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Introduction: Warming summer temperatures have the potential to harm managed
pollinators, impacting both summer performance and overwintering success. The
alfalfa leafcutting bee, Megachile rotundata, is a solitary bee used for commercial
pollination of alfalfa. M. rotundata undergoes facultative diapause in the prepupal
stage. Prepupae that diapause early in the season are exposed to warm temperatures
for a longer period of time than the individuals that start diapause closer to fall, which
may reduce lipid reserves required for overwintering survival. Warm temperatures
may also contribute to pollen ball incidence, which is when a provision is present but
there is no sign of a larva in the brood cell. Our goal was to identify factors that
regulate diapause and pollen ball incidence and examine effects of pre-wintering
field conditions on post-overwintering energy reserves in M. rotundata.

Methods: Nest boxes were installed near Fargo, ND, Laramie, WY, and Las
Cruces, NM, which exposed bees to different photoperiods and thermal
regimes. Three nest boxes were placed at each site. We monitored nesting
conditions and diapause and pollen ball incidence throughout the season. Lipids,
sugars, and glycogen reserves were measured in adults after overwintering.

Results and Discussion: Our models indicate that most of the variation in diapause
incidence was explained by nest, with individuals within a nest tending to have the same
diapause outcome. This suggests that the environmental conditions experienced by the
mother, or genetic predisposition, influences offspring diapause. We also found evidence
that high cavity temperatures can cause diapause aversion. In addition, our study is the
first to link high nesting cavity temperatures to increased pollen ball incidence. Exposure
to stressful temperatures during development and early diapause resulted in an increase
in adult lipid reserves after overwintering. Adult sugar and glycogen reserves were not
affected by exposure to warm temperatures during development and early diapause. In
conclusion, maternal effects and temperature were important factors for diapause and
pollen ball incidence in M. rotundata with macronutrient reserves similar for early and
late season bees.
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1 Introduction

Insects in temperate regions survive through harsh winter
conditions in a neuro-hormonally mediated state of suppressed
metabolism known as diapause (Kostal, 2006). In facultatively
diapausing species, some individuals in each generation enter
diapause while others skip diapause to produce the next
generation (Goyal, 2017). Although facultative diapause can
include a genetic component, environmental cues play an
important role in determining the timing and duration of
diapause (Leather, 1993). Diapause development is induced when
stimuli reach a certain threshold level during a defined sensitive
stage of development (Goyal et al., 2017). For example, the mother’s
experience of a stimulus can trigger diapause in her offspring
(Pegoraro et al, 2016). For many insects, photoperiod is the
stimulus that induces diapause, with a critical photoperiod
leading to 50% of individuals in the population entering diapause.
Thermoperiods can also influence the timing of diapause induction
through variation in the magnitude of temperature differences of
the thermophase and cryophase (Leather, 1993).

Diapause is an energetically expensive life history strategy.
Although diapausers have a suppressed metabolic rate, energy
reserves are still needed to support metabolism during the long
diapause period. Diapausing insects store energy reserves as lipids,
carbohydrates, amino acids, and some micronutrients (Hahn and
Denlinger, 2011). Triacylglycerides are the most important lipid
reserves during diapause because of their high calorific content, low
hydration state, and a relatively high yield of metabolic water (Zera
and Denno, 1997). As far as carbohydrates are concerned, many
diapausing insects accumulate more glycogen reserves than non-
diapausers (Hahn and Denlinger, 2011). Stored glycogen supports
catabolism by conversion into glucose or trehalose and can also be
used to produce cryoprotectant molecules (Denlinger and Lee,
2010). During the pre-wintering period, diapausing insects
maintain a diapause physiology despite experiencing temperatures
that could allow normal development. Insects entering diapause
early in the summer season are exposed to warmer pre-wintering
temperatures for much longer durations and, as a result, may
deplete energy reserves more than their late season counterparts,
leaving them at a disadvantage (Musolin, 2007). Late season
diapausers may have extra energy reserves available at the end of
diapause, enhancing post-diapause development and reproduction
activities (Hahn and Denlinger, 2011, 2007).

The alfalfa leafcutting bee, Megachile rotundata F.
(Hymenoptera: Megachilidae), is an intensively managed solitary
bee that pollinates alfalfa for seed production (Pitts-Singer and
Cane, 2011). M. rotundata females build nests with multiple brood
cells made up of alfalfa leaves that they pack into pre-existing
cavities (Pitts-Singer and James, 2005). In each brood cell, the
mother bee provides a pollen and nectar provision on top of which
she lays one egg. All of the developmental stages ranging from egg
to adult are completed inside the nest (Pitts-Singer and Cane, 2011),
including prepupal diapause. M. rotundata is a facultative bivoltine
species. Early season progeny develop directly to second-generation
adults, whereas most of the late season progeny diapause as
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prepupae (Tepedino and Parker, 1988). The agricultural yield of
M. rotundata is lower in the United States compared with Canada
(Pitts-Singer and Cane, 2011). Farm managers in the United States
import diapausing bees every year from Canada to replenish bee
stocks, which increases farm costs in the United States. Production
of non-diapausers reduces yield in agricultural populations of M.
rotundata because only diapausing bees can be collected from the
field and sold to alfalfa seed producers for pollination services.

Previous studies suggest that cues related to the mother bee and
environment influence diapause initiation in M. rotundata.
Generally, progeny within each nest are the offspring of a single
mother (McCorquodale and Owen, 1997). Most nests contain either
diapausing offspring or non-diapausing offspring (Johansen and
Eves, 1973), with a small proportion of nests containing both
diapausing and non-diapausing offspring (Krunic, 1972; Tepedino
and Frohlich, 1984). The occurrence of mixed diapause strategies
within a nest indicates factors influencing diapause beyond the
direct control of mother bees. In early summer when daylength is
around its maximum, up to 90% of offspring are non-diapausers.
With the onset of shorter daylength in August, the non-diapause
rate nears zero (Johansen and Eves, 1973). This same trend in non-
diapause rate was observed by Wilson et al (Wilson et al., 2021);
longer daylengths produced more non-diapausers. Similarly,
exposing M. rotundata mother bees to longer daylengths leads to
more non-diapausing offspring (Pitts-Singer, 2020). Therefore,
decreasing daylength could be acting as a diapause induction cue.
Furthermore, higher temperature leads to diapause aversion in
diapause-destined individuals (Kemp and Bosch, 2001, 2000). The
exposure of M. rotundata eggs to high temperature leads to more
non-diapausing individuals (Kemp and Bosch, 2001; Tepedino and
Parker, 1986), whereas low temperature exposure did not result in
more diapausing individuals (Tepedino and Parker, 1986). These
findings indicate that photoperiod and temperature might be the
important cues in diapause regulation of M. rotundata.

Megachile rotundata that die early in development, either as
eggs or young larvae, leave behind their uneaten provision in the
brood cell (Pitts-Singer, 2004). This uneaten provision is referred to
as a pollen ball, and is easily observed by x-ray at the end of the
nesting season (James and Pitts-Singer, 2013). Although most
pollen balls show signs of unhatched eggs or dead larvae (Eves
et al., 1980), a considerable proportion of pollen balls do not have
any signs of brood (Pitts-Singer, 2004). The frequency of pollen
balls in a population increases with the advancement of the nesting
season (O’Neill, 2004), when the mother bees experience increase
wing wear, lower lipid content, and have small oocyte size (O’ Neill
et al,, 2015). The first brood cells constructed by a female tend to
have a higher frequency of pollen ball incidence (O’Neill, 2004)
(James and Pitts-Singer, 2013). observed that high bee density leads
to more pollen balls. A number of studies have demonstrated that
stressful lab temperatures cause early brood mortality (Undurraga
and Jaime, 1978; Tepedino and Parker, 1986) (Pitts-Singer and
James, 2008). reported ambient temperatures above 38°C are
correlated with higher pollen ball incidence. These observations
suggest that maternal body condition and stressful temperatures
can be important factors regulating pollen ball incidence.
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Progeny of M. rotundata enter diapause at the prepupal stage,
well before the onset of winter temperatures. Early season
diapausers are exposed to longer pre-wintering periods with
different thermal regimes as compared with late season
diapausers. Laboratory manipulations of pre-wintering durations
found effects on prepupal weight, prepupal lipid content, and adult
fitness in M. rotundata (Pitts-Singer and James, 2009). Differences
in the pre-wintering conditions experienced by early-and late-
season diapausers under field conditions may alter available
energy reserves of adults that successfully overwinter.

In this study, M. rotundata were released at sites in North
Dakota (ND), Wyoming (WY), and New Mexico (NM) to expose
the bees to different thermal and photoperiod regimes. The first goal
was to test whether diapause incidence is regulated by temperature
and daylength. The second goal was to investigate if pollen ball
incidence is influenced by stressful nest box temperatures. The third
goal was to determine the effects of pre-wintering temperatures on
macronutrient reserves of post-overwintering adults. We found that
temperature exposure influenced diapause incidence, but that most
of the variation in diapause status was explained by variation
between nests, suggesting that maternal cues may be important
for regulating diapause. Pollen ball incidence increased with
stressful temperatures experienced during early development.
Lipid content in emerged adults was not affected by the length of
diapause but was higher in adults that were exposed to warmer
temperatures early in the season.

2 Materials and methods
2.1 Nest box design and field sites

We designed nest boxes that allowed bees to nest in designated
regions of the box during different times of the summer. Restricting
the time of nesting allowed us to determine the timeframe that the

A.

Nesting box divided_
into 5 nesting areas

Nesting cavities available §:~
for two-week period i

FIGURE 1
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nests were built, and therefore the photoperiod and nest cavity
temperature experienced during nest construction and larval
development. Commercial Styrofoam nesting blocks (Northstar
Seed, Canada) were obtained and divided into multiple nesting
areas, each of which contained 360 nesting cavities. Wooden
excluder panels with circular mesh for air circulation were used
to block the nesting cavities in each of the nesting areas (Figure 1).
Each nesting area was opened for two weeks for nest building by
freshly released M. rotundata, while all other nesting areas
remained covered with excluder panels. In the subsequent two-
week period, the adjacent nesting area was exposed for nesting,
while the previously exposed nesting area was covered by an
excluder panel (Figure 1). In ND and WY, nest boxes had five
nesting areas (Figure 1) due to a similar length of the nesting season.
Because the length of the nesting season was longer in NM, there
were nine nesting areas in each nest box. Thermochron iButton
temperature dataloggers (Maxim Integrated/Analog Devices, San
Jose, CA), were embedded in the nest block. Each nesting area had
two iButtons, one located in the top half of the nesting area and the
other in the bottom half, which recorded the nesting cavity
temperature every hour. Each of the nest cavity was filled with a
78 mm long and 7 mm diameter white paper straw (Jonesville Paper
Tube Corp., Jonesville, MI). The nest blocks were placed inside
corrugated plastic boxes to protect them from rain and direct sun
exposure. Within the corrugated plastic box, space was provided on
all sides of the styrofoam nest block to provide air circulation.
Three replicate nest boxes were installed at three field sites at
different latitudes to expose bees from the same source population
to different thermoperiod and photoperiod regimes. The boxes were
installed in the alfalfa fields near Fargo, ND (46° 54’ 6.318” N, 96°
49’ 42.2616” W) and Las Cruces, NM (32° 12’ 04.3 “N, 106° 44’ 39.2
“W), which were flowering during the duration of the field season.
Near Laramie, WY (41° 10’ 22” N, 105° 34’ 52” W), nest boxes were
installed in a meadow with flowering forbs. Field sites were owned
by universities and no permits were required. At the Las Cruces field

First two weeks

Wooden excluders
are moved when
new bees released.

Second two weeks

Nest box design. (A) Nest boxes had wooden excluder panels that restricted nesting to particular regions of the box. Ventilation holes in the
excluders were covered with a fine wire mesh, preventing bee entry. (B) Excluder panels were moved every two weeks to open new areas of the box
to nesting. Nest boxes in Fargo, ND and Laramie, WY had five regions (as pictured in A, B) whereas nest boxes in Las Cruces, NM had nine nesting

regions to accommodate a longer field season.
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site, work was conducted under a land-use agreement with
Leyendecker Plant Science Research Center at New Mexico State
University. Each site had three replicate nest boxes installed 200 m
apart to minimize the movement of mother bees between boxes
(Pitts-Singer and Cane, 2011). The front of each nest box was
oriented in the Northeast direction to limit exposure to direct
sunlight and high temperatures (Wilson et al., 2020). Nesting
boxes were elevated 0.6-0.9 m off the ground to avoid the nests
being raided by wildlife.

2.2 Monitoring nesting conditions,
diapause, and pollen ball incidence

We purchased M. rotundata as loose cells in the diapausing
prepupal stage in early 2019 (JWM Leafcutters Inc, Idaho). Bees
were held at a constant 6°C and in dark conditions until the alfalfa
plants in the field started blooming in the summer of 2019.
Diapausing bees were transferred to 29°C, a standard temperature
required for resumption of development (Pitts-Singer and Cane,
2011; Kemp and Bosch, 2000). After a few adults emerged, the
brood cells were taken to the field and placed in the nest boxes in
front of the nesting areas (Figure 1) so that the adults could emerge
and immediately identify the nesting location. Beginning the first
day of the nesting season, approximately 2,160 bees were released
every two weeks at each field site to sustain the field population for a
total of approximately 10,800 bees in ND and WY and 19,440
in NM.

All the nesting cavities were covered with wooden excluder
panels when nesting boxes were installed prior to the start of the
nesting season. Empty nesting cavities were made available every
two weeks by moving the wooden excluder panels, as described
above and in Figure 1. Nesting started on June 18" in ND and
continued for about ten weeks. Nesting began on July 3 in WY and
continued for about nine weeks. In NM, nesting started on June 5th
and continued for about 17 weeks. Once the nesting period was
completed at each field site, white paper straws with nests were
removed from the nest boxes and X-rayed.

The X-rays were used to determine and record the number of
brood cells in each nest, the brood cell position in the nest, and
identify whether the brood cell contained a diapausing prepupae, a
non-diapausing pupae or adult, or a pollen ball. Brood cell position
1 was given to the first cell built at the deep end of cavity by the
mother bee. Higher cell position numbers were assigned to the
brood cells built toward the opening of the nesting cavity. The status
of the brood cells was designated either as diapausing or non-
diapausing, or as pollen ball. Pollen balls were cells that contained a
ball of pollen, but no larva was visible in the X-ray image. Pollen
balls could be the result of the death of the egg or larva at an early
instar (Pitts-Singer, 2004). Sometimes, pollen balls are the result of a
mother failing to lay an egg in the brood cell, but this is less
common (Pitts-Singer, 2004). If a brood cell was contaminated with
mold that was also recorded. Some brood cells were empty because
the non-diapausing adult bees had already emerged. These empty
brood cells were categorized as non-diapausing. For empty cells that
had another empty cell behind it in the nest, the status was not
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recorded. We did not record the status of that brood cell because we
could not tell whether the bee was a non-diapauser or if it was a
diapauser and was killed by the emergence of its non-diapausing
sibling, which was located behind it in the nest. Once X-rayed, the
diapausing brood cells were stored at 29°C in the dark, until
removed to the overwintering storage at 6°C in November 2019.

2.3 Measuring macronutrient reserves

We measured macronutrient reserves after overwintering to
determine whether the exposure temperature during the early
diapause period impacted the reserves upon adult emergence.
Diapausing prepupa were removed from 6°C cold storage in
October of 2020 and incubated at 29°C to initiate development
and adult emergence. Emerging bees were collected for the
estimation of lipids (N=43), glycogen (N=40), and total sugars
(N=41). For each of the macronutrient assay, we analyzed bees from
the ND field site only due to low sample sizes at the WY site and the
much longer storage period for early season NM bees. With respect
to the ND bees, samples were evenly distributed between ND early
season diapausers (laid between 18" June to July 1%) and ND late
season diapausers (laid between 16™ August to 30™ August). Sex
and weight upon emergence were also recorded. Individuals were
frozen at -80°C immediately after their emergence for
macronutrient assays.

Total lipid content was quantified using a method adapted from
Van Handel (1985a). Adults were homogenized in 500 uL
chloroform-methanol followed by supernatant retention. The
solvent was evaporated from the supernatant by leaving the liquid
at 80°C for 10-15 minutes in a fume hood. Then 200 pL of
concentrated sulfuric acid was added, and samples were further
heated at 100°C for 10 minutes. After cooling down, 2.3 ml of
vanillin reagent was added and incubated for five minutes to allow
for color development. The absorbance was measured at 525 nm
using a Synergy H1 microplate reader (BioTek-Agilent, Santa Clara,
CA). A standard curve was prepared following above mentioned
steps using 0 mg/ml, 25 mg/ml, 50 mg/ml, 75 mg/ml, 100 mg/ml,
125 mg/ml, 150 mg/ml, 175 mg/ml, and 200 mg/ml of pure
vegetable oil. Lipid measurements were converted to lg per pg of
adult wet weight.

Sugars and glycogen were measured with a method adapted
from Van Handel (1985b). Adult bee samples were homogenized in
2% sodium sulfate and later in methanol. After centrifugation at
13,000 rpm for one minute, the supernatant containing sugars and
the pellet with glycogen were separated. For the sugar extraction,
the supernatant was removed and concentrated by heating at 90°C
for 15 minutes. For the glycogen extraction, the pellet containing
glycogen was re-suspended in 200 pL methanol, transferred to a
new tube, and heated at 90°C to evaporate methanol. Two ml of
anthrone reagent was added to both the tubes containing extracted
sugars and glycogen. Samples were heated at 90°C for 17 minutes
and then cooled in the dark for 5 minutes for color development.
Absorbance was measured at 625 nm using a Synergy HI
microplate reader (BioTek-Agilent, Santa Clara, CA). Standard
curves for sugars and glycogen estimation were prepared with 0
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mg/ml, 0.5 mg/ml, 1 mg/ml, 2 mg/ml, 3 mg/ml, and 4 mg/ml of
glucose. Sugar and glycogen were converted to mg per mg wet
weight of the bee.

2.4 Photoperiod and temperature
data processing

All data was processed using RStudio (RStudio Team, 2019) and R
(3.6.1. 2019), using packages lubridate, version 1.7.8 (Grolemund and
Wickham, 2011), and tidyverse version 1.3.0 (Wickham et al., 2019).
The average daylength over each two-week nesting period was
calculated with the geosphere version 1.5-10 ( (Hijmans, 2019). This
was calculated separately for each site based on the site’s latitude and
the dates of each nesting period at that site. For example, the first
nesting period in ND was June 18, 2019 to July 1, 2019 and the average
daylength during that period was 15.87 hours.

Thermochron iButton temperature dataloggers recorded hourly
temperature data. There were two iButtons for each nesting area of
each nest box (a total of 114 iButtons over the three sites). Each nesting
area had 180 nesting cavities associated with each iButton.
Temperature data were processed to calculate multiple temperatures
variables that were hypothesized to influence diapause and pollen ball
incidence. M. rotundata develop in a temperature range between 18°C
(O'Neill et al, 2011) and 35°C (Barthell et al,, 2002). A degree day is the
number of heat units within a day that an individual spent in the
favorable temperature range of 18-35°C. Using this range, degree days
were calculated for each 180-cavity region of the nest box with the gdd
function in the pollen package version 0.72.0 (Nowosad, 2018).
Accumulated degree days were calculated in two ways: 1) degree
days for each day was added up over the whole nesting season,
starting from the day the excluder panel was removed until the end
of the field season, and 2) degree days were added up for the period of
larval development, defined as the day the excluder panel was removed
to 22 days later. Twenty-two days is the median number of days taken
for a M. rotundata egg to develop into a pupa based on field data in
Fargo, ND (Wilson et al., 2021). We also calculated the sum of daily
average temperatures experienced by each brood cell by adding the
daily average cavity temperatures over the two weeks that the nesting
area was available to mother bees.

To test the effect of temperature on macronutrient reserves, we
calculated temperature exposure for the individuals used in the
macronutrient analysis. Hourly temperature data recorded by
Thermochron iButton temperature dataloggers were subset to
calculate the number of hours experienced above 35°C during the
whole nesting season, starting from the day the excluder panel was
removed until the end of the field season, for both early and late
season ND diapausers. Temperatures above 35°C are potentially
stressful to M. rotundata because 35°C is the temperature at which
heat shock proteins begin to be expressed (Barthell et al., 2002).

2.5 Statistical analyses

We tested the effect of environmental factors on diapause
incidence and pollen ball incidence using general linear mixed
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effects models (GLMMs) with a binomial distribution using the
Ime4 version 1.1-2.3 (Bates et al, 2019). Effect of environmental
factors on overwintering energetics was tested using linear regression.

For analyzing diapause and pollen ball incidence, we employed a
binary response variable. For diapause incidence analysis, 0 represented
non-diapausers, and 1 represented diapausers. Similarly, in the analysis
of pollen ball incidence, 0 indicated cells without pollen balls, and 1
indicated cells with pollen balls. Each nest was assigned a separate ID,
referred to as a mother ID, because all nest cells within a nest share the
same mother. We incorporated ‘mother ID’ as a random effect in all the
models. Fixed effects were used in different combinations in separate
models, including 1) cell position within the nest with 1 being the first
brood cell built by the mother, 2) field site, 3) average daylength over
the two-week period, 4) sum of daily average temperatures over the
nesting area opening period, 5) the degree days over the entire nesting
season, and 6) degree days over the developmental period (Tables 1, 2).
All continuous variables were centered and scaled prior to testing
models. Due to potential correlation between temperature variables,
only one temperature predictor was tested at a time in different models.
Model selection was carried out by sequentially adding each fixed effect
and keeping the term that yielded the lowest AIC. To elucidate any
possible interaction of site with photo- and thermoperiod, an
interaction term was also incorporated for some models. We did not
test for interactions between all possible variable combinations. Instead,
we only tested interactions when the presence of a significant
interaction would be biologically meaningful. Significance of fixed
effects was determined using type 11T Wald 7 tests. Output for each
model was tested for multicollinearity. Further, residual diagnostics to
verify adequacy of best fit model were done using the DHARMa
version 0.4.4 (Hartig, 2021).

To test the impact of environmental factors on macronutrient
reserves, we used total lipids, sugars, and glycogen as response
variables in linear regression. Predictors in the models included the
number of hours spent over 35°C, sex, and whether the egg was laid
early or late in the field season, and all interactions between these
variables. All the fitted models were diagnosed for assumption
violations using the residual plots.

3 Results
3.1 Diapause regulation

As expected, daylength (Figure 2A) and temperature
(Figure 2B) varied strikingly across the three sites (ND, WY,
NM). Daylength ranged from 15.9 to 11.9 hours, with the longest
days during mid-summer in ND and the shortest in the fall in NM
(Figure 2A). The average daily nest box temperature ranged from
7.0 to 33.3°C, with NM having the highest temperatures
(Figure 2B). North Dakota had the best nesting numbers with
2,890 brood cells, followed by New Mexico with 910 and Wyoming
with 143, for a total of 3,943 brood cells from all the nesting boxes
combined. Most cells were confirmed as diapausers or non-
diapausers, but some cells had only pollen balls or mold
contamination and therefore no associated diapause status
(Figure 2C). From all the sites, a total of 119 completely non-
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TABLE 1 GLMMs for diapause incidence regulation along with model parameters.

10.3389/frbee.2024.1454790

Response Explanatory variables (random factors
variable are italicized)
Diapause
Model 1 o mother ID 2636 1362.1 NA 0.9834
incidence
Di
Model 2 lapause cell position™* + mother ID 2635 1337.7 0.0019 0.9857
incidence
Di
Model 3 lapause site + cell position*™* + mother ID 2633 1339.5 0.0028 0.9852
incidence
Di
Model 4 . 1a'pause average daylength + cell position*** + mother ID 2634 1339.6 0.0020 0.9857
incidence
Model 5 -Die?pause average daylength +‘s-ite + (average daylength: site) + cell 2630 1335.8 0.0184 0.9836
incidence position*** + mother ID
Model 6 'Dianause sum of the daily average temperatures + cell position*** + 2634 1338.6 0.0024 0.9855
incidence mother ID
Diapause sum of the daily average temperatures + site* + (sum of the daily
Model 7 L. . " 2630 1343.8 0.0048 0.9850
incidence average temperatures: site) + cell position*™** + mother ID
Diapause accumulated degree day units (whole season) * + cell
Model 8 .. . 2634 1333 0.0052 0.9840
incidence position*** + mother ID
Diapause accumulated degree day units (whole season) + site** +
Model 9 incigence (accumulated degree day units (whole season): site) ** + cell 2630 1338.8 0.0134 0.9816
position*** + mother ID
Model 10 'Dia'pause accumulated degree day units (22 days) + cell position*™* + 2634 13378 0.0028 0.9853
incidence mother ID
Model 11 Diapause accumulated degree day units (22 days) + site + (accumulated 2630 1344.9 0.0031 0.9851
incidence degree day units (22 days): site) + cell position*** + mother ID

*p<0.05, **p<0.01, ***p<0.001.
Random effects are italicized.
The best fit model is shown in bold.

TABLE 2 GLMMs for pollen ball incidence regulation along with model parameters.

Response Explanatory variables (random factors
variable are italicized)
Pollen
Model 1 . mother ID 3021 1396 NA 0.9098
ball incidence
Pollen .
Model 2 L cell position*™** + mother ID 3020 1363.9 0.0116 0.9097
ball incidence
Pollen . .
Model 3 . site*** +cell position*™** + mother ID 3018 1308.3 0.1731 0.7260
ball incidence
Pollen . o
Model 4 L average daylength + site *** + cell position*** + mother ID 3017 1309 0.1779 0.7202
ball incidence
Model 5 Il’oll'en average daylength +'s.ite + (average daylength: site) + cell 3015 13121 02266 07353
ball incidence position*** + mother ID
Pollen sum of the daily average temperatures *** + site*** + cell
Model 6 L. L. 3017 1298.2 0.2081 0.7051
ball incidence position*** + mother ID
Pollen sum of the daily average temperatures + site*** + (sum of the
Model 7 ball daily average temperatures: site) *** + cell position*** + 3015 1279.2 0.2144 0.6924
incidence mother ID
Pollen accumulated degree day units (whole season) + site*** + cell
Model 8 L L 3017 1309.6 0.1732 0.7291
ball incidence position*** + mother ID
Pollen accumulated degree day units (whole season) + site *** +
Model 9 L (accumulated degree day units (whole season): site) + cell 3015 1310.3 0.1804 0.7297
ball incidence »
position*** +mother ID
(Continued)
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TABLE 2 Continued
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Response Explanatory variables (random factors
P planatory variables ( df AIC R?m R2C
variable are italicized)
1 % T %
Model 10 lfoll'en accumulated degree f:l:ay units (22 days)** + site + cell 017 13015 0.1980 07110
ball incidence position*** + mother ID
Model 11 Pollen accumulated degree day units (22 days) + site* + (accumulated
ball incidence degree day units (22 days): site) *** + cell position*** + 3015 12823 0.2288 0.7041

mother ID

“p<0.05, *p<0.01, **p<0.001
In predictor variables, random effects are italicized.
The best fit model is shown in bold.

diapausing nests, 96 mixed nests, and 562 completely diapausing
nests were observed.

We compared an intercept only model (Table 1, Model 1) to the
models containing one or more predictors (Table 1, Models 2 - 9). Field
site and its interaction with photo- and thermoperiod did not improve
the models. Model 8 was the best fit model and included accumulated
degree day units experienced by progeny from the day each nesting area
was opened until the end of the season (XZ = 6.249, df=1, p=0.0124;
Figure 3A) and cell position within the nest (x2 = 23.45, df=1,
p=<0.0001; Figure 3B) as predictors along with mother ID as a
random effect. Exposure to higher temperatures increased the
likelihood that a bee would not enter diapause (Figure 3A). The
closer a brood cell was to the entrance of the nest, the more likely the
bee would enter diapause (Figure 3B). Model 8 was a significant
improvement over a model with only cell position (Model 2, delta
AIC=29.1) with an AIC value of 1333. The predictors explained only
0.52% of the variation in diapause incidence, whereas the random effect
of mother ID explained 98.40% of the variation in diapause incidence
(Table 1, Model 7). Overall, the GLMM analyses suggest that maternal
effects, cell position within the nest, and the accumulated degree day
units experienced by each individual for the whole season are the
important drivers of diapause incidence in M. rotundata progeny.

Cell position was a significant predictor of diapause status, so we
investigated whether the number of brood cells in a nest differed
depending on whether the nest contained only diapausers, only non-
diapausers or was mixed with both diapausers and non-diapausers. The
number of brood cells per nest varied significantly between completely
diapausing and non-diapausing nests (pairwise Wilcoxon rank sum
test, p-value < 0.0001); completely non-diapausing and mixed nests (p-
value < 0.0001); and completely diapausing and mixed nests (p-
value=0.0024). Completely non-diapausing nests had the fewest
brood cells, with an average of 3.6 brood cells. Mixed nests had the
most brood cells, with an average of 5.4 cells. The average nest length
for completely diapausing nests was 4.6 cells. To ensure that this
variation in nest length was not affecting the influence of cell position in
our models, we ran a model only using data from mixed nests.
Consistent with our other models, cell position significantly affected
diapause status (XZ = 18.56, df=1, p=<0.0001).

3.2 Pollen ball incidence
A total of 281 pollen balls were observed at ND, WY, and NM

field sites, which was 7.12% of all brood cells collected. The
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influence of site, nest cell position, daylength, and temperature on
pollen ball incidence was assessed in a series of GLMMs. Model 7
(Table 2) with the fixed effects as sum of daily average cavity
temperatures during the nesting period (3> = 0.0065, df=1,
p=0.9365), site (X2 = 29.45, df=2, p<0.0001), interaction of sum of
daily average cavity temperatures during the nesting period with
site (> = 20.58, df=2, p<0.0001), and cell position (> = 31.33, df=1,
p<0.0001) and with mother ID as a random effect was the best fit
model, explaining 69.24% of the variation in pollen ball incidence
and with an AIC value of 1279.2. The proportion of pollen balls
increased as the temperature of the nest cavity increased
(Figure 4A). There were significantly more pollen balls at the NM
site (Figure 4B), and the interaction between site and temperature
was significant (Table 2), suggesting that there was some aspect of
the NM site in addition to temperature that was contributing to the
high number of pollen balls. Pollen balls were more likely to be
found in brood cells at the back of the nest (Figure 4C).

3.3 Macronutrient reserves

We hypothesized that bees entering diapause earlier in the
season would have reduced macronutrient reserves upon adult
emergence compared to bees diapausing later in the season due to
a longer exposure to warmer temperatures in the field. We
confirmed that early season diapausers spent significantly more
hours above 35°C during the entire nesting season than did late
season diapausers (t-test: fgg=-4.6549: p< 0.0001).

Lipid reserves were significantly influenced by the number of
hours spent above 35°C during the summer nesting season (F (1 41)
=5.208, p=0.0277; Figure 5A). Opposite to our predictions, bees that
spent more time above 35°C had more lipid reserves upon adult
emergence. We were not able to account for sex in the analysis
because there was only one female that spent more than 22 hours
over 35°C. Males had marginally more lipids per microgram body
mass than females (F (; 4;) =3.815, p=0.0576). When females were
removed from the analysis, lipid levels in males still showed a
significant increase with hours spent above 35°C (F(; 19)=5.144,
p=0.0352). Sugars reserves were not significantly influenced by total
hours spent above 35°C (Figure 5B; F 39) =1.021, p=0.3134). Only
the male bees were tested for sugars which meant we could not test
for any effects of sex. The glycogen content of adults was not related
to total hours spent above 35°C during the nesting season (t:37)
=-1.135, p=0.175) or sex (t(37) =-0.870, p=0.390). Values for all
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Seasonal distribution of daylength and cavity temperature.

(A) daylength and (B) daily mean nest cavity temperature from the
three sites. (C) Brood cell status for nests collected over the three
sites. ND=North Dakota, WY=Wyoming, NM= New Mexico.

macronutrients were adjusted for adult wet weight, not dry weight,
and therefore could have been influenced by water balance
dynamics. However, wet weight was not affected by the number
of hours spent over 35°C for all samples (t(;,121)=-1.666, p=0.098)
while accounting for sex differences (t(,121)=-7.303, p<0.0001).
Therefore, the significant increase in lipids is likely an accurate
reflection of metabolic reserves.
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4 Discussion

The goal of this study was to test the effects of environmental
factors on diapause incidence and pollen ball incidence under field
conditions, and the influence of pre-wintering conditions on
macronutrient reserves. Maternal effects, cell position within
individual nests, and temperature were important drivers of
diapause and pollen ball incidence. Stressful temperatures during
the pre-wintering period led to higher total lipids at adult
emergence, but glycogen and sugar reserves were not affected.

4.1 Diapause incidence

Prior studies have documented the various cues used by M.
rotundata for regulating diapause incidence. Maternal effects
(Parker and Tepedino, 1982; Rank and Rank, 1990), temperature
(Tepedino and Parker, 1986; Kemp and Bosch, 2001), daylength
(Wilson et al., 2021; Pitts-Singer, 2020), and diet (Fischman et al.,
2017) have been established as diapause regulating cues. However,
determining the influence of these many factors under field
conditions has been a challenge (see (Wilson et al., 2021)). In this
study, we found that most of the variation in diapause incidence was
explained by the mother ID, a unique designator given to all the
bees from a single nest (Table 1). Mother ID also significantly
contributed to diapause incidence in a previous field study in Fargo,
ND (Wilson et al., 2021). Maternal regulation of diapause incidence
could be mediated by genetic control or could reflect environmental
cues the mother sensed prior to egg laying (Tepedino and Parker,
1988). Mother bees choose the nest location, determine the sex of
the offspring, and the amount of the provision (Pitts-Singer and
Cane, 2011). The importance of mother ID could also be associated
with a genetic predisposition to produce non-diapausing offspring.
If this is the case, there would be a possibility to breed for females
who only lay diapausing offspring, which has been attempted by
crossing agricultural populations with different diapause
propensities (Parker and Tepedino, 1982). However, the mother
ID random effect also accounts for variation beyond direct maternal
effects. Shared nest environment and time of the season are also
accounted for in the Mother ID, as are other environmental
variables not otherwise accounted for by the model predictors.

Cell position within the nest, another mother-related cue,
significantly influenced the diapause outcome of progeny.
Diapause incidence decreased from the first brood cell to the fifth,
then steadily increased toward the nest opening (Figure 3B). This
pattern was also observed in the subset of nests that contained both
diapausers and non-diapauser, indicating that this pattern was not a
byproduct of differences in nest size. In some mixed nests, the non-
diapausers were positioned behind diapausers and these non-
diapausing individuals may have killed their diapausing nest
mates while chewing their way out of the nest during emergence
(Tepedino and Frohlich, 1984). For damaged nest cells in mixed
nests, there was no way to know the diapause status. These damaged
brood cells were 4.9% of the dataset (197 out of 3,943). On average,
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in mixed nests, the first non-diapauser was laid at the 3.3 cell
position, with an average of 5.4 brood cells per nest. Mixed nests
were only 12% of all nests, which meant that brood cell position
explained only a small percentage of variation in diapause status
(Table 1). A previous study found that brood cell position was a
significant predictor of diapause status in mixed nests when
analyzed separately. But, when nests with only diapausers and
only non-diapausers were included in the analysis, the
significance of brood cell position disappeared (Wilson et al,
2021). This loss of significance of brood cell position in Wilson
et al. (2021) and small amount of variation explained in this study
reflects the fact that mixed nests are only a small proportion of nests
in a field season. Mother bees can regulate diapause incidence in
progeny by manipulating provision size (Fischman et al.,, 2017), and

the amount of provision partially depends upon cell position within
the nest (Pitts-Singer and Cane, 2011).

We predicted that temperature would act as a diapause
inducing cue. Constant temperature lab studies suggest that
higher temperatures lead to the production of non-diapausing
individuals (Kemp and Bosch, 2001). Tepedino and Parker
(Tepedino and Parker, 1988) found that higher temperatures
produce more non-diapausers only after the first two-week
period. However, a previous field study (Wilson et al., 2021) did
not find any effect of nest cavity temperature on diapause incidence.
We tested multiple temperature variables in our models to explore
different ways that temperature could influence diapause. Neither
the sum of average temperatures over the nesting period nor
accumulated degree days experienced during the developmental
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period affected diapause incidence (Table 1). Our results further
supports (Wilson et al., 2021) with respect to their finding that
temperature during the larval growth period does not influence the
decision to diapause.

High temperature may still influence diapause status by causing
diapause-destined bees to avert diapause under heat stress.
Diapause aversion has been observed in constant temperature lab
studies (Tepedino and Parker, 1988; Kemp and Bosch, 2001), but
has not previously been observed in the field. Wilson et al (Wilson
et al,, 2021). concluded that the accumulated high temperatures
necessary to cause diapause aversion were unlikely to be reached in
nest cavities in Fargo, ND, even during the warmest summer days.
Our study included a higher range of nest cavity temperatures
because of the high temperatures in the NM nest boxes. When we
included post-cocooning temperatures by testing the accumulated
degree days experienced for the whole season, higher temperatures
had significantly more non-diapausers. This result supports the idea
that M. rotundata may avert diapause under heat stress.
Importantly, this temperature cue along with cell position
explained only 0.52% of the variance in diapause incidence,
suggesting again that diapause aversion due to heat is rare under
field conditions even in hotter regions of the United States such as
New Mexico.

Surprisingly, daylength was not a driver of diapause incidence
despite being identified as a diapause cue in previous studies.
Multiple studies have established a pattern that the timing of the
highest frequency of non-diapausers (early in the season) and
diapausers (towards the end of the season) in M. rotundata
populations coincide with longer daylength and shorter
daylength, respectively (Krunic, 1972; Tepedino and Parker, 1988,
1986; Kemp and Bosch, 2000). Pitts-singer (Pitts-Singer, 2020)
found that during the 2013 field season, Utah, USA-sourced
mother bees treated with daylength mimicking Utah’s late season
have a higher percentage of non-diapausers than those treated with
daylength mimicking Utah’s early season. Wilson et al (Wilson
et al,, 2021). found that daylength explained 42.8% of the variation
in diapause incidence. Our study covered a larger range of
daylength (12.1-15.87 hours) than previous studies (Wilson et al.,
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2021; Pitts-Singer, 2020), while having a similar maximum
daylength. The absence of a relationship between daylength and
diapause in this study may have depended on the nature of how we
calculated the daylength variable. Daylength was averaged over the
two-week period that the nesting area was open because the exact
day a nest was completed in that two-week interval was not known.
This two-week interval limited our ability to associate specific
daylengths to shifts in diapause status. In contrast, Wilson et al
(Wilson et al., 2021). observed nests daily, and were able to test for
daily shifts in daylength.

Our results indicate that a great majority of variation in
diapause incidence is explained by cues closely linked with the
mother bee and a far smaller portion was linked to progeny-related
cues such as temperature. Despite mother ID encompassing
variation due to forage, region of the nest box selected for nesting
by the mother, and time of the year, our results still indicate that
maternal effects play an important role in determining diapause
incidence in progeny.

4.2 Pollen ball incidence

The occurrence of pollen balls in M. rotundata nests is one of
the major categories of non-viable nest cells, with losses as high as
60% (Kemp and Bosch, 1998). In this study, NM was the warmest
site and had the highest pollen ball incidence. We found that the
random effect of Mother ID explained 47.8% of the variation in
pollen ball incidence in the best fit model (Table 2). Genetic factors
could be contributing to the occurrence of pollen balls (O'Neill,
2004). Significantly more pollen balls were observed in the first few
cell positions, as has been found previously (O’Neill, 2004).

Previous work speculated stressful temperatures could cause
pollen ball incidence. James and Pitts-Singer (James and Pitts-
Singer, 2013) observed that ambient temperatures did not
influence pollen ball incidence, but nest cavity temperatures can
deviate strikingly from ambient temperatures and are frequently
higher (Wilson et al., 2020). We found that pollen ball incidence
was influenced by nest cavity temperatures: increasing heat
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exposure during early development resulted in more pollen balls
(Figure 4A), and this was particularly true for the NM field site
(Figure 4B). Our study aimed to better capture the low and high
temperatures experienced in the nesting cavity by incorporating the
sum of average temperature experienced during the period that a
nesting area was open in the models. Cavity temperature, site, and
cell position explained 21.4% of the variation in pollen ball
incidence, indicating that other environmental factors not
measured in this study also play a significant role. To our
knowledge, ours is the first study to report higher nesting cavity
temperatures leading to the production of more pollen balls. While
Pitts-Singer and James (Pitts-Singer and James, 2008) point to a
potentially important role of temperature in driving pollen ball
incidence, ambient temperatures varied between years in their study
but proportions of pollen balls observed did not vary significantly
among the years. Also, samples in their study were collected in late
summer when pollen ball incidence is higher (O'Neill, 2004). Our
samples were collected across the entire nesting season, and
daylength did not influence pollen ball incidence, suggesting that
time of the season is less important than nest cavity temperature.

Pollen ball incidence may be a risk to the agricultural
sustainability of M. rotundata under increasing average
temperatures. Pollen balls indicate mortality as eggs or early
instar larvae, but could have other causes like failure of the
mother to lay an egg (Pitts-Singer, 2004). Pollen balls and
diapause aversion are two causes of low yield and may both be
related to heat stress. Diapause aversion due to heat exposure was
relatively rare in this study, whereas cavity temperature, site, and
cell position explained 21.4% of pollen ball prevalence. Brood cells
toward the back of the nest had a higher incidence of pollen balls,
suggesting that female larvae may be more susceptible to heat stress.
The results when taken together, suggest that heat stress is more
likely to kill M. rotundata in the egg or early instar larval stage,
leaving fewer individuals to live to the prepupal stage at which high
temperature would avert diapause. The orientation of nest boxes,
the amount of protection from direct sun, and amount of airflow
have the potential to influence heat buildup in nest cavities. Greater
attention may need to be given to these factors as global
temperatures rise. Pollen ball prevalence could be a mechanism
for diagnosing heat stress in the field, signaling a need for better
monitoring and managing of nest box temperatures.

4.3 Post-emergence
macronutrient reserves

Energy reserves are important for adult male and female
reproduction. Diapausing bees exposed to higher temperatures
during the pre-wintering period did not differ in post-emergence
sugars and glycogen content (Figures 5B, C). However, hours spent
above 35°C during the pre-wintering period increased lipids in
newly emerged adults (Figure 5A). Similar to our results, Pitts-
Singer and James (Pitts-Singer and James, 2009) also reported that
warm temperatures experienced during the extended pre-wintering
period could lead to higher lipids in prepupae. In contrast, high
rearing temperatures reduced body lipids in newly emerged M.
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rotundata (O’Neill et al., 2011). We did not observe any difference
attributable to pre-wintering conditions in carbohydrate or
glycogen reserves of newly emerged adults. Therefore, our results
indicate that pre-wintering conditions might not be influencing the
fitness of M. rotundata field populations and larva may increase
lipid storage in response to warm pre-wintering temperatures.
However, we did not measure lipid content prior to winter
storage. Comparing macronutrient reserves at the pre-wintering
stage, overwintering stage, and post-emergence non-fed stage along
with achieving sex balance in experimental design could be more
informative for future studies.

5 Conclusions

In M. rotundata commercial management, the nesting cavity is
a unique microclimate, with nesting cavity temperatures being very
different from ambient temperatures (Wilson et al., 2020). Mother
bees influence offspring physiology and reproduction (Stephen and
Osgood, 1965; Yocum et al,, 2014) by preferring to nest in cooler
nesting cavities (Wilson et al., 2020). In this study, we have
demonstrated that mother bees, nesting cavity temperatures, and
cell position influenced diapause incidence and pollen ball
incidence. Knowledge regarding diapause and pollen ball
incidence dynamics could be used to predict the potential effects
of climate change on commercial M. rotundata management.
Temperatures in summer are expected to increase in the future
due to climate change (IPCC, 2021). Our results suggested that
although temperature influenced diapause incidence, only a very
small amount of variance was explained by temperature. However,
higher nesting cavity temperatures increased the incidence of pollen
balls. Early brood mortality in the form of pollen balls could be the
main challenge to agricultural bee populations under warmer
summer temperatures.
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