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Introduction

The current state of anthropogenic climate change is particularly concerning for tropical insects, species predicted to be the most negatively affected. Researching climatic tolerance in social insects is challenging because adaptations exist at both individual and societal levels. Division of labor research helps to bridge the gap between our understanding of these adaptations at different scales, which is important because social insects comprise a tremendous portion of global animal biomass, biodiversity, and ecosystem services. Considering how individual physiologies construct group-level adaptations can improve climate change impact assessments for social species. Tetragonisca angustula is a neotropical stingless bee species that exhibits high worker subcaste specialization with a morphologically distinct soldier caste.





Methods

We used this species to investigate 1) whether age- and size-differentiated subcastes differ in thermal tolerance, 2) which worker subcaste operates closest to their thermal limits, and 3) the extent to which this species selects active foraging times to offset thermal stress. We measured the thermal tolerance (CTmax and CTmin) of small-bodied foragers and two soldier subcastes (hovering guards and standing guards) in T. angustula.





Results and discussion

Despite body size differences between foragers and guards, no differences in the upper or lower thermal limits were observed. However, the average thermal tolerance breadth of foragers was significantly larger than that of guards, and foraging sites were more thermally variable than nest sites, supporting the Climatic Variability Hypothesis at a microclimate scale and in the context of division of labor. Warming tolerance was significantly lower among small-bodied foragers compared to hovering and standing guards. The magnitude of warming tolerances indicated low risk of imminent climate change impacts in this environment but suggests that increasing temperatures and heatwave prevalence may cause foragers to meet their upper thermal limits before other subcastes. Foraging occurred at a narrower range of temperatures than would challenge critical temperatures, with higher morning activity. Directionally increasing temperatures will likely confine these preferred foraging temperatures to a narrower time window. Further study is needed to elucidate how foragers may shift times of activity in response to anthropogenic warming, but changing climates may impact plant pollination rates in natural and agricultural systems.
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Introduction

While there are a wide range of abiotic threats currently faced by insects, anthropogenic climate change is of particular concern, especially in the tropics where increasingly variable temperature and precipitation patterns are predicted to be most intense (Deutsch et al., 2008; Diamond et al., 2012; Gonzalez et al., 2021; IPCC, 2022). Because the tropics have less seasonal variation in temperature, species adapted to tropical environments have narrower ranges of climatic tolerance, as stated by the Climatic Variability Hypothesis (CVH) or Janzen’s rule (Janzen, 1967; Addo-Bediako et al., 2000; Gaston et al., 2009; Sunday et al., 2019). The performance of ectothermic animals are highly subject to changes in climate because they either match their body temperature to the environment or they behaviorally thermoregulate to change their internal temperature (Clusella-Trullas et al., 2011; Sunday et al., 2019). Small ectothermic animals, like insects, are even more highly subject to variations in temperature and humidity due to their lower surface area to volume ratio, less lipid storage, and high metabolic rates (Gibbs et al., 2003; Bujan et al., 2016). Tropical insects with narrow ranges of thermal tolerance, as predicted by the CVH, are particularly at risk of thermal stress due to anthropogenic climate change (Deutsch et al., 2008; Diamond et al., 2012).

Eusocial insects are particularly in need of further climate change studies because of their contribution to the planet’s biomass, biodiversity, and proficiency at implementing ecosystem services such as biological control, seed dispersal, and pollination (Elizalde et al., 2020). It is predicted that climate change will reduce social insect species-level and colony-level ranges, having major implications for agriculture and natural ecosystems (Friedman et al., 2019; Souza-Junior et al., 2020; Gonzalez et al., 2021; Maia-Silva et al., 2021). When studying eusocial insects, it is essential to account for both individual-level and colony-level variation to understand how species respond to climatic stressors (Baudier and O’Donnell, 2017). Overlooking intracolony variation in thermal performance may lead to improperly estimating climatic risk and conservation needs. Because eusocial insects have different castes that are all essential to the functioning of the colony, it is important to assess whether one caste may operate closer to its functional limits, acting as a limiting factor for colony-level (Baudier and O’Donnell, 2017; Menzel and Feldmeyer, 2021).

In many eusocial insects, such as in stingless bees (Tribe: Meliponini), previous studies have used estimates of thermal tolerance to predict responses to climate change (Torres et al., 2007; Macías-Macías et al., 2011; da Silva et al., 2017; Hrncir et al., 2019; Souza-Junior et al., 2020; Maia-Silva et al., 2021; Gonzalez et al., 2022c), but division of labor is rarely taken into account. The threat of increasing climate variability to stingless bees is high and these insects are among the most diverse and abundant pollinators in the tropics (Hrncir et al., 2016; Quezada-Euán et al., 2018). Due to its high degree of worker sub-caste specialization (Grüter et al., 2012, Grüter et al., 2017; Baudier et al., 2019), the stingless bee Tetragonisca angustula is a species of particular interest for researching how division of labor may mitigate or exacerbate the effects of climate variation on a bee colony. Tetragonisca angustula is one of very few bee species known to exhibit a morphologically distinct soldier subcaste (Grüter et al., 2012), a characteristic most commonly found and studied in termites and ants (Abbot, 2022). Colonies of T. angustula have two types of guards within the soldier subcaste: hovering guards that hover outside the nest entrance and standing guards that patrol the nest entrance on foot (Wittmann, 1985; Bowden et al., 1994; Kärcher & Ratnieks, 2009; Grüter et al., 2012). These guards exhibit discrete division of labor and do not repeatedly switch back and forth between hovering and standing guarding (Grüter et al., 2011), and they exhibit age polyethism with their task allocations shifting as they age from adult forager to hovering guard and finally to the role of standing guard (Baudier et al., 2019). In addition to this species’ conservation value as a widespread native neotropical pollinator, understanding the thermal adaptations of T. angustula also has applied value in agriculture. This species is one of the most common stingless bees used in farming operations across Latin America from Southern Mexico to Southern Brazil (Jaffé et al., 2015; Quezada-Euán et al., 2018).

The high degree of division of labor in T. angustula makes them a good model species in which to compare how different worker subcastes respond to temperature stressors. Here we address the following questions: 1) Do age- and size-differentiated task groups differ in thermal tolerance? 2) which worker subcaste operates closest to its thermal limits in its respective functional microclimate? 3) Do foragers use behavioral thermoregulation, in the form of shifting their times of foraging activity, to offset the thermal stress of these functional microclimates?

Thermal performance variation across morphologically distinct worker-subcastes within colonies is poorly studied in stingless bees, likely because bee species that exhibit these polymorphic worker subcastes are less common. However, in ant species with polymorphic workers, higher heat tolerance and lower cold tolerance typically correspond to a larger body size trend (Cerdá and Retana, 1997; Baudier et al., 2018; Roeder et al., 2021) that is more often observed in the tropics than in temperate regions (Roeder et al., 2021). When looking at a microclimate level, this size-thermal tolerance relationship seems to be stronger in more stable environments where the species are adapted to less climatic variation (Baudier et al., 2018). Based on this, we would predict that the larger-bodied guards would be able to withstand higher temperatures than smaller workers. Cold tolerance appears to be more complex and less related to size (Baudier et al., 2018; Roeder et al., 2021). However, even in tropical systems, measuring cold tolerance is important as it can be more geographically limiting (Bishop et al., 2017), and it allows for the calculation of thermal tolerance breadth which indicates how much thermal variability each individual can tolerate (Sánchez-Echeverría et al., 2019). 

Few studies have assessed this size-tolerance relationship within colonies of individual bee species. Studies have been conducted comparing across individuals within the same species, but not necessarily within the same colony, which report no effect of body size on upper or lower thermal tolerance within three subspecies (Maebe et al., 2021), and an effect of larger body size decreasing lower thermal tolerance and increasing upper thermal tolerance only in one of three species assessed (Oyen et al., 2016). Many studies have been conducted regarding the size-thermal tolerance relationship between species of bees, or between populations of a single bee species, with conflicting results. A study by da Silva et al. (2021) in Fiji indicated no effect of body size on upper or lower thermal tolerance across several bee species except one species that had higher thermal tolerance among larger-bodied bees, and further studies have also found no effect of body size on CTmax across several species in temperate climates (Hamblin et al., 2017; Burdine and McCluney, 2019), across lab-reared Bombus subspecies (Maebe et al., 2021), and across populations of Apis mellifera in Mexico (Sánchez-Echeverría et al., 2019; Barreiro et al., 2024). Other studies in temperate climates have found that increasing body size is correlated with decreasing cold tolerance across and within several species (Peters et al., 2016), and a significant effect of increasing body size on increasing heat tolerance and decreasing cold tolerance across three Bombus species (Oyen et al., 2016). In a few examples of tropical bee species, one study reports larger body sizes across four Bombus species were correlated to lowered CTmin (when looking within species, this trend was only maintained in one species) while there was no effect on CTmax across species (Gonzalez et al., 2022a), and another study reports no strong relationship between size and thermal tolerance across stingless bee species (Gonzalez et al., 2022c). It is not yet clear whether there is a reliable size-tolerance relationship trend in bee species, and it is especially unclear whether any trends exist between polymorphic castes within genetically similar colonies of a single species. 

Age may also affect thermal tolerance, but its role is currently unclear. A review by Bowler and Terblanche (2008) indicated that there is a general trend across insect taxa of decreasing upper thermal tolerance as an individual advances through life stages which would lead us to predict that the age transition of hovering guards to standing guards would follow this trend. However, when just looking at adult stages, tolerance is highest at eclosion and decreases during early adulthood to a stable level with age, but the effect of age on thermal tolerance is complex and species-dependent (Bowler and Terblanche, 2008). Some studies on social insects find no effect of age on thermal tolerance (Oyen and Dillon, 2018; Baudier et al., 2022), and some results are more complex, showing freshly eclosed ants with higher CTmin but no effect of age on CTmax (Baudier and O’Donnell, 2016). Many of these studies that examine how thermal tolerance changes with age in social insects usually compare young, freshly eclosed adults to all other adults (Baudier and O’Donnell, 2016; Oyen and Dillon, 2018; Roeder et al., 2021; Baudier et al., 2022), or compare life stages such as larvae to adults (Mitchell et al., 1993; Kingsolver and Buckley, 2020). There is not as much work comparing middle-aged adults to older adults (Bowler and Terblanche, 2008), especially for social insects, as would be the case for the comparison between hovering guards to standing guards in T. angustula.

In addition to the possible effects of size and age, the foragers have to spend more time compared to the guards in thermally variable environments away from the nest, which is thermally regulated via worker behavior and nest site selection (Jones and Oldroyd, 2006; Torres et al., 2007; Hrncir et al., 2019; Perez and Aron, 2020; Maia-Silva et al., 2021). Under the CVH, we predict that the foragers would have a wider range of thermal tolerance. Most tests of the CVH focus on large-scale adaptations to biogeographic contrasts in climate or species-level differences in tolerance (Bishop et al., 2017; Sunday et al., 2019; Sklenář et al., 2023) rather than assessing differences in microclimates across microhabitats experienced within colonies of eusocial insects (e.g. Kaspari et al., 2015; Baudier et al., 2018; Villalta et al., 2020). In fact, not evaluating microclimate effects can lead to inaccurately assessing climate change risk (Pincebourde and Casas, 2015). Applying the CVH to a microclimate scale, improves our understanding of how individual physiologies function in the context of the colony as a superorganism (Johnson and Linksvayer, 2010). Not only are foragers likely experiencing more variable environments, but they are likely also facing more extreme high temperatures when foraging compared to the guards performing their tasks at the nest. This leads us to predict that the foragers might be operating closer to their thermal limits than the guards. If this is the case, we also predict that foragers may employ behavioral strategies to adjust the times at which the forage to reduce their exposure, such as was found by Maia-Silva et al. (2021).





Methods




Field site

All field and lab work were conducted on-site at La Selva Research Station (10.43°N, 84.00°W), a lowland tropical rainforest in Heredia province, Costa Rica from May to June of 2022 and 2023.





Testing for differences in thermal tolerance across subcaste

To assess the differences in thermal tolerance across subcastes of T. angustula, we estimated the critical thermal maximum (CTmax) and critical thermal minimum (CTmin) of the most abundant worker subcastes that spend the most time outside of the nest: foragers, hovering guards, and standing guards, using the dynamic method (Lutterschmidt and Hutchison, 1997). We subjected 5 foragers, 5 hovering guards, and 5 standing guards from each of the 10 colonies to each thermal tolerance assay (CTmax and CTmin) in 2022, for a total of 150 bees for the CTmax assay and 150 bees for CTmin. All bees only underwent one of the two assays. One additional forager, hovering guard, and standing guard were collected from each colony to act as controls (bees placed in the assay apparatus, but not exposed to thermal ramping). Similar to Baudier et al. (2019), foragers were identified as bees that immediately flew away upon exiting the nest and were not carrying detritus which would indicate a waste-removal worker. Guards were bees observed engaging in guarding tasks at the nest entrance for at least 20 seconds each. Standing guards were identified as those guards standing in place on the nest entrance tube while facing the entrance during those 20 seconds. Hovering guards were identified as those flying or hovering in place while facing towards the nest entrance.

We collected bees via a combination of aerial net, forceps, and aspirator from their nests into 33 mL (9 dram) vials each with a paper towel moistened with DI water. Each vial was transported inside of an insulated bag which contained an ice pack at the bottom wrapped with a towel to keep the bees from experiencing heat or cold stress during transportation. A Thermochron iButton data logger (Maxim Integrated, San Jose, California) was placed in the bag with the vials to measure the temperature during transport. Transport temperature averaged 22.9°C which was not much cooler than the lab environment (averaging 24.3°C) where the assays were conducted. The time from when bees were collected until the assay began was less than 2 hours. We placed each bee individually into 1.5 mL microcentrifuge tubes with a drop of approximately 1.7 mg commercially processed Apis mellifera honey per tube. Preliminary data collection showed that supplying honey reduced starvation-associated mortality over the course of the assay, as evidenced by improved (100%) control survival. Providing a source of food and hydration also minimized variation in starvation and hydration statuses among subject bees before the assay began. The caps of the tubes were filled with cotton and closed to prevent the bees from seeking thermal refuge in the tops of the tubes.

Tubes were haphazardly placed within the dry heating or cooling block depending on their respective assignment. The assay began with the blocks set at 30°C for both cooling and heating. We ramped the temperature up for CTmax or down for CTmin by 2°C every 10 minutes (averaging 0.2°C min-1). Slower ramping rates offer finer resolution, enabling detection of small differences among individuals. This was the slowest ramping rate that was comparable to other bee thermal tolerance studies but was not so slow as to elicit signs of starvation or desiccation (as evidenced by control performance) (Gonzalez et al., 2022b).

Mobility was checked every 10 minutes after each 2°C change. Mobility loss was defined as a lack of movement aside from the onset of spasms after tapping or flipping the tube to elicit a movement response (Lutterschmidt and Hutchison, 1997; Terblanche et al., 2011), representing the loss of the ability of an animal to escape its thermal environment or perform functions necessary for survival (Mitchell et al., 1993; Kovac et al., 2014; da Silva et al., 2017). The most extreme temperature at which a bee retained mobility was considered its CTmax or CTmin, respectively. The controls were placed in the same type of microcentrifuge tube under the same conditions for the same duration as the assays, except they were held at room temperature which averaged 24.3°C. At the end of the assay, all bees were frozen at -15°C for a minimum of 24 hours before being placed in a drying oven at 50°C for 3 days. Preliminary tests showed no change in mass after 48 hours at this temperature, and previous studies on much larger bee species have found similar temperatures between 50 - 60°C to be sufficient for obtaining dry mass (Hagen and Dupont, 2013; Ostwald et al., 2022). Dry weights were then measured to the nearest 0.1 mg.

For the statistical analysis, we first checked whether the dry mass differed among subcastes as previous studies indicated using a generalized linear mixed effect analysis with colony as the random variable (Table 1). We used separate generalized linear mixed effect analyses with colony as a random variable to assess whether CTmax or CTmin differs among subcaste (Table 1). Because CTmax and CTmin are count-like integer data, the Poisson statistical family was used for these analyses. For these models, only subcaste was used as a predictor variable rather than including both subcaste and dry mass since dry mass and subcaste are highly correlated. Thermal tolerance breadth was calculated as the difference between the average CTmax and the average CTmin per subcaste per colony. We analyzed the difference in thermal tolerance breadth across subcaste with a linear mixed effect model that included colony as a random variable (Table 1).


Table 1 | Summary of mixed effect statistical models.







Comparing warming tolerance across subcastes

To assess how close each worker subcaste is to their thermal limit while performing daily tasks in their respective microclimates, we calculated warming tolerance for each individual bee. An animal’s warming tolerance represents how much an organism’s environment can warm before it affects the organism’s critical functioning (Deutsch et al., 2008; Diamond et al., 2012). Warming tolerance was calculated as the difference between each bee’s CTmax and the average highest daily temperature they experienced in their respective microclimate outside the nest. For foragers, these microclimate sites were areas where T. angustula was observed foraging on flowers or resin during haphazard searches for these resources throughout the forest, and natural and human-made clearings. Three floral foraging sites were found in 2023 (a palm inflorescence, Clibadium sp., and Stachytarpheta sp.). Resin foraging sites were located with other bee species present, but none with T. angustula.

To record these temperatures, Hygrochron iButton data loggers (Maxim Integrated, San Jose, California) were placed for approximately three days outside each nest, recoding data every 15 minutes. We placed each iButton within a 3D-printed white plastic housing that prevented direct sunlight and rainfall from encountering the probe while allowing for free airflow around it (The University of Southern Mississippi Eagle Maker Hub; Supplementary Figure S1). Each iButton was placed within 15 cm laterally at each nest entrance. This distance was chosen to be as close as possible to the nest entrance while not disturbing the activity of the bees, indicated by foragers approaching but withdrawing, and guards turning away from the nest entrance to face the data logger. The iButtons at each foraging site were placed within approximately 30 cm of a resource being foraged by T. angustula. We estimated warming tolerance as the difference between the average warmest daily temperature recorded by these iButtons and each bee’s CTmax. The warmest average daily temperature was calculated for the guards by averaging the highest temperature experienced outside their respective nest for each day. Because the foragers were collected directly from their colonies, they could not be associated directly with one foraging site over another. The warmest average daily temperature for foragers was averaged across foraging sites across days to be used as the environmental temperature for all foragers. Both foraging site and nest entrance temperature data were collected in 2023. We compared the difference in warming tolerance between subcastes by using a weighted linear mixed effect model with colony as a random variable (Table 1). The weights were included to account for the heteroscedasticity caused by outliers in the otherwise normally distributed data.





Comparing foraging and nest site microclimates

To understand whether the daily temperatures of foraging sites differ from nest sites during the day (0600 - 1800), the temperature data collected by the iButtons (as described in the previous section) were also used to calculate the average hourly temperatures at each foraging site and nest site. Daytime temperatures (0600 - 1800) were subset from one full day (0000 - 2359) recorded from each foraging and nest site in 2023. The temperatures were averaged for every hour at each site. Levene’s Test was used to assess whether foraging sites were more variable than nesting sites. A Mann Whitney U test was used to assess whether the medians differed significantly between foraging sites and nesting sites.





Influence of temperature on forager activity

The daily activity of foragers was recorded at the nest sites and the foraging sites. In 2023, each nest and foraging site were visited once during two-hour intervals from 0530 to 1730, approximately sunrise to sunset. These visits did not always occur within the same day for each colony because data was not collected during rainy weather when the bees were not active. At the foraging sites, the times that foragers were present or absent were recorded while an iButton was recording temperature data. At the nesting sites, the forager activity data was recorded as the number of foragers leaving the nest per minute which was recorded at 8 nests. The temperature data at the nests was not recorded concurrently with the activity data, but the nest temperature was compiled from 13 nests. From these data, we compared the average hourly temperatures throughout the day to the times when the bees were active to see if there were differences between the available temperatures and the selected temperatures at each foraging site and nest site.

In 2022, we also concurrently recorded forager activity while recording nest temperatures data using iButtons. Forager activity was still measured as the number of foragers leaving per minute which was able to be directly correlated to temperature data at each nest to provide a comparison between the peak forager activity and the peak temperature throughout the day.






Results




Differences in thermal tolerance across subcaste

Despite the morphological, age, and task differences, standing guards, hovering guards, and foragers did not differ in CTmax (n = 150; χ2 = 0.099, df = 2, p = 0.952; Figure 1A) or CTmin (n = 151; χ2 = 0.363, df = 2, p = 0.834; Figure 1B). Dry mass was significantly different among the subcastes (χ2 = 22.596, df = 2, p < 0.001; Supplementary Figure S2). Foragers were significantly smaller than the hovering guards (Tukey HSD; p < 0.001) and standing guards (Tukey HSD; p < 0.001) by an average of 10%. Even when testing whether just body size is a predictor variable of CTmax or CTmin, no significant effect was found (generalized linear mixed effect model with Poisson distribution: CTmax χ2 = 0.093, df = 1, p = 0.761; CTmin χ2 = 0.078, df = 1, p = 0.781; Supplementary Figure S3).




Figure 1 | Tetragonisca angustula worker subcastes did not differ in critical thermal tolerance limits (A, B) but differ in thermal tolerance breadth and warming tolerance (C, D). Violin plots layered over each box plot represent the distribution of data as a shape. Results of post-hoc Tukey HSD tests are shown graphically as follows: *indicates p < 0.05, • indicates 0.05 < p < 0.10, and N.S. indicates p > 0.1. For both CTmax [(A), n=150] and CTmin [(B), n=151], the spread of the data is strongly hourglass-shaped and concentrated at every 2°C due to the ramping rate of the assay and how often the bees were checked for mobility loss. (C) Because thermal tolerance breadth shows the difference between CTmax and CTmin for each subcaste, the values for CTmax and CTmin were averaged for each subcaste for each colony (n = 30). (D) Warming tolerance (n=150) is calculated as the average daily high temperature subtracted from CTmax. This number represents how close an organism is regularly operating to their upper thermal limit.



When assessing thermal tolerance breadth, the difference between the upper and lower thermal tolerances, there was a significant difference among the subcastes (χ2 = 7.412, df = 2, p = 0.025; Figure 1C). The foragers exhibited a significantly larger thermal tolerance breadth compared to the hovering guards (Tukey HSD; p = 0.041) and a marginally significantly larger thermal tolerance breadth than standing guards (Tukey HSD; p = 0.058). On average, the foragers have a thermal tolerance breadth that is 0.67 ± 0.02°C larger than the guards.





Warming tolerance across subcaste

To assess how close each worker subcaste is operating to its upper thermal tolerance, warming tolerance was compared across subcastes and a significant difference was found (χ2 = 918.06, df = 2, p < 0.001; Figure 1D). Foragers had the smallest warming tolerance in comparison to the hovering guards (Tukey HSD; p < 0.001) and standing guards (Tukey HSD; p < 0.001). On average, the warming tolerance of the foragers was 3.38 ± 0.06°C lower than the guards. Body size was not included as a predictor of warming tolerance in this model because it was colinear with subcaste, and because dry mass did not have a significant effect on CTmax (Supplementary Figure S4).





Foraging versus nest site microclimates

Foraging sites had significantly more variable temperatures than the nesting sites (Levene’s Test: F1,190 = 10.317, p = 0.002; Figure 2). The median temperature of the foraging sites (29.22°C) was also significantly greater than the median temperature of the nesting sites (27.85°C) (Mann-Whitney U: W = 3507.5, p = 0.020; Figure 2). The median of the foraging sites was 1.37°C greater than the nesting sites.




Figure 2 | Comparison of daytime (0600 - 1800) temperatures between two microclimates experienced by different worker subcastes. These histograms show the percentage of temperatures that fall within each range of temperatures throughout the day. These daytime temperatures (0600 - 1800 were subset from one full day (0000 - 2359) recorded at each site. The curve fitted to each plot is a density curve. The bold vertical orange line on the righthand side represents the median upper thermal tolerance (CTmax) of all subcastes. The bold vertical black line represents the median temperature for each site type. (A) The daytime temperatures across 3 floral foraging sites are shown on the top panel. (B) The daytime temperatures across 13 nest sites are shown in the bottom panel.







Temperature and forager activity

The time at which all three foraging sites had foragers present was between 0900 to 1100 which ranged in hourly temperature across sites between 28.00 - 39.78°C with an overall average temperature of 32.92°C. For each foraging site, the respective range of times and temperatures at which there were foragers present was as follows 0900 to 1100: 28.00 - 29.40°C; 0700 to 1100: 26.36 - 34.39°C; 0700 to 1300: 26.52 - 40.42°C. Foraging site temperatures peaked between 1100 to 1200 with the sites ranging from 28.05 - 40.42°C with an overall average of 33.46°C (Figure 3A). The times when the foragers were most active at the nests was between 0800 and 1400 which ranged in temperature across sites from 24.26 - 36.75°C with an overall average temperature of 29.38°C, and the peak activity was between 1000 and 1200 when the temperature ranged between 26.63 - 36.75°C and averaged 30.56°C (Figure 3B). The peak temperature at the nest sites, while lower in magnitude than at the foraging sites, was still within the same time range from 1100 to 1200 with the sites ranging from 27.11 - 36.75°C and averaging 31.01°C.




Figure 3 | Comparison of presence at foraging sites and activity at nest sites. The above graphs show the change in temperature throughout the day at foraging sites (n=3) and nesting sites (n=13). Each color of dot corresponds to a specific foraging or nest site. The vertical gray lines represent sunrise and sunset. The curved line fit to the graphs was added using a Generalized Additive Model to produce a smoothed line representing the average. (A) Forager activity at the foraging sites was measured as presence or absence of T. angustula foragers. For each foraging site, the space under the curve was shaded when foragers were present. The overlap of these shaded portions, where the color is darkest, represents the time periods when all sites had active foragers. (B) The number of foragers leaving each nest per minute was averaged and binned so that darker shaded areas on the graph would indicate a higher average number of foragers leaving the nest. The temperature data was recorded from 13 nests. Activity data was recorded and averaged from 8 nests.



When comparing forager activity at the nest site to temperature intensity, the peak of temperature intensity was between 1200 and 1400 which ranged from 29.8 - 31.6°C with an average of 30.6°C (Figure 4A), while the peak of forager activity between 1000 and 1200 ranged in temperature from 26.8 - 30.6°C and averaged 28.53°C (Figure 4B).




Figure 4 | Comparison of daytime nest temperatures to forager activity data. Each color of dot corresponds to a specific nest site (n = 6). At each time point, the temperature (A) and the number of foragers leaving per minute (B) were recorded such that the data directly correspond. The vertical gray lines represent sunrise and sunset. The curved line fit to the graphs was added using the Locally Weighted Scatterplot Smoothing method to produce a smoothed line representing the average.








Discussion

Despite the differences in body size, age, and task group, no difference was found between the upper and lower tolerances among foragers, hovering guards, or standing guards. This does not follow the trend within colonies of tropical ants for larger-bodied workers to have higher heat tolerance and lower cold tolerance (Cerdá and Retana, 1997; Baudier et al., 2018; Roeder et al., 2021). Our results more closely follow the lack of relationship between intraspecific size variation and thermal tolerance in bumblebees (Maebe et al., 2021) and honeybees (Sánchez-Echeverría et al., 2019; Barreiro et al., 2024), and are in-line with cross-species comparisons of tropical stingless bees that found no relationship between body size and either upper or lower thermal tolerance (Gonzalez et al., 2022c). However, we report that foragers did have a larger thermal tolerance breadth than hovering guards or standing guards. Finding significant differences with thermal tolerance breadth but no difference when individually assessing CTmax and CTmin, suggests that the effect of body size on thermal tolerance may be small, only appearing when calculating the average breadth for each subcaste in each colony perhaps due to the resolution of our CTmax and CTmin assays being 2°C. We also found that foraging sites were more thermally variable during the day than nest sites. Although this effect of subcaste on thermal tolerance breadth was small, it supports the Climatic Variability Hypothesis at a microclimate scale within social insect colonies: workers that experience more variable microclimates while performing their tasks have a larger thermal tolerance breadth.

We found that foragers had significantly lower warming tolerances at foraging sites than the guards at their most common patrolling site just outside of nest entrances. This is consistent with previous studies reporting that stingless bee foragers experience greater thermal risk than any other workers (Perez and Aron, 2020; Maia-Silva et al., 2021). The warming tolerance values for the foragers are still well above zero which does not indicate an imminent risk of approaching upper thermal tolerance limits while performing daily tasks. However, with predicted global temperature increases (IPCC, 2022), foragers will likely be the subcaste most at risk. By the end of the 21st century, the average annual temperature in Costa Rica is predicted to increase by approximately 4°C (Hidalgo et al., 2013; Almazroui et al., 2021). However, this predicted increase is an estimated average value, meaning that the daily high temperatures experienced by the foragers during different times of the year could be well above that 4°C, especially because heatwaves are also increasing in intensity and frequency (Wu et al., 2023). Therefore, not only might the foragers reach their upper critical temperature in their functional environments sooner than predicted, but foragers likely experience sub-lethal thermal stress long before reaching their upper critical temperature.

For the thermal tolerance assays, we provided honey to reduce control mortality even though some studies suggest that providing sugar sources increases the thermal tolerance of individuals in some eusocial species (Macías-Macías et al., 2011; Bujan and Kaspari, 2017; Maia-Silva et al., 2021; but see: Oyen and Dillon, 2018; Gonzalez et al., 2022b). Aside from being a necessary step to reduce mortality in our assay, we believe that this methodology may mimic a more realistic scenario in which bees are able to seek out food and hydration to reduce the effects of extreme temperatures. Providing honey in these assays may result in overestimates of thermal tolerance (and, in turn, warming tolerance), however this still allows us to compare between worker subcastes within each colony. Additionally, the choice of ramping rate for this study was selected to be slow enough to detect intracolony differences and to mimic the rate of similar studies on bees while not being so slow to cause desiccation or starvation (Gonzalez et al., 2022b). Comparing thermal tolerance studies with different ramping rates and starting temperatures should be done with caution because a faster ramping rate has the potential to estimate a lower CTmin by 1.1 - 2.6°C and a higher CTmax by 5.3 - 6.9°C (Gonzalez et al., 2022b). Again, this may limit comparisons between this study and other studies but does not hinder our ability to compare subcastes within the colony.

The thermal stress experienced by foragers during peak temperatures at foraging sites may be driving other trends in forager activity. The foraging sites sampled, while few, showed forager activity to be shifted slightly earlier in the day when temperatures were less intense compared to the activity of the foragers leaving the nest (Figure 3). More specifically, when comparing the times of forager activity at the nest and temperature intensity, it also seems to indicate that the activity does not necessarily correspond and peak at the same time as the temperature (Figure 4). Activity at foraging sites peaked earlier in the day, with bees not as likely to return to foraging sites at similar temperatures in the afternoon. Based on these coupled time and temperature preferences, warming temperatures may cause foragers to continue shifting their times of activity to narrower windows of time earlier in the morning.

Future studies should be conducted investigating whether the driving factor of peak foraging activity is due to thermal preferences, flowering time, or interspecific dominance at the sites. This is often done by setting up forager bait traps on a gradient of thermal environments, however, attempts to attract T. angustula to honey bait traps at this site were previously unsuccessful (Breed et al., 1999). We only sampled three foraging sites in this study because although nests were dense, T. angustula foragers were sparsely observed across surveyed foraging sites. The lack of T. angustula at many surveyed foraging sites may be explained by foraging dominance of other bee species present at the dense patches of understory floral resources which are easier for researchers to find (Johnson and Hubbell, 1974; Nagamitsu and Inoue, 1997; Lichtenberg et al., 2011). Smaller bees, like T. angustula, are also known to more commonly forage on smaller, dispersed flowers (Johnson and Hubbell, 1974; Nagamitsu and Inoue, 1997; Lichtenberg et al., 2011). We were also not able to survey upper canopy foraging sites which, according to some studies in the Brazilian Atlantic forests, T. angustula more frequently visits than the understory (Ramalho, 2004; Bastos et al., 2020). However, research would need to be conducted to be certain about whether T. angustula also forages more often in the upper canopy in Costa Rica because this type of behavior could be dependent on seasonal resource availability and community composition affecting foraging dominance. If T. angustula foragers were more prevalent in the upper canopy than the understory at the site of this study, we would be underestimating the thermal risk experienced by the foragers because the canopy is warmer on average than the understory (Bujan et al., 2016).

Lastly, we acknowledge the limitations of some of the microclimate data recorded by the iButtons as we were limited in the number of days sampled at each site. However, this tropical region does not experience major climate fluctuations beyond the transition of the dry to the rainy season. This research occurred during the rainy season, so the microclimate data is more representative of that season. During the rainy season, the activity of bees can fluctuate more based on the amount of precipitation because they avoid flying when there is heavy rain. Because of this, sampling of activity and temperature data was restricted to days of regular activity with less precipitation. Also, the nest temperatures reported in this study recorded via iButton were used for both guard subcastes, however, it is worth noting that standing guards may also experience slight differences in their thermal environment from hovering guards due to conduction with the directly contacted resinous nest tube entrance. Similarly, the foragers experience temperatures that are warmer than ambient air when they make contact with superheated boundary layers of plants in sun patches (Kaspari et al., 2015).

The results of this study suggest that the predominantly small-bodied foragers of T. angustula are more physiologically adapted than soldiers to life in variable environments. However, while foraging, foragers also operate closer to their physiological limits. As such, it is likely that increasing environmental temperatures will affect the foragers before affecting the other worker subcastes that also spend time outside of the nest. We also report that foragers show signs of behavioral thermoregulation to buffer extreme thermal conditions by selecting amenable times of day to search for resources (Figures 3, 4). Foragers may also reduce how far they travel to forage when experiencing hotter temperatures, as shown in other stingless bee species (Souza-Junior et al., 2020). It is likely that many ectothermic animals will need to resort to behavioral adaptations in response to climate change rather than physiological adaptations because temperatures are changing faster than an organism could evolutionarily adapt (Sunday et al., 2014; Wong and Candolin, 2015). Among social insects, nest site selection is an important first step for passive nest thermoregulation (Jones and Oldroyd, 2006; Perez and Aron, 2020), but, in the case of rapidly changing temperatures, stingless bees are not capable of easily moving their nests nor can they move them great distances (Cronin et al., 2013). Therefore, most of the behavioral mitigation of thermal stress will likely come from changes in thermoregulatory behaviors.

Behavioral adaptations to mitigate thermal stress in anthropogenically warmed climates can reduce pollination efficiency which is of both conservation and agricultural concern (Wong and Candolin, 2015). Foragers shifting the times that they forage may also affect which flowers receive the most pollination which could affect composition of plant communities in the long-term (Scaven and Rafferty, 2013; Descamps et al., 2021). Here we used physiological data to assess which essential task was the most thermally limited, then focused in-depth on thermally relevant behaviors of that task group. We estimated the average tolerable window of foragers to be from 11.06°C to 42.80°C based on thermal tolerance data, however, behavioral data at foraging sites indicated a narrower preferred foraging range of 28.00°C to 39.78°C, with a bias towards foraging at these temperatures in the morning. The upper range of preferred foraging temperatures is much closer to the average forager’s CTmax than suggested by the warming tolerances. Were behavioral data to be excluded from this study, the result would be an underestimate of future sub-lethal effects of climate change. In this respect, when studying climate-change effects on populations, especially in social species, behavioral data should be interpreted together with physiological and microclimate data. Research lacking this information could inaccurately estimate species’ responses to change.
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