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1 Abstract

2 Honey bees utilize their circadian rhythms to accurately predict the time of day. This ability
3 allows foragers to remember the specific timing of food availability and its location for several
4  days. Previous studies have provided strong evidence toward light/dark cycles being the primary
5  Zeitgeber for honey bees. Work in our laboratory described large individual variation in the
6 endogenous period length of honey bee foragers from the same colony and differences in the
7  endogenous rhythms under different constant temperatures. In this study, we further this work by
8 examining temperature inside the honey bee colony. By placing temperature and light data
9 loggers at different locations inside the colony we measured temperature at various locations
10  within the colony. We observed significant oscillations of temperature inside the hive, that show
11  seasonal patterns. We then simulated the observed temperature oscillations in the laboratory and
12 found that using the temperature cycle as a Zeitgeber, foragers present large individual
13  differences in the phase of locomotor rhythms with respect to temperature. Moreover, foragers
14  successfully synchronize their locomotor rhythms to these simulated temperature cycles.
15  Advancing the cycle by six hours, resulted in changes in the phase of activity in some foragers in
16  the assay. The results shown in this study highlight the importance of temperature as a potential
17  Zeitgeber in the field. Future studies will examine the possible functional and evolutionary role of

18 the observed phase differences of circadian rhythms.

19
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Introduction:

One of the major functions of endogenous circadian clocks is to maintain the appropriate
timing (phasing) of physiological and behavioral processes with respect to daily variations (such
as light-dark and temperature cycles) in the external environment. Typically, most of these clock-
driven biological rhythms are not in perfect synchrony with such environmental cycles but, instead,
occur at stable, fixed phases that anticipate or trail certain aspects (dawn, dusk, increasing or
decreasing temperatures) of the environmental cycles(Moore and Rankin 1983, Frisch and
Aschoff 1987, Panda et al. 2002, Hut and Beersma 2011). The endogenous circadian clock and
the circadian rhythms orchestrated by it are thus entrained by daily environmental time cues
(Zeitgebers). While circadian rhythms were originally measured as daily behavioral patterns, such
as locomotor activity, egg laying, mating, and food acquisition, at the molecular level, circadian
rhythms are driven by a set of proteins that generate negative feedback loops that regulate the
transcription, translation and post translational modifications of a large number of canonical clock
genes (Dunlap 1999, Blau 2001, Cyran et al. 2003, Gardner et al. 2006). These feedback loops
generate near 24-hour (circadian) oscillations in the expression levels of the genes that make up

the clock (Takahashi 1999, Ko and Takahashi 2006).

In honey bees, the circadian clock is associated with various complex behavioral
processes that drive the survival and fitness of the colony. Drones and queens (the reproductive
castes in the colony) mate at a specific time during the day (Galindo-Cardona et al. 2012).
Foragers, who go out in search of different resources during daylight, learn the time and location
of a food source and anticipate its availability on following days (von Frisch 1967, Moore 2001,
Moore and Doherty 2009).Foragers also rely on the circadian clock for time-compensation, an
essential component of their sun-compass navigation and dance language communication

functions (Lindauer 1960, von Frisch 1967, Cheeseman et al. 2012) Although these and other
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49  processes rely on precise timing of the circadian clock, few studies have examined the potential

50 environmental cues that entrain circadian rhythms in nature.

51 The first studies of honey bee circadian rhythms looked at foraging rhythms at the colony
52  level (Buttel-Reepen 1900, Forel 1910, Wahl 1932, 1933). Studies examining the potential
53  Zeitgebers that entrain circadian rhythms in honey bee colonies as well as individual bees
54  concluded that light-dark cycles are the primary entraining agents (Renner 1960, Beier 1968,
55  Beier and Lindauer 1970, Detrain et al. 1999). Studies in which groups of individuals from whole
56 colonies were trained to visit a specific food source at a particular time of day were then
57 translocated to a different time zone (ex. New York to California) exhibited foraging activity at the
58 time relative to their original light-dark cycles. Over a span of several days, foragers from the
59 transplanted colony re-entrained to the new light-dark regimen (Renner 1959). At the individual
60 forager level, studies have demonstrated that light-dark cycles indeed entrain forager locomotor
61 rhythms (Spangler 1972, Moore and Rankin 1985) and that the lights-off transition determines the
62  forager’s phase of activity (Moore and Rankin 1993). However, the fact that honey bee colonies
63 and individuals entrain to light-dark cycles does not exclude the possibility of entrainment by other

64  environmental cues.

65 An important aspect of hive maintenance is that honey bees socially regulate colony
66 temperature, keeping it optimally at 35°C (Heinrich 1980). At the behavioral level this is achieved
67 by heat production via vibration of wing muscles, fanning (ventilation), and water evaporation
68 inside the colony (Seeley 1974, Kronenberg and Heller 1982). Researchers examining the
69  mechanisms underlying this thermoregulation found that individual variation at the genetic level
70 s associated with differences in worker’s fanning response threshold to temperature (Jones et al.
71  2004). This variation results in different patrilines fanning at different temperatures and, therefore,
72 promoting the stability of brood nest temperature (Jones et al. 2004). A primary challenge to

73  colony thermoregulation is the daily variation in external heat associated with sunlight. The
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contribution of variation in circadian rhythms at the level of the individual bee to thermoregulation

remains unknown.

Thermoregulation of honey bee colonies is essential for colony performance and survival
(Heinrich , 1981; Heinrich, 1993). Experiments examining the effects of low temperatures (28-
30°C) on brood development revealed that these temperatures can cause shriveled wings or other
malformations, while brood kept at high temperatures (38°C-40°C) exhibit high mortality rates
(Heinrich, 1993; Himmer, 1927). Subsequent studies showed that pupal development at 32°C,
only 3°C lower than optimal core temperature, results in significant deficits in waggle dance
behavior as well as learning and memory assays, compared to bees raised at 36°C (Tautz et al.
2003). Nonetheless, little is known about the effects of colony temperature on circadian rhythms

in honey bees.

While in the tropics and neotropics environmental temperatures are somewhat stable
throughout the year, honey bee colonies in temperate and subpolar regions are exposed to drastic
temperature changes on an annual basis. Honey bee colonies are heterothermic. In the winter,
temperature regulation is driven around the survival of the cluster. When a colony is exposed to
a cold stress, its workers will cluster up densely in order to reduce colony heat loss(Southwick
1985). At the individual level, workers will produce heat by shivering their flight muscles in order
to keep the core temperature of the cluster above the environmental temperature (Heinrich and
Esch 1994, Stabentheiner et al. 2003). In contrast, during the spring and summer when colonies
are rearing brood, temperature must be controlled within a very narrow range(Kronenberg and
Heller 1982, Fahrenholz et al. 1989, Jones et al. 2004). Even small discrepancies from the 35°C
optimal temperature for brood development can have negative consequences for adult worker

fitness (Tautz et al. 2003, Jones et al. 2004).

Previous studies have explored the entrainment of circadian rhythms by square-wave

temperature cycles and found that cycles with amplitudes greater than 9°C successfully entrain
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99 circadian locomotor rhythms of individual foragers in the laboratory (Moore and Rankin 1993).
100 However, whether temperature cycles strong enough to entrain circadian rhythms exist inside the
101  colony has not been thoroughly studied. Changes in environmental temperature in the laboratory
102  have been shown to have strong effects on the endogenous period length of foragers (Fuchikawa
103 and Shimizu 2007, Giannoni-Guzman et al. 2014). Furthermore, work from our group has
104  revealed a broad range of individual difference in the endogenous period length of the circadian
105 clock among foragers (Giannoni-Guzman et al. 2014). This large variation in the endogenous
106 period length could be adaptive at the colony level with possible effects on fanning, shivering and
107  clustering behaviors and could result in large differences in the phase of the circadian clock to

108 time givers.

109 The primary goal of this study was to ascertain if temperature changes on a daily basis
110 inside honey bee colonies and, if so, are these changes (temperature cycles) capable of
111  influencing circadian rhythms of honey bee foragers? We measured light and temperature at
112  various locations inside of the colony to determine if these potential Zeitgebers showed daily
113  oscillations. We then explored the effects of temperature cycles observed in the colony on the
114  circadian locomotor rhythms of honey bee foragers in the laboratory. Finally, we phase-shifted
115 the temperature cycle in an attempt to confirm if the locomotor rhythms in individual bees were

116 capable of stable entrainment to the temperature cycles.
117  Materials and Methods
118 Colony Light and Temperature Measurements

119 Light and temperature measurements were carried out using HOBO® pendant data
120 loggers (UA-002-64). Four loggers were placed inside the colony at the center, entrance,
121  periphery and top, while one was placed outside the hive as shown (Figure 1A). The colony in
122  which we collected these measurements was a two story colony in good health with a naturally

123  mated queen laying eggs, and containing approximately 6-8 brood frames and 60,000 workers.
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With the exception of 30 minutes during July 11, 2013, when data were uploaded from the
pendants and the batteries were replaced, temperature and light measurements were
continuously collected in 30-minute intervals from June 13, 2012 until September 2, 2014. The
bees and colonies described in our experiments were located in Gurabo, Puerto Rico. Throughout
the year, mean high temperatures averaged from 28-30°C, while the low temperatures averaged
between 16-20°C (Acevedo-Gonzalez et al. 2019, Feliciano-Cardona et al. 2020). Temperature
and light data presented are averaged monthly values for the month of July 2013 (Figure 1). The
peak to trough amplitudes were calculated using the calculated amplitudes of the temperature
oscillations and multiplying by 2 (Figure 2). The phase of the average monthly temperature was

calculated using cosine fitting in the circadian dynamics app (24 Dimensions LLC).
Forager Collection

All of the bees utilized in our experiments came from colonies in good health that had
naturally mated queens and were laying eggs at the time of the experiments. For each experiment,
foragers were collected returning to the colony by blocking the entrance with 8-mesh wire screen
and capturing them in tubes as previously described (Giray et al. 2007). Collected bees were
provided with food and water during transportation to UPR Rio Piedras campus (30-40 min car
ride). Once in the lab, bees were anesthetized and placed in locomotor activity monitors as

previously described (Giannoni-Guzman et al. 2014).
Experiment 1: Simulating temperature cycles of the colony in the laboratory

Locomotor activity recordings were performed inside an environmental chamber (Percival,
[-30BLL), where temperature was programed to oscillate with an amplitude of 9.2°C, as observed
in the periphery of the colony (Figure 1C). To ensure that the temperature was oscillating in the
same manner (or as close as possible) as the observed oscillation in nature, the incubator was
set up and calibrated 2 weeks prior to the experiment. Age was controlled by paint marking

individual 1-day old workers and returning them to the colony on October 7t 2014. Foragers were
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149  from the same colony of origin. Locomotor activity recordings began at 21 days of age and took
150 place from October 28" until November 7" 2014. Phase analysis of locomotor activity was
151 performed on days 6-11 of locomotor recording, to allow 5-6 days needed for bees to acclimate
152  to square wave temperature cycles (Moore and Rankin 1993). Data of foragers in constant

153  darkness at 35°C used is from previously published work (Giannoni-Guzman et al. 2014).
154 Experiment 2: 6-hour phase advance of simulated temperature cycles

155 Foragers from the same colony were collected at the entrance of the colony September
156 18", 2015 on a sunny afternoon and placed in constant darkness with oscillating temperature
157  cycles later that same afternoon. Data shown and used for analysis were taken beginning the first
158 midnight. Locomotor activity assays were conducted using the same environmental conditions as
159  experiment 1 for the first 6 days of the experiment. On the 7" day the environmental temperature
160 cycle was advanced by 6 hours and was kept with this timing until the end of the experiment

161  (Figure 4 and 5).
162 Data analyses

163 Locomotor activity data were processed using MatLab® toolboxes developed in Jeffrey
164  Hall’s laboratory (Levine et al. 2002). Period length was calculated using autocorrelation analysis.
165 The phase angle (y) of the acrophase locomotor rhythm in relation to the acrophase temperature
166 cycles to which bees were exposed was determined via cross correlation analysis. Changes in
167 the phase of temperature measurements throughout the year were analyzed via Mixed-effect

168 Modeling and post hoc tests were performed between groups.
169 Results

170 Previous work has shown that square-wave temperature cycles are successful Zeitgebers
171  for the circadian clock of honey bees under laboratory conditions (Moore and Rankin 1993).

172  However, whether temperature cycles capable of entrainment of the circadian rhythm of honey
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173  bees are present inside the colony was unknown. To examine if temperature cycles are present
174  in honey bee colonies, we placed 5 data loggers at different locations of the colony (center,
175 entrance, top, periphery and outside) and recorded light and temperature measurements in 30-
176  minute intervals (Figure 1A). Our results revealed that temperature oscillates inside honey bee
177  colonies in a daily manner, with amplitudes greater than 7 degrees (Figure 1). Specifically, we
178  observed that at the center of the colony temperature was maintained within 35+0.7 °C, while
179  daily temperature cycles at the entrance (peak to trough amplitude=7.3°C), periphery (peak to
180  trough amplitude=9.2°C) and top (amplitude= 16.3°C) of the colony were detected. The control
181 data logger that was placed outside the colony, as expected, detected strong temperature and
182  light-dark cycles with greater amplitude than those detected in the colony (Figure 1E). In addition,
183 the presence of light inside the colony was only detected by the logger at the entrance and was
184 200 times less at its highest peak than that detected by the logger outside the hive (Figure 1E,

185  F).

186 Having observed that temperature oscillates in parts of the colony, we next looked at
187  whether there were significant seasonal changes in these temperature oscillations inside the
188  colony. We focused on comparing the peripheral temperature (Figure 1C) with that of the outside
189  environment. Our results show that the amplitude and the phase of temperature cycles at the
190 periphery of the hive varies throughout the year. We observed significant phase and amplitude
191 differences between the periphery and environment during the spring and summer months, for
192 example May (Figure 2A), with similar phasing and amplitude of the cycles in the month of
193 December (Figure 2B). The amplitude of the temperature cycles in the periphery of the colony
194  was significantly different from the environment for all months with the exception of December
195  and January (Figure 2C). Importantly, the variance over the year was significantly less inside the
196  periphery of the hive than outside (F1,11=3.89, p=0.0334*). Comparing the mean phase of the

197 two temperatures revealed significant phase delays in the peak of peripheral temperature cycles
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198 from April to July compared to those of the environment (Figure 2D). These data suggests that
199 bees inside of the colony actively regulate the phase and amplitude of temperature oscillations in

200 the periphery of the hive throughout the year.

201 Given the previously reported effects of constant environmental temperature on the
202  endogenous rhythm of honey bees (Fuchikawa and Shimizu 2007, Giannoni-Guzman et al. 2014),
203  we examined the possible effect of the observed temperature cycles on the locomotor rhythms of
204  foragers. We simulated the temperature cycle recorded from the periphery of the colony in the
205 laboratory and measured the locomotor activity rhythms of individual foragers subjected to this
206  cycle under constant dark conditions. We simulated the peripheral temperature oscillation of the
207  month in which we performed the bees were collected (October), which had a 9.2° C peak to
208 trough amplitude. We hypothesized that exposing foragers to simulated temperature cycles would
209 resultin their locomotor activity rhythms achieving a stable, consistent phase relationship with the
210 temperature cycle. Alternatively, locomotor activity could still be influenced by the temperature
211  cycle but not attain a fixed phase relationship. Our results showed consistent phase relationships,
212 but with a broad range of individual differences among the phases (y) of locomotor activity with

213  respect to the temperature cycle (Figure 3).

214 Most individuals in our sample were phase advanced (Figure 3A), while some showed a
215 delayed phase (Figure 3B). Phase quantification for each individual was performed via cross-
216  correlation of the locomotor activity and the temperature cycle (Figure 3, panel (iii)). Frequency
217  distribution of the phase of individuals revealed that more than 60 percent of foragers are phase
218 advanced to the temperature cycle (Figure 3C). In addition, the mean period + SE of the activity
219  rhythm under the temperature cycle was 24.00 + 0.06 h and its variance was significantly smaller
220 than that of the period of foragers under constant conditions (Giannoni-Guzman et al. 2014) (Fig.
221  3D). The 24.00 hour period of the locomotor activity rhythm under the temperature cycle, coupled

222 with the fact that the variance in period is smaller under the temperature cycle compared to
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223 constant conditions (23.8 £ 0.19 h) (Giannoni-Guzman et al. 2014), suggests that the locomotor

224 activity rhythm is entrained to the temperature cycle.

225 To further test if the observed temperature cycles were capable of entraining the locomotor
226  rhythms of foragers, we performed a 6-hour phase advance of the temperature cycle on the 7t
227  day of locomotor activity measurements (Figure 4). We hypothesized that if the temperature
228  cycles observed in the colony were capable of entraining the circadian locomotor rhythms, then
229  shifting the temperature cycle would result in a shift in the phase of locomotor activity of bees over
230 several days (transients) until resuming the previous phase relationship with respect to the
231 temperature cycle. Consistent with this hypothesis, we did observe that approximately 51%
232  individuals showed a response to the phase advance of the temperature cycles (Figure 4A, B and
233 C). Within these individuals 56% gradually advanced their locomotor phase of activity (Figure 4A-
234 B), consistent with the expression of transients associated with re-entrainment, while 44%
235  abruptly advanced their phase with respect to the temperature cycle, which could be consistent
236  with masking (Figure 4C). In these cases, the activity apparently moved to establish a consistent

237  phase relationship with the new temperature cycle.

238 In addition to the foragers that responded to shifts in the temperature cycle, we also
239  observed that approximately 49% of foragers were apparently unaffected by the temperature
240  shifts (Figure 4D). Furthermore, a large subset of the foragers in this experiment exhibited short-
241  period activity rhythms and no discernable response to the temperature advance (Figure 5A). To
242  determine if the magnitude of the shift correlated with the phase prior to the temperature advance,
243  we calculated the magnitude of phase changes using the following formula: ((Phase after
244  temperature advance - Phase before temperature advance)/6) x100. This correlation revealed that the
245  later the peak of activity prior to the shift the greater the phase change (Figure 5B). However, a
246  correlation of the magnitude of phase change and period length before the shift was positive (Figure

247  5C), suggesting changes in phase are mostly driven by changes in the period length of the foragers
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248 examined. Comparing the period length distribution of foragers from our previous temperature
249  cycle experiment with that from the days prior to the phase advance of this experiment revealed
250 significant differences in variance between the experiments (Figure 5D). The fact that the phase
251 advance experiment shows greater variance in period lengths, suggests that many bees were
252  free running and therefore unresponsive to the temperature (Figure 4D and Figure 5A). This
253  period length distribution is similar to the previously observed difference in variance when
254  comparing foragers under constant conditions to those exposed to a temperature cycle (Figure
255  3D). However, although variance was greater it was still significantly less than that under constant
256  conditions (Fs75,=1.83, p=0.0250%). Taken together, our results suggest that while 51% bees
257  responded to temperature and shifted their activity in the direction of the temperature cycle phase

258  shift, 49% of bees in this experiment did not respond to either of the temperature cycles.
259 Discussion:

260 Here we show that at the periphery of the colony, where foragers spend much of their time
261  (Van Nest et al. 2016), temperature significantly oscillates in a 24 hour period (Figure 1). The
262 amplitude and phase of these oscillations change with respect to the time of the year, and the
263  amplitude varies even less than the environmental temperatures (Figure 2). These findings
264  indicate a tight regulation of temperature oscillations in the periphery of the hive. Simulating this
265  temperature signal in the laboratory is sufficient to synchronize and phase advance the circadian
266  locomotor rhythms of some forager bees, suggesting that temperature could be an important
267  Zeitgeber in the colony (Figure 3, 4, 5). Interestingly, we found that there are large individual
268  differences in the phase of locomotor rhythms with respect to the temperature cycles as well as
269 the responses to a temperature phase shifts. Taken together, we believe that temperature is an
270 important environmental cue inside the colony capable of entraining the circadian rhythms of

271  foragers in nature.
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272 Until recently, the circadian clock of honey bees was thought to be entrained mainly by
273  light-dark cycles (Renner 1959, 1960, Moore and Rankin 1985). Recent work has shown that
274  social cues, such as substrate-born vibrations and colony volatiles are capable of entraining and
275  synchronizing the circadian clock of bees (Bloch et al. 2013, Fuchikawa et al. 2016, Siehler and
276  Bloch 2020). However, these experiments do not take into account temperature changes that
277  occur within the colony. Our findings in the present study, as well as those from previous studies
278  (Kronenberg and Heller 1982), suggest that temperature cycles, strong enough to synchronize

279  the circadian rhythms of foragers, are present inside the colony (Figure 1).

280 The seasonal changes we observed in peripheral temperature (Figure 2), suggest that the
281  active regulation of temperature inside the colony is not limited to the brood nest. This
282  maintenance of the oscillation could serve as a possible entrainment cue for times of the year
283  when bees are unable to go out, such as winter. The delayed phase of the temperature peak
284  during the spring and summer months could potentially play an important role in circadian
285  synchronization for bees inside the colony during their more active periods of the year. Future
286  studies will examine the role of these temperature oscillation in swarming, timing of drone flights

287  and overwintering preparations inside the colony.

288 Previous research under laboratory conditions proposed that light and temperature may
289 have a synergistic effect on the circadian clock system in honey bees (Moore and Rankin 1993).
290 Experiments employing both light and temperature cycles show that some individuals responded
291 most strongly to the presence of light, while others concentrated their present locomotor activity
292  during times of overlap between the photophase and higher temperatures (Moore and Rankin
293  1993). Since foragers have been shown to stay inside the colony after visiting their food source
294  (von Buttel-Reepen 1903, Kdrner 1940, von Frisch 1940, Moore et al. 1989, Seeley 1995), it is
295 possible that, while inside the dark colony, foragers rely on temperature cycles to accurately

296 maintain entrainment to the natural day-night cycle and use light input as a Zeitgeber when

https://mc.manuscriptcentral.com/aesa


https://doi.org/10.1101/2020.08.17.254722
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.17.254722; this version posted May 16, 2021. The copyright holder for this preprint (which
g€ 15 OT bV was not certified by peer/VédiRM5GE! S 24tRETITUHI@ TQvAG s YRIEBE IHIBRQIL IREHsR! to QIdBIY Ahe\brEpiifBin perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

297  foraging. This hypothesis stems from the lack of light inside most of the colony (Figure 1). In order
298  to test this hypothesis, further studies exploring the functional role of temperature cycles in the

299 colony as well as the mechanisms of circadian entrainment to temperature cycles are needed.

300 Consistent with the results from the Moore and Rankin (1993) study, we observed that
301 honey bee foragers synchronize to these simulated peripheral temperature cycles. To our
302 knowledge, this is the first time that gradual temperature cycles, simulating those observed in the
303 field, have been utilized in the laboratory. In addition, by simulating the peripheral temperature
304 cycles we found that foragers present a large degree of individual variation in the phase of
305 locomotor rhythms with respect to temperature (Figure 3). Although further studies are needed to
306 understand the functional and evolutionary role of this variation, we can speculate that phase
307 differences of the individual honey bee foragers may result in differences in the temporal
308 allocation of tasks. The individual differences within the foraging population could potentially help
309 with smoothing temperature regulation processes of the colony. This idea is consistent with work
310 where decreasing the genetic diversity of the colony decreases the colonies ability to regulate
311 temperature (Jones et al. 2004, 2007). Another possible functional role for this variation is foraging
312  specialization. This hypothesis would be in line with the results of a recent study that suggests
313 the existence of shift work in honey bees and its genetic component (Bernhard Kraus et al. 2011,
314  Giannoni-Guzman 2016, Giannoni-Guzman et al. 2020). Alternatively, the observed differences
315 in the phase of circadian rhythms could be the result of previous entrainment to an outside
316  stimulus, such as light, nectar or pollen. The latter can be evidenced by the ability of foragers to

317  successfully be trained for several days to a food source (Frisch and Aschoff 1987).

318 When performing a 6-hour advance on the temperature cycle, we observed that
319 approximately 51% individual’s locomotor activity advanced and reached stable synchronization
320 with the new temperature cycles, while 49% were unaffected by either temperature cycle (Figure

321  4). Within individuals unaffected by temperature, we observed a large number of individuals with
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322  short period length. Surprisingly, most of the foragers in this experiment presented short
323  locomotor activity period lengths (Figure 5). This result differs from our previous experiment
324  (Figure 5D) and could be the result of the time of year the experiments took place and that a
325  different colony was used for each experiment. This variation in the change of locomotor activity
326 patterns may reflect differences in the perception of temperature by the circadian system of
327  foragers. Future work could simulate temperature cycles of the higher amplitudes cycles found

328 inside the hive and test bees response to temperature in greater detail

329 Our results show evidence for temperature entrainment in the form of a strong response
330 to phase advance of temperature by some foragers (Figure 4). Furthermore, given the large
331 degree of individual variation in the free-running period of honey bees and their tendency to
332  present short periods, we interpret the proximity to 24 hour periodicity and the significant decrease
333 in variance as an additional sign of entrainment (Figure 3). Although some individuals gradually
334  shifted their activity after the phase advance, as expected of circadian entrainment, there were
335 individuals that shifted abruptly (Figure 4C). Further experiments to determine whether this
336 particular groups response to temperature represents entrainment or masking are required.
337  Specifically, exposing foragers to temperature cycles and later transferring them into constant

338 conditions would clarify if abrupt responses to phase advance are masking.

339 Although the mechanisms for light and temperature input to the clock of honey bees
340 remain to be elucidated, studies in Drosophila have shown that temperature cycles successfully
341 entrain the locomotor and molecular rhythms (Tomioka et al. 1998, Yoshii et al. 2002, Glaser and
342  Stanewsky 2005, Boothroyd et al. 2007). Light and temperature act in a synergistic manner to
343  entrain both locomotor activity and molecular clock of Drosophila (Yoshii et al. 2009). Furthermore,
344  studies indicate that there are clock cells in the brain that selectively respond to temperature
345  cycles, while other clock cells respond to light/dark cycles (as reviewed by Ki et al. 2015). Given

346 the similarities between the neural clock of bees and Drosophila (Fuchikawa et al. 2017, Beer et
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347 al. 2018), it is likely that at least some of the properties uncovered in the fly with respect to the

348 clocks response to temperature will be analogous in the bee circadian clock.

349 While our results show how temperature variation in honey bee colonies can synchronize
350 the circadian rhythms of foragers, other environmental factors remain to be considered. For
351 instance, we have observed that humidity in the periphery of the colony also oscillates in a 24
352  hour cycle and changes seasonally (unpublished results). In plants it is clear that humidity is
353 capable of entraining the circadian clock (Mwimba et al. 2018). However, whether these

354  oscillations are capable of entraining the clock of bees remains a subject of future research.

355 Taken together, our results indicate that temperature cycles in the colony are capable of
356  synchronizing locomotor rhythms of honey bee foragers. Individual differences in the response to
357 phase advances suggest differences in the sensitivity of the clock to changes in temperature.
358 Future studies will explore the importance of temperature as a time giver in typical colony
359 conditions and its synergistic effects with light and other social cues. Individual differences in the
360 phase of circadian rhythms are loosely reminiscent to those of circadian chronotypes in human
361 populations and with further studies, honey bees could be a potential model for these differences
362 in human populations. Our study adds to the rich and complex interactions of temperature and
363 social organization in honey bees, demonstrating altered temperature effects on circadian
364 rhythms. Research into the functional relevance of this synchronization and the seasonal
365 differences in the colony temperatures may lead to a better understanding of the evolutionary

366 relation of circadian rhythms and sociality.
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536 Figures and Legends:

537  Figure 1. Temperature oscillates with a 24 hour period in the periphery of the colony. A) Top
538 and side view of a two story honey bee colony presenting the positions of the 5 sensors used to
539  measure environmental temperature and light, inside and outside the hive. Average temperature
540 +SEM and light environmental data logged at the B) center, C) periphery, D) top, E) entrance and F)
541  outside the colony in the month of October 2013. Temperature was plotted on the left y-axis (black
542  line), while light is plotted on the right Y-axis (blue line). As sensors move further away from the center
543  of the colony peak to trough differences (Temp 2*A) of temperature oscillations increases from 0.7°C

544  at the center of the colony up to 16.3°C in the top of the colony.

545 Figure 2. Bees actively regulate the phase and amplitude of temperature oscillations in the hive
546  periphery Average temperatures of hive periphery (black) and outside environment across the day in
547  the months of A) May and B) December 2013. Grey and yellow in the background represent the
548  photoperiods during each of these months. C) Mean + SEM monthly peak to through Amplitude for
549 the hive periphery and environmental monitors in 2013. Mixed effects model was significant time of
550  vyear (F531,3162) = 47.11; p<0.0007****) location of sensor (F(11, 656y = 10087; p<0.0007****) and their
551 interaction (F11,es6) = 31.56; p<0.0007****). Sidak’s multiple comparisons test between groups showed
552  significant differences (p<0.001***) for each month with the exception of January and December. D)
553 Mean + SEM monthly phase of temperature cycles in the hive periphery (black) and the outside
554 environment (pink). Mixed effects model was significant time of year (Faso 4375 = 24.81;

555  p<0.00071****) location of sensor (F, e53) = 25.07 p<0.0007****) and their interaction (F 11, 653) = 22.55;
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556  p<0.0001****). Sidak’s multiple comparisons test between groups showed significant differences

557  (p<0.01%) for marked months.
558

559  Figure 3. Simulating peripheral temperature oscillations is associated with strong rhythmicity
560 and large individual differences in circadian phase. Representative examples of foragers that
561 presented A) phase advance or B) phase delay with respect to the simulated temperature cycles in
562  controlled laboratory conditions. i) Double plotted actogram of representative individual locomotor
563  activity (blue bars) with simulated temperature overlayed (red lines). ii) Autocorrelation analysis was
564  utilized to determine period length and overall rhythm strength of locomotor rhythms (Levine et al.,
565  2002). iii) Phase of the locomotor rhythms with respect to the temperature cycles () was quantified
566  using cross-correlation analysis, which compares the distribution of locomotor activity with the
567  temperature cycle and yields the phase as the lag (h). C) Frequency distribution of the phase of
568 locomotor activity with respect to temperature cycle. D) Period length distributions of foragers kept
569 under constant conditions (darkness, 35°C) and bees exposed to the measured peripheral

570  temperature oscillations (t-test: n.s.; p=0.4641) (F(57,68)=7.878, p<0.0007***).
571

572 Figure 4. Simulated temperature oscillations are capable of phase advancing the locomotor
573 activity of forager bees. Representative double plotted actograms of locomotor activity (blue bars)
574  with simulated temperature cycles overlayed (red lines). At midnight on the 7t day the temperature
575  cycle was advanced 6 hours. For each activity plot the phase of locomotor tor rhythms with respect to
576  the temperature cycles () was quantified using cross-correlation analysis. Two cross correlations
577 were calculated, the first on days 4, 5 and 6 before the temperature manipulation and the second 48
578  hours after temperature change (days 9, 10 and 11). A) Representative plot of forager synchronizing
579  his locomotor activity rhythm to the phase of temperature in response to temperature advance. B)
580 Representative individual maintaining a consistent phase relationship with simulated temperature

581 cycles before and after the temperature manipulation. C) Representative plot of forager showing an
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582  abrupt response to temperature advance. D) Representative forager showing no response to

583  temperature advance.

584  Figure 5. Relationship of phase changes and period length of locomotor activity A)
585  Representative double plotted actogram of forager presenting short activity period length and no
586  apparent response to temperature cycle manipulation. Cross correlation analysis for days 4, 5 and 6
587  before the temperature manipulation and days 9, 10 and 11 are shown with respect to the temperature
588 cycle during these days. B) Correlation examining the relationship between the magnitude of phase
589 change and the phase before the temperature advance resulted in a significant correlation (Pearson
590 r(58)=-0.3282, p=0.012*). Magnitude of the phase change was calculated as follows: ((Phase after
591 temperature advance - Phase before temperature advance)/6) x100. C) Correlation of the Magnitude
592  of the phase change and the period length of the locomotor activity before the temperature advance
593  (Pearson r(58)=-0.3411, p=0.009**) D) Period length distributions of foragers kept exposed to
594  temperature cycles from our first experiment and days 4-6 before the environmental manipulation of
595  phase advance experiment (t-test: n.s.; p=0.0592) (Fs7,68=4.31, p<0.0007****).

596
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