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Efficient Allocation of Labor Maximizes Brood Development and Explains Why Intermediate-Sized Groups Perform Best During Colony-Founding in the Ant, Pogonomyrmex californicus
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Cooperation in nature is usually between relatives, but unrelated individuals can also cooperate, requiring significant benefits to outweigh the costs of helping non-kin. Unrelated queens of the ant, Pogonomyrmex californicus, work together to found a new colony, a phenomenon known as pleometrosis. While previous studies have shown that pleometrosis improves queen survival and worker production, little is known of the behavioral interactions within nests that explain these advantages. We aimed to determine how the optimal group size for a small, simple social group is related to group productivity and the organization of work. Collecting queens from a known pleometrotic population, we established nests with either one, three, six, or nine foundresses and observed the resulting nascent colonies for 50 days. We found that queens in social founding groups survived longer and had higher productivity. While all social groups were equally successful in producing workers, intermediate-sized groups were most successful in terms of per capita production. Inactivity increased with group size. In addition, the proportion of essential colony growth tasks performed (such as foraging and brood care) was lowest in both solitary-founded groups and in groups of nine queens. As a result, intermediate sized groups outperformed both solitary queens and groups of nine in the efficiency with which they converted eggs into workers. These results emphasize the benefits of cooperation and the ways in which group size can influence fitness and the allocation of labor in social groups.
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INTRODUCTION

A central question in social biology is that of why groups form. Group membership should ultimately enhance an individual’s inclusive fitness. However, cooperation introduces costs. By contributing to the group, individual members may sacrifice some “market share” of direct fitness. In many contexts, these costs can be offset by indirect gains, particularly in groups with significant relatedness. The question of group formation becomes particularly interesting, however, when cooperators are not relatives (Dugatkin, 2002; Clutton-Brock, 2009; Taborsky et al., 2016). In such cases, indirect fitness moves toward zero, and direct fitness becomes the primary focus of selection.

The fitness costs and benefits of cooperation are also tied to group size (Dornhaus et al., 2012). Animal societies range widely in size, with important effects on survival and reproduction. For example, social grouping can influence thermoregulation (Cook and Breed, 2013). For animals that hunt in groups, optimum group size must balance the benefit of collective prey capture with the cost of more mouths to feed (Caraco and Wolf, 1975; Yip et al., 2008). Resource defense and interspecific competition can also be important factors shaping the optimum group size (Adams and Tschinkel, 1995). Group size can also limit the benefits of cooperation, for example in increased vulnerability to predators or pathogens (Côté and Poulinb, 1995). Thus, natural selection may ultimately act to “tune” social organisms toward an optimum group size and associated fitness-maximizing behaviors (Avilés and Tufino, 1998; Yip et al., 2008).

Cooperative nest founding among unrelated ant queens is a useful context to study the interplay between group size and individual fitness, because queens of some populations form small cooperative groups that are readily studied (Hölldobler and Wilson, 1977; Strassmann, 1989). In many species of social insect, independently founding reproductives can form cooperative associations. Known as pleometrosis, this phenomenon has been documented in ants (Sommer and Hoelldobler, 1995; Choe and Crespi, 1997; Bernasconi and Strassmann, 1999; Johnson, 2004; Izzo et al., 2009; Offenberg et al., 2012; Eriksson et al., 2019), bees (Schwarz et al., 1998), wasps (Rau, 1931; Itô, 1986), termites (Hacker et al., 2005; Chiu et al., 2017), mites (Saito, 2009), aphids (Miller<suffix>III</suffix>, 1998a; Miller, 1998b; Michaud and Belliure, 2000), and thrips (Crespi et al., 1997; Gilbert and Simpson, 2013). When cooperation persists throughout the life of the colony, it is called primary polygyny—as in the case described in this paper (Ostwald et al., 2021).

A number of benefits from pleometrosis have been found in ants, including: (1) decreased foundress mortality (Waloff, 1957; Tibbetts, 2003; Johnson, 2004), (2) earlier production of workers, (3) larger nascent colony size, which may be of benefit in interspecific competition or against predators (Gamboa, 1978; Bartz and Hölldobler, 1982; Tschinkel and Howard, 1983; Thorne, 1984; Rissing and Pollock, 1987; Adams and Tschinkel, 1995; Jerome et al., 1998; Tierney et al., 2000), (4) protection from predators and parasites during brood development (Abrams and Eickwort, 1981; Soucy and Giray, 2003), (5) and in intraspecific competition (Izzo et al., 2009). However, cooperative colony foundation can be costly for the same reasons as outlined for other social groups, including loss of reproductive opportunities and pathogen and parasite transmission risks (Cahan and Julian, 1999). In spite of these challenges, pleometrosis has evolved frequently in ants and other taxa.

In several species of pleometrotic ants, the success is not a simple multiple of the number of queens, but instead peaks at foundress numbers between 4 and 7 (Bartz and Hölldobler, 1982; Tschinkel and Howard, 1983). While these studies showed that mid-sized foundress groups have a survival and production advantage, the exact behavioral causes of this phenomenon remain to be investigated.

The seed harvester ant, Pogonomyrmex californicus, is haplometrotic (single queen founding) through much of its range. However, several populations of pleometrotic colony foundation have been identified (Johnson, 2004). Although P. californicus has become a model system for questions surrounding the evolution of cooperation and division of labor (Cahan and Julian, 1999; Jeanson and Fewell, 2008; Waters et al., 2010; Dolezal et al., 2012; Clark and Fewell, 2014), the majority of studies of P. californicus have focused on foundress pairs. Field studies indicate that the number of nest foundresses and stable matrilines in mature colonies tends to an average of four per nest (Overson et al., 2014, 2016). In spite of the artificial conditions of these previous studies (which utilized ant farms and/or buckets of dirt as a nesting substrate), fitness effects of different group sizes and pairing combinations have often been demonstrated. For colonies in a natural setting, most of the life of the queens takes place in the confines of small nests (besides foraging)—making the ant farm method a reasonable proxy for early colony life.

Using ants from the same population described by Overson et al. (2014, 2016), we created groups of foundresses ranging in size from 1 to 9 queens and observed them for 50 days in ant farms. Our study posed a set of three related questions: (i) How does group size influence foundress survival? (ii) Does foundress number influence nest productivity? (iii) How does foundress number influence individual activity levels and task performance? By answering these questions, we explore the behavioral factors contributing to group success or failure across group sizes below and above the mean field number. We also examine the regulatory mechanisms, in terms of behavior and allocation of labor, that underlie the success of pleometrotic foundress groups.



MATERIALS AND METHODS

We collected newly mated Pogonomyrmex californicus foundresses from the Pine Valley area in San Diego, California (32.821 N, 116.529 W) between July 2 and 4, 2009. This population is known to be pleometrotic (Rissing et al., 2000; Cahan and Fewell, 2004; Johnson, 2004; Overson et al., 2016). Queens were collected from the ground after they had removed their wings but before they began to excavate nests.

In the lab, we weighed individual foundresses and assigned each one to a group of one, three, six or nine queens by haphazard selection. After group assignment, each queen was paint-marked on the abdomen for individual identification and then placed into observation nests. We created 30 nests per treatment for a total of 120 nests and 570 foundresses.

Observation nests were composed of two 15 × 20 cm glass plates (2 mm thick) separated by 3.5 mm thick plastic siding on all four sides. The top piece of siding acted as a lid to slow down soil drying and prevent ant escapes. We filled nests with sifted soil from the foundress retrieval site. Nests were soaked before use by submersing the bottom in water until the soil was evenly moist. Initial moisture levels were high enough that regular watering was not necessary; those nests that became dry over the course of the experiment were provided with additional moisture at day 35 by watering above the nest surface. Food for each nest was provided (approximately 3 Kentucky bluegrass seeds per foundress) every 3 days. The laboratory was maintained at a constant 30°C throughout the experiment, with natural summer day/night light cycles. The foundresses excavated tunnels that spanned the entire width of the ant farm, such that ants and brood were always visible. Brood counts were performed by temporarily laying the ant farm flat on a table and observing with a binocular microscope, with bright light provided by a 150-Watt halogen fiber optic light source.

We began behavioral observations at 8:00 a.m. on July 6, the day following nest creation. Over Days 1–4, nests were observed approximately five times per day with scan sampling to note task performance and locations for each foundress. From Days 5 to 50, the behavior of each queen was monitored and recorded once per day. To monitor task performance and social interactions, we recorded each behavior performed. Table 1 shows the full list of behaviors that were recorded, along with their definitions and classification with regards to whether or not each behavior was considered as contributing toward “colony growth work.”


TABLE 1. A summary of ant queen behaviors recorded during 50 days of observation.
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Nests were monitored for queen and nest survival each day throughout the experiment. A nest was considered alive if at least one living queen remained. Only two instances of aggression (biting) were documented between foundresses: one event in a group of three and another event in a group of nine. Neither event resulted in mortality. Production of eggs, larvae, and pupae was tracked for each nest every 3 days, starting at Day 3. The date of first worker eclosion for each nest was also recorded, and following worker eclosion, the number of workers also counted following the 3-day schedule. In measuring brood production, we aimed to quantify not only the overall output of brood per nest, but also brood production per starting foundress. In addition, we calculated brood conversion efficiency by dividing the number of eggs (or other brood items) at a given stage (eggs, larvae, pupae) by the subsequent number of individual items produced at later stages (larvae, pupae, new workers). Conversion efficiencies were calculated at each developmental transition (eggs to larvae, larvae to pupae, and pupae to worker) to pinpoint the precise timing of the success or failure (developmentally speaking) of nascent colonies. Finally, the overall egg-to-worker conversion efficiency was calculated.

We classified behaviors as active (any identifiable nest task or motion) or inactive (motionless and not engaged in any interaction with a nestmate) (Table 1). To characterize work directed toward nest construction and colony growth, we measured incidents of the following tasks: tunneling, excavating, foraging, and tending brood. Although likely relevant to colony function, walking, self-grooming, inactivity, and biting were excluded from the task analysis. We first considered the total number of growth tasks performed per nest, summed over the 50 days of observation. Then, to obtain an index of how many colony growth tasks each individual queen performed while alive, the total colony growth tasks performed by each ant was divided by the number of days the ant was present/alive (“ant days”). To get a picture of how each queen’s overall activity budget depended on nest context, the proportional activity of each queen was found by dividing the total of that category by the total number of observations across the following five categories: walking, digging, foraging, brood care, and inactivity. In social groups, these proportions were averaged in each nest. Finally, each proportion was averaged across all 30 replicates to compare the typical activity budgets for groups of one, three, six, and nine foundresses.

To obtain a measure of fitness that takes into account both per capita production and survival (Shen et al., 2017), we calculated the product of per capita worker production at day 50 and the proportion of foundresses surviving to day 50.


Statistical Analysis

To assess differences in mortality we performed a Log Rank Mantel-Cox survival analysis on foundresses. The same method was used to examine nest survival. The timing of brood emergence was compared across treatments with Kruskal-Wallis tests. These analyses were performed with IBM SPSS Statistics for Macintosh, Version 25.

For comparisons of count data (numbers of brood, workers, queens, and behavioral acts), we fit generalized linear models using R version 4.0.3. To compare brood conversion rates (e.g., workers produced per egg), we used the counts of the earlier brood stage as an offset in the regression model. Similarly, to analyze per capita worker and brood production, we used foundress number as an offset. For activity rates, we used the total number of ant-days in each nest as an offset. Ant-days were calculated by summing the number of days each foundress was present in the nest (i.e., the number of days until she died or escaped). For most of these analyses, we used negative binomial regression, because Poisson regression models fit poorly due to overdispersion. Post hoc pairwise comparisons among groups were evaluated with Z-tests after Holm-Bonferroni correction of p-values to avoid alpha inflation.

To test for differences among foundress group sizes in the overall fitness metric (the product of survival and worker production), we fit a linear model in R. Adherence to the normality and equal variance assumptions of linear models was confirmed by inspecting residual plot and a normal probability plot of the model residuals.




RESULTS


Influence of Group Size on Foundress Survival Probability

Single foundresses experienced much higher mortality rates than did foundresses in groups of any size (Log Rank Mantel-Cox: χ2 = 85.3; df = 3; p < 0.001; Figure 1). Mean survival time for solitary foundresses was 15.8 ± 1.2 days, with none surviving past day 33. In contrast, mortality rates were similar across all social group sizes (Log Rank Mantel-Cox: χ2 = 4.3; df = 2; p = 0.117; Figure 1). Mean survival times in groups of three, six, and nine were 36.6 ± 1.9 days, 38.1 ± 1.3 days, and 39.5 ± 1.0 days, respectively.
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FIGURE 1. Survival rates for queens in foundress groups established with 1, 3, 6, or 9 queens. Solitary queens had significantly lower survival rates compared to queens in groups (Log Rank Mantel-Cox, chi-square = 85.286, df = 3, P < 0.001). However, individual survival rates did not differ across groups that contained 3, 6, or 9 queens (Log Rank Mantel-Cox, chi-square = 4.291, df = 2, P = 0.117).


Nest survival patterns mirrored those for individuals: solitary foundresses had significantly shorter survival times than nests founded by three, six, or nine queens (Log Rank Mantel-Cox: χ2 = 133.2; df = 3; p < 0.001). Social groups were similar to one another in nest survival (Log Rank Mantel-Cox: χ2 = 0.6; df = 2; p = 0.733).

By the conclusion of the study at day 50, single queens had suffered 100% mortality, but most nests in social treatments still had survivors. Among the social groups, foundress number significantly affected the number of survivors (Negative binomial regression: χ2 8.87; df = 2; p = 0.012). For three-queen groups, the 95% confidence interval for mean number of survivors was 1.1–2.5. For six- and nine-queen groups, the confidence intervals were 1.1–3.4 and 1.3–3.8, respectively. The mean was significantly less for groups of three than for groups of six (Z-test: p = 0.015) or nine (Z-test: p = 0.003). Groups of six and nine were similar to each other (Z-test: p = 0.59).



Influence of Group Size on Brood Production and Efficiency of Worker Production

Group size did not influence the timing of development; all treatments were similar in the number of days necessary for egg production and the time required to transition to larvae, pupae, and workers (Figure 2). Production of eggs peaked at day 9, larvae at day 19, pupae at day 34, and workers at the end of the experiment (Figure 2). Averages (± SE) for peak values are provided in Table 2 and per-capita brood production at each peak are provided in Table 3.
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FIGURE 2. Mean brood development trajectories over the 50-day experiment for groups founded by 1, 3, 6, or 9 queens. While the trajectory and timing of brood development was similar across groups, their success in transitioning between stages of development and ultimately producing workers depended on foundress group size (see text for statistics).



TABLE 2. Absolute mean brood production (± SE) at peaks of development for groups founded by 1, 3, 6, and 9 queens.
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TABLE 3. Mean per capita brood production (± SE; per initial foundress) at peaks of development for groups of 1, 3, 6, and 9 queens.
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Treatments differed in peak egg production at Day 9 [Negative binomial regression: χ2 = 100.6; df = 3; p < < 0.0001; Z-tests: p < 0.01 in all pairwise comparisons except for six foundresses vs. nine foundresses (p = 0.052)]. Larger groups produced correspondingly more eggs (Figure 2 and Table 2). On a per capita basis, however, peak egg numbers per starting foundress were significantly lower for solitary foundresses compared to foundresses in groups, but similar across the three group sizes (Negative binomial regression: χ2 = 18.0; df = 3; p < 0.001; Z-tests: p < 0.01 for solitary compared with all other foundress numbers; p > 0.5 for all other pairwise comparisons;, Table 3).

Foundress number also significantly influenced the peak production of larvae at Day 19 (Negative binomial regression: χ2 = 38.7; df = 3; p < 0.001; Table 2), such that groups founded by solitary queens produced significantly fewer larvae than any of the groups (Z-test: p < 0.001 in all pairwise comparisons). Only three nests founded by solitary foundresses succeeded in producing any larvae at all. Among the group treatments, peak larvae numbers were similar regardless of nest size (Z-test: p > 0.35 in all pairwise comparisons).

In contrast to egg production, per capita larval production differed according to group size (Negative binomial regression: χ2 = 28.4; df = 3; p < 0.001; Table 3), such that three-foundress groups produced significantly more larvae per initial queen than the other three treatment groups (Z-test: p < 0.003 in all three pairwise comparisons). Solitary foundresses had lower per capita production than three-foundress groups (Z-test: p = 0.02), but were similar to groups founded by six (p = 0.08) or nine queens (p = 0.17). Six- and nine-queen groups had intermediate and similar per capita larva production (Z-test: p = 0.052).

Solitary queens never produced pupae or workers, so these stages were analyzed only for the social group treatments. The treatments differed significantly in peak pupae numbers at day 34 (Negative binomial regression: χ2 = 6.6; df = 2; p = 0.036). Although none of the pairwise comparisons were significantly different, six-queen groups had the highest average number of pupae (Figure 2 and Table 2). On a per capita basis, groups of three and six queens showed significantly greater production of pupae than the groups of nine (Negative binomial regression: χ2 = 22.2; df = 2; p < 0.0001; Z-tests: p < 0.0001; Table 3), while groups of three and six were similar to each other (Z-test: p = 0.34).

The median date for worker emergence was similar among the social group treatments (Kruskal-Wallis: H2 = 2.9; p = 0.24). For three-, six-, and nine-foundress treatments, workers emerged on Day 34.7 ± 5.2, 33.3 ± 3.7, and 35.8 ± 5.1, respectively ([image: image]). Workers steadily accumulated in number until the conclusion of the study on Day 50, by which time workers were present in 73.3% of three-queen groups 76.6% of six-queen groups, and 60% of nine-queen groups. On Day 50, worker production clearly differed across treatments, in that no solitary foundresses produced any workers while the social groups produced one to three workers, on average. There was no significant difference among social groups in worker production (Negative binomial regression: χ2 = 5.62; df = 2; P = 0.06; Z-tests of pairwise differences: P > 0.05). Due to the lack of variance in one-foundress nests (all had zero workers), they could not be included in the statistical analysis. However, their difference from the social groups is clear in that none of the latter’s 95% confidence intervals for mean number of workers included zero. Per capita worker production differed significantly among the social groups (Negative binomial regression: χ2 = 15.7; df = 2; P < 0.001) with higher levels in three- and six-queen groups than in nine-queen groups (Z-tests: p < 0.001). There was no significant difference between groups of three and six (Z-test; p = 0.377; Table 3).

The net worker-per-egg conversion efficiency was estimated by using counts from the respective days of peak production, and differed across the three social group treatments (Negative binomial regression: χ2 12.5; df = 2; p < 0.01; Figure 3 and Table 4). Groups founded by three and six queens had similar efficiencies (Z-test, p = 0.69), but were significantly greater than groups founded by nine queens (Z-tests, p < 0.01 for both comparisons). Three-queen groups produced 0.08 ± 0.06 workers per egg ([image: image]) while six- and nine-queen groups produced only 0.07 ± 0.05 and 0.02 ± 0.04 workers per egg, respectively. For all three social group sizes, the 95% confidence intervals for mean worker-per-egg conversion rate excluded zero, indicating a significant advantage over one-foundress nests, none of which produced any workers.
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FIGURE 3. Initial foundress number influenced the efficiency with which founding groups ultimately converted eggs into workers. The worker/egg ratio was calculated by taking the number of eclosed workers in the nest on day 50 and dividing that by the number of eggs in the nest on the day of peak egg production, day 9. Different letters above bars indicate significant differences between groups after post hoc analysis (Z-tests following negative binomial regression, p < 0.05).



TABLE 4. The conversion efficiency in brood development was estimated by using counts from the days of peak production.
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The transition that contributed most strongly to differences in the conversion of eggs to workers was the transition from eggs to larvae (Negative binomial regression: χ2 = 26.5; df = 3; p < 0.001). Groups founded by three queens averaged more larvae per egg than groups founded by 1 queen or nine queens (0.2, 0.02, and 0.1, respectively; both Z-tests: p < 0.05). Groups of six queens produced an intermediate 0.14 larvae per egg, which was not statistically distinguishable from groups founded by one queen (Z-test, p = 0.12) or 3 queens (p = 0.06), but was significantly different from 9-queen groups (Z-test: p = 0.05). Finally, larvae-per-egg conversion efficiency was similar for groups founded by 1 queen compared to groups founded by 9 queens (Z-test, p = 0.09). At the other transitions (larvae to pupae and pupae to workers), the solitary queen group was excluded from analysis due to failure to produce pupae. The three group treatments had significantly different conversion efficiencies of larvae to pupae (Poisson regression: χ2 = 11.1; df = 2; p = 0.004), with six-foundress groups having greater efficiency than three- and nine-queen groups (Z-test: p < 0.05), which did not differ from each other (Z-test: p = 0.54). All social groups had similar conversion efficiencies of pupae to workers (Poisson regression: χ2 = 4.87; df = 2; p = 0.088).



Influence of Foundress Number on the Allocation of Labor

Queen activity budgets for different-sized foundress groups are shown in Figure 4. Foundress number significantly influenced the per capita performance of active behaviors, including walking, digging, foraging, and brood care (Negative binomial regression: χ2 = 125.6; df = 3; p < < 0.0001, Figure 5). Solitary foundresses were significantly more active than foundresses in groups of three, six, or nine (Z-test; p < 0.0001). Furthermore, groups of three were significantly more active than larger groups (Z-test: p < 0.0001), but groups of six were not significantly more active than groups of nine (Z-test: p = 0.135).
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FIGURE 4. The overall allocation of behavior in groups of foundresses. Behaviors were assigned to one of the 5 broad categories shown in the figure legend. The proportional activity of each queen was found by dividing the total of that category by the total number of observations across all five categories. This was averaged across nests and replicates. A broad pattern across behaviors can be seen where the overall activity levels decreased as foundress number increased.
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FIGURE 5. Per-capita activity was assessed by summing the number of active behaviors performed by all ants in the nest (which included: Walking, grooming, excavating, foraging, as well as any other active engagement or behavior; see Table 1). This value was divided by the sum of the number of days each ant was alive and present in the study nest. The result was a metric of activity, the average behaviors performed per ant-day. Social groups of all sizes had significantly lower per-capita activity than groups founded by one queen. Different letters above bars indicate significant differences between groups after post hoc analysis (Z-tests following negative binomial regression, p < 0.05).


Foundress number influenced the total performance of colony growth tasks within a nest in a different fashion than for overall activity (Negative binomial regression: χ2 = 81.1; df = 3; p < < 0.0001; Figure 6). Solitary foundresses and groups of nine performed significantly fewer total colony growth tasks than groups founded by three or six foundresses (Z-tests: p < 0.01). Groups of three and six did not differ from one another (Z-test: p = 0.38), but groups of nine performed significantly more colony growth tasks than solitary foundresses (Z-test: p < 0.001). The pattern was different when ant days were taken into account. There was an overall significant difference across nest treatments (Negative binomial regression: χ2 = 87.9; df = 3; p < < 0.0001), such that per capita activity declined steadily with larger group size. Groups founded by one and three queens had the highest activity and did not significantly differ from one another (Z-test; p = 0.47). Groups of six queens performed significantly fewer tasks per capita than either one- or three-queen nests (Z-tests: p < 0.001); nine-queen groups performed significantly fewer than any of the other groups (Z-tests: p < < 0.0001).
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FIGURE 6. Foundress number significantly influenced the total performance of colony growth tasks. Colony growth tasks included only tunneling, excavating, foraging, and tending brood. Without correcting for ant survival, the total number of tasks was summed up per nest and averaged across each treatment. Different letters above bars indicate significant differences between groups after post hoc analysis (Z-tests following negative binomial regression, p < 0.05).


Focusing even more specifically on brood care, foundress number significantly influenced the absolute number of brood-tending acts, with social groups far outstripping single-foundress nests (Figure 7). There were also some significant differences among social groups (Negative binomial regression: χ2 = 9.0; df = 2; p = 0.011). Groups of three and six queens performed the most brood care and did not differ from one another (Z-test: p = 0.234). Groups of nine performed significantly less brood care than groups of six (Z-test; p = 0.002) but did not significantly differ from groups of three (Z-test: p = 0.056).
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FIGURE 7. Foundress number significantly influenced the absolute number of brood-tending events with groups of 3 and 6 caring most for their brood. Different letters above bars indicate significant differences between groups after post hoc analysis (Z-tests following negative binomial regression, p < 0.05).




Overall Fitness Metric

An overall fitness metric was calculated as the product of per capita worker production at day 50 and the proportion of foundresses surviving to day 50. This metric was 0.67 ± 0.10 for group size three, 0.57 ± 0.10 for group size six, and 0.16 ± 0.11 for group size nine ([image: image]). The three social groups differed significantly (ANOVA: F = 6.24; df = 2, 59; p = 0.0035), with groups of nine having significantly lower values than groups of three or six (Tukey tests: p = 0.004 and 0.022, respectively), which were similar to each other (Tukey test: p = 0.744). Because no queens or workers survived from the solitary foundress treatment, they were excluded from this calculation.




DISCUSSION

Our results show strong concordance with observed typical queen numbers in field populations for the polygynous population of Pogonomyrmex californicus. Single queens had higher mortality—which suggests benefits of sociality. Interestingly, nests converged to the number of queens seen in the wild when they start in larger groups. All social groups were equally successful in producing workers, but intermediate groups were more efficient in their ability to convert eggs into workers. We were able to show that, mechanistically, this advantage was tied to increased efficiency at every brood transition stage (from egg to worker). This seems to have resulted from the allocation of work effort toward increased brood care at intermediate nest sizes. Out of the potential benefits of cooperative nest initiation, we found clear support for decreased queen mortality in groups and the ability for specific intermediate group sizes to produce the first workers more efficiently, but larger groups were ultimately similar to intermediate-sized ones in terms of queen survival and workers produced.


Enhanced Foundress Survival in Groups Regardless of Size

In our study, foundress number influenced survival—with foundresses in social groups surviving longer than solitary foundresses, regardless of group size. In several earlier studies of this population, a similar survival advantage was reported for groups of between two and six queens (Johnson, 2004; Clark and Fewell, 2014; Shaffer et al., 2016; Ostwald et al., 2021), along with some suggestions that larger group sizes can facilitate enhanced survival rates. By founding in groups, queens may enhance their own survival by sharing the work of colony foundation, which can involve costly and dangerous tasks and includes excavation, brood care, and foraging (Bernasconi and Strassmann, 1999). Foundress groups of P. californicus have been shown to develop a division of labor during colony foundation (Cahan and Fewell, 2004). This synergistic sharing of work may be responsible for survival benefits. For example, cooperative nest excavation may reduce water loss rate (Johnson and Gibbs, 2004) or allow allogrooming (Theis et al., 2015). Since the size of the group did not scale positively with individual queen survival probabilities in our nest context, survival benefits alone are unlikely to be the sole determining factor favoring group nest initiation for this species. If survival benefits were all that mattered, we would expect smaller group sizes (e.g., 2–3 queens) because of the longer-term reproductive advantage they would provide over the larger group sizes actually observed in the wild population. Thus, other advantages must be present as well.



Influence of Group Size on Brood Production and Efficiency of Worker Production

We found that, irrespective of founding group size, the timing of egg laying followed a similar trajectory. For example, all of the founding groups produced eggs during the first week of nest foundation and peaked in egg production on the same day, suggesting that individual physiological constraints limit egg production rates during nest initiation. Meanwhile, nests with social groups contained a similar number of eggs per queen, while solitary queens produced fewer—a result similar to that reported by Johnson (2004). While the groups of nine foundresses produced the most eggs, this initial advantage increasingly faded with each stage of metamorphosis. Where did the missing eggs go? Two non-mutually exclusive hypotheses are that some eggs may have succumbed to disease due to inadequate hygiene, or that eggs may have been eaten—as in trophic egg production (Brian and Rigby, 1978; Gobin and Ito, 2000; Perry and Roitberg, 2005).



Optimal Allocation of Labor at Intermediate Group Sizes

Foundress number influenced two key measures of fitness for incipient colonies: queen survival and the per-capita production of workers—suggesting an “optimal” intermediate group size. In addition to these measures, we more closely examined the allocation of labor and the efficiency of brood development in different-sized foundress groups, to allow us to pinpoint the mechanisms that determine optimal group size. Specifically, group size influenced both the overall activity levels of the groups as well as the allocation of labor. Small groups were most active, and as the founding groups grew larger, activity decreased. But while solitary queens were the most active of all, they performed fewer actual colony growth tasks than social groups. Solitary queens laid eggs, but the relative absence of brood care likely contributed to the increased failure rate of their brood to develop beyond the larval stage. Of all recorded behaviors, these solitary queens were most often observed walking (often at the surface of the sand in their observation nest). We speculate that these queens were searching—perhaps for other nest-founding partners. The Pine Valley population from which the queens were collected is primarily pleometrotic, hence these lone queens may be genetically programmed to search for founding groups to join. There are clear gene expression differences between queens found in predominantly pleometrotic Pine Valley relative to a nearby haplometrotic population (Helmkampf et al., 2016). A searching phenotype may be one manifestation of these genetic differences.

In contrast to the hyperactivity of the solitary queens, large founding groups (nine queens) were characterized by extreme inactivity. Even with an excess queen-ant labor force, fewer total colony growth tasks were performed in groups founded by nine queens relative to groups founded by three or six queens. Groups of nine also performed less brood care than groups founded by six. Thus, while these large foundress groups initially produced the largest number of eggs, the failure to perform colony growth tasks (including foraging, excavating, and brood care) likely contributed to the loss of this initial reproductive advantage.

Why were the largest groups so inactive? We have two hypotheses for why activity decreased as queen number increased. The first hypothesis relates to contact or interaction rate. A number of studies have shown that interaction rate may be an important cue that guides an individual social insect’s response to changing colony conditions (Gordon and Mehdiabadi, 1999; Pratt et al., 2002; Smith et al., 2017). The high density of queens in groups of nine (and resulting increase in interactions) may have thereby triggered a shift in behavior in these queens from a state as active foundresses to a state as quiescent queens.

Our second hypothesis holds that foundress groups regulate their total amount of work to that needed to produce the colony’s first cohort of workers. If we suppose that there is a finite amount of useful work that is necessary to produce this cohort, the inactivity of the large groups may make sense. Consider Figure 4—which shows the allocation of labor for an average queen in the different-sized groups. A queen in a group of three performed the most “useful” work. If there was a finite amount of work to be done we might predict that a queen in a group of six would have performed half as much work as a queen in a group of three. This is indeed what our data show. In turn, an average queen in a group of nine would have needed to do approximately 1/3 as much work as a queen in a group of three in this scenario, and again this is approximately what we see. In other words, the inactivity of the queens in the groups of nine may in fact be a rational response to the availability of work in the nest. With this perspective, the amount of work done by each queen may simply be an emergent social response to conditions in the nest. This could also be described as a kind of social homeostasis that influences the allocation of labor—where there is a finite amount of work to be done and a limit on the number of workers that a nascent colony can produce at that life history stage. While not being particularly efficient, the groups of nine queens got the basic job done: they survived and produced workers at the same rate in this early life history stage as the smaller social groups.



An Overall Metric of Fitness

By multiplying the per capita productivity of different foundress group sizes by the survival rate of those groups, we obtained a single estimate of fitness. With this standard, the intermediate-sized groups far outperformed the solitary queens and groups of nine. Thus, our results present a bit of a paradox. While all social groups performed equally well in terms of absolute numbers of brood production (especially the most important measure: workers), intermediate groups were more efficient in their ability to produce workers and consequently have a far greater cumulative fitness score.



The Socio-Ecological Context of Pleometrosis in Pogonomyrmex californicus

How do our results fit within what is already known of the social and ecological contexts of this and other species? Building upon work by Johnson, Overson reported an average of four queens in the population from which our queens were collected (Pine Valley; Johnson, 2004; Overson et al., 2014). This provides context for our finding that groups of three and six queens performed best in our study. The Pine Valley population probably represents a mixed evolutionarily stable strategy (ESS) where both cooperative and non-cooperative (aggressive) queens are present—but where cooperative (pleometrotic) queens are favored. The likely socio-ecological determinant is the high density and clustering of mature colonies found in Pine Valley—that results in intraspecific competition between clustered natal colonies (Shaffer et al., 2016; Haney and Fewell, 2018). In other species of pleometrotic ants, nest site limitation, highly clustered distribution, and densely located colonies seem to play a key ecological role in fostering cooperative nest founding (Tschinkel, 2006). Young colonies must likely contend with both predation from mature colonies as well as competition with other natal colonies. Our study captured only a narrow window at the beginning of the life of these colonies, but other work has demonstrated that the benefits of cooperative nest founding extend months into the early life of a colony, perhaps explaining why in addition to being pleometrotic, this population maintains primary polygyny in mature colonies, (Ostwald et al., 2021). In such contexts, a multilevel selection approach may be helpful in understanding the evolution of pleometrosis and related phenomena in social insect colonies (Rissing et al., 1989; Tsuji, 1995; Muir, 1996; Korb and Heinze, 2004; Reeve and Hölldobler, 2007; Dobata and Tsuji, 2013; Shaffer et al., 2016).

In spite of the artificial setting (ant farms), our study demonstrated clear fitness effects in terms of survival and production. This and similar ant farm studies are remarkable in this sense –young colonies (removed from the risks of predation and other environmental challenges found in nature) nonetheless demonstrate an influence on fitness and other emergent effects (such as changes in division of labor). This may make sense if we consider that in nature each incipient nest is a microcosm where a young queen (or queens) is generally inactive and stays within the nest as much as possible (besides necessary foraging trips). Most of the real “action” (and necessary work) occurs within the confines of the nest. But there may yet be unaccounted for environmental effects for young colonies in natural settings. Further field-based studies will hopefully shed further light on the adaptive value of pleometrosis. Regardless, our paper shows that selective pressures inside the natal nest favor cooperative group formation. However, such cooperation has limitations that create size constraints under which grouping is truly adaptive.
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number (day 9) (day 19) (day 34) (day 50)
1 4.31+£1.072 0.38 £ 0.522 0.0+ 0.0 0.0+0.0
3 1053 +1.03° 2254+024> 0.74+0.08% 0.86+0.122
6 9.774+1.08° 1.34+0.87%° 0.59+0.08% 0.66+0.112
9 9.27 £0.60°P 0894053 0.24+0.05° 0.20+0.08°

Statistical significance (Negative binomial regression, p < 0.05) is indicated by
superscript letters.
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Larvae/egg

Pupae/larvae Workers/

foundress pupae
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1 NA 0.009 + 0.0092 NA NA

3 0.08+0.017 020+0.02° 0.29+004® 1.02=+0.167
6 0.07 £0.018  0.14+0.022> 0.46+£0.06° 0.80 £+ 0.152
9 0.0240.01° 0.10+0.01®° 0.27 £0.062 0.53 + 0.15?

Superscripts denote statisticially significant results of Z-tests.
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