15L:9D) photoperiod and
50 +5% relative humidity. Under these conditions it took ~20 days for
the prepupae to complete their development and emerge as adults. Bees
were treated at different life stages and afterwards kept in the same
29°C incubator under the same conditions, a standard temperature for
this bee species (Tepedino and Parker 1986).

Temperature treatments

Bees were treated to a single 1-hour heat shock. This heat shock oc-
curred at one of three life stages tested (prepupa, pupa, or adult). Prepu-
pae were treated 19 days prior to adult emergence, a day after the trans-
fer from 6°C to 29°C, while still in the prepupal stage that just finished
overwintering. Pupae were treated two days prior to adult emergence
to target the pharate adult stage and make it comparable to previous
work. Adults were treated within 24 hrs. of emergence from the brood
cells. The treatments consisted of a one-hour exposure to 29 (control),
35, 40, 45, or 50°C. Exposures were carried out in EchoTherm (Torrey
Pines Scientific, Carlsbad, CA, USA) bench top incubators. A 473 ml cup
containing only water was added to the incubator chamber to main-
tain humidity during treatment but was not a drinking water source for
the bees. All bees were treated in 473 ml cups lined with moist paper
towels. This water was added to prevent dehydration-induced mortality
during the temperature treatment as seen in preliminary studies. Prepu-
pae and pupae were left inside their brood cells during treatment. Once
emerged, all adult bees were fed Pro-sweet liquid feed ad libitum (Mann
Lake Ltd., Hackensack, MN, USA). Pollen was not provided because in
preliminary studies only certain females consumed the pollen provided
and it was deemed as a nutritional advantage over males and females
that did not consume pollen. Treated bees were only used for one exper-
iment (emergence, starvation resistance, daily activity, or longevity).

Emergence

To monitor the effect of temperature on emergence, brood cells con-
taining one treated bee (prepupa or pupa) were placed individually in
24-well plates (Corning Life Sciences, Corning, NY, USA). Five repli-
cate plates were filled for each treatment (29, 35, 40, 45, and 50°C),
and the experiment was performed at least two separate times (10
replicates/treatment). 24-well plates were monitored daily for emer-
gence which normally occurred over an eight-day period with the males
emerging in the first few days, a mix of sexes in days 4 and 5, and
mostly females towards the end of the emergence period (, (Pitts-Singer
and Cane, 2011; Pitts-Singer and James, 2005)). Data are presented as
percent bee emergence per day by sex.

Starvation resistance

Because overwintering bees might not have immediate access to food
upon emergence, we wanted to test the response to temperature in newly
emerged bees without access to food. To determine the appropriate
number of bees to use and whether density affected bee performance,
a series of density experiments were carried out. Three replicates of 15
or 20 bees were place in 946 ml cages and starvation until death was
recorded. The experiment was repeated four times. We found no effect of
density on bee performance (X? = 1.535, p = 0.2153; Fig. S1C). Three
to five groups of adult bees (15 bees/group) were placed in cages in
an incubator as described above. Exactly every 24 hrs. mortality was as-
sessed, and dead bees were removed, sexed, and counted. To investigate
the effect of time of treatment, an identical experiment was carried out,
but bees were treated either in the morning (10 am) or the afternoon
(3 pm). Both experiments were performed three separate times using
different cohorts of bees. Data are presented as percent survival by day
and by sex.
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Daily activity

Density experiments were conducted in the activity monitors to de-
termine the effect of density on bee activity and the appropriate number
of bees. Five, ten, or twenty bees were placed in each activity monitor
and their activity was recorded for three hours during the afternoon, two
hours after treatment recovery. There was no effect of density on bee ac-
tivity (p = 0.3482: Fig. S1B). Groups of ten bees (5 females and 5 males)
were placed in drosophila vials (Genesee Scientific, San Diego, CA, USA)
after determining that these conditions were neither crowding the bees
nor negatively affecting their performance. The open end of the vial
was closed with micro mesh and a 3D printed fitted lid that prevented
bee escape while allowing adequate airflow. These vials were placed
in Drosophila Population Monitors (DPMs; Trikinetics, Inc., MA, USA).
Six DPMs ran simultaneously for three control (29°C) and three heat
shocked (1hr @ 50°C) replicates. This temperature was chosen based
on previous work showing that performance in this species decreases
above 45°C (Barthell et al. 2002) and recent temperature data from our
nest boxes (Wilson et al. 2020). Activity was tracked for 24 and 48 hours
without food as there was no effect of food availability in activity within
the first 48 hours following treatment (p = 0.774; Fig. S1A), and at that
point a new batch of freshly treated bees was placed into the DPMs.
There was no mortality recorded in the activity experiments within the
first 48 hrs. The experiment was repeated three times using different
bee cohorts. Data are presented as total activity/minute/.

Longevity

Groups of ~20 treated (29 or 50°C) bees were place in 2.37 L con-
tainers with food (Pro-sweet soaked cotton in 60mm petri dish bottoms).
Three times per week, the bee containers were checked for mortality and
the dead bees were removed, sexed, and counted. The food was replaced
as needed to ensure a surplus of fresh food. Data are presented as percent
survivorship over time by sex.

Statistical analysis

Emergence data was analyzed using multivariable (one, two, or
three-way) ANOVAs with temperature, time, sex, and their interaction
as variables where applicable. Bee cohort was used as a random block
term in the analysis. ANOVAs were followed with a Tukey’s post hoc
analysis. General linear models (GLMs) were used to analyze daily ac-
tivity, followed by linear contrast analysis to tease out treatment ef-
fects. Starvation survivorship and longevity data were analyzed using a
proportional hazards model. All statistical analysis were carried out in
JMP15.

Results
Emergence

Adult alfalfa leafcutting bees emerged after treatment over the
course of eight days, as expected (Richards and Whitfield 1988, Pitts-
Singer and Cane 2011). Pupae treated at the highest survivable temper-
ature (45°C) experienced a delay in emergence not seen in the other
groups (Fig. 1A; F3j 945 = 8.824, P poqe < 0.0001; F353 = 6.764, p
temperature = 0.0002; F; 5 = 23.591, p g,y < 0.0001; Fy 5 = 3.018,
P temperature*day < 0.0001). The proportion of total bees that emerged
was not different among treatments (F33; = 0.443, p = 0.7243), ex-
cept for the 50°C treatment where all treated pupae died (Fig. 2A;
Fy40 = 472.82, D 1oder < 0.0001). Neither immature stage, prepupa
or pupa, were able to survive one hour at 50°C; the temperature used
in the adult experiments (Fig. 2B; Fy546 = 86.769, P moqel < 0.0001;
Fy,1 = 298.936, D temperature < 0-0001; Fy 5 = 35.986, P gpe < 0.0001;
Fyo = 23.499, D (emperature*stage < 0.0001). Daily emergence patterns



T. Hayes and G. Lopez-Martinez

A) Daily bee emergence following
heat treatment
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Fig. 1. A) Bee emergence is delayed at the highest survivable temperature
(45°C) within the range of temperatures the pupae experienced but only for
males (B). Emergence for bees exposed to 35 and 40°C was not different from
that seen in control bees (29°C). The lines indicate average emergence for con-
trol (black) vs 45°C (gray). C) Female development was not negatively affected
by heat shock. Data presented as average percent emergence by day.

for pupae treated at 40 and 45°C were altered for males but not fe-
males (Fig. 1BC; Fy7 430 = 13.937, P poger < 0.0001; F, 5 = 5.681, p
temperature = 0.0037; Fy 1 = 18.569, p ¢, < 0.0001; F,, = 48.001, p
day < 0.0001; Fy 5 = 5.681, P (emperature*sex = 0-0037; F7 ; = 34.154, p
day*sex < 0.0001; F14,14 =2.396,p temperature*day — 0.0031; F14,14 =1.95,
P temperature*sex*day = 0-0202). Male emergence was affected by tempera-
ture at 40°C (Fig. 1B; Fy5144 = 20.011, p oqe < 0.0001; Fy; = 4.932,
P temperature = 0.0279; F;; = 40.765, p 4,y < 0.0001; F;, = 2.03, p
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A) Pupal survival after heat shock
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Fig. 2. A) Pupae survive over a broad range of temperatures being more tol-
erant of heat shock pulses than larvae (B); except for an hour at 50°C which
is deadly to both immature stages but not adults. Data presented as average
percent emergence + SE.

temperature*day = 0-0551) and 45°C (Fig. 1B; Fy5 144 = 26.266, P model <
0.0001; Fy; = 10.774, D emperature = 0.0013; F; = 52.181, p 4oy <
0.0001; F; 7 = 3.328, P (emperature*day = 0-0026). Additionally, the inter-
action of temperature and emergence day implies that a delay in devel-
opment was marginal at 40°C but significant in 45°C males. There was no
effect of temperature on females, and female emergence only varied over
time (Fig. 1G; F23,216 =9.764, P model < 0.0001; F2,2 =0,p temperature — 1
F7,7 =28.588, p day < 0.0001; F14,14 =1.505, p temperature*day = 0.111).

Daily activity

A strong decrease in bee activity was recorded in the first two days
following temperature treatment (Fig. 3A). Heat shock treated bees had
~25% of the activity recorded in the control bees (Fig. 3B; X2 = 11.513,
p = 0.0007).

Starvation resistance

48 hrs. after heat shock treatment, and in the absence of any food,
survival in the heat shock group was lower (48% alive) compared to the
controls (76% alive, Fig. 4A; Fy 46 = 11.731, p = 0.0013). When sur-
vivorship under starvation was followed until all bees died, we found
that heat shocked bees had a higher mortality risk than controls (Fig. 4B;
X2 = 20.444, p = 0.0001). However, this survivorship was not attributed
to temperature (X% = 2.205, p temperature = 0-138), but rather an interac-
tion of time and temperature (X2 = 17.298, p (ime < 0.0001; X% = 7.436,
P temperature * time = 0-0064). This indicates that heat shock bees living
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A) Bee activity following heat shock
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the longest under starvation were those that were treated in the morning
rather than the afternoon (Fig. 4B). The fastest decline in survivorship
recorded in all four treatments was in bees heat shocked in the after-
noon.

Longevity

Heat shocked bees experienced a shorter lifespan and faster ini-
tial mortality than controls (Fig. 5; X% = 34.348, p ;0de < 0.0001; X2
treatment = 13-083, P (reatment = 0-0003; X2 sex = 12.656, P 5ex = 0.0004;
X2 eatment'sex = 2-251, D treatment*sex = 0-1123). This overall effect is
driven by males that died faster after heat shock (Fig. 5B; X? = 33.336,
p < 0.0001). There was no effect of heat shock on female longevity
(Fig. 5C; X2 = 1.0192, p = 0.3127).

Discussion

As climate continues to change, insect pollinators are exposed to
greater daily variations in temperature and higher temperature ex-
tremes (Sinclair et al. 2013, Larson et al. 2019, Johansson et al. 2020,
Gonzélez-Tokman et al. 2020). To understand the multifarious effects
of stress on insect performance we must engage on comprehensive stud-
ies that quantify multiple metrics of performance. The type of experi-
ment that focuses on short-term survival (48 or 72 hrs. after exposure)
following environmental insult is not rigorous enough to model the
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A) Starvation survival 48hrs after treatment
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Fig. 4. A) Starvation resistance is lowest in the heat shock treatment, especially
if treated in the afternoon. Forty-eight hours after treatment more than half the
bees treated in the afternoon were already dead. B) Bees that experienced heat
shock in the morning (10am) had higher starvation resistance than those that
experienced it in the afternoon (3pm). Data presented as average percentage
alive + SE.

widescale ecological effects on keystone species just as bees (Easton-
Calabria et al. 2019). Our experiments have highlighted that a single
short bout (1hr) of high temperature (45 or 50°C) is enough to affect bee
development, activity, short-term survival, and longevity; correlatives
of fitness also affected by other stressors in insects (Lopez-Martinez and
Hahn 2012, Haeler et al. 2014, Lopez-Martinez et al. 2016b). Insect
pollinators spend most of their day foraging, making a one-hour heat
shock at 50°C very relevant and while air temperatures may not reach
50°C yet, solar irradiation and conduction of nest surfaces, such as
brood cavities, come close (47°C; Lopez-Martinez and Denlinger 2008,
(CaraDonna et al., 2018)Wilson et al. 2020). The nest boxes routinely
used for bee management in this species experience daily temperature
cycles reaching 46°C in the afternoon in the northern United States
in the summer of 2018, more than 10 degrees above air temperatures
(Wilson et al. 2020). Alfalfa leafcutting bees choose to build brood cells
in cooler cavities and only used warmer cells as a last resort, indicating
an avoidance of these threatening temperatures (Wilson et al. 2020).
This behavior may be indicative of their sensitivity or vulnerability to
high temperatures during the period (1 to 3 hrs.) necessary for females
to complete a single brood cell and/or the vulnerability of immature
stages to high temperatures. Developing bees confined to brood cells
will experience daily short (minutes to an hour) heat shocks in the 40
to 46°C range for multiple days as development takes ~three weeks in
this species. Those bees that are destined to diapause, will also experi-
ence these daily insults, but must reach the prepupal phase before en-
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Fig. 5. A) Heat stressed bees had a shorter lifespan and a higher risk of mortality
than control bees. More than 80% of heat shock bees were dead three weeks after
treatment, but control bees lived beyond two months. B) The shorter lifespan
seen in bees in response to heat shock was characteristic of males due to their
higher risk of death, and lower survivorship. C) Female bee risk of death and
longevity were not negatively affected by heat shock at 50°C. Data presented as
average percent survivorship.

tering diapause. The impact of heat shock on diapause-fated bees might
have broader consequences than on direct developers as seen in anoxia
(Cervantes and Lopez-Martinez, 2022).

We focused on sex differences because of the growing collection
of data showing stress responses vary by sex (Matzkin et al. 2009,
Niveditha et al. 2017, Kristensen et al. 2019) and specifically the poten-
tial extensive exposure to heat that the females of this species endure,
under natural conditions, during reproduction. Females return count-
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less times to their cavities to deliver collected leaf pieces for brood cell
construction while experiencing the temperature variations between the
plants, the air, and the cavities. Within those cavities, the females will
cut leaf pieces and “glue” them in place, taking additional time in the
confined high temperature space. It is very likely that the number of trips
is affected by exposure, and this may be a driving pressure for cell con-
struction (81 to 180 minutes). If a one-hour heat shock can decrease the
activity of bees for 2 days, then the days that follow the heat event would
potentially be accompanied by a reduction in the number of trips for leaf
collection/pollination (decreased ecological benefit) and the number of
brood cells constructed (decreased fitness). And even though our data
indicate that fully fed females have higher survivorship, this result is
predicated on the ability of the bees successfully foraging following the
stressful event. Our experiments raise the question of whether that de-
crease in activity is transient or whether it represent a permanent shift
in activity and having focused on activity early in life, we cannot tell
whether the effect is long lasting. One aspect of female bee behavior
that we were not able to study was the influence of heat shock on leaf
transportation. Flying while carrying leaf pieces is likely a stressor itself
(i.e., increased load affecting internal temperature), and it will be impor-
tant to understand the effect that temperature stress has on this behavior
that is crucial for fitness in these bees. Specially because that increased
physical activity involved in carrying nest materials could trigger pro-
tective mechanisms (i.e., hormesis) and help mitigate some of the effects
of stress.

Our sex-specific data concurs with available data from other insect
species, where the females are more tolerant of stress and males are the
vulnerable sex (Lin et al. 1998, Matzkin et al. 2009, Lopez-Martinez and
Hahn 2012, 2014, Niveditha et al. 2017, Kristensen et al. 2019). A sin-
gle heat shock event is enough to lead to early male death. While some
male mortality is not as crucial to overall fitness of a species where
parental care falls solely on the females, there are two ways that male
vulnerability can impact insect pollinators. Given that males are more
sensitive during development, the initial delay in emergence after a
45°C heat shock may decrease male mating success, as other stressors
do (Lopez-Martinez and Hahn 2014). The end result of this could be
a larger number of lower quality males available for reproduction. A
potentially larger problem is the negative correlation that exists be-
tween temperature and nest size in cavity nesting bees, where small
cavities are made at the warmest temperatures (Kamm 1974). In al-
falfa leafcutting bees this connection between temperature and size is
not fully understood (Rothschild 1979), but males are smaller than fe-
males. At Higher temperatures, more males are produced, skewing the
sex ratio towards the stress-vulnerable sex. Similar evidence exists from
thrips where heat shock treatment in the parents altered the F1 genera-
tion’s sex ratio (Sun et al. 2019), while in grain aphids the F1 progeny
were smaller when the parents experience high temperatures (Jeffs and
Leather 2014). This tipping of the sex ratio can have profound implica-
tions because the sex ratio in this species plays a delicate role in male
courtship attempts and overall female reproductive success. Females
complete fewer foraging trips, that tend to be longer in duration, when
they are actively and aggressively pursued by males (Rossi et al. 2010).
Because of this, offspring production is delayed which ultimately de-
creases fitness. But this decrease in fitness further exacerbates the poten-
tial sex ratio problem because females that travel further for resources
produce more sons (Peterson and Roitberg 2006a,(Peterson and Roit-
berg, 2006b)). This second effect of heat translates into a potential swift
in the sex ratio from the heat tolerant sex to the heat vulnerable one,
therefore exacerbating the effects of heat on overall fitness. In the con-
text of a warming climate, more males can be produced. These males
are more sensitive to heat stress. And the decreased number of females
could now face increased unwanted mating attempts by these males.
On a broader ecological context, since females visit more plants, than
males, to collect leaf pieces for brood cell construction, and unwanted
mating aggression can decrease the number of trips, there is a potential
for heat stress to reduce insect pollination effectiveness.
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The bigger picture we present here is meant to emphasize how a sin-
gle and short event can derail the performance of an insect for the rest of
its life. If we look at males, we see that their final hours of pupal devel-
opment are delayed at the highest survivable temperature (Fig. 1), but
no phenotypic deformities were recorded from emerged males. They
may also experience decreases in performance and longevity follow-
ing that development exposure event; we did not test that specifically
here as we tracked longevity of treated adults not immatures. Adult
bees experience decreased activity for days following heat shock. This
decrease likely affects foraging for resources crucial to overwintering
and heat stress recovery. Decreased foraging (i.e., starvation) lowers
survival (Fig. 4A) and is worsened by the timing of exposure (after-
noon; Fig. 4B), which is ecologically relevant in this, and many pollina-
tor species (Wilson et al. 2020). Nevertheless, the additional protection
(Lopez-Martinez and Denlinger 2008) garnered by experiencing stress
in the morning still increases mortality (Fig. 4) and decreases longevity
(Fig. 5). So, male bees accumulate enough damage from a single event
to comprehensively impact their performance. We did not find much in
the way of negative effects to female performance, other than decreased
activity during recovery, which may be decreased male performance
bringing down overall activity as is the case for longevity (Fig. 5). This
could be related to the fact that female insects have strong defenses as
documented in other insect models (Neuer et al. 2000, Sim and Den-
linger 2011). This female effect may be more robust in Hymenopterans
because of their haplodiploidy, where females have additional copies
of stress tolerant genes and therefore can mount a stronger response
as is the case in pesticide resistance (Carriere 2003). Additionally, our
current experimental setup may represent some of the worst sublethal
effects of heat stress because we applied our treatments during devel-
opment and early adult emergence. It is possible that the effects might
be lower in magnitude if the bees were treated at older ages and there
may be a protective effect, or better recovery, associated with multi-
ple bouts of heat shock as has been seen on other stressors like anoxia
(Visser et al. 2018).

Our understanding of the relationship between daily cycles and the
stress response is still in its infancy, but data continue to accumulate in-
dicating that a connection exists (Lopez-Martinez and Denlinger 2008,
Lai et al. 2012, Kock et al. 2017, Xu et al., 2019), and our results
agree with previous data from other systems. Here we find that sur-
vival under starvation, the type of survival that requires energy real-
location, thus likely some form of a tradeoff, varies depending on the
time of day that the insulting event occurred. While the highest tem-
peratures normally occur in the afternoon (Lopez-Martinez and Den-
linger 2008, Wilson et al. 2020), bees survive better when treated in the
morning. This pattern of morning protection is evident in flies, nema-
todes, and plants (Simonetta et al. 2008, Lépez-Martinez and Denlinger
2008, Migliori et al. 2011. Grundy et al. 2015). And this protection in-
volves the upregulation of genes required for stress exposure recovery
and survival (Lépez-Martinez and Denlinger 2008). Ours bees were not
prepared to better survive the afternoon exposure as we had expected
and that may be an artifact of lab studies because a similar response
was seen in the apple maggot flies, where exposure had to occur in the
field to yield the strongest upregulation of heat shock proteins 70 and
90 (Lopez-Martinez and Denlinger 2008). The results from the apple
maggot lab vs field study indicate that the strong anticipatory response
observed requires prior experience in the form of overnight exposure
similarly to that seen in beetles (Bai et al. 2019). It is this prior experi-
ence that is missing in our experimental design and the likely reason why
afternoon bees did not have higher survival while still having a strong
morning response. Whether this daily pattern of stress preparation is
connected to the circadian rhythm, or some other regulatory pathway,
requires future investigation. It is possible that these bees have strong
diurnal defenses similar to the strategy of desert insects; switching ac-
tivity to morning and evenings to avoid the warmest parts of the day
(Cloudsley-Thompson and Constantinou 1985). However, these bees are
not active in the evening, having switched their activity towards early
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morning rather than midday, may have allowed them to have enhanced
stress tolerance later in the day due to inducible stress protection (L6pez-
Martinez and Denlinger 2008). In species such as Megachile with short
seasonal activity (a couple of months in northern North America), the
impact of changing temperature can be dramatic and place this species
in additional vulnerability (Johansson et al. 2020).

We conclude that a single short exposure to high temperature can
have long-lasting consequences affecting multiple life history traits in
a sex-specific manner. It is clear from previous work that these ef-
fects can vary from species to species and across habitats (Ma et al.,
2015a(Ma et al., 2015b)), but the notion that temperature increases
linked to climate change can potentially skew the sex ratio of a species
affecting its overall fitness is alarming. Our current data continues to
add evidence to the idea of daily regulation of stress responses and
speaks to the dire need for additional work towards the understand-
ing of daily variation driving anticipatory/preemptive stress responses.
Studies looking into the multifarious effects of stress on insect perfor-
mance are more informative when a wide temporal scope is applied,
and our data confirms that looking at multiple times during the life on
an individual provides a more accurate representation of the effect of
stress. Whenever possible, we expect that transgenerational studies will
reveal the effects of parental stress on offspring performance as seen
in cactus moth caterpillars (Lopez-Martinez et al. 2016) and other ani-
mals (Berry and Lépez-Martinez 2020). Additionally, the impact of sex
differences on fitness may be hard to predict because of this duality
where males are more vulnerable to stress than females (i.e., at what
point does a decrease in male numbers start to affect female reproduc-
tive output?) The unforeseen, and understudied, ways that sex-specific
responses to high temperature can shift the sex ratio towards the vul-
nerable sex and the potential increased male courtship attempts, are just
two of the indirect effects that stress can have on female fitness which
were not measured in our experiments but merit future investigation.
Intrinsically physiology is highly regulated, and the continued explo-
ration of how circadian regulation affects the stress response is an area
of stress physiology that will surely continue to bear fruit.
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