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The evolution of social systems can place novel selective forces on investment in expensive neural tissue by changing cognitive demands. Previous hypotheses about the impact of sociality on neural investment have received equivocal support when tested across diverse taxonomic groups and social structures. We suggest previous models for social behavior-brain relationships have overlooked important variation in social groups. Social groups vary significantly in structure and function, and the specific attributes of a social group may be more relevant to setting cognitive demands than sociality in general. We have identified intragroup competition, relationship differentiation, information sharing, dominance hierarchies, and task specialization and redundancy as attributes of social behavior which may impact selection for neural investment, and outline how variation in these attributes can result in increased or decreased neural investment with transitions to sociality in different taxa. Finally, we test some of the predictions generated using this framework in a phylogenetic comparison of neural tissue investment in Anelosimus social spiders. Social Anelosimus spiders engage in cooperative prey capture and brood care, which allows for individual redundancy in the completion of these tasks. We hypothesized that in social spider species, the presence of redundancy would reduce selection for individual neural investment relative to subsocial species. We found that social species had significantly decreased investment in the arcuate body, the cognitive center of the spider brain, supporting our predictions. Future comparative tests of brain evolution in social species should account for the special behavioral characteristics that accompany social groups in the subject taxa.
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INTRODUCTION

Evolutionary transitions of social behavior can introduce novel cognitive demands (Silk, 2007). Metabolic costs of neural tissue are disproportionately high and brain tissue investment should be constrained to meet cognitive demands (Niven and Laughlin, 2008; Iwaniuk, 2017). Origins or modification of sociality may drive changes in brain tissue investment. Several hypotheses have been advanced to explain changes in neural tissue investment associated with transitions in social behavior, generally referred to as “social brain” hypotheses (Dunbar, 1998). Initially, social brain hypotheses assumed there would be a positive effect of sociality on brain investment, but more recent theoretical treatments (Gronenberg and Riveros, 2009; Lihoreau et al., 2012) and empirical findings (vertebrates: Gonzalez-Voyer et al., 2009; Fedorova et al., 2017; Kverková et al., 2018; social insects: O’Donnell et al., 2015) have called this assumption into question.

Studies to date have not adequately identified or accounted for varying behavioral selective pressures that could change cognitive demands as sociality evolves. Analyzing the diversity of social interactions can contribute to more rigorous theory linking social environments with brain evolution. We suggest comparative tests of social brain hypotheses should explicitly consider which aspects of behavior change during transitions from solitary to group living, or during transitions in social complexity, in each study taxon. We identify some key features of social systems that can act as independent selective forces on neural investment. We explore how each of the following attributes of social systems can affect cognitive demands and thus selection for neural investment: intragroup competition, individual recognition, information sharing, dominance hierarchies, and task performance specialization and redundancy. We predict that some of these behavioral attributes will decrease the fitness effects of individual cognitive abilities, such that selection for neural investment will be relaxed. In contrast, other attributes of sociality may place greater cognitive demands on individuals, selecting for increased neural investment.

It is important to note that few, if any, of the behavioral attributes we explore are universally present among social taxa. The relevance of these behavioral attributes vary among animal taxa, depending in part on how social groups form and function. An important complicating factor is the role of individual vs. group/colony selection as the main determinant of fitness in a species (O’Donnell et al., 2018). Variation among animal lineages in the structure of social groups provides opportunities for cross-taxon comparative analyses, which can be used to assess the relative importance of different behavioral factors as determinants of neural investment.

Our paper is divided into two main sections. In the first section we present some attributes of social behavior that could independently impact cognitive demands on animals, either increasing or relaxing selection for brain investment. We discuss potential effects of these demands on the evolution of brain investment. The second section is an empirical test of social brain effects in a taxon with diverse grades of sociality and a relatively simple social system (cobweb spiders: Avilés and Guevara, 2017). Social cobweb spider species exhibit task sharing and redundancy among females; social males and subsocial species do not (Samuk et al., 2011; Harwood and Avilés, 2013, 2018). Furthermore, social spiders do not exhibit some potentially confounding elements of sociality, such as dominance hierarchies and task specialization (Lubin, 1995; Settepani et al., 2013) that could complicate the interpretation of social brain effects comparisons.



ATTRIBUTES OF SOCIAL BEHAVIOR: INTRAGROUP COMPETITION

The evolution of social behavior potentially increases the frequency or intensity of competition between animals, and social competitive costs must nearly always be compensated by other fitness payoffs to favor sociality (Silk, 2007). Social group participation can drive increased brain tissue investment, either in response to or in anticipation of competitive interactions. Greater neural investment can improve performance on behavioral tasks, such as mate location, and may confer individual benefits in highly competitive social environments (Kotrschal et al., 2015). Potential relationships of heightened competition with brain investment are illustrated by species where social groups involve temporary or facultative aggregations that can increase local competition for food or other resources. In desert locusts, the transition from solitary living to the formation of massive swarms that compete for food and engage in cannibalism (Guttal et al., 2012) is accompanied by increased total brain investment and greater relative investment in the mushroom bodies, which are cognitive integrating regions of the insect brain (Ott and Rogers, 2010). Experimental manipulations that induce sociality in species that are typically solitary have found similar increases in cognitive performance or neural investment in social groups. In Drosophila melanogaster fruit flies, larval crowding resulted in increased food competition and was associated with greater adult neural investment (Heisenberg et al., 1995); juvenile Marpissa muscosa jumping spiders reared in groups had significantly improved performance on learning assays although competition was not directly implicated in this study (Liedtke and Schneider, 2017).



ATTRIBUTES OF SOCIAL BEHAVIOR: INDIVIDUAL RECOGNITION

Individual recognition can be cognitively demanding because it requires discriminating and remembering the individual identities of social partners (Shultz and Dunbar, 2006; Bergman and Beehner, 2015). In addition to the number of unique relationships, qualitative differences in interactions between group members can impose different cognitive demands. For example, monogamous pair bonds are common among birds, but species vary in the level of pairs’ cooperation and affiliative behaviors (Emery et al., 2007). Emery et al. (2007) proposed that increased total brain investment in some bird species can be attributed to a higher degree of cooperation during brood care, increased affiliative displays, and social support interactions among mates. Social alliances in particular may be expected to impose higher cognitive demands because of the necessity to remember group member identities, predict the outcome of interactions, and recognize others with similar status (Chapais, 1995).



ATTRIBUTES OF SOCIAL BEHAVIOR: DOMINANCE HIERARCHIES

Dominance hierarchies describe ranks of group members in relation to one another (Drews, 1993). The criteria used to define a “dominant position” vary among species but may include increased access to food resources or reproductive opportunities relative to other members of a group (Drews, 1993). Achieving dominant status and maintaining a hierarchy may increase cognitive demands (and brain investment) by requiring dominant individuals to differentiate group member relationships (Dunbar, 1992). Socially dominant positions in hierarchies are associated with increased neural investment in socially flexible bees relative to both solitary and subordinate individuals (Smith et al., 2010; Rehan et al., 2015). A loss of sociality in a primitively social bee lineage resulted in decreased foundress neural investment, potentially due to the loss of dominance interactions (Pahlke et al., 2019, 2020).

The expected relationship of dominance behavior with brain investment is complicated because dominance hierarchies do not always rely on cognitively demanding, individualized aggressive behaviors. Some hierarchies rely partially or entirely on chemical signaling (Faulkes and Bennett, 2001; Sundström and Boomsma, 2001; Orlova et al., 2020). In hierarchies which do not rely on aggressive interactions, selection for neural investment to navigate social interactions may be minimal (Lihoreau et al., 2012). An additional complication is that dominance status can affect other aspects of behavior such as task performance. For example, reproductively-dominant social insect queens may perform few behaviors other than egg laying (Noirot, 1989; Barchuk et al., 2018), potentially permitting reduced brain investment for dominants compared to subordinates (Barchuk et al., 2018; Gordon et al., 2019; but see O’Donnell et al., 2017). In these systems, neural investment in dominants and subordinates may no longer be driven by social interactions, but instead by caste-specific division of labor (thus falling under the task specialization attribute, described below).



ATTRIBUTES OF SOCIAL BEHAVIOR: INFORMATION SHARING

Information sharing allows social animals to respond adaptively to stimuli they have not experienced directly. Information sharing can decrease the fitness costs of inaccurate stimulus detection and may reduce selection for individual cognitive abilities, permitting decreased brain tissue investment. The effect of group information sharing on cognitive demands is well-illustrated by vigilance behaviors. Individual vigilance behavior performance rates decrease in the presence of conspecifics in some species (McBlain et al., 2020; Wang et al., 2021), and predator detection can be faster and more accurate in social groups compared to lone individuals (Ward et al., 2011). However, the need for increased ability to produce, detect and respond to social signals can involve additional cognitive and neural costs. In this case, social and environmental information may be integrated by different parts of the brain, resulting in distinct patterns of mosaic brain evolution: in cichlid fish, environmental complexity is associated with increased telencephalon investment, while increased social complexity is associated with increased hypothalamus investment (Pollen et al., 2007). Thus, for systems in which information sharing occurs, assessing changes in specific brain regions, rather than total brain investment, may better detect the effects of changes in cognitive demands on brain investment.



ATTRIBUTES OF SOCIAL BEHAVIOR: TASK PERFORMANCE SPECIALIZATION AND REDUNDANCY

A common theme in some taxa is for social group members to specialize on a subset of the tasks typically performed by solitary-living individuals (Jeanne, 1986). Individuals may specialize on specific behaviors for all or part of their lifetime; in extreme cases, the evolution of morphologically distinct castes in some social insects limits workers to performing certain behaviors or tasks (Korb and Thorne, 2017; O’Donnell et al., 2018; Gordon et al., 2019). Task specialization is often paired with neural adaptations to meet the cognitive demands of a specific behavioral class (Amador-Vargas et al., 2015; Iwaniuk, 2017), but may result in decreased selection for general cognition (Gronenberg and Riveros, 2009). Task specialization may improve colony-level efficiency (Keller et al., 2011), and decreases in individual neural investment can represent a savings of resource investment by the social group. Reduced individual neural investment may mark a transition to colony-level selection on neural investment (O’Donnell et al., 2015, 2018).

Redundancy, or the availability of multiple individuals to perform or complete a given task, may also reduce individual cognitive demands. Redundancy can facilitate high probabilities of successful task completion even when individual competency is relatively low (Herbers, 1981). Redundancy in colony labor is often present in caste-specialist systems and may be critical for effective task partitioning among group mates (Jeanne, 1999), but redundancy is not restricted to task-specialist systems. Redundancy applies whenever the completion of a shared task is not the responsibility of a single individual, such as in cooperatively breeding social groups (Taborsky et al., 2007; Riehl, 2013). Decreased neural investment has been associated with living in stable groups in woodpeckers (Fedorova et al., 2017), and in cichlid fishes who engage in biparental care (Gonzalez-Voyer et al., 2009). In both of these systems redundancy to complete tasks may reduce individual cognitive demands. In fact, the evolution of redundant cooperation may be more likely to occur when individuals are unaware of group-mates’ social strategies (Pedroso, 2020).



SOCIAL SPIDERS: A TEST FOR SOCIAL BRAIN EFFECTS IN A SIMPLE SOCIAL SYSTEM

Several evolutionary transitions between subsocial and social behavior have occurred in the cobweb spider genus Anelosimus (Figure 1). In subsocial species, individual females perform extended maternal care but offspring disperse prior to or at adulthood (Yip and Rayor, 2014; Avilés and Guevara, 2017). In social species the offspring do not disperse, leading to the maintenance of permanently communal nests. Social species adult females cooperatively capture prey and share offspring care (Avilés and Tufino, 1998; Yip et al., 2008; Samuk and Avilés, 2013; Avilés and Guevara, 2017). However, social Anelosimus spiders lack task specialization and do not exhibit individual recognition or dominance hierarchies (Jones and Parker, 2000; Aviles and Bukowski, 2006; Settepani et al., 2013). Individual redundancy, resulting from cooperation on maternal care and prey capture, could drive reduced selection for individual competency at these tasks. As predicted, individual females in social Anelosimus species are less competent at maternal care (Samuk et al., 2011) and less effective hunters (Harwood and Avilés, 2018) when compared to females from related subsocial species. We expected brain investment to differ among the sociality levels due to differences in reliance on individual ability to successfully complete maternal care and prey capture tasks. We predicted the arcuate body would be less developed (relatively smaller) in females of the social compared to subsocial species, because the arcuate body is a center of mechanosensory integration (Babu and Barth, 1984; Steinhoff et al., 2018). Unlike females, males of both social and subsocial species die shortly following mating (Avilés and Gelsey, 1998; Avilés and Salazar, 1999; Viera et al., 2007) and have little or no engagement in colony activity, except in nest maintenance (Aviles, 1986). Because male behavior does not differ consistently between the sociality categories, we predicted male brain investment patterns would be similar in subsocial and social species.
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FIGURE 1. (A) Light photomicrographs of stained and sectioned protocerebrum tissue, showing supraesophageal ganglion (SEG) and arcuate body (AB) regions. The 3D reconstruction shows the relative sizes of the SEG (purple) and AB (pink). (B) Brain volume was compared between subsocial (blue) species, which form nests of single mothers and their offspring, who disperse at adulthood, and social (pink) species, which form permanent communal nests with multiple mothers and offspring. (C) Phylogenetic relationships among the sampled species (Luo et al., 2020).




METHODS: A TEST FOR SOCIAL BRAIN EFFECTS IN A SIMPLE SOCIAL SYSTEM


Subject Spider Collections

Specimens were collected and preserved in Prefer aldehyde-based fixative solution (Anatech, Ltd.). We sampled adult females from 5 social and 6 subsocial species of Anelosimus spiders (adult males from 5 social and 4 subsocial species), representing at least 3 independent transitions to social behavior (Agnarsson et al., 2006; Figure 1C). Subsocial species: A. arizona (n = 3 females, 3 males); A. baeza (n = 4 females, 3 males); A. elegans (n = 3 females, 3 males); A. jabaquara (n = 3 females); A. studiosus (n = 3 females, 3 males); A. tosum (n = 2 females). Social species: A. domingo (n = 1 female, 3 males); A. dubiosus (n = 3 females, 1 male); A. eximius (n = 3 females, 3 males); A. guacamayos (n = 3 females, 3 males); A. oritoyacu (n = 3 females, 3 males). Specimen collection date and location are detailed in Supplementary Material.



Histology and Brain Size Measurements

For each subject we removed the legs and opisthosoma and opened the cephalothorax dorsum to remove the venom gland, then embedded in plastic resin comprised of Embed-812 resin, DDSA, DBP, and DMP 30 (Electron Microscopy Services, Inc.), and cured at 60°C for 72 h. Embedded tissue was sectioned into 8–10 um thick slices using a rotary microtome and stained using Toluidine Blue O (Fisher Scientific). Sections were photographed using a light microscope and areas containing neuropil were outlined using ImageJ version 1.53a (Schneider et al., 2012), multiplied by slice thickness, and then converted to volume (mm3) using a pixel-to-millimeter conversion factor. Detailed embedding protocol (O’Donnell et al., 2011).

For each specimen, we measured the protocerebrum, which is considered to be the “true brain” of spiders and is comprised of the supraesophageal ganglion and the arcuate body (Babu and Barth, 1984). The supraesophageal ganglion receives visual sensory input (Babu and Barth, 1984). The arcuate body is an integration center between the subesophageal and supraesophageal ganglia (Babu and Barth, 1984), and may be important for navigating complex environments (Steinhoff et al., 2018). We focused on the arcuate body as a region particular relevant to maternal care tasks and prey capture, due to the necessity to integrate visual and mechanosensory information and coordinate locomotion during these tasks (Steinhoff et al., 2018). We quantified supraesophageal volume (as a brain size reference) and arcuate body volume (Steinhoff et al., 2017).



Statistical Analysis

We used General Linear Models (GLM; SPSS v. 28) and Phylogenetically Generalized Least Squares (PGLS; R version 4.0.2 and the packages ape (Paradis and Schliep, 2019) and phytools (Revell, 2012) to test whether subsocial and social species differed in relative arcuate body investment. We performed separate analyses for male and female brain volume data. Because we expected an allometric relationship between arcuate body volume and brain size (Napiórkowska and Kobak, 2018), we first accounted for brain size effects using supraesophageal ganglion volume as a covariate in the models, then tested for the effects of species sociality category (subsocial vs. social) as a fixed factor. We performed GLM analyses (with type I sums of squares) on the raw species-mean brain data and on log10-transformed brain region volumes to assess the allometry of brain region evolution (Mascaro et al., 2014). To account for possible effects of phylogeny on brain region/behavior relationships we also performed separate phylogenetically generalized least squares regression (PGLS). PGLS allows accounting for linear covariates in the analysis of categorical differences in response variables (in our study, social behavior category differences in arcuate body volume) (Mundry, 2014). We used a published phylogeny of Anelosimus species from Luo et al. (2020), with all branch lengths set to one. We used a PGLS to test the relationship between arcuate body investment and sociality level, with supraesophageal ganglion volume as a covariate (controlling for brain size, as we did in the GLM). Mean species values of brain region volumes used in PGLS analysis were log10 transformed.




RESULTS: A TEST FOR SOCIAL BRAIN EFFECTS IN A SIMPLE SOCIAL SYSTEM

For females, social category was a significant predictor of arcuate body volume. After accounting for significant effects of brain size [supraesophageal ganglion volume: GLM F(1, 8) = 12.02, p = 0.008], arcuate body volume was significantly greater in subsocial than in social species [GLM F(1, 8) = 5.72, p = 0.04]. Similar patterns were found in the analysis of log-log transformed brain volume data [Figure 2; supraesophageal ganglion volume effect: GLM F(1, 8) = 16.15, p = 0.004; social category effect: GLM F(1,8) = 7.03, p = 0.03]. The log-log slope of the arcurate body vs. supraesophageal ganglion volume regression was significantly lower than 1.0 (slope = 0.39 ± 0.24 95% CI), demonstrated an allometrically decelerating rate of increase in arcuate body size. Using the PGLS to account for phylogeny supported the effects of sociality category: arcuate body size was greater in subsocial than in social species [Figure 2; PGLS on log transformed data: F(1, 8) = 14.84, p = 0.005]. For males, social behavior category did not predict arcuate body size [GLM linear analysis F(1, 6) = 1.11, p = 0.33; GLM log-log analysis F(1, 6) = 1.72, p = 0.24; PGLS on log transformed data F(1, 6) = 3.3, p = 0.12].
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FIGURE 2. Relationships between log supraesophageal ganglion volume and log arcuate body volume for Anelosimus spiders. (A) Females. (B) Males. Data points represent mean-species values for either social (blue) or subsocial (green) species. Lines represents slopes of linear regression calculated using data from all species. ari A, Arizona; bae A, baeza; dom A, domingo; dub A, dubiosus; ele A, elegans; exi A, eximius; gua A, guacamayos; jab A, jabaquara; ori A,oritoyacu; stu A, studiosus; tos A, tosum.




DISCUSSION: A TEST FOR SOCIAL BRAIN EFFECTS IN A SIMPLE SOCIAL SYSTEM

Female Anelosimus of social species engage in cooperative brood care and prey capture (Avilés and Tufino, 1998; Yip et al., 2008; Harwood and Avilés, 2013, 2018; Samuk and Avilés, 2013; Avilés and Guevara, 2017), and we predicted that individuals’ redundancy in these tasks would reduce individual cognitive demands and relax selection for neural investment compared to subsocial congeners. As predicted, females of social species had significantly reduced relative investment in the arcuate body compared to subsocial species. This pattern did not hold for males which do not differ in task redundancy between subsocial and social species. These results indicate that behavioral redundancy is an attribute of sociality which may promote reduced brain region investment, independently of other social attributes such as task specialization. Application of the behavioral framework we develop to other social systems may encourage the identification of behavioral attributes driving brain evolution that have previously gone unnoticed.
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