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Abstract

1. Insects spend energy to function in high temperature environments, and because social insects employ a division of labor,

it is likely that thermal tolerance varies among individuals in the colony, based on the tasks that they perform. 2. Foraging

workers of the ant Neotropical ant Ectatomma ruidum are known to show temporal differences in thermal tolerance, with

greater tolerance in hot afternoons, relative to cool mornings. 3. We developed three hypotheses that can account for temporal

differences in thermal tolerance among workers: Thermal Acclimation, Division of Labor, and Circadian Rhythm. 4. We

tested these hypotheses with a pair of experiments that involved the measurement of thermal persistence of ants at a constant

temperature in time-to-failure assays. The first experiment compared ants with different behavioral roles in colonies, and the

second compared colonies subjected to thermal manipulations, then iteratively sampled at daily thermal maxima and minima.

5. We found robust support for the Circadian Rhythm and Thermal Acclimation Hypotheses, and little support for the Division

of Labor Hypothesis. Colonies of this species integrate multiple mechanisms of adapting to thermal challenges including time

of day, ambient temperature, and the behavioral context of individual workers.
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. 1. Insects spend energy to function in high temperature environments, and because social insects employ
a division of labor, it is likely that thermal tolerance varies among individuals in the colony, based on the
tasks that they perform.

2. Foraging workers of the Neotropical ant Ectatomma ruidum are known to show temporal differences in
thermal tolerance, with greater tolerance in hot afternoons, relative to cool mornings.

3. We developed three hypotheses that can account for temporal differences in thermal tolerance among
workers: Thermal Acclimation, Division of Labor, and Circadian Rhythm.

4. We tested these hypotheses with a pair of experiments that involved the measurement of thermal persis-
tence of ants at a constant temperature in time-to-failure assays. The first experiment compared ants with
different behavioral roles in colonies, and the second compared colonies subjected to thermal manipulations,
then iteratively sampled at daily thermal maxima and minima.

5. We found robust support for the Circadian Rhythm and Thermal Acclimation Hypotheses, and little
support for the Division of Labor Hypothesis. Colonies of this species integrate multiple mechanisms of
adapting to thermal challenges including time of day, ambient temperature, and the behavioral context of
individual workers.

Key words

circadian rhythm, Costa Rica, division of labor, Formicidae, heat shock protein, social insects, temperature,
thermal persistence, tropical rainforest

Introduction

The rapid anthropogenic warming of the planet has amplified our need to understand how organisms function
in challenging thermal regimes. This work is complicated by the broad range of behavioral and physiolog-
ical mechanisms used for thermoregulation (Kearney, Shine, & Porter, 2009; McGlynn, Dunn, Wayman,
& Romero, 2010). The behavioral regulation of thermal tolerance is even more complicated in colonies of
social insects (Chick, Perez, & Diamond, 2017). Colonies are comprised of individuals whose thermoreg-
ulatory behavior responds to social context (Kaspar, Cook, & Breed, 2018), even though whole colonies
can metabolically function as a single unit (Cook, Kaspar, Flaxman, & Breed, 2016; Hou, Kaspari, Vander
Zanden, & Gillooly, 2010). It is worthwhile to understand how the sociality of insect colonies may facilitate
responsiveness to thermal challenges.

It might be expected that ants are highly capable of flexibly responding to thermal challenges, as they are
often regarded as paragons of efficiency (Wilson, 1980). Indeed, ants are capable of responding to thermal
challenges at the colony level (Talbot, 1943). In many species, colonies will move to more thermally favorable
locations (McGlynn, 2012; Smallwood, 1982). Most of what we know about thermal tolerance in ants comes
from interspecific comparisons, among contrasting life histories (Garcia-Robledo, Chuquillanqui, Kuprewicz,
& Escobar-Sarria, 2018), habitats (Kaspari, Clay, Lucas, Yanoviak, & Kay, 2015), and evolutionary histories
(Diamond & Chick, 2018; Diamond et al., 2012). Because it is energetically expensive to tolerate high
heat, ant colonies must experience selective pressures to decrease investment into thermal tolerance for those
experiencing cooler temperatures, such as nest-bound workers and foragers that leave the nest in cooler
temperatures (Cerdá & Retana, 2000; Gehring & Wehner, 1995; Ribeiro, Camacho, & Navas, 2012; Talbot,
1934; Willot, Gueydan, & Aron, 2017). In a recent experiment, Villalta et al. (2020) demonstrated how
colonies of Aphaenogaster iberica ants move their nests and modify the structure of nests to respond to
seasonal temperature changes, and showed that colonies manage thermal challenges through a combination
of colony-level behaviors, adaptive physiological responses, and individual foraging decisions. We know less
about how intracolonial variation in thermal tolerance is actively managed by colonies.

Physiological mechanisms of thermal tolerance in insects are well described (Harrison, Woods, & Roberts,
2013). Insects produce heat shock proteins to prevent damage from heat exposure, and ant species that inhabit
hotter environments constitutively express more heat shock proteins (Gehring & Wehner, 1995; Willot et al.,
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. 2017). Heat shock protein production can also be induced by exposure to high heat environments (Helms
Cahan et al., 2017; Moseley, 1997). In tropical environments, daily temperature cycles encompass a greater
thermal range than annual temperature cycles, which explains why there are differences in thermal tolerance
between diurnally-foraging and nocturnally-foraging ant species in the tropics (Garcia-Robledo et al., 2018;
Hodkinson, 2005). Some species forage at all times of day, and earlier work with one such species (Ectatomma
ruidum ), has shown that foragers sampled in the heat of the day demonstrated a greater thermal tolerance
than those sampled in the relative cool of the evening (Esch, Jimenez, Peretz, Uno, & O’Donnell, 2017).
A follow-up study on this disparity found that these differences were not caused by differences between
colonies (Nelson et al., 2018). That is, in E. ruidum , differences in thermal tolerance expressed by workers
at daily thermal maxima must be accounted for by processes that take place within individual ant colonies.
Our present research on E. ruidum is designed to understand the processes that make some workers more
thermally tolerant than their nestmates.

Here we hypothesize three mechanisms for colony-level organization of thermal tolerance in E. ruidum .
The Thermal Acclimation Hypothesis posits that worker differences in thermal tolerance are the result of
ephemeral induced defenses based on prior thermal experiences. The next two hypotheses for the organization
of thermal tolerance in ant colonies involve variation in the constitutive expression of thermal tolerance.
According to the Division of Labor Hypothesis, variation in thermal tolerance among individuals is explained
by their role in the colony (Janowiecki, Clifton, Avalos, & Vargo, 2020). If this hypothesis is true, then
we would expect differences in thermal tolerance between foragers and non-foragers, and between foragers
depending on the time of day that they forage. Last, under the Circadian Rhythm Hypothesis, variability in
thermal tolerance is driven by an endogenous circadian rhythm (Lazzari & Insausti, 2008) that regulates daily
cycling of heat shock protein production. According to this hypothesis, we expect that the thermal tolerance
of ants inside colonies will differ at thermal minima and thermal maxima, even if colonies are exposed to
a constant temperature throughout the day. In this study, we challenged ants with a constant elevated
temperature and measured the amount of time before they lost the ability to function, which is a measure
that we label “thermal persistence.” The mechanisms for colony-level regulation of thermal persistence are
not necessarily mutually exclusive, and we have no a priori reasons to favor any of the hypotheses over the
other. Here we present a set of experiments to evaluate these three hypotheses.

Methods

Our focal species was the thieving ant, Ectatomma ruidum . This is one of the most common species in the
Neotropics, ranging from northern Mesoamerica down to western Amazonia, often occurring extraordinarily
high densities (Guénard & McGlynn, 2013; Santamaŕıa, Armbrecht, & Lachaud, 2009). This species has been
characterized as thermophilic, as it is successful in areas with ample sunlight and foraging occurs even during
the hottest times of the day (McGlynn et al., 2010). With a generalized diet (Jandt, Hunt, & McGlynn, 2015)
and moderately-sized colonies of about 200 workers that can be collected in their entirety (Jandt et al., 2015),
it is readily maintained in captivity. Workers are about 10 mm long, so they are large enough to individually
mark, observe, and subject to thermal assays.

Workers in E. ruidum forage outside their nests throughout a home range that typically covers several
square meters, and foragers are typically generalists that mostly hunt for arthropods, but also collect seeds
and nectar (Jandt et al., 2015). From earlier experiments, it is known that foragers represent a only a small
fraction of the total number of ants in the colony, and based on marking of individuals, foragers will remain
in this role for at least several weeks (Guénard & McGlynn, 2013). While workers are observed foraging at
all times of day, it is not known if there is a division of labor between foragers that forage diurnally and
those that forage nocturnally. While foragers are active in very hot conditions, colonies in these sunny areas
will preferentially relocate their nests underneath shade by excavating a new nest and abandoning the old
one when shade is provided (McGlynn et al., 2010).

Work was conducted at La Selva Biological Station, located in the Caribbean lowlands of northeastern Costa
Rica (10.4306° N, 84.0070° W) in May-June 2018. La Selva is located in a lowland tropical wet forest that
receives about four meters of rainfall annually, the bulk of which arrives during the wet season between
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. June and December (McDade, Bawa, Hespenheide, & Hartshorn, 1994). We conducted work during typical
weather for the start of the wet season, with frequent but irregular rainfall and a sharp daily increase in
temperature in the afternoon. Experiments were conducted with ant colonies located on periphery of the
laboratory clearing, located under partial canopy cover.

Our principal response variable in this study is the capability of ants to withstand a constant challenging tem-
perature. We measured this in a time-to-failure assay, which we henceforth refer to as “thermal persistence.”
We chose this approach because it is most representative of the biological phenomena we are investigating.
After pilot experiments, we chose against estimating critical thermal maxima (CTmax) because this approach
produces little intraspecific variance in this species (Esch et al., 2017; Nelson et al., 2018) and there is poor
reproducibility (Ribeiro et al., 2012). In the thermal persistence assay, ants were individually loaded into 2
mL plastic microcentrifuge tubes and subjected to a constant temperate of 42ºC in a heating/cooling block
(Tropicooler 260014, Boekel Scientific, Feasterville, PA, USA). We evaluated whether the ants were capable
of maintaining a righting response upon rotation, in 1 min intervals. (The microcentrifuge tube containing
the ant was removed from the heating block, held horizontally, and was rotated for about 3 seconds at a
rate of about 2 revolutions per second, and we assessed whether the ant remained standing during rotation.
When the ant failed to demonstrate a righting response at the interval, the threshold time in minutes was
recorded.) Throughout this study, the persistence time before failing the righting response ranged between
3-35 min. The same researcher (JG) performed all assays to maintain consistency in the protocol for the
righting response assay. After trials, ants were removed from the tubes and recovered in a lidded plastic
container, and then were euthanized at 4ºC, as returning them to their nestmates would have interfered
with the validity of the experiment.

We conducted two experiments. In the first, henceforth “the marking experiment,” we evaluated the thermal
persistence of ants based on their behavioral role in colonies, indicated by foraging activity and position in
the nest in the field. We found and marked nests of 11 colonies in the field. Over the course of a minimum of
two days, we marked foraging workers on the gaster with Testor’s Enamel (Vernon Hills, IL), with colors to
indicate to thermal maximum (early afternoon) or thermal minimum (early in the morning). This marking
technique has been routinely used for this purpose and does not appear to interfere with behavior (Breed,
McGlynn, Stocker, & Klein, 1999; McGlynn, Shotell, & Kelly, 2003) and our pilot trials indicated it does
not interfere with thermal persistence assays. After marking, workers were allowed to return to their nests
and we continued to mark colonies to exhaustion (until all foraging workers were observed with a mark). We
then excavated colonies with care to collect all of the individuals and brood in the nests. E. ruidum nests are
typically composed of a vertical series of chambers, each one separated from its neighbor by a passageway.
Colonies typically have 4-6 such chambers. We separated the ants from the two uppermost chambers of the
nest from those in the lower chambers, to use as an additional variable of behavioral role in the colony.
Ants were housed in the laboratory in 120 mm wide cylindrical polypropylene containers (nest boxes) with a
tight-fitting polypropylene lid in shade at ambient temperature, each colony in their own container, provided
with water and stray insects as food once in the evening. These nest boxes were opaque and did not permit
light. Within a few hours of collection in early afternoon, we conducted the thermal persistence assay on
workers, taking care to complete trials on a single colony within a time period of a few hours.

In the second experiment, henceforth the “circadian rhythm experiment,” we manipulated the thermal
environment of colonies to evaluate the capacity of workers to acclimate to new thermal regimes, and to
test for the effect of a circadian rhythm. We marked 10 pairs of colonies in the field. We then excavated one
colony per pair, leaving the other colony from each pair in the field to provide workers for control assays run
concurrently with the excavated colonies. Each excavated colony was then divided into three equivalent colony
fragments, housing them in the same type of chambers used in the prior experiment. For each set of colony
fragments corresponding to each colony, we randomly assigned them to one of three treatments: ambient,
ambient + 3ºC, and constant 24ºC. Over a minimum of three days, we performed thermal persistence
assays on workers in colony fragments from all treatments at two time points in each day, at the daily
thermal minima (04:30-06:30) and daily thermal maxima (12:30-14:00). These assays included ants from the
untreated paired colony in the field as a control for artifacts of the laboratory manipulations. Each batch of
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. assays included 16 ants with equal sample sizes of treatments distributed evenly among two colonies.

All analyses were conducted in R (R Core Team, 2020), including the “tidyverse” set of packages (Wickham
et al., 2019). We used simple linear Cox Proportional Hazard Analyses (Lin & Wei, 1989), with the “survival”
package (Therneau, 2020) to evaluate differences in time-to-failure in the thermal persistence assays. Pro-
portional Hazard analyses generate a hazard ratio, in which values above 1 indicate a lower time-to-failure
relative to a reference. In this instance, low hazard ratios indicate relatively greater capacity to persist at a
challenging temperature, and colonies high hazard indicate an earlier failure of the thermal persistence assay.
None of the samples were censored in these analyses, as all variates represented ants that were observed until
failure to perform.

Results

In the marking experiment, the main prediction of the Division of Labor Hypothesis was not supported,
as we found no difference in thermal persistence between foragers that forage near the thermal maxima
and those foraging near the thermal minima (Figure 1; Table 1). However, foragers demonstrated a higher
thermal persistence than non-foragers, which is consistent with the Thermal Acclimation Hypothesis. Ants
found in lower chambers of the nest had a lower thermal persistence than those collected from the higher
chambers of the nest (Figure 2; Table 1), which could potentially be explained by either Acclimation or
Division of Labor. There was not a strict division of labor between ants foraging during thermal maxima
and those foraging during thermal minima, as several workers were marked at both time points (Figure 1).
Nonetheless, their frequency was far lower than expected by random temporal distribution (Fisher’s Exact
Test, p<0.0001). We separately tested for differences in thermal persistence among the 11 colonies in this
experiment. One colony had an appreciably greater thermal persistence, and this difference was manifested
in the whole model analysis (Table S1; Figure S2; Wald test X2 = 19.04, df=10, p<0.04; N=399).

In the circadian rhythm experiment, results indicated short-term colony thermal acclimation as well as
circadian regulation of thermal persistence (Figure 3; Table 2). Colonies kept at temperatures above ambient
demonstrated greater thermal persistence than those maintained at ambient, and colonies maintained at
a cooler constant temperature demonstrated lower thermal persistence. Thermal persistence was different
between the thermal maxima and the thermal minima, in all treatments, and particularly so under constant
conditions. This effect of time of day was not found in field-collected foragers. The performance of workers
removed from colony fragments every 12 hours over the time series did not atrophy over the duration of trials
for up to four days, indicating that the results are not a spurious consequence of performance during captivity
(Figure S1). As in the marking experiment, we separately tested for differences in thermal persistence among
the 11 colonies in the experiment. Two colonies had an appreciably lower thermal persistence than the others
(Table S2; Figure S3; Wald test X2 = 21.7=, df=10, p<0.01; N=402).

Discussion

We found strong support for Circadian Rhythm and Thermal Acclimation Hypotheses, indicating that colo-
nies of Ectatomma ruidumdynamically manage constitutive and induced mechanisms of thermal tolerance.
When we altered the thermal regime experienced by these ant colonies, the thermal persistence of workers
responded accordingly, consistent with the Thermal Acclimation Hypothesis. Simultaneously, colonies de-
monstrated overt diel shifts in thermal persistence in the absence of external temporal cues, supporting the
Circadian Rhythm Hypothesis. While we found some differences in thermal performance associated with
behavioral roles, the Division of Labor Hypothesis could not account for differences in thermal persistence
based on time of day, even though that was the prior finding that led us to conduct the present study (Esch
et al., 2017; Nelson et al., 2018). The authors of the earlier studies wondered how colonies of E. ruidum
managed the thermal tolerance of foragers associated with diel changes in temperature. Our answer to that
question is that a constitutive division of labor is not as important of a mechanism as circadian rhythms and
proximate acclimation to recent thermal exposure.

We were surprised by the small magnitude of the findings. The statistical significance of the results is
robust, so we have little doubt that these are real biological phenomena. Nevertheless, the differences among
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. sample populations were not so great. This is consistent with the hypothesis that hotter and less seasonal
environments result in narrow thermal limit ranges (Kaspari et al., 2015). It does not appear that the changes
are driven by a number of outlying individuals with extreme differences, because in Figures 1 and 2, it appears
that the entire distributions are shifted. We think that the biological significance of our findings is not that
these tropical ants are responding to their thermal environment with massive physiological changes, but
rather that these ants have the capacity to demonstrate flexibility in a relatively complex manner. We did
not press hard on thermal levers to exert stresses on these ants. The marking experiment simply measured
existing differences among ants occurring in the wild, and the colony fragments in the circadian rhythm
experiment were only held in the laboratory for up to four days. The only treatment with a more-than-slight
thermal stress (cooling a tropical rain forest species to a constantly air-conditioned environment) produced
an effect of substantial magnitude. We expect that subjecting these ants to greater thermal extremes will
result in more marked effects.

The discovery of a circadian rhythm appears to be a relatively novel result. Thermal tolerance is known
to follow circadian rhythms in some prokaryotes and plants (Rensing & Monnerjahn, 1996), but to our
knowledge has not yet been documented in any insects. Because some animals regulate heat shock proteins
following the seasons (Arad, Mizrahi, Goldenberg, & Heller, 2010; Bujan, Roeder, Yanoviak, & Kaspari,
2020), it makes sense that tropical rain forest insects are also capable of recapitulating this activity over a 24
hour period, =he time scale during which they experience the greatest range of thermal challenges (Janzen,
1967).

In all treatments, thermal persistence was greater at dawn (the daily thermal minima) than the early af-
ternoon (the daily thermal maxima). We were primed to expect the opposite result, because Esch et al.
(2017) and Nelson et al. (2018) reported that ants foraging in the heat of the afternoon demonstrated higher
thermal tolerances. In the circadian rhythm experiment, our controls were foragers freshly sampled from the
field, which constitutes a near-replication of those earlier studies with a greater sample size, and we found a
non-significant result in the opposite direction. After having had an opportunity to digest the results from
the treatments in the Circadian Rhythm experiment, we have landed on a working hypothesis. The well do-
cumented mechanism of thermal tolerance for these ants is the production of heat shock proteins, which are
both energetically expensive and are consumed as they are used to prevent tissue damage from heat (Feder
& Hofmann, 1999; Moseley, 1997). The production of heat shock proteins must happen prior to the moment
of heat exposure, so their production must be made in anticipation of future need. Ants living in a tropical
rain forest, including E. ruidum , live with absolute certainty that evenings will bring cool temperatures
and the following day will bring heat. Based on our findings, we expect that these ants upregulated heat
shock proteins at the start of the day, which effectively anticipates the thermal challenges of a new day.
While they know that it will get hot, the extent of the heat and the timing of it throughout the day are
not as predictable (Sanford Jr, Paaby, Luvall, & Phillips, 1994), so acclimation matters too. This working
hypothesis is consistent with our finding that ant colonies subjected to a constant cool temperature have
extremely low thermal persistence in the afternoon. We interpret this to mean that level of heat shock protein
production, while governed in part by a circadian rhythm, can be downregulated once colonies experience
consistently low temperatures. To gain a greater understanding of how this circadian rhythm works, further
work using more extreme thermal manipulations and more frequent time steps will flesh out the nature of
this daily rhythm, as well as work to measure heat shock protein and heat shock protein gene expression.
Other ant species have already been shown to upregulate heat shock protein gene expression in response to
heat exposure (Nguyen, Gotelli, & Cahan, 2016), so this is a tenable future line of investigation.

While our finding of higher thermal tolerance in the early morning contradicts earlier published results
(Esch et al., 2017; Nelson et al., 2018), we believe this makes sense in light of our other findings. While we
conducted our project in the same field site as Nelson et al. (and even used the same heating/cooling device),
both earlier papers were conducted over a single 24 hour period during the dry season (which has cooler
temperatures), while the present study was conducted over a longer duration in the wet season (which is
characteristically hotter). Moreover, the low-temperature sampling by Esch et al. (2017) happened several
hours before the thermal maxima, and the sampling by Nelson et al. (2018) was between 04:00 and 04:30,
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. whereas our sampling occurred 04:30-06:30. Our slightly later sampling was marginally closer to the thermal
minima, but not to an extent that we think the temperature difference would matter. Nonetheless, if our
working hypothesis that heat shock protein production is upregulated at the start of the day is correct,
then this time difference could possibly explain why our early morning ants demonstrated greater thermal
tolerance.

We found that foragers have greater thermal persistence than non-foragers. However, is not the essential
prediction of our Division of Labor hypothesis, which was that there would be differences thermal persistence
between foragers that ventured into the heat of the afternoon and those that foraged in the cool of the early
morning. The difference between foragers and non-foragers is more parsimoniously explained by Thermal
Acclimation. In the marking experiment, we noticed that the mean difference in thermal persistence between
foragers and non-foragers was three minutes, which is same magnitude of difference in the thermal minima
assays for the circadian rhythm experiment, between freshly caught control foragers and laboratory colony
ants. This suggests that both the thermal treatment on colonies as well as the artifacts of the laboratory
manipulation did not alter thermal persistence in the thermal minima time step, and that the effect of the
treatment was contingent on the circadian rhythm.

While our experiment was not designed with the purpose of assessing intercolonial differences in thermal
persistence, these comparisons were possible with our sampling design. We separately compared the thermal
tolerances of colonies from the two experiments, and found that workers from 3 of 21 colonies demonstrated
significantly greater thermal persistence. By random chance, 1 out of 20 colonies is expected to generate a
p-value below 0.05, and we don’t think that adding just 2 more colonies constitutes compelling evidence,
as it looks more like a few lucky rolls on a 20-sided die. We selected our colonies intentionally so that they
were in as similar environments to one another as possible (with respect to light exposure in particular),
because this was a lurking variable that we sought to control. That we detected any differences between
colonies even though we sought to prevent them from occurring suggests there is greater ambient variation,
especially considering the abundance and extremely broad geographic range of this species. Perhaps if we
intentionally sampled for thermal heterogeneity in the field and subjected colonies to thermal treatments,
this would not only affect colony movement behavior as found in an earlier study (McGlynn et al., 2010),
but also shifts in the thermal persistence of colony members.

With respect to climate change, one central concern is the extent of behavioral flexibility, ecological plasticity,
and evolutionary lability available to animals facing new thermal challenges. Heat genuinely prevents ants
from foraging, as ants will avoid resource-rich areas if they cannot withstand the thermal stresses (Spicer et
al., 2017). Thermal limits are a major factor in structuring species distributions across broad environmental
gradients (Diamond et al., 2012). Ants also adapt their thermal tolerance to local conditions (Bujan &
Kaspari, 2017; Diamond, Chick, Perez, Strickler, & Martin, 2017; Villalta et al., 2020); we have known
this ever since Mary Talbot invented equipment and protocols to measure critical thermal maxima (Talbot,
1943). In temperate environments, it appears that the ability to withstand cold may be more predictive of
distributions than the ability to withstand heat (Bishop, Robertson, Van Rensburg, & Parr, 2017; Bujan,
Roeder, de Beurs, Weiser, & Kaspari, 2020). In the tropical climates where the most species occur, however,
we have many open questions about how biodiversity will respond to rising temperatures (Jenkins et al.,
2011). We argue that an integrative understanding of organisms, including the functional ecology at the
colony level, will be critical for developing more informative models as the world continues to heat up.

Animals living in social groups are capable of leveraging the modularity of their colonies to efficiently organi-
ze behavioral responses to thermal challenges. While this is well known from other social insects, particularly
honey bees (for example, Cook & Breed, 2013; Cook et al., 2016; Kaspar et al., 2018; Stabentheiner, Ko-
vac, & Brodschneider, 2010), we think that a greater research investment into intracolonial mechanisms of
thermal tolerance in ants is necessary to understand the distribution of thermal tolerance at higher levels of
organization. With the projected levels of warming that we will experience over at least the next few genera-
tions (IPCC, 2014), and the criticality of ants for ecosystem processes (Del Toro, Ribbons, & Pelini, 2012),
we need to understand colony-level processes of thermal management appears foundation to conservation
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. planning for these animals.

Data availability

Data and all associated code are uploaded to Dryad.
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Figure 1. Thermal persistence of foraging and non-foragingEctatomma ruidum ants. Foragers were marked
in the field, and whole colonies were collected. Thermal persistence time-to-failure assays were conducted
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in Table 1.
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.

Figure 2. Thermal persistence of Ectatomma ruidum ants based on their location in the nest when it was
excavated. Thermal persistence time-to-failure assays were conducted on individual workers, Statistics are
in Table 1.

Figure 3. Circadian rhythm in ants. The thermal persistence was measured in individuals from colonies
subjected to thermal treatments in the laboratory, assayed at daily thermal maxima and minima. Control
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. ants are freshly caught foragers. Statistics are in Table 2.

Table 1. The Marking Experiment results with a linear Cox Proportional Hazard model (Whole model Wald
test X2 = 35.5, df = 4, p<0.0001, N=399;)

Coefficient β Hazard ratio SE z p

Afternoon foragers
Morning foragers -0.12 0.88 0.25 -0.79 0.43
Afternoon + morning foragers -0.47 0.62 0.29 -1.69 0.10
Non-foragers 0.36 1.43 0.13 2.60 0.009
Position in nest -0.38 0.68 0.11 -3.47 0.0005

Table 2. The Circadian Rhythm Experiment results with a linear Cox Proportional Hazard model (Whole
model Wald test X2 = 33.46, df=4, p<0.0001; N=402)

Coefficient β Hazard ratio SE z p

Ambient
Ambient + 3ºC -.08 0.92 0.14 -0.56 0.58
Constant 24ºC 0.32 1.38 0.14 2.36 0.02
Control Foragers -0.43 0.65 0.15 -2.87 0.004
Time of Day -0.31 0.73 0.10 -3.95 0.002
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