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Differences among groups in collective behavior may arise from responses that all group members share, or instead from differences in the distribution of individuals of particular types. We examined whether the collective regulation of foraging behavior in colonies of the desert red harvester ant (Pogonomyrmex barbatus) depends on individual differences among foragers. Foragers lose water while searching for seeds in hot, dry conditions, so colonies regulate foraging activity in response to humidity. In the summer, foraging activity begins in the early morning when humidity is high, and ends at midday when humidity is low. We investigated whether individual foragers within a colony differ in the decision whether to leave the nest on their next foraging trip as humidity decreases, by tracking the foraging trips of marked individuals. We found that individuals did not differ in response to current humidity. No ants were consistently more likely than others to stop foraging when humidity is low. Each day there is a skewed distribution of trip number: only a few individuals make many trips, but most individuals make few trips. We found that from one day to the next, individual foragers do not show any consistent tendency to make a similar number of trips. These results suggest that the differences among colonies in response to humidity, found in previous work, are due to behavioral responses to current humidity that all workers in a colony share, rather than to the distribution within a colony of foragers that differ in response.
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INTRODUCTION

Evolution shapes how organisms respond to changing conditions (West-Eberhard, 2003; Sultan, 2015). The evolution of behavioral response to changing conditions relies on plasticity in behavior, or behavioral reaction norms (Dingemanse et al., 2010; Réale and Dingemanse, 2010). The starting point for natural selection on behavior is the variation among individuals (Lott, 1991) or personality (Sih et al., 2015; Loftus et al., 2020) that leads to variation in developmental trajectories and in responses to environmental fluctuations (Ratikainen and Kokko, 2019).

A fundamental question throughout biology is how much differences among components contribute to the phenotypic plasticity of a natural system. For example, how do changes in the function of cells during development depend on inherent differences among cells or on interactions among cells (Haraway, 1976; O’Brien and Bilder, 2013)? How does neural function arise from particular specialized neurons or from networks that assign neurons temporary roles (Anderson, 2010)? In general, how does the function of a biological system depend on the performance of inherently different component types or on context-dependent responses of equivalent components?

Understanding the evolution of collective behavior raises these questions about how variation contributes to plasticity. Collective response to fluctuation in environmental conditions varies among groups (Wray et al., 2011; Bengston and Jandt, 2014), for example, in colonies of harvester ants (Gordon et al., 2011), pods of dolphins (Lewis and Schroeder, 2003; Mann et al., 2012), and packs of African wild dogs (Creel and Creel, 1995) and wolves (Cassidy et al., 2015). Natural selection may shape differences in the distribution of particular types within a group, or instead differences in how all group members engage in collective behavior (Loftus et al., 2020). For example, the relations that determine access to resources may depend on persistent differences among individuals, or instead shift as conditions change (Chase et al., 2002; Desjardins et al., 2012).

The study of social insects has been dominated by this question: is variation among colonies explained by differences in the distribution of particular types of individuals within a colony, or by differences shared by all members of each colony? These two views represent the extremes of a gradient (Gordon, 2016). One view, associated with the idea of division of labor, is that specialized individuals carry out particular functions independently, and colonies differ in the distribution of particular types of individuals. The other view, associated with the idea of task allocation, is that equivalent individuals are allocated to different functions through interactions with each other and changing conditions.

Social insect colonies vary in collective behavior (Gordon et al., 2011; Jeanson and Weidenmüller, 2014; Bockoven et al., 2015). Variation among colonies is the starting point for natural selection, because social insect colonies function as reproductive individuals (Jandt and Gordon, 2016). If colony behavior is due to the distribution of individuals performing particular behavior, then the important variation among colonies, on which selection acts, is in this distribution (Oster and Wilson, 1978). By contrast, when colony behavior operates as a distributed process, based on the responses of equivalent individuals to interactions, then the important variation among colonies, on which selection acts, is in these responses, shared by colony members (Gordon, 2013).

Here we consider how the foraging behavior of colonies of the red harvester ant (Pogonomyrmex barbatus) depends on behavioral differences among individual foragers in response to humidity. Colonies must spend water to get water, because ants lose water to evaporation when searching for seeds, but gain water by metabolizing the fats from the seeds they eat (Lighton and Feener, 1989). Thus, colonies regulate foraging activity in response to the tradeoff between losing water to evaporation and obtaining food and water.

A colony’s foraging activity changes over the course of the morning activity period (Gordon, 1984). In the summer, foraging activity begins in the early morning when humidity outside the nest is high, and ends at midday when humidity is low, while humidity and temperature are constant inside the nest (Pagliara et al., 2018). Foraging activity also varies from day to day (Gordon et al., 2008), depending on humidity, as well as other factors (Gordon et al., 2013; Pagliara et al., 2018). Further, colonies differ in how they regulate foraging in response to changes in humidity (Gordon et al., 2011, 2013): some colonies reduce foraging more in dry conditions, while others continue to forage despite low humidity (Gordon, 2013). Such colony differences persist from year to year, although workers live only a year (Gordon, 1991; Gordon et al., 2011), and are associated with colony differences in dopamine neurophysiology and differences in sensitivity to water loss through evaporation (Friedman et al., 2018, 2019, 2020). The colonies that sacrifice food intake to conserve water, by restricting foraging activity that entails evaporative water loss, show higher reproductive success in offspring colonies (Gordon, 2013).

To learn how differences among workers contribute to a colony’s regulation of foraging activity, we examined differences among marked individuals in foraging behavior. A forager goes out on its first trip each morning in response to olfactory encounters with returning patrollers (Greene and Gordon, 2003). After that, each forager may make many successive trips during the day (Beverly et al., 2009). A forager is stimulated to leave the nest on its next trip by an olfactory encounter with returning foragers with food, in which it responds to the odors of both the cuticular hydrocarbon profile of foragers and the food they carry (Greene et al., 2013; Pinter-Wollman et al., 2013; Pless et al., 2015; Davidson et al., 2016). Each forager travels away from the nest with a stream of other foragers, then leaves the trail to search for seeds, and almost always continues to search until it finds a seed. Once the forager finds a seed, it returns immediately to the nest, so the duration of a foraging trip depends on search time (Gordon, 1991; Beverly et al., 2009). Seeds are scattered and often buried, not patchy, so a forager does not have cues that indicate food abundance. However, the rate of forager return that an outgoing forager experiences inside the nest is associated with overall food availability: the higher the food availability, the shorter the search time, and the higher the rate of forager return (Beverly et al., 2009).

The strong association among foraging activity, worker sensitivity to water loss (Friedman et al., 2019), and current humidity (e.g., Gordon et al., 2013), all indicate that an outgoing forager’s response to its encounters with returning foragers, and its decision to leave the nest on its next trip, depend on the humidity conditions it experienced on previous trips outside the nest (Pagliara et al., 2018).

Here we examine whether foragers within a colony differ in how their decision to leave the nest on the next trip is influenced by the current humidity, in addition to their rate of encounter with returning foragers with food. We considered two alternatives. One is that particular individuals are less likely than others to leave the nest on their next trip when humidity is low. In this case, the higher the proportion of foragers that do not leave the nest in low humidity, the more likely would be the colony to reduce foraging in dry conditions. The ecologically important differences among colonies in response to humidity would be due to differences in this distribution. The other alternative is that individuals within colonies do not differ in response to humidity. In this case, the ecologically important differences among colonies in the regulation of foraging activity in response to humidity arise from responses to conditions that are shared among foragers. To distinguish these alternatives, we compared the responses of marked individuals to decreasing humidity in the course of the morning activity period, and asked whether particular foragers are more likely than others to stop leaving the nest on their next trip when humidity is low.



MATERIALS AND METHODS


Data Collection


Foraging Behavior

We observed foraging activity in four colonies (Colony ID: 859, 1107, 1242, and 1368) of the red harvester ant (P. barbatus) under natural conditions at the site of a long-term study near Rodeo, New Mexico, United States. Two colonies (Colony ID: 859 and 1107) were observed in August 2017, and two (Colony ID: 1242 and 1368) in August 2018. The colonies were all at least four years old (Colony ID [age in years]: 859 [19], 1107 [12], 1242 [8], 1368 [4]). Observations began early in the day when humidity was high (70–90%), and continued throughout the morning foraging period as humidity declined. Observations usually continued until both humidity and foraging activity declined (Figure 1). However, on August 20 and 21, 2017, the humidity declined less and eventually leveled off through midday (Figures 1A–D), and observations ended without a sharp decline in humidity.
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FIGURE 1. Foraging rate and humidity. Smoothed outgoing foraging rates for all ants are shown in light blue. Relative humidity is shown in dark blue. Each row of two panels shows the data for Days 1 and 2 for one colony: (A) Colony 859, August 20, 2017; (B) Colony 859, August 21, 2017; (C) Colony 1107, August 20, 2017; (D) Colony 1107, August 21, 2017; (E) Colony 1242, August 22, 2018; (F) Colony 1242, August 23, 2018; (G) Colony 1368, August 24, 2018; (H) Colony 1368, August 25, 2018.


In each of the four colonies of P. barbatus, we collected about 200 foragers on the foraging trail and marked each one with a unique combination of three colors on the head, thorax and abdomen using Uni-Paint markers, as in Beverly et al. (2009). This marking method does not affect the subsequent foraging behavior (Brown and Gordon, 1997). The marked foragers were returned to their nests the same afternoon, and observed on the mornings of the following two days. Observations began at about 7:00 a.m. or after the first wave of foragers had returned from their first trip so that there were ants both leaving and returning to the nest (Figure 1). We chose to observe the same ants on two consecutive days because previous work with marked ants (e.g., Gordon, 1989) showed that the paint can be removed within 2–3 days, for example peeled off by one ant as it grooms another. We chose colonies that did not show any apparent reduction of foraging activity on dry days, using preliminary counts of foraging activity as in Gordon (2013). To make it possible to count all foraging trips by all ants, we chose colonies that consistently used only one main foraging trail. The numbers of foraging trips recorded for marked and unmarked workers are shown in Table 1.


TABLE 1. The numbers of recorded forager trips for marked and unmarked ants.
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To measure overall foraging rates, observers noted the time and direction of each forager on the trail crossing an imaginary line perpendicular to the trail, marked with rocks on either side of the trail, about 1 m from the edge of the nest mound. To estimate instantaneous outgoing foraging rates from these counts, in units of ants/sec, for each colony and day of observation, we used a sliding window filter, as in Pagliara et al. (2018).

To track the foraging trips of marked ants, one or more observers called out the color marks identifying each marked forager returning to or leaving the nest, crossing the indicated line across the trail, while another observer recorded the time on a tablet. We counted a complete foraging trip for a particular ant when it was observed both traveling out from and returning to the nest (Table 1). In analyzing the data, we considered only the trips for which we had the time at which the forager left and returned to the nest. When an ant had been seen twice leaving the nest, we deleted the first of the two observations, assuming that an intervening return to the nest had been missed. When an ant had been seen twice returning to the nest, we deleted the second of the two observations, assuming that an intervening departure had been missed. For further analysis we used only data from complete round trips.



Humidity

Previous work at the study site using measurements inside and outside of nests showed that humidity inside the nest in the entrance chamber, where foragers decide whether to leave the nest, is remarkably constant throughout the day, and similar among colonies (Pagliara et al., 2018). Thus, we examined how a forager’s decision to leave depends on recent humidity conditions experienced outside the nest on the previous trip or trips, rather than the current conditions inside the nest which do not change in the course of the day.

Data on relative humidity at 5-min intervals were obtained from the Citizen Weather Observer Program at station E8703 and accessed through Weather Underground.1 The station is located in Rodeo, New Mexico, United States, about 1.7 miles from the study site, and previous work indicates that humidity measures at the site on the ground correspond to those obtained from this station (Pagliara et al., 2018). Relative humidity declined during the morning foraging activity period, ranging from 90 to 45% (Figure 1). For each recorded foraging trip of each marked worker, we found the average humidity over all 5-min intervals during the trip as in Pagliara et al. (2018).




Statistical Analyses

We performed all statistical analyses for each colony and day of observation (i.e., colony-day) separately, because the range of relative humidity values differs from day to day. Other work in progress suggests that colonies respond to relative, not absolute, changes in humidity from day to day. All statistical analyses were conducted using R version 3.5.1 (R Core Team, 2018).


Comparison of Marked Ants and All Foragers

We first tested whether the marked foragers, a subset of all foragers, are representative of the response to humidity of all foragers, in each colony for each of the two days of observation. For each colony-day, we compared the distributions of the outgoing foraging rate as a function of humidity in all ants including the marked ants, and in the marked ants only, using a Kolmogorov-Smirnov test. This is a non-parametric test that assesses the null hypothesis that the two samples, all observed foragers and marked foragers, originate from the same population of foragers.



Comparison of Trip Numbers of Marked Ants

First, to confirm that in the days we performed this study, as in previous studies (e.g., Gordon et al., 2013), ants tend to stop foraging when humidity is low, we performed a Poisson regression of the total number of trips per ant on the humidity during its final trip of the day, when humidity is low. If a forager tends to perform its last trip when humidity is low, then the regression will have a significantly negative slope. If not, the slope will be positive or flat. We used the total number of trips as a measure of the number of times a forager decides to leave the nest on another trip. We used this measure to focus on how forager decisions to leave the nest depend on current humidity conditions. We did not evaluate total time spent foraging outside the nest because this does not reflect the number of foraging trips. An ant tends to stay outside until it finds food, so trip duration depends on search time (Beverly et al., 2009), and variation among ants in total time foraging outside the nest is strongly influenced by variation in food availability at the places they search.

For the regression, we used a generalized linear model (GLM): log(Total Number of Trips) ∼ slope × Relative Humidity on Last Trip + intercept, where the response variable (i.e., total number of trips) represents non-negative count data that can be approximated by a Poisson distribution. We fitted the Poisson GLM model using the stats package in R. We checked for overdispersion using the AER package. Regressions were performed for each of the 8 colony-days. We performed analyses for each colony and day using separate models, because both humidity and foraging activity differ strongly from day to day (Gordon et al., 2008).

Next, to address the question whether individuals differ in response to humidity, we compared the number of trips made by a forager on Day 1 to the number of trips it made on Day 2. If certain individuals are more sensitive to low humidity than others, and thus likely to stop foraging earlier in the day, those individuals would tend to make fewer trips each day. We used number of trips rather than the value of humidity because response to humidity changes from day to day (Gordon et al., 2008, 2013). Previous work and recent work in progress suggest that colony response to humidity depends on changes in humidity over the past days and weeks rather than on the absolute value of relative humidity. Trip number within a day reflects forager response to the change in conditions on that day.

We tested whether certain individuals tend to make more trips by asking whether a given individual made the same number of trips on both days of observation. To do this, we treated as independent the number of foraging trips for each of the two days of observation of a given colony. For each of the four colonies, we compared the number of trips made by each ant that went out on both days, using a non-parametric Friedman test (Daniel, 1990). This test yields non-significant results if the number of trips overall is the same from day to day. This could occur either when most individual ants consistently make a similar number of trips from one day to the next, or when the number of trips increases for some ants and decreases for others. To distinguish these two possibilities, we further asked whether individual ants tend to make the same number of foraging trips from one day to the next, by examining the coefficient of correlation from day to day in number of trips.



Comparison of Humidity on Last Trip of the Day of Marked Ants

Next, we asked whether there is a significant tendency for some ants to forage at lower humidity than other ants, using a permutation test (Curran-Everett, 2012) that compared the observed values of the humidity at which ants made their last trips on Days 1 and 2 with a null distribution, which was obtained by randomly permuting the humidity values associated with the ants’ last trips. This tests the null hypothesis that ants are similar in the humidity level at which they stop foraging. We performed this permutation test for each of the four colonies observed. In each colony, we considered only the behavior of those foragers that were observed foraging on both days of observation.

For each colony, and for each ant, we found the average of the humidity on its last trip over the two days. We then found the maximum of these average values, i.e., the value associated with the ant that stopped foraging at the highest average humidity value for each colony. This maximum value of average humidity was our test statistic. We then calculated the distribution of possible values for this statistic under the null hypothesis that ants are similar in the humidity level at which they stop foraging. To obtain the null distribution, we permuted the Days 1 and 2 humidity values associated with last trip of each ant, calculated the new averages for each ant, and obtained the maximum of these averages, and repeated this procedure 10,000 times. We then compared the observed maximum average humidity with the null distribution. The more likely an ant is to stop foraging when humidity is low, the lower its average. Of the 10,000 values in the null distribution, we counted how many were equally or more extreme than the observed value for each colony. The P-value was calculated as the proportion of times the values were equally or more extreme than the observed value (Curran-Everett, 2012).





RESULTS


Marked Ant Foraging Activity Similar to That of All Foragers

The relation of foraging activity and humidity in the marked ants was similar to that of the rest of the foragers (Figure 2 and Table 2). Marked ants made 2.5–7.4% and 1.9–5.1% of all outgoing and returning trips recorded, respectively. For all 8 colony-days of observation, there was no significant difference between the marked foragers and all foragers, marked and unmarked, in the distribution of outgoing foragers per minute as a function of humidity (Kolmogorov-Smirnov test P-values > 0.1; Table 2).
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FIGURE 2. Distributions of outgoing foraging rate as a function of relative humidity. Data for all ants are shown in solid blue, for marked ants in red. The distribution of foraging rate (i.e., the number of outgoing foragers per minute) in response to humidity for marked foragers is similar to that of all foragers (Table 2). Each row of two panels shows the data for Days 1 and 2 for one colony: (A) Colony 859, August 20, 2017; (B) Colony 859, August 21, 2017; (C) Colony 1107, August 20, 2017; (D) Colony 1107, August 21, 2017; (E) Colony 1242, August 22, 2018; (F) Colony 1242, August 23, 2018; (G) Colony 1368, August 24, 2018; (H) Colony 1368, August 25, 2018.



TABLE 2. Results from two-sample Kolmogorov-Smirnov tests, comparing the distributions of marked ants and of all ants of outgoing foragers per minute as a function of humidity (Figure 2).
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Individual Foragers Do Not Consistently Make the Same Number of Trips From Day to Day

Individual foragers do not tend to make the same number of trips from one day to the next (Figure 3); particular ants do not tend to continue foraging even when humidity is low. Instead, as previously observed (e.g., Gordon et al., 2013), ants tend to stop foraging as humidity declines. While humidity differed from day to day (Figure 1), all regressions of number of trips against relative humidity on the forager’s last trip had a significantly negative slope (P < 0.01; Table 3 and Figure 4), confirming that the more foraging trips an ant makes, the lower the humidity on its last trip.
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FIGURE 3. Frequency distribution of number of foraging trips on two consecutive days in colonies 859 (A), 1107 (B), 1242 (C), and 1368 (D). Dark green bars represent Day 1; light green bars represent Day 2.



TABLE 3. The slope coefficients of Poisson regression of total trip number per ant on relative humidity are significantly negative (95% confidence intervals provided in parentheses).
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FIGURE 4. Total number of trips made by each ant as a function of the humidity on its last trip. The dark green line shows the result of the Poisson regression model: log(No. of Trips) ∼ slope × Relative Humidity on Last Trip + intercept (coefficient values in Table 3). Each row of two panels shows the data in light green for Day 1 and Day 2 for one colony: (A) Colony 859, August 20, 2017; (B) Colony 859, August 21, 2017; (C) Colony 1107, August 20, 2017; (D) Colony 1107, August 21, 2017; (E) Colony 1242, August 22, 2018; (F) Colony 1242, August 23, 2018; (G) Colony 1368, August 24, 2018; (H) Colony 1368, August 25, 2018.


There was no evidence for day-to-day similarity in the number of trips a forager made; the results of the Friedman tests were not significant for any colony (Colony ID, P-value: 859, P = 0.22; 1107, P = 0.08; 1242, P = 0.08; 1368, P = 0.18). The correlation coefficients indicate no relationship between the number of foraging trips from one day to the next (Figure 5). The correlation coefficients were 0.13, 0.16, 0.28, and 0.26 for colonies 859, 1107, 1242, and 1368, respectively. Thus, the points on the tail of the distributions shown in Figure 3 do not necessarily represent the same ants on both days.
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FIGURE 5. Number of foraging trips on Day 1 by number of trips on Day 2 for colonies (A) 859, (B) 1107, (C) 1242, and (D) 1368 (correlation coefficients 0.13, 0.16, 0.28, and 0.26, respectively). Each dot represents a forager. The black line is the y = x line representing a model yielding a correlation coefficient of one.




Individual Foragers Within a Colony Show Similar Response to Humidity

There were no differences among individual ants in the humidity level at which they chose to stop foraging. No ants were more likely than others to stop foraging when humidity is low. The results of the permutation tests were not statistically significant for any of the four colonies (Colony ID, P-value: 859, P = 0.77; 1107, P = 0.42; 1242, P = 0.32; 1368, P = 0.13), supporting the null hypothesis that workers within a colony are similar in the humidity level at which they stop foraging.




DISCUSSION

Colony response to changing humidity is not due to the responses of particularly sensitive individuals that tend to stop foraging when humidity is low, or particularly impervious individuals that tend to continue despite low humidity. There were no consistent day-to-day trends in the number of trips made by about 100 individual foragers in each of four colonies as humidity declines (Figure 3). Instead, when humidity drops, all foragers are less likely to leave the nest on their next trip (Figure 4). This leads to the observed overall decrease in foraging activity in the course of each morning activity period as temperature rises and humidity decreases. Further work is needed to learn how forager decisions about when conditions are too dry to forage may shift with individual experience and colony food supply.

These results are consistent with previous work. One study showed no significant correlation from day to day in the time an individual first leaves the nest (Gordon et al., 2008), and our study shows no such correlation in the total number of trips per day. In another study, we removed on Day 2 the foragers that had made the most trips on Day 1, and found there was no change in the distribution of foraging trips, indicating that a different set of ants were likely to make many trips on Day 2 (Beverly et al., 2009).

Further work is needed to learn how foragers integrate both the rate of encounter with returning foragers, and their assessment of the current risk of water loss. Because humidity inside the nest stays constant while it declines outside (Pagliara et al., 2018), it seems likely that forager response to humidity (Figure 4) is influenced by the conditions it encountered on its previous trip outside the nest (Pagliara et al., 2018). A forager’s decision to leave the nest depends on its olfactory encounters with returning foragers (e.g., Pinter-Wollman et al., 2013), which is a cue to food availability. A forager’s response to these encounters with returning foragers, mediated by its assessment of current humidity conditions, is related to its sensitivity to water loss (Friedman et al., 2019) and the neurophysiology of biogenic amines such as dopamine (Friedman et al., 2018). To learn how these factors combine, a first step would be to examine encounters inside the nest at a range of humidity conditions.

In some ant species, genetic diversity is associated with colony performance of particular tasks (Wiernasz et al., 2008; Saar et al., 2018). Overall genetic diversity may correspond to variation among individuals in task performance, as has been demonstrated in some species (Snyder, 1992; Waddington et al., 2010). However, the results here suggest that by contrast, ecologically important differences among colonies in foraging activity do not arise from differences among individuals within colonies. Instead, our results suggest that the day-to-day differences among colonies in response to changing humidity are due to neurophysiological processes that differ among all workers in a colony (Friedman et al., 2020). The raw material for natural selection on the regulation of foraging in response to humidity (Gordon, 2013) appears to be differences among colonies in behavior common to all workers, rather than variation among colonies in the diversity, range, or distribution of types of workers within a colony.

It is an open question how much of the variation among ant colonies that is ecologically important, and shaped by natural selection, is the result of variation in the distribution of individuals of different types within colonies. Some studies show that colony differences do not depend on differences in distribution of types (e.g., Beshers and Traniello, 1996; Pinter-Wollman et al., 2012). For example, allocation of workers to foraging or brood care in Pogonomyrmex californicus (Holbrook et al., 2011), and Rhytidoponera metallica (Thomas and Elgar, 2003), both depend on colony size, not which type of individuals are present.

There is much to learn, for all animal groups, about how collective behavior depends on variation among individuals. In some social groups, the distribution of individuals showing particular behavior is important; for example, the distribution of age and gender of wolf pack members (Cassidy et al., 2015) is crucial in interactions between groups or packs. By contrast, in other social groups, behavior common to all group members leads to differences among groups, for example in the foraging behavior of pods of bottlenose dolphins (Lewis and Schroeder, 2003; Mann and Sargeant, 2003; Mann et al., 2012).

Our results here suggest that responses common to all foragers within a colony lead to variation among red harvester ant colonies in the regulation of foraging activity. To understand the evolution of collective behavior, we need to learn how much of the ecologically important differences among groups arise from differences in the groups in the distribution of particular types or from differences between one group and another that all group members share.
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Degrees of freedom for the residual deviance is denoted by df. The Poisson model
was log(No. of Trips) ~ slope x Relative Humidity on Last Trip + intercept.
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The number of marked ants is the number of unique individuals observed on that day.





