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I. ABSTRACT 

 
 

Sociality, like the evolution of multicellularity, is considered a major transition in the 

evolution of biological complexity. While there is strong foundational knowledge about traits 

that preceed the evolution of cooperative behaviors and complex forms of social structure, 

relatively little is known about the role of sociality or social life in individual trait evolution, 

particularly as it relates to the brain. Hymenoptera (sawflies, wasps, bees, and ants) range from 

solitary to advanced social species, providing ample comparisons for studying sociality and 

neural trait evolution. However, hypotheses about sociality and brain evolution have developed 

separate from studies of trait evolution in insects, and the first chapter of this work suggests 

unification of trait evolution methods with brain evolution theory. We suggest that recent 

advances in counting cells and synapses, and quantifying neuron phenotypes and circuit identity 

be used in trait-based studies of brain evolution in social insects. In the fourth chapter we test a 

method for quantifying total brain cell number and show this may serve as a meaningful trait for 

comparisons across Hymenopteran clades. 

While sociality is generally cited as a major evolutionary transition, superorganisms 

specifically represent a unique level of biological organization because there exists 

developmental division of reproductive labor; In superorganisms the colony, not the individual, 

serves as the reproductive unit upon which natural selection acts. This means the expression of 

traits at the individual level are selected upon at the collective level of the colony. This form of 

social organization evolved independently in bees, wasps, and the ancestor to all ants. Thus, all 

ants are superorganisms and ants show the greatest diversity in colony structure, making them a 

natural experiment to test how social structure drives individual trait evolution. 
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In the second and third chapter of this work we provide evidence that colony size, a 

measure of social complexity, is associated with behavioral and neural trait evolution in ants. 

Specifically, we show that colony size scales inversely with measures of exploratory drive and 

relative investment in the antennal lobes, a sensory region of the brain responsibly for processing 

olfactory information. Furthermore, we find that closely related Sonoran Desert species that vary 

in colony size show differences in sensory systems related to social cue processing, particularly 

those involved in assessing nestmate identity. We find the large-colony species, Dorymyrmex 

bicolor has a greater density and number of sensilla basiconica and more glomeruli in the T6 

cluster of the antennal lobe, sensory structures and regions responsible in part for processing 

nestmate cuticular hydrocarbons, than the small-colony Dorymyrmex insanus. Our data suggest 

habitat structure is also an important drivers in brain evolution in ants, as we find that species 

living in deserts show less investment in visual processing regions than those living in swamp 

environments of temperate forests. 
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II. CHAPTER 1: SOCIALITY AND BRAIN EVOLUTION IN HYMENOPTERA 

1.1 Introduction 

In this chapter I provide a summary of a published review article in which my coauthor, 

Dr. Wulfila Gronenberg, and I suggest reorienting the study of neural trait evolution in social 

Hymenotpera (wasps, ants, and bees). The article assumes a familiarly with social insects that is 

unlikely to exist across biological disciplines, so I first provide an overview of the evolution of 

sociality and definitions of social structure. This is crucial background because social 

complexity, a variable of interest in studies of neural trait evolution in social insects, is often 

simplistically classified as solitary or social, or according to colony size. In the last part of this 

chapter I suggest future directions by discussing additional hypotheses for brain size evolution in 

Hymenoptera. 

 

1.1.1 The evolution of sociality in Hymenoptera 

Cooperative and apparently altruistic behaviors have garnered much attention from 

biologists, in large part because of problems they posed to the theory of natural section (Darwin 

1859), but likely also due to bias in the highly social observer species. The sterile workers of 

superorganismal species such as ants placed particular burden on Darwin’s mind because such 

altruism should be culled by natural selection. He reasoned this apparent self-sacrifice into his 

theory by likening them to somatic cells and evoking the concept of ‘selection on the family’ to 

explain the often extensive phenotypic variation in sterile workers of a colony (Herbers 2009). 

This explanation for altruism suggests natural selection can act on traits at the group-level, a 

process inconsistent with the gene-centric model of natural selection that emerged with the 

Modern Synthesis. W. D. Hamilton’s theory of inclusive fitness (Hamilton 1964a, b) partly eased 
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this tension by providing mathematical reasoning for an individual’s willingness to forgo a 

portion of their reproductive output. In a process deemed kin selection (Maynard Smith 1964), 

individuals may sacrifice some direct fitness (i.e., reproductive output) if it benefits the fitness of 

close relatives such that the individuals’ overall genetic output, direct and indirect through shared 

genes, is maximized. The indirect genetic benefit of helping behavior must outweigh the cost, a 

cost determined by the relatedness, life history traits, and selective pressures (Hamilton 1964b; 

Anderson 1984).  

Hymenoptera display the widest variety of social associations of any insect order (Peters 

et al. 2017; Boomsma and Gawne 2018). Sociality evolved twice in vespoid wasps (hornets and 

their relatives) (Hines et al. 2007; Johnson et al. 2013), four times in bees (Cardinal et al. 2010; 

Cardinal and Danforth 2011), and once in the ancestor to all ants (Ward 2014). Factors 

hypothesized to drive social evolution include haplodiploid sex determination (wherein sex is 

determined by ploidy), progressive provisioning and nest construction (Johnson et al. 2013), 

maternal behavior (Charnov 1978; Craig 1979), adult lifespan (Hogendoorn et al. 2001; Schwarz 

et al. 2011), predation and parasitism (Evans 1977), and low individual reproductive success 

(Anderson 1984). Different combinations of these variables likely led to the emergence and 

maintenance of social behaviors in each independent evolution of sociality. Monogamy, wherein 

females mate with only one male, is the ancestral state for social lineages, supporting kin 

selection as a driver in cooperative brood care and related social behaviors (Hughes et al. 2008; 

Boomsma 2009).  

1.1.2 Social structure in Hymenoptera 

The diversity of social associations and variation in the flexibility of these associations 

across Hymenoptera is astounding, therefore it has been useful to classify social structure 
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according to cooperative traits (Batra 1966; Michener 1969; Wilson 1971; Anderson 1984; West-

Eberhard 1987; Rehan and Toth 2015). These traits are generally ranked from solitary to semi- or 

parasocial to advanced in the following manner: (1) females nesting in the same area, (2) 

communal nesting where individuals largely provision their own brood in shard nests, but may 

incidentally engage in some cooperative behaviors, (3) individuals engage in alloparental care of 

nieces or siblings but retain reproductive capacity (even if not ever realized), and (4) colonial 

species with a permanent reproductive division of labor and morphologically distinct queen and 

worker castes. The latter two categories are commonly referred to as eusocial, a problematic 

classification because it includes species that produce a functionally sterile worker caste 

(superorganisms) and those wherein caste membership and reproductive capacity are determined 

by size or behavior. This division is often clarified by the terms facultative and obligate, 

respectively (Crespi and Yanega 1995), but is better described as all being social with (4) being 

further distinguished as superorganismal (Boomsma and Gawne 2018). The distinction is 

important to studying trait evolution because selection on individual traits in species where 

castes are flexible may be different than in species where individuals are developmentally 

restricted to be a worker or reproductive. In the current work I adopt the perspective of social 

structure provided by Gawne and Boomsma (2018), wherein the obligate, permanent division of 

reproductive labor, the superorganism as conceived by Wheeler , represents a biological point of 

no return (Wilson 1971) and a unique form of biological organization (Szathmary and Maynard 

Smith 1995) distinct from more flexible social associations. I use the word social for all species 

where reproductive division of labor exists and the terms advanced or superorganism to further 

designate colonial species with developmentally-determined, permanent reproductive castes 

(Kocher and Paxton 2014).  
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1.1.3 Communal nesting 

Communal species share nests but build their own brood chambers and care for their own 

brood. Communality is widespread in bees (documented in Mellitidae, Halictidae, Andrenidae, 

Apidae, Colletidae, and Megachilidae; Kocher and Paxton 2014) and wasps (documented in 

Pompilidae, Evans and Shimizu 1996; Sphecidae, Alcock 1980; and Crabrionidae, Turillazzi et 

al. 2015, ). Communal nesting, once thought to be ancestral to sociality and referred to as 

primitively social (West-Eberhard 1987), is instead potentially an alternate strategy to deal with 

predation and parasitism; in many communal nesting species the nest entrance is a small opening 

and one or a few individuals will act as guards at any given time (Michener 1969). Relatedness 

among communal nestmates is low (Kukuk and Sage 1994; Danforth et al. 1996; Paxton et al. 

1996) and most communal nesting lineages do not include social species (Michener 1974). 

Therefore, this form of social association, which has received little attention from research on the 

social brain studies in insects, may in fact be more analogous to social associations in herd 

animals, birds, or mammals than canonical examples of Hymenopteran sociality.  

  

1.1.4 Sociality 

 When reproductive division of labor exists, it is usually between a mother and her 

daughters or among sisters who cofound or are reared in the same nest. Individuals of species 

considered primitively (Wilson 1971) or facultatively (Crespi and Yanega 1995) social engage in 

a distinct division of reproductive labor, but show little morphological variation and retain 

reproductive totipotency. In facultatively social species some individuals chose a solitarily 

reproductive strategy, whereas in primitively social species individuals, though totipotent, nearly 
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always exist in colonies. Thus, in primitively social species the majority of workers are 

committed to their reproductive status for life, though they have functional ovaries, can mate, 

some may become queens (West-Eberhard 1987; Hunt 2012).  

 

1.1.5 The Superorganism 

Superorganisms are colonial species with an obligate division of reproductive labor and a 

sterile worker caste. This includes honeybees (Apis spp.), stingless bees (tribe Meliponini), 

bumblebees (Bombus spp.), hornets and their relatives (subfamily Vespinae), and all ants 

(Formicidae). There are species that challenge this seemingly discrete distinction of the 

superorganism. Paper wasps (Polistes spp.) are classified as being socially advanced because 

colonies experience a worker phase where they produce almost exclusively females that remain 

as workers until the colony’s reproductive phase. Multiple, mated females usually found colonies 

and reproductive dominance is established through chemical, visual, and vibrational cues. 

Subsequently, daughter worker reproductive capacity is suppressed through similar foundress 

behaviors and pheromones (West-Eberhard 1978). While there are important physiological 

differences between workers produced earlier in the season and reproductives produced later in 

the season, unlike in ants or honeybees, all offspring are totipotent and difficult to distinguish 

morphologically from the foundress(es). Thus, Polistes does not strictly meet the criteria of the 

superorganism as a distinct form of biological organization (Boomsma and Gawne 2018). 

Regardless of social classification, this is a valuable combination of characters because colonies 

organized as a superorganism but comprised of a more flexible division of reproductive labor 

provides opportunity to contrast developmentally-restricted and stimulus-dependent worker 

status and underlying neural traits (O’Donnell and Bulova 2017).  
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The relatedness among workers in some superorganismal species is lower than expected 

from kin selection theory because in many species the queen mates with multiple males 

(polyandry) or the colony is maintained by multiple queens (polygyny) (Bourke and Franks 

1995). These are considered derived strategies that have important ramifications for individual 

trait evolution (Boomsma et al. 2014). Polygyny may be facultative, with colony strategy 

dependent on environmental (i.e., resource distributions; Ward 1983), ecological (i.e., 

competition), or demographic conditions (i.e., population density; Ross et al. 1996), or obligate 

(Boomsma et al. 2014). Polygynous colonies harbor greater genetic diversity in the worker 

population (Jeanson and Weidenmüller 2014) and often maintain larger colonies (Murakami et 

al. 2000; Laskis and Tschinkel 2009) than monogynous species. Worker size variation has a 

genetic component in some ant species (Hughes et al. 2003), but larger colony species are not 

necessarily more complex (as measured by the number and diversity of component parts) 

(Bonner 2004) because colony-level genetic diversity may stabilize worker size (Frumhoff and 

Ward 1992; Schwander et al. 2005). Crucial in the consideration of superorganism traits is the 

fact that the colony is the reproductive unit and a target of selection, therefore individual traits 

are likely not subject to selection independent from colony-level traits (Lehmann et al. 2007).  

 

1.1.6 Social structure in Hymenoptera: outlook for neural trait evolution 

The trajectory of social evolution, including traits and conditions that lead to a particular 

social structure, is an active, open line of research bolstered recently by advances in molecular 

phylogenetics and data science (Hines et al. 2007; Hughes et al. 2008; Cardinal et al. 2010; 

Gibbs et al. 2012; Danforth et al. 2013; Kocher and Paxton 2014). There exists an astoundingly 

rich descriptive literature on social behaviors, but only an incipient understanding of the 
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evolution of social traits, either those that predispose a lineage to sociality or emerge during 

social evolution (Kocher and Paxton 2014; Rehan and Toth 2015; Piekarski et al. 2018). 

Perspectives on traits vary based on lineage of interest and the sense that research suffers from 

pluralistic conclusions may be in part driven by attempts to force the unification of true, 

biological differences into one classification structure. Furthermore, research has paid 

disproportionate attention to a small number of species and the biology of these species 

undoubtably biases our understanding of causes and consequences of trait evolution. Variation 

cannot be emphasized enough; natural processes are opportunistic and variation in social 

associations means there are ample ‘natural experiments’ within social lineages to test 

hypotheses for the role of sociality in neural trait evolution.  

 

1.2 Brain evolution in social insects – advocating for the comparative approach 

1.2.1 Summary 

This section is a review article published in the Journal of Comparative Physiology A and 

attached as Appendix A. In this review we summarize problems with the social brain hypothesis 

as applied to Hymenoptera and suggest future research look to studies of trait evolution as a 

guide, instead of those focused on social complexity and cognitive evolution.  

The social brain hypothesis proposes that the evolution of group-living in primates drove 

greater investment in certain regions of the brain related to navigating social life, including 

individual recognition and tracking social interactions (Dunbar and Bever 1988). It is informed 

by Humphrey's (1976) proposal that social complexity and individual intelligence should be 

positively correlated, and therefore predicts that brain investment should scale with social 

network size. Dunbar and his colleagues found support in correlations between group size and 
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neocortex size across primates (Dunbar 1992; Kudo and Dunbar 2001), and between relative 

brain size and sociality across primates, ungulates, and carnivores (Pérez-Barbería et al. 2007). 

However, there is persistent evidence that ecological variables played a more important role in 

brain size expansion in primates (Walker et al. 2006; Reader et al. 2011; DeCasien et al. 2017). 

Because sociality in general and superorganisms in particular represent increases in biological 

complexity from solitary habits (Szathmáry and Maynard Smith 1995), a number of authors 

suggest that this may have driven changes in nervous system size or complexity in social insect 

species (Gronenberg and Riveros 2009; O’Donnell et al. 2015). Most studies focus on 

differences between solitary and social species or use colony size as a proxy for social 

complexity. In terms of brain traits, it is common to measure changes in relative investment in 

the mushroom bodies, given their role in more complex behaviors (Strausfeld et al. 2009).  

There is interest in the role of social complexity in individual trait evolution in insects, 

but definitions of social complexity borrowed from vertebrate sociality, such as ‘the number of 

differentiated relationships individuals have” (Bergman and Beehner 2015), may not be 

appropriate to studies of social insects. The evolution of sociality in Hymenoptera likely 

involved kin or nestmate recognition, but colony-living Hymenoptera do not rely on individual 

recognition. This, in combination with the idea that individuals of social insect colonies 

specialize on tasks, led Gronenberg and Riveros (2009) to speculate that as social structure 

evolved from communal to advanced forms, brain regions necessary for kin recognition or 

communication might first expand, followed by reductions in brain regions required for 

particular tasks in worker subcastes that no longer perform those tasks. O’Donnell et al. (2015) 

proposed another alternate to the social brain hypothesis, the distributed cognition hypothesis. 

Using data showing solitary wasps of the Vespidae family invest proportionally more brain 
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volume in their mushroom bodies than social species, O’Donnell et al. (2015) concluded that 

increased reliance on social communication may remove some cognitive burden in social 

species. These hypotheses are valuable, but may be premature; they are flawed because they 

developed within an already fragile theoretical framework of one hypothesis borrowed from the 

anthropological literature. They share with it a reliance on unsubstantiated assumptions about 

behavior while neglecting alternate hypotheses for brain size evolution entertained by primate 

biologists (Rosati 2017).  

In this review we suggest using existing studies of trait evolution in insects as template 

for gathering information about variation in neural traits across social structures in Hymenoptera. 

Brain volume provides limited interpretive power in trait analyses and we suggest using 

functional subunits for comparisons. We suggest studies use traits such as the number of 

receptors or receptor types (i.e., odorant receptors), the number of cells in the brain or brain 

regions, or circuit-level components. In tandem with this, we echo the advice of Lihoreau et al. 

(2012) and encourage neuroethological experiments to understand how social behaviors 

contribute to selection on neural traits. Qualities of cooperative behaviors are shared across many 

social organisms and may indeed evolve under common selective conditions, but our hypotheses 

about brain evolution are better served by understanding the trajectory of social evolution in each 

lineage including when sociality emerged and how changes in social structure affect individual 

worker traits and behaviors. Our experiments will be improved through the inclusion of 

phylogenetic structure and comparisons of closely related species that vary in social behaviors 

(e.g., Wittwer et al. 2017).  



 18 

1.2.2 Specific contributions of author 

The author and coauthor contributed equally to this review. The author wrote the 

introduction and sections addressing the comparative approach and social structure, and revised 

the section on neural traits. The author prepared the second and third figures. Dr. Wulfila 

Gronenberg wrote the original draft of the section on neural traits, edited the entire manuscript, 

and prepared the first figure.  

 

1.3 Additional hypotheses for brain size evolution in Hymenoptera 

Hypotheses for brain size evolution are based on the tradeoff between the metabolic costs 

of investing in or maintaining neural tissue and the fitness benefits of behaviors assumed to 

require larger, more metabolically expensive brains (Aiello and Wheeler 1995; Isler and van 

Schaik 2009). Neurons are metabolically expensive (Hasenstaub et al. 2010) and this has 

consequences for neuron size and connectivity (Niven and Laughlin 2008; Hallermann et al. 

2012). It is unreasonable to assume bigger brains are categorically cognitively superior, 

particularly across distantly related taxa (Chittka and Niven 2009; Kabadayi et al. 2016; 

Chappell 2017). Furthermore, closely related species with comparable brain sizes may exhibit 

important behavioral differences that likely emerge from changes at the cell or circuit level 

without detectably affecting brain size. Still, empirical evidence from within-species 

comparisons show aspects of brain size such as regional investment correlate positively with 

learning (Bernstein and Bernstein 1969) and negatively with reproductive investment. In the 

cabbage white butterfly (Pieris rapae) brain size at emergence predicts learning ability (Snell-

Rood et al. 2009) and learning performance is negatively correlated with egg production (Snell-

Rood et al. 2011). Similarly, selection experiments in the live-bearing guppy (Poecilia 
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reticulata) show selection for larger-brained individuals results in improvements in learning and 

costs to reproductive output (Kotrschal et al. 2013). It seems the fodder exists for natural 

selection to act on brain size through tradeoffs in energy and cognition (Niven and Laughlin 

2008) and given the appropriate experimental system and design, it is feasible to test 

relationships among energetic resources, brain size, behavior, and fitness. 

On the level of gross anatomy, there is nothing remarkable about the brains of social or 

superorganismal species. For example, one of the most noted shifts in gross brain anatomy in 

Hymenoptera, the evolution large mushroom body calyces first noted from honeybees (Dujardin 

1850), coincides with the evolution of parasitic lifestyle, not sociality (Farris and Schulmeister 

2011). The mushroom bodies are an associative region of the insect brain that integrates and 

stores multimodal sensory input (Strausfeld 2012), and are therefore important to spatial 

navigation, learning, and complex decision-making. Despite nearly a decade since the Farris and 

Schulmeister (2011) observation, it seems there has been little interest in testing the role of 

parasitoid behaviors in mushroom body expansion. The disproportionate focus on the social 

brain hypothesis and cognitive explanations has neglected fundamental, testable hypotheses for 

the evolution of brain size and other neural traits in Hymenoptera (see Rosati, 2017 for review of 

multiple variables contributing to primate cognition and brain size). These include (1) pleiotropic 

and developmental constraints, (2) resource availability due to diet shifts and maternal care, and 

(3) selection on foraging, intraspecific communication, and nest construction behaviors.  

Through parental care, insects exert extensive control over the developmental trajectory 

of their young. One of the hallmarks of superorganisms is polyphenism, wherein 

morphologically distinct queens, workers and even subcastes of workers are produced from an 

often genetically homogenous group. A fundamental, cohesive (and in my opinion neglected) 
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hypothesis in brain evolution in Hymenotpera is the regulation of size (Schmidt-Nielsen 1985; 

Trible and Kronauer 2017). Studies linking body size with sensory structure and brain scaling, 

behavioral variation, and colony-level fitness consequences advance our understanding of the 

role of constraints and positive selection in brain evolution in social insects (Niven and Laughlin 

2008; Eberhard and Wcislo 2011; Niven and Farris 2012).  

 

1.3.1 Energetics: foraging, maternal care, and body size  

Constraints are an important aspect of trait evolution. Body size and developmental 

networks regulating growth are primary constraints on brain size (Eberhard and Wcislo 2011) 

and, as discussed previously, energetic requirements of neural tissue may further limit brain size 

(Niven and Laughlin 2008). Behaviors that increase energy available for growth and 

development are expected to positively influence body and brain size, with potentially steeper 

benefits to brain size due to its high energetic demands. Diet shifts to frugivory coincide with 

brain expansion across the primate lineage (DeCasien et al. 2017), an expansion hypothesized to 

involve a combination of the greater caloric density of fruits over foliage and evolution of 

behaviors necessary to successfully forage for fruits (i.e., spatial navigation and memory). In 

Hymenoptera there was a shift from herbivory to parasitoidism around 250 million years ago 

(mya), followed by diversification of parasitoid lifestyle and vast radiation of parasitoid wasp 

lineages (Peters et al. 2017). Approximately 190 mya predation evolved in the ancestor of 

vespoid wasps. Finally, a shift to herbivory in the form of pollen collection occurred in the 

ancestor of bees, prior to the evolution of sociality in bee lineages (Peters et al. 2017). Thus, diet 

shifts have been important in diversification of Hymenoptera but their roles in brain size and 

other neural traits are largely unknown.  
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Cooperative breeding and parental care are positively correlated with relative brain size 

in mammals (Isler and van Schaik 2012) and birds (Iwaniuk and Nelson 2003). Maternal care 

may allow larger brain development directly through increased energetic resources, or indirectly 

through extended development allowed by protection from predators and parasites. Stressful 

physical environments, specialized diet, patchy resource distributions, and predation or 

parasitism are hypothesized to be strong selective pressures in the evolution of parental care both 

in insects (Wilson 1975) and in mammals (Hill and Dunbar 1988). These factors are expected to 

shift the balance of the parent-offspring conflict (Trivers 1974) toward individual offspring 

investment over total offspring production, resulting in fewer, larger offspring. However, this 

prediction may not hold in insects. A comparison of parental care and offspring investment 

across 287 insect species showed lifetime egg number, not egg size, is related to evolutionary 

shifts in parental care. Investment, as measured by egg size, was so highly correlated with body 

size that the two were indistinguishable (Gilbert and Manica 2010). This has important fitness 

implications for selection on body size and body size regulation.  

Parental care in the form of mass provisioning (Evans 1959; Danforth 1990; Polidori et 

al. 2006; Strohm et al. 2016) and guarding (Michener 1974; Hu et al. 2012) is widespread in 

solitary and social Hymenoptera. The majority of solitary wasps and bees, along with the social 

sweat bees (Halicitidae) and superorganismal stingless bees (Meliponidae) are mass 

provisioners, sealing their larvae in cavities with a food source during development. A few 

solitary species and numerous social species provision progressively, returning multiple times to 

provide food to larvae placed in single chambers that will be sealed off for pupation (e.g., 

honeybees, paper wasps), or in open chambers containing many larvae (e.g., ants). In 

provisioning species maternal behavior, not larval behavior, determines maximum adult size, 
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therefore females can control both the relative size and emergence time of males and females 

(Cowan 1981; Johnson 1988; Hogendoorn et al. 2001). When provisioning multiple brood at a 

single nest site, the adult returns repeatedly, providing a regular presence to hamper predation. 

Thus, pressure from parasites or predators may drive lengthened associations between parents 

and their young and subsequently among siblings, allowing extended larval development time. 

The energetics of maternal care intersect with behavioral selection on foraging behavior, as the 

maintenance of a central nest may have driven unique skills in spatial navigation or memory 

(reviewed by Dyer 1998) and are suggested to be involved in intra- (Bernstein and Bernstein 

1969) and interspecific (Farris 2013) differences in mushroom body size.  

Patterns of maternal care behavior theoretically have consequences for brain size in 

Hymenoptera and warrant greater empirical study. In particular, though, the changes in maternal 

care associated with reproductive division of labor in social insects may influence the tradeoff 

between reproductive output and offspring body size in unique ways (Gilbert and Manica 2010), 

allowing expansion into novel phenotypic space (Wills et al. 2018; see section 1.3.3). As with 

foraging ecology and diet shifts, existing variation in maternal care across solitary, communal, 

and social Hymenoptera provides opportunity to parse the relative influence of these variables.  

 

1.3.2 Worker caste polymorphism: size, sensitivity, and plasticity 

As subunits of a larger reproductive unit, individuals of superorganisms have been 

likened to the non-gametic cells of multicellular organisms (Wheeler 1911; Boomsma 2009). 

Similar to the parallels with social vertebrates, this analogy is useful but not satisfactory since 

superorganism individuals maintain corporeal independence (Kennedy et al. 2017) and, while 

they often specialize on tasks at a particular time, they cannot be perfectly likened to 
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specialization as observed in the case of a cardiac myocyte or a T cell. When comparing 

facultatively and primitively social species with superorganisms, the change in sociality 

correlates with individual specialization. However, the term ‘division of labor’ evokes deceptive 

parallels between the individuals of superorganisms and industrial models of production (Gordon 

2016). Worker specialization in social insect colonies is not equivalent to, say, host plant 

specialization. In the latter lifetime diet specialization may be associated with loss or increased 

specificity of nervous system structures (Goldman-Huertas et al. 2015); this is unlikely in social 

insects where workers show a propensity for tasks, rarely lifetime specialization. In fact, a closer 

look at morphological and behavioral plasticity across workers suggests a theme of flexible 

strategies, rather than individual specialization, may be more salient to trait evolution. 

Worker task fidelity, where workers spend a majority of their time on a particular task, 

occurs in two dimensions, time and size. Workers of many species exhibit temporal polytheism 

wherein they progress through tasks as they age, starting with brood care and either switching 

tasks or expanding their repertoire (Seid and Traniello 2006; Torres et al. 2012) to include nest 

maintenance, defense, and foraging; workers generally are able to perform all tasks, but may do 

so with different proficiencies based on body size. Task fidelity also emerges when workers 

develop extreme body size polymorphism; in many cases the physical size of the worker itself 

provides limitations or opportunities (Davidson 1978; Wilson 1980; Rissing 1981). In 

polymorphic species of fugus growing ants in the genus Atta, size determines worker carrying 

load (Burd 2000) and only the smallest workers can navigate through the fungal gardens and are 

specialized on their care (Wilson 1980). In other species with strong size polymorphism worker 

size correlates with differences in foraging behavior (e.g., the seed harvester Veromesesor, 
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Davidson 1978)) or defensive behavior (e.g., wood ants, Kay and Rissing 2005; fire ants, Haight 

2010;).  

Nearly nothing is known about the underlying mechanisms driving task fidelity based on 

time or size. Temporal polyethism may be a form of extended development controlled by 

internal hormone signaling pathways linked with external pheromone signaling from nestmates 

(McDonald and Topoff 1988; Murakami et al. 2000; Johnson 2010). Size polymorphism in the 

worker caste is regulated by resource allocation and chemical cues (Evans and Wheeler 2001; 

Rajakumar et al. 2012), variables tightly linked with maternal and sibling care. However, the role 

of genes may be an important, underemphasized variable (Robinson and Page 1988; Hughes et 

al. 2003; Schwander et al. 2005).  

The causes and consequences of intraspecific body size variation in solitary organisms 

have been the focus of decades of biological attention (Stearns 2000). Miniaturization in insects 

has received comparable attention (Polilov 2016a), but consequences of intraspecific body size 

variation, particularly for individual behavior are not well-studied. Salient to an interest in brain 

evolution, variables that affect developmental timing and body size may have consequences for 

behavior through scaling of sensory structures or brain size (Charvet et al. 2011). Maternal care 

(along with alloparental and sibling care) influences these variables via its direct effect on body 

size and developmental timing (see Section 1.3.1) with potential consequences for trait evolution 

in the signaling pathways regulating these processes.  

In bumblebees, some Allodapine bees in the subfamily Xylocopinae (Schwarz et al. 

2007), and approximately 13% of ant species (Fjerdingstad and Crozier 2006) the worker 

population also displays large size variation, which often corresponds with some degree of 

worker task fidelity or proficiency (e.g., Spaethe and Weidenmüller 2002; Braendle et al. 2003; 



 25 

Kay and Rissing 2005; Mertl and Traniello 2009). Ants exhibit some of the most extreme cases 

of worker size polymorphism and worker specialization associated with it (Fjerdingstad and 

Crozier 2006). They are, therefore, an excellent system to measure how development and size 

affect brain investment (Figure 1), whether these differences produced distinct behavioral 

variation, and how these in turn affect to colony fitness. In Figure 1 I use data publicly available 

from (Kamhi et al. 2016) to illustrate that studies should attend to variation in brain region 

scaling associated with development and in body size polymorphism. 

Kamhi et al. (2016) measured relative investment in sensory (optic lobe and antennal 

lobe, Figure 1b) and associative (mushroom body calycies, Figure 1c, and mushroom body lobes, 

Figure 1d) brain regions in two species of ants, Formica subsericea and Oecophylla smaragdina 

(Figure 1a). In O. smaragdina workers are polymorphic and show size-based task fidelity, 

whereas in F. subsericea they are monomorphic with generalized behavioral repertoires. Finally, 

the authors also collected data from newly eclosed workers and mature workers. I performed 

analysis of variance to test how regional brain investment varies with species, age, and caste. 

Portions of this data set were used in three different publications ( Kamhi et al. 2015, 2016, 

2019), but the data have not been analyzed in the manner presented here. 

Figure 1 illustrates that regional investment varies with age and size in a species-specific 

manner. Sensory regions varied in the same manner across species with optic lobes constituting 

less volume in mature brains than newly eclosed brains and the relative size of the antennal lobe 

stable with development (Figure 1). It is likely that stability in total optic lobe size during 

development with growth in other brain regions accounts for the shift in relative size, but more 

salient is the concept that brain regions may scale independently with development. In the 

mushroom body calyx, an associative region, only the polymorphic species shows age-based 
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change in relative size, changes that are congruent across worker size classes (Figure 1c). The 

relative size of the mushroom body lobes also increases with age, but in this case there is an 

interaction with size, as only major workers show a statistically significant increase (Figure 1d). 

Differences in brain investment are often interpreted as functional consequences of 

selection on behavior (Kamhi et al. 2016; Gordon et al. 2017; O’Donnell et al. 2017, 2018). A 

common explanation for size-based differences in behavior is that selection for task fidelity or 

proficiency (Davidson 1978) results in mosaic brain development (Figure 1; Ilies et al. 2015; 

Gordon et al. 2017), with expansion in regions related to these behaviors. However, it is rare for 

studies to measure behavior and brain size in the same individuals (exceptions include Bernstein 

and Bernstein 1969; Li et al. 2017). Furthermore, while scaling relationships for sensory organs 

are reported for a wide variety of species (Polilov 2016b), surprisingly little is known about how 

body size scaling affects sensory structures or sensitivity in polymorphic workers.  

Generally, as a simple consequence of scaling, larger individuals of a species have more 

sensory receptors (Wcislo 1995; Smallegange et al. 2008; Polilov 2016b). In terms of detection 

of stimuli, it is likely the absolute number of receptors that matters, though this may not be true 

for perception. Thus, a simple hypothesis for size-based differences in behavior is sensitivity 

driven by differences in receptor number or density (Renthal et al. 2003). In general the number 

of antennal sensilla scales with body size both within (Smallegange et al. 2008) and across 

(Diakova et al. 2018) species. Within bees, the density of certain sensilla types scale with head 

width, allowing head width to be used as an indirect measurement of sensilla density (Wcislo 

1995). Detailed morphometric characterizations of polymorphic ants often do not include 

antennal length measurements (Pie and Traniello 2007; Wills et al. 2014). Hashimoto (1990) 

characterized sensilla phenotypes in ants, but density data are reported from only a handful of 
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species (Nakanishi et al. 2009; Ramirez-Esquivel et al. 2014; Leitner et al. 2019). Surprisingly, 

density data are almost completely absent for two of the most well-studied polymorphic groups, 

the genus Pheidole and the tribe Attini (Euzébio et al. 2013). 

 

1.3.3 Conclusions  

 I end this chapter with a brief example to illustrate the scientific approach advocated 

here. In the big-headed ant Pheidole, majors can perform all tasks, though they are less adept 

nurses than minors (Mertl and Traniello 2009) and rarely venture from the nests to forage unless 

recruited by minors. Muscedere and Traniello (2012) interpret the relatively larger investment in 

antennal lobe and mushroom body neuropil in minor Pheidole workers to be a consequence of 

minor worker task flexibility and proficiency. It seems possible that investment differences could 

be the consequence of differences at the periphery. For example, if antennal lengths or sensory 

receptor neuron numbers do not scale isometrically with brain size, smaller individuals might 

have relatively more sensory receptors feeding into their smaller brains. This does not preclude 

conclusions about task proficiency and central nervous system investment, but highlights a way 

very basic methods could be used to tease apart the relative contribution of size to differences in 

behavior and brain size. If our ultimate aim is to test broader, cohesive theories about brain 

evolution in Hymenoptera, the most robust approach eliminates simple hypotheses first (Popper 

1979).  
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1.3.4 Figures 
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Figure 1.3 Brain region investment varies with age and size in a species-specific manner. Data 

from two species of ant, Formica subsericea and Oecophylla smaragdina (a) illustrate region-

specific development in sensory investment (b), species-specific developmental plasticity in 

associative regions (c,d), and size-specific change in brain region investment. Comparisons of 

regional volume conducted using analysis of variance. Ant colors in (a) correspond to species / 

conditions in (b-d). Significant comparisons denoted with asterisks; * = p < 0.05, ** = p <0.01. 
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III. CHAPTER 2: SOCIAL STRUCTURE AND BRAIN EVOLUTION IN 

DOLICHODERINAE ANTS 

 
 
2.1 Introduction 

 Across social insects increases in colony size are associated with morphological 

divergence of queens and workers and increased morphological variation within the worker 

caste. REF? Intraspecific variation in colony size is also associated with changes in worker size 

variation (Tschinkel 1988) and task allocation (Ferguson-Gow et al. 2014). These increases in 

the number and diversity of parts with changes in colony size have been likened to increases in 

cell numbers and types in body size scaling (Szathmary and Maynard Smith 1995; Bonner 2004). 

Consequently, colony size is broadly acknowledged as a determinant of social complexity in 

social insects (Bourke 1999). Reviewing data from ants, Anderson and McShea (2001) further 

proposed that individuals of complex societies should be more specialized than those of simpler 

societies, and that “a reduction in an individual’s capacities may follow.” (Anderson and McShea 

2001, pg. 230), suggesting that this specialization is not a temporary condition, but a more 

permenant trait of individuals. Regrettably, the hypotheses from these thorough, insightful 

reviews often formed the premise of subsequent studies, instead of being tested outright. In the 

two decades since their publications, we know relatively little about how differences in colony 

size results in shifts in individual worker traits (e.g., behavioral complexity or underlying neural 

traits) considered the basis of social complexity. Therefore, a primary aim of this chapter is to 

ask fundamental questions about the relationship between colony size variation and worker trait 

evolution in ants.  

I employ the comparative approach, relying on natural variation to control for or 

explicitly test variables. These studies do not, therefore, reflect a perfectly balanced design; 
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instead comparisons provide the opportunity to report on the contribution of colony size and 

body size to variation in brain and sensory system morphology and behavior. In the first part of 

this chapter I familiarize the reader with my chosen study system, odorous ants (Formicidae: 

Dolichoderinae). In the second part I describe a study linking division of labor, corpulence, and 

sucrose response in one of these study species, Dorymyrmex bicolor. The third part of the 

chapter is comprised of a published paper in which my coauthor, Dr. Wulfila Gronenberg, and I 

report correlations between colony size and exploratory behavior and brain investment in 

dolichoderine ants.  

 

2.1.1 Study system: odorous ants 

 Ants in the subfamily Dolichoderinae (Formicidae) are commonly referred to as odorous 

ants because many species release volatile compounds reminiscent of fermented cheese or rotting 

fruit. These compounds serve as both recruitment and defense compounds (Wheeler et al. 1975; 

Blum and Hermann 1978) and are released from an anal gland through a small, slit-shaped 

opening at the tip of the gaster, characteristics unique to and diagnostic of members of the 

subfamily. With approximately 900 described species and global distribution, Dolichoderinae is 

one of the four largest, species-rich subfamilies of ants (Ward et al. 2010). This diversity is not 

reflected in relative research interest in ant biology; the majority of published papers on the 

subfamily concern the invasive pest Argentine ant (Linepithema humile). Genera in the 

subfamilies Forminicinae (e.g., Camponotus, Formica, Lasius) and Myrmicinae (e.g., Pheidole, 

Atta, Pogonomyrmex) are more commonly the focus of ecological, behavioral, and 

neuroscientific study. Thus, generalizations about ants are biased toward information from 



 32 

formicine and myrmecine biology, and generalizations about dolichoderine ants are biased by 

invasive species biology. 

Dolichoderine ants are infamously aggressive, fast-moving, large-colony species that 

dominate communities where they exist. The ecological success of L. humile and many native 

dolichoderines is attributed to exploitation and interference competition in foraging. Most 

species locate and overwhelm a resource, outpacing other ant species with a rapid recruitment 

response (Carpintero and Reyes-López 2008; Human et al. 2009) and prevent competition with 

their aggressive behaviors (Buczkowski and Bennett 2008b). These species generally form large, 

multi-queen (polygynous) colonies, but single-queen (monogynous), small colony species also 

exist (Burchill and Moreau 2016). The odorous house ant (Tapinoma sessile) appears to be 

facultatively polygynous, founding small colonies in native forest habitats and large, 

supercolonies in urban areas (Buczkowski and Bennett 2008a). This pattern suggests colony size 

in some species may be constrained by ecology or climate, rather than being determined solely 

by genetic factors. One approach to isolating colony size as a variable in individual trait 

evolution is to compare species that vary in colony size, but not in potentially confounding 

variables such as worker body size or habitat. Dolichoderines of the United States provide 

opportunity for such comparisons.  

 

2.1.2 Species of current study 

Tribe Leptomyrmecini 

 Leptomyrmecini are a crown group of dolichoderine ants whose modern lineages 

emerged approximately 50 mya. The group includes the invasive argentine ant (L. humile). 
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Members included in this study, Dorymyrmex and Forelius, are sister genera that diverged over 

35 mya (Ward et al. 2010).  

The taxonomy of Dorymyrmex in the southwestern United States is in need of revision 

(Snelling 1995; Fisher and Cover 2007; James Trager, Pers. Comm.). One of the species used 

here, D. insanus, is provisionally classified based on guidance in Fisher and Cover (2007), and 

other empirical studies in this region (e.g., Pearce-Duvet et al. 2011), but may be identified as D. 

smithi in other publications (Kay 2002). Importantly, the species here called D. insanus and the 

established species, D. bicolor, can be distinguished consistently in the field based on 

morphology and, as I report here, active worker population sizes. The shifting taxonomy of the 

D. insanus makes a review of its ecology and behavior challenging, but below I attempt to 

consolidate information to guide future biologists interested in the study system. 

According to Snelling (1995), “No North American ant has been cursed with such a 

singular unfortunate taxonomic history as that described by Buckley (1866) as Formica insana.” 

Edward Norton (1879) recognized the species described as F. insana as belonging to the recently 

described genus Dorymyrmex and Mccook (1879) renamed the type material, collected from 

central Texas, as Dorymyrmex insanus. Based on morphological description, a species of ant 

described from Tucson, Arizona and originally named D. wheeleri Kusneszov, was later lumped 

into D. insanus. Previous descriptions of D. insanus ecology and behavior from the southeastern 

United States are inconsistent with my own observations of the ants classified as D. insanus in 

this study. Buckley (1866) and McCook described active, erratic, aggressive behaviors and 

Johnson (1989) described multiple nest entrances, large number of workers moving in a 

disorganized fashion, and a rapid attack of other species of ant that wandered into the nest 

complex. Trager (1988) described the southeastern species, D. medeis, a suggested synonym of 
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D. insanus based on morphology, as being highly aggressive and territorial, observations 

reminiscent of those made by Buckley and McCook. While climate and ecology are notorious 

drivers of life history and behavioral differences across populations of the same species (Kaspari 

and Vargo 1995; Buczkowski and Bennett 2008a), there is general consensus that eastern and 

western species classified previously as D. insanus are in fact separate species (Trager 1988; 

Snelling 1995).  

Bestelmeyer (2005) classifies D. bicolor and Forelius mccooki as ecologically dominant 

taxa due to their often successful in interaction at baits, and D. insanus as a more “submissive” 

taxon in the Chihuahua desert community. This is consistent with personal observations of 

species interactions at field sites in Tucson. Additionally, while all three species show 

overlapping activity patterns, there appear to be differences in peak foraging times. F. mccooki 

workers are highly active in the middle of the day when temperatures are greater than 37.5°C, 

whereas D. bicolor and D. insanus begin foraging early in the morning hours before the sun 

rises, and cease foraging during the hottest hours of the day. Thus, F. mccooki may have unique 

physiological adaptations for heat tolerance (Fitzpatrick et al. 2014).  

 

Tribe Dolichoderini 

Species in the tribe Dolichoderini were chosen for this study because they are from a 

separate dolichoderine subfamily (Dolichoderini and Leptomyrmecini lineages diverged ~ 60 

mya) , but also show measurable colony size variation, specifically among Dolichoderus species 

that overlap in habitat (Kannowski 1967; Johnson 1989; Laskis and Tschinkel 2009; Ellison et 

al. 2012). Dolichoderus species were chosen as a natural replication of experiments relating 

colony size to worker traits. However, collection of members of the two large-colony 
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Dolichoderus species, D. mariae (Laskis and Tschinkel 2009) and D. taschenbergi proved 

difficult and therefore these species are not included in this work. Instead, the morphology of the 

small-colony D. pustulatus is compared with that of its desert-inhabiting relatives.  

 

Colony size  

Colony size estimates across social insects are notably sparse with estimates for only 

approximately 1.2% of the Dolichoderinae subfamily published (Dornhaus et al. 2011). 

Estimates for D. pustulatus do exist; colonies are monogynous and with a mean colony size of 

445 individuals (range: 41-1299; mean worker population: 203; Kannowski, 1967). Full colony 

sampling data for D. bicolor, and F. mccooki are not published. D. insanus colonies from a study 

in southeastern Arizona are reported as having 103 – 104 individuals (Valone and Kaspari 2005), 

but neither this study nor others provide empirical data to support these estimates. During peak 

foraging times I have observed hundreds of D. bicolor and more than a thousand F. mccooki 

workers outside their nests, but only tens of D. insanus. Measurements of worker activity outside 

the nest (Godfrey and Gronenberg; Appendix B) support this relative ranking of colony size.  

 

2.1.3 Collection and identification 

Forelius spp. are distinct in being highly active in high numbers in the middle of the day 

in the Sonoran desert. There are at least two species of Forelius in southern Arizona and F. 

mccooki were distinguished from the closely related F. pruinosus by the presence of erect hairs 

on the antennal scape (Fisher and Cover 2007). D. bicolor were identified as distinctly bicolored 

with an orange head and thorax and a black gaster. D. insanus were identified as being nearly 
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uniform in dark brown to black color, though individuals of some colonies show mild 

bicoloration with a lighter brown head and thorax and darker colored gaster. 

Dolichoderus species are unique among dolichoderines in possessing a thickened, 

sculpted cuticle, frequently armed with spines (Shattuck 1992). This characteristic, in 

combination with the diagnostic terminal slit in the gaster, makes it easy to distinguish them 

from ants in the other two large subfamilies, Formicinae and Myrmicinae. I collected individual 

of both species in moist fields and bogs in the Allegheny National forest of Northwestern 

Pennsylvania. D. pustulatus were distinguished from the closely-related D. plagiatus by their 

uniform black color and the small number of hairs on the antennal scape (Ellison et al. 2012). 

Species occurred sympatrically with workers of both generally foraging singly on adjacent 

plants. During collection I once observed a group of about ten D. plagiatus tending aphids. 
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2.1.4 Figures 

 
 

 

Figure 2.1.1 Dolichoderinae ants collected for study. (A) Forelius mccooki, (B) Dorymyrmex 

bicolor, and (C) Dorymyrmes insanus, and (D) Dolichoderus pustulatus.  
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2.2 Worker size, corpulence, and sucrose sensitivity in Dorymyrmex bicolor (Formicidae: 

Dolichoderinae) 

2.2.1 Abstract 

Variation in sensory sensitivity among workers may drive task allocation within social 

insect colonies. In ants, initiation of foraging is correlated with age and in some instances size, 

but variation in individual worker response thresholds with respect to these variables remains 

largely unidentified. Progression from nursing to foraging is associated with metabolic signaling 

pathways and foragers show higher sucrose sensitivity, suggesting regulation of colony-level 

foraging may be achieved through natural variation in individual energy status. In this study I 

report the relative contributions of body size and dry gaster mass, an indirect measure of 

corpulence, to foraging behavior and sucrose sensitivity in a species of odorous ant, Dorymyrmex 

bicolor. I report that foragers are less corpulent than nest entrance workers and that corpulence is 

a better predictor of differences in sucrose sensitivity than body size. These findings suggest 

differences in energetic state may shift motivation for foraging behavior through an influence on 

response thresholds.  

 

2.2.2 Introduction 

Evidence from taxonomically diverse social species suggests that interindividual 

variation in response to stimuli underlies adaptive group decision-making (e.g., fish, Brown and 

Irving 2013; birds, Aplin et al. 2014; sheep, Michelena et al. 2010; insects, Edelstein-Keshet et 

al. 1995; Jeanson et al. 2012; Jeanson and Weidenmüller 2014). Response threshold models, 

wherein individual variation in internal set-points drives task participation, have been proposed 

as a mechanism of colony-level task allocation in social insects (Beshers and Fewell 2001). In 
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these models, variation in response thresholds may be genetically-based (Page et al. 1998) but is 

often modified with experience or shifted by environmental context (Deneubourg et al. 1987; 

Pankiw and Page 2003). These models have received considerable theoretical treatment and 

support from studies of within-group genetic variation (reviewed by Page and Robinson 1991; 

Beshers et al. 1999; Beshers and Fewell 2001), but behavioral evidence is limited and mixed 

(Spaethe et al. 2007; Jandt and Dornhaus 2014; Leitner et al. 2019). The vast majority of 

empirical evidence for response thresholds regulating division of labor hails from studies of the 

European honey bee (Apis mellifera). In ants, few studies have measured variation in individual 

worker response thresholds with respect to worker size or age, known correlates of division of 

labor within colonies. 

Foraging, a highly coordinated, collective behavior, is not centrally regulated in ant 

colonies. Instead, variation in worker size (Schwander et al. 2005) and corpulence (Blanchard et 

al. 2000; Robinson et al. 2012) determine which ants act as foragers at any given time. These 

variables are inherently correlated, as larger individuals have larger absolute fat stores. However, 

body size may affect foraging through differences in detection, handling, or transport of 

resources (Arnan et al. 2011; Wills et al. 2018) stemming from size-based differences in 

morphology, weight bearing capacity, or absolute number of sensory receptors. Larger workers 

often have more sensory receptors than smaller workers (Bernstein and Bernstein 1969) and size-

based differences in sensitivity can determine detection thresholds for relevant stimuli (Spaethe 

et al. 2007).  

Corpulence is negatively correlated with foraging propensity in ants (Dinoponera, Smith 

et al. 2011; Pogonomyrmex, MacKay 1983; Formica, Kondoh 1968; and Temnothorax, 

Blanchard et al. 2000), suggesting energy metabolism may play a central role in regulating 
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foraging behavior. Food-seeking behavior in insects is associated with allelic and expression 

differences in the foraging gene, a highly conserved cGMP-activated protein kinase involved in 

energy homeostasis. Allelic differences in for are associated with variation in lipid metabolism 

and differences in food-seeking behavior upon food deprivation in D. melanogaster (Kent et al. 

2009). In ants, foragers show lower for expression (Ingram et al. 2005, 2011; Lucas and 

Sokolowski 2009; Page et al. 2018) and lower sucrose response thresholds (Perez et al. 2013) in 

comparisons with nurses, suggesting energy metabolism may contribute to differences in sucrose 

sensory thresholds. 

Here I report the relative contribution of body size and corpulence to individual foraging 

behavior and sucrose sensitivity in a species of odorous ant, Dorymyrmex bicolor. I find that 

foragers are less corpulent than nest entrance workers and that corpulence is a better predictor of 

differences in sucrose response sensitivity than body size. 

 

2.2.3 Methods 

Collection & morphometrics 

Dorymyrmex bicolor were collected from three colonies located in a public park in 

Tucson, AZ between mid-September and mid-October of 2016. Colonies were located > 50 m 

apart; aggressive behavior between paired individuals from different nest entrances was used to 

determine colony independence. Workers observed moving stones at the nest entrance were 

classified as nest entrance workers (N), those observed greater than 1.5 m from the closest nest 

entrance foragers (F), and those randomly collected within 30 cm from nest entrances, mixed 

nest entrance workers (M). An aspirator (1135A aspirator, Bioquip, Rancho Domingo, CA) was 

used to select specific ants.  
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Head width (maximum width of the head in full face view; HW) was measured using 

electronic calipers (VXB Ball Bearings Company, Anaheim, CA, USA). Total mass, fresh gaster, 

and dry gaster mass were measured using an analytical balance (Mettler Toledo AT261; 

Marshall Scientific, Hampton, NH, USA). Whole ant mass measurements were taken prior to 

sucrose response assays. Following sucrose response assays, gasters of F and N were removed, 

weighed, and dehydrated in a laboratory oven (Model 05015-54; Cole-Parmer Instrument 

Company, Niles, IL, USA) at 65 °C for 24 hours. Gasters were reweighed immediately following 

dehydration. Here, dry gaster mass acts as an indirect measurement of corpulence and is reported 

as a ratio of dry gaster mass to total body mass to account for differences in ant body size. 

(Blanchard et al. 2000).  

 

Sucrose response assays 

Individual ants were restrained in 200 uL pipet tips such that their heads protruded from 

the tip. They were secured in place by a thin strip of clear tape across their neck so they could 

not retract their head into the tip. Sucrose response assays were conducted under a 

stereomicroscope (SZ61; Olympus). Sixteen ants, a mix of F, N, and M, were assayed at a time. 

Each ant was given 60 seconds to acclimate to the microscope stage prior to the start of each 

trial. Stimulus presentation started with distilled water after which sucrose was presented to the 

group in increasing concentrations (0.3%, 3%, 10%, and 30 %; w/w in distilled water) such that 

each ant had approximately 25 minutes between stimulus presentations. Stimuli were applied to a 

wooden toothpick and gently placed in front of the ant so that it touched their antennae. 

Generally, ants would actively palpate the toothpick when placed in this position. A metronome 

was used to record the number of seconds between the first antennal touch and extension of the 
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maxilla-labium (MaLER, Guerrieri and d’Ettorre 2010). Ants were given up to 35 seconds to 

respond; those that did not respond in less than 35 seconds to any given stimulus were discarded 

from statistical analysis of that stimulus. To prevent fatigue, ants showing MaLER were offered 

the toothpick and allowed to lick the water or sucrose for 1 second. 

 

Statistical analyses 

 All statistical analyses were conducted in R (R Core Development Team and Team 2013; 

v. 1.1.453). Analysis of variance (ANOVA) was used to compare differences in head width and 

mass by colony and observed behavior. A linear mixed model with colony as a random effect 

was used to determine if the corpulence measure used here, dry gaster mass, was correlated with 

head width. Generalized linear models with a log-linked poisson function were used to compare 

sucrose response latency across head width, observed behavior, and corpulence. Post hoc tests 

were conducted using least square means with Tukey’s HSD (honestly significant difference) 

adjustment for multiple tests. McFadden’s Pseudo-R2 reported for generalized linear models. 

 

2.2.4 Results 

 The mass of an ant is determined by its absolute size, fat body mass, and recent feeding. 

Therefore, mean body mass is an important variable for understanding the energetic status of 

colony. At the individual level, however, head width acts as a stable measure of body size not 

influence by fat body mass or feeding. While the fat body is distributed throughout the body of 

an insect, the largest portion in ants is concentrated in the gaster. Therefore, dry gaster mass acts 

as an indirect measurement of corpulence. To account for differences in ant size corpulence is 

reported as a ratio of dry gaster mass to total body mass (Blanchard et al. 2000).  
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Colonies of D. bicolor vary in mean worker size, the largest (Fig. 2.2.1A) and heaviest 

workers (Fig. 2.2.1B) reported from GM1. With differences in worker size among colonies 

accounted for, dry gaster mass was not correlated with head width (Fig. 2.2.1C, 𝛘2 = 1.66, df = 

1, p = 0.198), suggesting corpulence varies largely independently of worker size. In two of the 

three colonies workers observed foraging did not differ in size from those participating in nest 

entrance work, but GM2 nest entrance workers were larger in size and mass than their foraging 

counter parts (Fig. 2.2.2A, B). Across all colonies foragers were significantly less corpulent than 

nest entrance workers (Fig.2.2.2B, C).  

Response latency to water did not vary by ant size (Fig. 2.2.3 A) or corpulence (Fig. 2.2.3 

B). Response latency to 0.3% sucrose was weakly correlated with both size (p = 0.011, pseudo-R2 = 

126 0.07) and corpulence (p < 0.0001, pseudo-R2 = 0.07). Response latency to all three 

concentrations of sucrose correlated better with corpulence than size (Fig. 2.2.4). Worker size, 

measured by head width, correlated significantly with response latency to 10% sucrose, but 

variation explained by head width was less than 5% (Fig 2.2.4 B). In contrast, variation in 

response latency attributed to corpulence was relatively higher (19%, 23%, and 13% for 3, 10, 

and 30, respectively; Fig. 2.2.4). Notably, the correlation between corpulence and response 

latency at 30% is weaker than at lower concentrations (Fig. 2.2.4 C). Foragers showed lower 

response latencies than nest entrance workers at the highest and lowest sucrose concentrations 

(Fig. 2.2.5), but at 20% the difference in mean response latency only approached statistical 

significance (Fig. 2.2.5 B, F vs. N, p = 0.0956). Workers randomly sampled from around nest 

entrances showed intermediate sucrose response latencies, suggesting this collection method is 

sufficient to gather foragers and nest entrance workers in future experiments.  
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2.2.5 Discussion 

Consistent with other studies of foraging behavior in ants, foragers collected in this study 

had lower dry gaster mass, the primary region of fat body reserves in ants, than their counterparts 

working at the nest entrance. This measure of corpulence correlated with sucrose response, 

resulting in foragers showing lower mean sucrose response latency than nest entrance workers. 

Body size, measured as head width, did not correlate well with sucrose response, suggesting that 

differences in sensitivity are not due to absolute size.  

In ants worker size and age correlate with task participation and in some instances 

proficiency. Size-based differences in task participation may be in part driven by sensory 

sensitivity attributable to sensory structures scaling with body size (Bernstein and Bernstein 

1969; Spaethe et al. 2007). D. bicolor workers are monomorphic with coefficients of variation 

for head width ranging from 2.6% in GM3 to 6.1% in GM1 (Fig. 2.2.1A). Such modest 

differences in body size may not produce drastic differences in absolute numbers of sensory 

receptors and body size may play a larger role in species with a polymorphic worker caste.  

Mechanisms for age-based differences in worker behavior are not well-understood, but 

developmental and physiological factors such as gland and ovary maturation (McDonald and 

Topoff 1988), and energetic state (MacKay 1983; Mayack and Naug 2013) link age with task 

participation in a number of species. The insect fat body is not simply a repository for energy 

stores, it controls acute metabolic responses to feeding and starvation and synthesizes proteins 

and lipids that act as signaling molecules throughout the organism (reviewed by Arrese and 

Soulages 2010; Li et al. 2019). Therefore, changes in the fat body with activity or age may also 

drive task preference. The current study suggests differences in energetic state may shift 

motivation for foraging behavior through an influence on response thresholds.   
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2.2.6 Figures 

 
 

 
 
Figure 2.2.1 Variation in body size among D. bicolor colonies. Head width(A), body mass (B) 
and dry gaster mass (C) differences among three colonies, GM1 (filled circles), GM2 (grey 
circles), and GM3 (open circles). * = p <0.01; *** = p < 0.0001. 
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Figure 2.2.2 Variation in body size (A), (B) and corpulence (C), (D) among D. bicolor workers 
from three colonies (GM1, GM2, GM3), participating in nest entrance work (N), or collected > 
1.5 m from the nest entrance (F). * = p <0.05; ** = p < 0.01; *** = p < 0.001. 
 
 
  

1.0

1.5

2.0

2.5

M
as

s 
(m

g)

0.0
0.1
0.2
0.3
0.4

D
ry

 g
as

te
r m

as
s 

(m
g)

GM1
N

0.80
0.85
0.90
0.95
1.00
1.05

H
ea

d 
w

id
th

 (m
m

)

F
GM2

NF
GM3

NF
GM1

NF
GM2

NF
GM3

NF

0.00
0.05
0.10
0.15
0.20
0.25

D
ry

 g
as

te
r m

as
s 

/ m
as

s

GM1
NF

GM2
NF

GM3
NF

GM1
NF

GM2
NF

GM3
NF

***

**

A B

DC

***
***

***

***
***

***



 47 

 
 
Figure 2.2.3 Water response latency by body size (A) and corpulence (B) from nest entrance 
workers (N, squares) and those collected < 30 cm (M, triangles) or > 1.5 m (F, circles) from the 
nest entrance. 
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Figure 2.2.4 Sucrose response latency by size and corpulence. Response latency to (A) 3%, (B) 
10 %, (C) 30% sucrose by size (left column) and corpulence (right column). Worker designated 
based on collection location and behavior as nest entrance workers (N, squares) and those 
collected < 30 cm (M, triangles) or > 1.5 m (F, circles) from the nest entrance. 
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Figure 2.2.5 Sucrose response latency by worker behavior for 0.3% (A), 3% (B), 10% (C), and 
30% (D) sucrose. Worker designated based on participation in nest entrance work (N), or 
collected < 30 cm (M) or > 1.5 m (F) from the nest entrance. ^ = p < 0.10, ** = p <0.01, *** = p 
<0.001 
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2.3 Linking colony size with foraging behavior and brain investment in odorous ants 

(Formicidae: Dolichoderinae) 

 

2.3.1 Summary 

This section relates to a published manuscript, attached as Appendix B. In this paper we 

examined the role of colony size in worker trait evolution, using three sympatric species of 

Dolichoderinae from the Sonoran Desert that overlap in foraging ecology but vary in colony size 

and body size. We first ranked species by size according to observations of workers at the nest 

entrance during. Forelius mccooki had the highest average number of workers outside the nest, 

followed by Dorymyrmex bicolor and then by D. insanus, with significant differences among all 

pairs. We found that the small-colony species, Dorymyrmex insanus species showed greater 

exploratory drive and faster exploration rate than the large-colony species. Brain investment 

scaled isometrically with body size across these ant species, whereas antennal lobe investment 

was negatively related to ranked colony size. 

This study presents the first in a set of experiments to test the hypothesis that social 

structure measurably affects brain investment. We designed our comparisons to control for 

potentially predictive variables often neglected in other studies, a primary criticism of 

Gronenberg and Godfrey (2019). We chose related species that occur sympatrically and overlap 

in foraging ecology to help control for differences in behavior or the nervous system that may be 

attributable to sensory ecology or large phylogenetic divergence. We find that some of the 

behavior and brain traits quantified in our study vary based on body size, while others are related 

to colony size, the social structure variable in our study. In particular the antennal lobe stands out 
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as scaling negatively with colony size and in subsequent experiments we tested whether sensory 

systems, including more detailed structures of the antennal lobe, also correlate with colony size.  

 

2.3.2 Specific contributions of the author and coauthor 

 For the paper attached at Appendix B, I designed and conducted behavior experiments 

and neuromorphological comparisons. I wrote the first draft of the manuscript with guidance 

from Dr. Wulfila Gronenberg. Dr. Wulfila Gronenberg reviewed and revise the written 

manuscript prior to initial submission and during the review process.  
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IV. CHAPTER 3: BODY SIZE, COLONY SIZE AND SENSORY SYSTEM SCALING IN 

DOLICHODERINAE ANTS 

 
 
3.1 Introduction 

3.1.1 The size-complexity relationship 

Physical laws dictate that size constrains the geometry of organisms. For example, 

passive diffusion is limited by the surface area between two liquids or gasses and surface area 

scales with the square of the linear dimensions of an object, while volume scales with the cubic 

dimensions, meaning larger organisms need to invest relatively more in surfaces for diffusion 

than smaller organisms (Galileo 1638; Bonner 2011). Unlike the physical laws that determine 

relationship between the size and geometry of objects and organisms, the positive relationship 

between size and organismal complexity is more variable, though often referenced as a general 

rule (Bonner 2004). Measuring complexity is inherently more difficult than measuring surface 

area or volume (McShea 1996) and the number and diversity of parts, and division of labor 

among parts have fallen into common usage as measures of complexity. Additionally, size may 

be linked with complexity indirectly through the geometric properties of scaling, or by favoring 

the evolution of structures to deal with the biophysical limitations it imposes. As an example of 

the former, as something grows in volume, the distance among subunits becomes more variable 

as “a state of homogeneity that cannot be maintained.” (Spencer 1867, pg. 403), and this itself 

can result in the emergence of differences based on location. If this spatial proximity accounts 

for the diversity of parts or even a division of labor among them, but the parts themselves have 

not changed, the heterogeneity is considered an emergent property of the system. When size 

drives complexity directly, novel system components emerge (e.g., cell types) and scale 
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positively with size (McCarthy and Enquist 2005). A crucial, but oft-overlooked aspect of size as 

a driver of the evolution of novel cell types is that this trend is true when comparing major 

metazoan clades, but not among more closely related taxa. It is possible that emergent properties 

due to size drive the size-complexity relationship observed within taxa and across closely related 

taxa, but that selection acts on this variation to canalize specialization or generate subunits, 

resulting in the emergence of new systems.  

Superorganisms represent an increase in biological complexity from solitary organisms, 

making them a common focus of complexity studies (Cole 1985; Bonner 1993; Szathmáry and 

Maynard Smith 1995; Bourke 1999; Anderson and McShea 2001; Jeanson et al. 2012; Patalano 

et al. 2015). Being that the colony is the reproductive unit of the superorganism, complexity may 

scale with colony size in a manner similar to complexity scaling with body size or group size 

across other taxa (Bonner 1993). Indeed, across ant species reproductive dimorphism (Bourke 

1999), worker polymorphism (Bonner 1993; Murakami et al. 2000), and division of labor 

(Jeanson et al. 2007; Ferguson-Gow et al. 2014) are correlated with colony size. However, 

despite the correlation between colony size and system complexity, it is important to emphasize 

that it is variation in complexity that scales with colony size across species. This is similar to the 

case of body size and complexity wherein with increasing levels of complexity the mean and 

range of body size increases (Heim et al. 2017). Bonner (1993) illustrates the case for ant colony 

size nicely with a graph showing the number of morphologically distinct worker castes as a 

function of colony size. The relationship suffers from obvious heteroscedasticity; while small-

colony species do not have morphological castes and some large-colony species do, there are 

large colonies that also do not develop morphological worker castes. Additionally, these 

morphological (Tschinkel 1988; Thomas and Elgar 2003) and behavioral (Jeanson et al. 2007; 
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Ferguson-Gow et al. 2014) measures of complexity may not be static traits as they arise only 

after colonies reach large sizes in some species (Dornhaus et al. 2011). 

Our understanding of the relationship between colony size and system complexity will be 

aided by studies on the relative role of evolutionary processes in subunit differentiation (e.g., 

worker size polymorphism) or specialization, versus proximate causes that can be attributed to 

changes in the number of individuals or age structure of the colony (e.g., worker task allocation). 

For the latter, colony size can be measured or experimentally manipulated within a species and 

differences in worker behavior or morphology measured along a gradient of colony sizes 

(Thomas and Framenau 2005; Jeanson et al. 2007; Amador-Vargas et al. 2015). To ask how 

selection on colony size affects differentiation or specialization, trait variation can be measured 

across related species that vary in colony size (Riveros et al. 2012; O’Donnell et al. 2015, 2018).  

Existing studies aimed at the role of social structure in brain evolution often assume 

colony complexity is negatively correlated with individual worker behavioral complexity 

(Anderson and McShea 2001; Gronenberg and Riveros 2009; O’Donnell et al. 2015). These 

studies hypothesize that relative brain investment, particularly in brain regions associated with 

more complex behaviors such as multi-modal learning and memory, will decrease with 

increasing colony size (Riveros et al. 2012; O’Donnell et al. 2015; Kamhi et al. 2016; Wittwer et 

al. 2017). However, these studies lack clear definitions of and empirical data for individual 

behavioral complexity and often fail to control for confounding variables such as differences in 

ecology. Furthermore, individual workers of social species show behavioral and cognitive skills 

comparable to solitary relatives (Gruter et al. 2011; Pasquier and Grüter 2016; Hollis et al. 2017; 

Yilmaz et al. 2017). Instead, collective behavior may emerge from expanded communication 

systems without changes to individual behavioral complexity (Jeanson et al. 2012; Feinerman 
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and Korman 2017), per se, but with mechanisms to reduce within-individual behavioral 

variability (Jeanson 2019). 

Here I frame the size-complexity question more broadly in terms of the neuroethology 

and trait evolution. Undoubtably, colony size plays a role in social insect evolution as it is 

involved in both proximate (e.g., Jeanson et al. 2007; Ferguson-Gow et al. 2014) and ultimate 

(e.g., Robinson and Page 1988) causes of worker trait variation or specialization. The current 

study focuses specifically on the relationship between colony size and the size and number of 

sensory system components, with a focus on sensory structures known to be involved in social 

communication. My approach stems in part from the opinion that there exists a disproportionate 

focus on higher-order brain structures such as the mushroom bodies without appropriate 

quantification of inputs. Thus I will focus on inputs here to fill a gap in the literature. But more 

salient, these experiments aim to test the hypothesis that communication systems change with 

colony size because selection acts on nestmate recognition and signaling related to cooperative 

behaviors with changes in colony size. I offer no a priori hypothesis regarding cause and effect; 

it seems equally possible that shifts in communication systems drove expansion of colony size 

(LeBoeuf et al. 2013) as the inverse (Riveros et al. 2012), and likely that these traits coevolve.  

 

3.1.2 Social structure & the evolution of communication systems 

Transitions from solitary to social living and the evolution of larger social groups are 

hypothesized to act as unique drivers of trait evolution. In particular, traits related to intraspecific 

communication and recognition of group members, distinctly if not uniquely social behaviors, 

are predicted to change with changes in social structure (Stuart 1991; Bourke 1999). In solitary 

organisms, intraspecific communication and kin recognition are important to coordinating 
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reproductive and familial relationships, in social organisms these same systems may be expanded 

or modified for interactions among individuals of varied relatedness. Thus, because the evolution 

of sociality involves an expansion of the type and number of relationships among conspecifics, it 

represents an increase in biological complexity from solitary life histories (McShea 1996). 

Similarly, but not synonymously, the number and type of interactions may scale with group size 

across social species and have consequences for individual traits (Anderson and McShea 2001), 

particularly those related to intraspecific recognition and communication (Dunbar 1992). Ant 

social groups are colonies, not societies, with important differences in intragroup recognition and 

communication. Rather than individualized recognition of group members (Wells et al. 2003; 

Breed 2014), ants are thought to use a general recognition system that allows them to assess 

whether an individual is a nestmate or non-nestmate (Esponda and Gordon 2015). Recognition of 

one’s own signals may also occur (Maschwitz et al. 1986). Despite the seeming simplicity of a 

binary decision, recognition systems in ants are complex (Buczkowski and Silverman 2005; 

Ferguson et al. 2020).   

Intraspecific communication in Hymenoptera is largely chemosensory and 

mechanosensory in nature (Hölldobler 1999), with the origins of chemical signaling in social 

insects originating from those used in defense (Mitra 2013), fertility (Van Oystaeyen et al. 2014; 

Oi et al. 2015) and kin recognition (Lihoreau et al. 2007) in solitary species. Kin recognition 

cues are often coopted from the chemical system for desiccation prevention (Chung and Carroll 

2015). Chemosensory information is processed primarily in the antennal lobe, and the 

diversification of signaling in Hymenoptera is mirrored by a notable expansion in olfactory 

receptor genes (Zhou et al. 2015), and increased complexity of olfactory system morphology 

(Dacks and Nighorn 2011; Rössler and Zube 2011). The signals themselves are not more varied 
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or complex in social than solitary species (Kather and Martin 2015), but the morphology 

required to produce or interpret specific compounds may be expanded in the former (Billen 

1986a; Dacks and Nighorn 2011; Zhou et al. 2015). This apparent expansion has been attributed 

to strong selection for systems that maintain group cohesion and efficiently coordinate group 

behaviors (Leonhardt et al. 2016).  

 

3.1.3 Anatomy of ant chemosensory systems 

Exocrine glands 

Seventy five exocrine glands are described from ants (Billen 2009). While most have 

homologous structures in solitary relatives, the metaplural glands, located on the alitrunk 

(mesosoma) segment just caudal to the petiole and which function in protection from parasites 

(Yek and Mueller 2011), are unique to ants (Hölldobler and Engel-Siegel 1984). Compounds 

used to organize foraging and defense are excreted from abdominal and cephalic glands, whereas 

hydrocarbon cues distributed across the exoskeleton (cuticular hydrocarbons, CHCs) and used in 

nestmate recognition are produced in cephalic or cuticular glands (Jackson and Morgan 1993; 

Martin and Drijfhout 2009). Despite the structural homology in gland morphology and chemistry 

across species, behavioral responses are notoriously diverse, even at times among closely related 

species (Billen 1986b, 2006; Jaffe et al. 1990; Jaffé et al. 1990; Morgan 2009). Nestmate 

recognition cues are determined by diet (Liang and Silverman 2000) and genetic diversity, with 

polygynous (multi-queen) colonies predicted to produce more varied chemical profiles (Keller 

and Passera 1989; but see Martin et al. 2009). 
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Sensory systems in social communication 

The chemosensory organs of insects are distributed on sexual organs, tarsi, mouthparts, 

and antennae (Keil 1999). Sensilla are comprised of a protrusion of the cuticle within which a 

few or sometimes large numbers of sensory neurons are located. While most noted as 

chemoreceptors, sensilla also act as thermo-, hygro-, and mechanoreceptors. As noted 

previously, social signal reception is largely chemosensory, and occurs primarily through sensilla 

on the antennae and maxillary palps. In halictid bees reductions in total sensilla density coincide 

with transitions from social to solitary habits, suggesting that even broad patterns of investment 

may be related to social structure (Wittwer et al. 2017).  

Sensilla basiconica are stout, pegged, sensilla set in a small indentation in the cuticle 

(Hashimoto 1990; Renthal et al. 2003). They have been identified as important in nestmate 

recognition in ants (Ozaki et al. 2005; Nishikawa et al. 2012; Sharma et al. 2015). Originally 

described as having a single apical pore (Hashimoto 1990), they are now known to be 

multiporous (Sharma et al. 2015). While other types of sensilla house a small number of sensory 

neurons, s. basiconica can be innervated by more than 100 sensory neurons (Nakanishi et al. 

2009).  

Olfactory sensory neurons (OSNs) expressing a particular odorant receptor complex 

converge on the same glomerulus (synaptic cluster) in the antennal lobe such that the number of 

glomeruli is often a good estimate of odorant receptor (OR) genes (Hansson and Stensmyr 2011; 

Haverkamp et al. 2018). Interestingly, the number of olfactory glomeruli can vary across 

morphological castes in ants (Mysore et al. 2009; Kuebler et al. 2010), suggesting the regulation 

of olfactory receptor expression may be linked with body size in some species. In ants OSNs 

from the s. basiconica form glomeruli in a specific glomerular cluster called T6, suggesting this 
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region plays a role in nestmate recognition (Ozaki et al. 2005; Nakanishi et al. 2009; d’Ettorre et 

al. 2017) and may be subject to selection on social communication. 

The emergence of the ant lineage coincides with an expansion in OR genes (Zhou et al. 

2015), but the number of species with sequenced OR genes is quite low. Honey bees (Apis 

mellifera) have far fewer ORs than ants but a comparable number to a solitary halictid bee (Zhou 

et al. 2015), suggesting sociality does not necessarily drive chemosensory system expansion. 

Basal ant lineages are blind and subterranean, and it seems possible that olfactory expansion is 

related to highly reduced visual systems and terrestrial life (Ward 2014). Some ants have 

developed elaborate visual systems, use vision for navigation and foraging and show visual 

learning and memory (Jaffé et al. 1990; Yilmaz et al. 2017, 2019; Fernandes et al. 2018). 

Hölldobler (1999) suggests visual information may be used during territorial tournaments, but 

points out there is no documented example of visual systems being used in social communication 

in ants.  

 

3.1.4 Body size, sensory system scaling, and behavior 

Intraspecific differences in body size are associated with variation in behavior 

(Nowbahari et al. 1999; Spaethe and Weidenmüller 2002), including division of labor in ants 

(Wilson 1980; Muscedere and Traniello 2012), and with sensory structure scaling (Renthal et al. 

2003; Smallegange et al. 2008; Perl and Niven 2016) Despite documented sensory structure 

scaling in solitary and social insects, behavioral consequences are not well-studied. Body size 

affects sensilla number in ants (Renthal et al. 2003), and sensilla density determines behavioral 

sensitivity for some tasks (Gill et al. 2013; but see Leitner et al. 2019). In the buff-tailed 

bumblebee (Bombus terrestris) sensilla number and odor sensitivity scale positively with body 
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size (Spaethe et al. 2007). Given that variation in individual sensory thresholds is hypothesized 

to underly division of labor in ants, regulation of worker size may be one mechanism to achieve 

this (Beshers and Fewell 2001). Interspecific differences in sensory structures, and by extension 

sensory reception or perception, may also be in part due to body size differences.  

In the experiments described here I ask if differences across workers of five species of 

odorous ants (Formicidae, Dolichoderinae) are explained by body size scaling, phylogenetic 

relatedness, or variation in colony size. I expect that variation in visual sensory systems, 

marginally or unrelated to social communication in these species, will be explained largely by 

body size and phylogenetic relatedness. If communication structures change with colony size, I 

expect there to be differences in olfactory system structures due to colony size which are not 

explained by body size or relatedness. 

 

3.2 Methods 

3.2.1 Study system & colony size 

 With approximately 900 described species, Dolichoderinae is one of the four largest, 

species-rich subfamilies of ants (Ward et al. 2010). They are commonly referred to as odorous 

ants, a moniker referencing the volatile compounds reminiscent of fermented cheese or rotting 

fruit (Penick and Smith 2015) emitted from their pygydial (anal) gland (Wheeler et al. 1975). 

However, the species diversity of dolichoderine ant is not reflected in relative research interest in 

ant biology, with the majority studies focusing on the invasive pest Argentine ant (Linepithema 

humile). In this study I compare the sensory structures of five species of dolichoderine ant, two 

in the tribe Dolichoderini (Dolichoderus plagiatus and D. pustulatus) and two in the tribe 

Leptomyrmecini (Dorymyrmex bicolor, D. insanus, and Forelius mccooki). 
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  Colony size rankings for this species in this study are taken from estimates in the 

literature (for Dolichoderus spp.) and published studies of nest entrance activity reported 

elsewhere (Godfrey and Gronenberg 2019; Appendix B). D. pustulatus and D. plagiatus are 

monogynous and with mean colony sizes of 445 and 267 individuals, respectively (Kannowski 

1967). D. insanus colonies from a study in southeastern Arizona are reported as having 103 – 104 

individuals (Valone and Kaspari 2005), but neither this study nor others provide empirical data 

to support these estimates. Empirical colony size data are also not available for D. bicolor, and F. 

mccooki. In southern Arizona the latter species notoriously forms long, conspicuous foraging 

trails in the middle of summer days when the temperature is often greater than 35° C. During 

peak foraging times I have observed hundreds of D. bicolor but only tens of D. insanus. 

Measurements of worker activity outside the nest (Godfrey and Gronenberg; Appendix B) 

support the relative ranking of colony size predicted from these observations.  

Bestelmeyer (2005) classifies D. bicolor and Forelius mccooki as ecologically dominant taxa due 

to their often successful in interaction at baits, and D. insanus as a more “submissive” taxon in 

the Chihuahua desert community. This is consistent with personal observations of species 

interactions at field sites in Tucson. Additionally, while all three species show overlapping 

activity patterns, there appear to be differences in peak foraging times.  

Collection methods for this study also reported in Godfrey and Gronenberg (2019). 

Briefly, individual workers observed foraging were collected from either regularly monitored 

colonies in Tucson (Dorymyrmex spp. and F. mccooki), or from collection trips in fields and 

marshes in Pennsylvania (Dolichoderus spp.).  
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3.2.2 External sensory morphology 

Preparation and examination 

To count sensilla and ommatidia, head capsules were cleared in 30% hydrogen peroxide 

for 1 – 3 days, rinsed, incubated in 80% glycerol, mounted on a slide with a polyvinyl alcohol 

mounting medium, Mowiol® 4-88 (Sigma-Aldrich), and covered with a #1.5 coverslip. 

Antennae and eyes were imaged with a SpotFlex camera (Mono 15.0 64 Mp, Diagnostic 

Instruments, Inc., Sterling Heights MI, USA) mounted on a Zeiss Axioplan microscope. Whole 

heads were imaged using a 2.5x objective, eyes using a 20x or 40x objective, and antennae 

segments using a 63x objective. Images were captured with SPOT Basic image software 

(Diagnostic Instruments, Inc., Sterling Heights MI, USA).  

Antennae length, eye size, ommatidia, and sensilla were measured from stacks of images 

in Fiji (Schindelin et al. 2012). Eye area was measured as the traced boundary of the eye on the 

cuticle (Figure 3.1C). Ommatidia were counted using the Cell Counter plugin in Fiji (De Vos 

2001) to ensure each was counted only once. The surface area (SA) of antennae segments were 

approximated from measurements of segment diameter and height. The penultimate segment was 

approximated as a cylindrical tube with SAp = 2𝜋	𝑟	ℎ. Surface area of the apical club segment 

(SAc) was approximated as a cylindrical tube for the first two thirds of its height and the lateral 

surface of a cone the final one third such that SAc = (2𝜋	𝑟	ℎ) + (𝜋	𝑟*(ℎ+ + 𝑟+) (Figure 3.1B). 

The mean SA of a single antennae was calculated for each individual ant by averaging over both 

antennae.  

To quantify sensilla density, five sampling circles were placed along the antenna, two on 

the penultimate segment and three along the club (Figure 1B). These circles were between 650 

µm2 and 1500 µm2 with their diameter chosen to cover approximately one third the width of the 
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antennae. Thus, depending on segment size and shape, circle samples ranged from 3% to 8.5% of 

the approximate total surface area of the segment. All sensilla with their base inside the sampling 

circle were counted. Sensilla density was averaged over samples taken within a segment. Sensilla 

basiconica (s. basiconica), were identified as stout, pegged sensilla with a blunt, terminal end 

(Nakakuki 1986; Renthal et al. 2003; Ramirez-Esquivel et al. 2014), which protrude from the 

antenna surface at a more obtuse angle than other sensilla and are easily distinguished using 

brightfield microscopy (Kelber et al. 2010; Figure 3.4, black arrows). It is possible that 

differences in basiconic sensilla density across species are due to changes in antennae surface 

area related to body size and do not indicate into differences in total number of sensilla. For 

example, if small species develop the same number of sensilla, but distribute them over a smaller 

antennal surface area, the method used here would report greater sensilla density in small 

species, whereas total number of sensilla would be similar to larger species. To test this, the 

approximate total number of s. basiconica on each antennal segment was estimated from 

multiplying the average segment SA by the average s. basiconica density (per 104 µm2) for that 

segment.  

 

Sample sizes  

Antennae from individual F. mccooki (N = 10), D. insanus (N = 12), D. pustulatus (N = 

13), D. plagiatus (N =6), and D. bicolor (N = 10) were used to compare mean antenna length and 

surface area (Figure 3.2A, B). Some antennae were particularly fragile following clearing and in 

these cases only one antenna was measured for some individuals. In the smallest, most fragile 

ant, F. mccooki, only three of ten mean antenna values for surface area or sensilla density include 

samples from both antennae. Data from the other species included considerably fewer single-
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antennae samples (D. insanus, N = 2; D. pustulatus, N = 5; D. plagiatus, N = 1; D. bicolor, N = 

3).  

Eyes from individual F. mccooki (N = 9), D. insanus (N = 12), D. pustulatus (N = 10), D. 

plagiatus (N = 7), and D. bicolor (N = 15) were used to compare mean eye area and ommatidia 

density (Figure 3.2C, D). This data also suffered from processing loss, with the values for seven 

of nine F. mccooki samples reported from only one eye. Again, data from the other species 

included considerably fewer single-eye samples (D. insanus, N = 0; D. pustulatus, N = 2; D. 

plagiatus, N = 1; D. bicolor, N = 1). 

 

3.2.3 Antennal lobe anatomy 

Histology 

To test if differences in the number of olfactory glomeruli scale with body size or colony 

size, brains of F. mccooki, D. insanus, D. pustulatus, and D. bicolor were prepared for antennal 

lobe glomeruli counts. Brains were dissected in PBS and microwave-fixed in 4% 

paraformaldehyde in PBS (low power at 18°C under vacuum for two cycles of 2 minutes), then 

left in fixative for 12 hours at room temperature. Following blocking with goat serum, brains 

were permeabilized with 1% Triton X-100 in PBS (Electron Microscopy Supply, Fort 

Washington, PA; PBS-TX ), rinsed with 0.1% PBS-TX, and incubated on a shaker at 25°C for 

two nights in primary antibody (1:500 in 2% goat serum in 0.2% PBS-TX). Monoclonal 

Drosophila synapsin I antibody (SYNORF1, AB_2315426) from the Developmental Studies 

Hybridoma Bank (catalog 3C11) was used as the primary antibody to label synapsin. 

Subsequently, brains were washed in 0.1% PBS-TX and incubated for an additional night in 

Alexa Fluor 568 (ThermoFisher) goat anti-mouse secondary antibody (1:100 in PBS) wrapped in 
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foil at room temperature on a shaker. After secondary incubation, brains were washed in 0.1% 

PBS-TX and rinsed with distilled water before being dehydrated in increasing concentrations of 

ethanol in distilled water (10 min each in 50, 70, 80, 95, 100, 100%) and mounted in custom-

made aluminum well slides. Brains were cleared by incrementally removing ethanol and 

replacing it with methyl salicylate. Brains were imaged on an inverted Zeiss 880 Laser Scanning 

Confocal Microscope using a 20X plan-Apochromat 20x 0.8 aperture objective at and optically 

sectioned in the horizontal plane at 1-micron intervals. Section thickness was corrected by a 

factor of 1.64 (adjusted section thickness = 1.64 microns) to account for the refractive index 

mismatch between air and methyl salicylate (Bucher et al. 2000).  

To visualize olfactory sensory neuron (OSN) tracts and glomerular clusters in the 

antennal lobe, mass fills of OSNs were performed. For these experiments D. bicolor, D. insanus, 

and F. mccooki workers were anesthetized on ice and the club or last three segments of their 

antennae removed with surgical scissors. A small crystal of Dextran, Texas Red, 3000 MW was 

dissolved in physiological saline (130 mM NaCl/5 mM KCl/4 mM MgCl2/5 mM CaCl2/15 mM 

Hepes/25 mM glucose/160 mM sucrose, pH 7.2; Groh et al. 2004), allowed to dry until sticky, 

and placed on the excised tip. Ants were allowed to recover in humidified chambers with sucrose 

(30% w/w) for 2 – 4 days until anesthetized and euthanized. Brains were fixed in 2% 

glutaraldehyde, 2% paraformaldehyde for 24 hours at room temperature, then rinsed, dehydrated, 

mounted, and imaged as described for whole mount synapsin labelling.  

 

Glomeruli segmentation 

Whole-brain images were manually segmented using the TrakEM2 software package in 

ImageJ (Schindelin et al. 2012). Volumes of the entire antennal lobe (AL) and histologically 
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recognizable subunits, the glomeruli, were traced in one or both hemispheres in 4 - 6 individuals 

of each species. Because basiconic sensilla innervate the T6 cluster of glomeruli (Kelber et al. 

2010; Nakanishi et al. 2010), I looked to this cluster of glomeruli for differences that correspond 

with differences in basiconic sensilla. The T6 cluster was identified based on location description 

and images from the myrmecine ant, Atta vollenweideri (Kelber et al. 2010) and the formicine 

ant, Camponotus japonicus (Nakanishi et al. 2010; Nishikawa et al. 2012). Brains were not 

always imaged in the same plane and, while it is possible to count all glomeruli from any plane, 

it was difficult to distinguish T6 glomeruli in images taken outside the dorsoventral (neural axis) 

plane. Therefore, to ensure T6 glomeruli could be appropriately quantified, four antennal lobes 

from each of the focal species for this analysis, D. bicolor, D. insanus, and F. mccooki were 

chosen based on image quality and orientation.  

 

3.2.4 Putative pheromones 

 To assess whether there are detectable differences in the compounds used for 

communication between species that differed significantly in basiconic sensilla density and T6 

glomeruli, the gaster contents, and bodies of D. bicolor and D. insanus were analyzed for 

putative pheromones. Ten ants from a single colony of each species were used in the analysis. 

Ants were anesthetized on ice and gasters were removed from the head and remaining thorax 

segments. The head and thorax from the 10 ants were placed in one 0.5-dram glass vial with 500 

µL dichloromethane (DCM) and the gasters from these ants placed in a second 0.5-dram glass 

vial with 500 µL DCM. A control vial of 500 µL DCM was prepared at the same time. These 

procedures were carried out in a lab hood and all vials and lids were rinsed three times in DCM 

prior to use. 



 67 

 

Gas chromatography mass spectrometry (GC-MS) 

Chemical analysis of Dorymyrmex compounds was carried out at the Analytical & 

Biological Mass Spectrometry facility at the University of Arizona in the following manner: 

First, 2 µL of the solvent, dichloromethane (DCM) was injected onto a Shimadzu SHRXI GC 

column and separated by increasing the temperature from 35-300 deg in 30 minutes. Following 

this, 2 µL from the top of centrifuged sampled were introduced into a Shimadzu QP2010S mass 

spectrometer and ionized by Electron Impact. Positive ions from m/z 35-650 were monitored. 

Identification of peaks was accomplished by comparison to the National Institute of Standards 

and Technology (NIST) mass spectral library (Shen et al. 2016). The compound with the highest 

similarity (expressed as a percent) to a given peak is reported here as its likely identity. Peaks 

without any library matches above 85% were considered unidentified.  

 

Comparison with identified compounds 

 Existing reports of gland contents in the literature were consulted to determine potential 

gland sources of compounds identified from D. bicolor and D. insanus. Gland contents have 

been reported from Dolichoderine ants in the genera Azteca (Wheeler et al. 1975), Dolichoderus 

(Cavill and Hinterberger 1960; Attygalle et al. 1998), Dorymyrmex (as Conomyrma in Blum and 

Warter 1966; Wheeler et al. 1977), Forelius (Wilson and Pavan 1959; Blum et al. 1963, 1966), 

Linepithema (Choe et al. 2012), Liometopum (Casnati et al. 1964), Tapinoma (Tomalski et al. 

1987; Simon and Hefetz 1991).  
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3.2.5 Statistics  

 The data in this study fall broadly into two categories, count data (e.g., number of 

ommatidia, sensilla, or glomeruli) or continuous geometric data (e.g., surface area or length). 

The latter were assessed for normality and hypothesis testing proceeded with a linear model 

(LM) for normally distributed variables and a generalized linear models (GLM) for non-normally 

distributed data. Therefore, LMs were used to assess differences in antenna length and eye area 

and a GLM with a gamma distribution with a log-link function was used to assess club surface 

area. Tukey-adjusted least square means were used for pairwise comparisons. To account for 

phylogenetic structure, the scaling of these variables with head width were also assessed with 

phylogenetic least squares regression (PGLS) using the packages “ape” (Paradis et al. 2004) and 

“caper” (Orme 2012) in R (R Core Development Team 2013). A tree of the dolichoderines used 

in this study was generated using the topology reported by Ward et al. (2010) and is presented in 

Figure 1. Because sequence data were not available for each of the species used in this study, 

branch lengths were set to one. 

While some of the count data were expressed as a density, they were treated as counts for 

the purpose of statistical analysis. Count data were assessed in GLMs with a Poisson or, to 

compensate for over- and under dispersion in density data, a quasi-Poisson distribution. A 

number of the taxa in this study vary significantly in head width, meaning body size covaries 

with species. Therefore, to analyze differences in sensilla density by species and body size, two 

separate models that included segment identity (penultimate or club) and either body size (head 

width, Model 1) or species (Model 2) were used to test for a significant role of each variable 

independently. There were significant differences in sensilla density between segments, which is 

not part of the hypothesis structure, so segments were analyzed separately. For these 
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comparisons body size and species were included in models. Interactions were first included and 

then removed when non-significant.  

 
3.3 Results 
 

3.3.1 External sensory morphology 

Across species, antennal length and eye area scaled with head width (Figure 3.2A; PGLS 

corrected values). Club surface area scaled with head width, but only marginally significantly 

after adjusting for phylogeny (p = 0.06, Figure 3.2B). With body size accounted for, 

Dolichoderus spp. have significantly higher club surface area than the comparably sized D. 

insanus and the much smaller F. mccooki (p < 0.0001 for both contrasts, Table 2). With greater 

than 200 ommatidia, Dolichoderus spp. have significantly more ommatidia than both D. bicolor 

(�̅� = 193), D. insanus (�̅� = 170). and F. mccooki (�̅� = 113; Figure 3.2D). They also have higher 

ommatidia density than Dorymyrmex spp. but do not vary significantly from that of F. mccooki 

(Figure 3.2D). This may be due to Dolichoderus spp. and F. mccooki having significantly 

smaller eye area for a given head width than Dorymyrmex spp. (Figure 3.2C, Table 3). 

 

Sensilla density 

Mounting antennae on glass slides provided little control over orientation, therefore 

sensilla were sampled randomly from surfaces of antennae without a way of identifying whether 

it the ventral or dorsal surface was sampled. Sensilla appeared to be somewhat stereotyped in 

their distribution in that across individuals similar patterns of sensilla at particular locations were 

recognizable. It is possible that density is not homogenous across the segment, particularly true 

on the club where the ventral surface is used frequently to probe objects in the environment. 
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Even under conditions of a non-homogenous distribution, sampling was random and therefore 

sampling of two antennae provided a reasonable estimate of sensilla density, but sampling of one 

antenna provided a more variable estimate (Figure 3.3B, F. mccooki).  

In analysis of sensilla density by head width and segment, a significant difference in 

density across segments was detected (Table 4, Model 1), so segments were analyzed separately 

with head width retained in segment-specific models (Table 4, Penultimate and Club). Species 

identity, not body size, accounted for differences in sensilla density on the penultimate segment, 

with higher sensilla density in the Leptomyrmecini (Figure 3.3B). A similar pattern was detected 

on the club where, in pairwise comparisons that account for the interaction of head width and 

species, Leptomyrmecini generally have higher sensilla density than Dolichoderini (Figure 

3.3B). However, the difference between F. mccooki and D. pustulatus only approaches 

significance (Figure 3.3B, p = 0.0662).  

 

Basiconic sensilla density 

In all species, s. basiconica on the penultimate segment were located near the rostral edge 

(Figure 3.4A) and appeared to have a somewhat stereotyped pattern, occurring at regular 

intervals. Segment, but not head width, was found to be a significant predictor of s. basiconica 

density (Table 6, Model 1), with greater density on the club than the penultimate segment. 

During counting it appear that density increased toward the tip of the club, with occurrences less 

apparently stereotyped than on the penultimate segment (Figure 3.4A).However, because the 

dorsoventral axis of the club could not be discerned from images, it is possible they are 

stereotyped along this axis.  
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Because body size was not a significant predictor in the original model, segment-specific 

statistical analyses included species as a predictor, but excluded head width (Table 6, 

Penultimate and Club; Figure 3.4). On the penultimate segment, F. mccooki and D. bicolor had 

significantly greater s. basiconica density than their small-colony relative, D. insanus, (Figure 

3.4B, Table 7). On the club, the two large-colony species have significantly higher basiconic 

sensilla density than the small-colony species, including both the closely related D. insanus and 

the more distantly related Dolichoderus spp. (Figure 3.4B, Table 7).  

 

Estimated total basiconic sensilla  

 It is possible that differences in s. basiconica density are due to changes in antennae 

surface area related to body size and that when surface area is taken into account, the total 

number of sensilla are comparable across species. To test this, total s. basiconica were 

approximated for each segment on each ant. This analysis indicates that body size is partially 

compensatory, but scaling does not produce equivalent numbers of s. basiconica across species. 

Instead, despite high s. basiconica density, F. mccooki has comparable total sensilla numbers to 

D. insanus, both of which have fewer total sensilla numbers than the other species (Figure 3.5). 

Despite the lowest density, Dolichoderus spp. show a kind of compensation in total number of s. 

basiconica with body size scaling, with total sensilla number comparable to D. bicolor (Figure 

3.5). Consistent with a larger body size and higher density, D. bicolor is predicted to have greater 

number of s. basiconica than its small-colony relative, D. insanus (Figure 3.5). 
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3.3.2 Antennal lobe anatomy 

 Glomeruli were counted in dolichoderine specimens where brain tissue quality was 

adequate for synapsin labeling, therefore mean number of glomeruli are reported for four of the 

five species included in sensory morphology analyses (Figure 3.6; F. mccooki, x = 214, sd = 

10.9; D. insanus, �̅� = 260, sd = 8.6; D. bicolor, �̅� = 275, sd= 9.8; D. pustulatus, �̅� = 257, sd = 

4.4). Unexpectedly, glomeruli number scaled with body size across species; when head width 

was included in the statistical comparison, no significant differences in number exist across 

species (Figure 3.6A).  

The T6 glomerular cluster was identified in four antennal lobe samples from each of three 

species, F. mccooki, D. insanus, and D. bicolor. Because s. basiconica density and estimated 

total s. basiconica numbers were significantly higher in the large-colony D. bicolor than the 

small-colony D. insanus, of particular interest was the difference in T6 glomeruli between these 

species. D. bicolor has comparable mean number of non-T6 glomeruli to D. insanus, but they 

differ in the T6 cluster with D. bicolor having approximately 12 more T6 glomeruli than D. 

insanus (Figure 3.6B). Conversely, F. mccooki, which had higher s. basiconica density (Figure 

3.4B) but comparable estimated total s. basiconica numbers (Figure 3.5) to D. insanus, had 

nearly the same number of T6 glomeruli; the difference in glomeruli between these species is in 

non-T6 glomeruli (Figure 6B). Thus, estimated total s. basiconica number corresponds best with 

the number of glomeruli in the T6 cluster.  

 

3.3.3 Putative pheromones 

 A total of 58 peaks were isolated through GC-MS for both species and all body parts 

analyzed (Table 8) including a total of 43 from D. bicolor and 44 from D. insanus (Table 9). 
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This analysis identified a number of compounds known to be recruitment or alarm pheromone 

components in other dolichoderines, including the monoterpenoids iridomyrmecin, citronellal 

(3,7-dimethyloct-6-en-1-al), and limonene (limonen-1,2, epoxide), and the ketone sulcatone (6-

methyl-5-heptenone) (Figure 3.7A, Cavill and Ford 1953; Cavill and Hinterberger 1960; Blum et 

al. 1963; Crewe and Blum 1971; Cavill et al. 1979; Tomalski et al. 1987). A large number of the 

peaks were identified as unbranched alkanes, with the majority isolated from both gaster (G) and 

combined head and thorax (HT) samples (Table 8, Figure 3.7A).  

The total number of compounds and unique compounds was comparable between the 

species (Table 9), with 14 compounds unique to D. bicolor and 15 unique to D. insanus, (Table 

9). This analysis detected a set of peaks between 16.07 and 17.02 unique to D. insanus and a set 

of peaks between 18.61 to 19.12 unique to D. bicolor, identified as acyclic alkanes. Still, this 

analysis is considered preliminary as nearly one third (17 of 58) peaks did not match existing 

records in the NIST library, and 13 of 58 were identified as having multiple matches (Table 10). 

 

3.4 Discussion 

3.4.1 Summary 

In the experiments I tested whether differences in sensory and antennal lobe structures 

across workers of five species of odorous ants (Formicidae, Dolichoderinae) are explained by 

body size scaling, phylogenetic relatedness, or variation in colony size. I hypothesized that 

variation in visual sensory systems would be explained largely by body size and phylogenetic 

relatedness and that differences due to colony size, if they exist, would be found in the olfactory 

system structures. Body size and phylogenetic relatedness explain most of the variation in 

sensory structures across a sample of dolichoderine ants. Data reported here do not indicate that 
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olfactory regions vary predictably with colony size across all species, but that components of the 

olfactory system related to social cue processing do differ between closely related species that 

vary in colony size. These species, D. bicolor and D. insanus, overlap in foraging ecology and 

occur sympatrically in the Sonoran Desert, but the large-colony D. bicolor has greater s. 

basiconica density and number and antennal lobe glomeruli number than the small-colony D. 

insanus. This class of sensilla are associated with nestmate recognition in ants (Ozaki et al. 2005) 

and the difference in glomeruli number between D. bicolor and D. insanus is explained by 

differences in the T6 cluster, a region innervated by s. basiconica (Kelber et al. 2010). 

Importantly, differences in visual sensory structures and total sensilla density between these 

species are explained by body size scaling, whereas differences in structures specifically related 

to nestmate recognition are instead explained by the colony size difference.  

 

3.4.2 Body size  

Investment in sensory structures scales with body size most strongly within each set of 

closely related species (tribes, Figure 3.1). Dolichoderus species have relatively shorter 

antennae, greater club surface area, and smaller eye area than Dorymyrmex species, but house 

more ommatidia in that smaller eye area (Figure 3.2). The differences in external visual system 

scaling correspond roughly with neural investment in central brain regions (Godfrey and 

Gronenberg 2019a), with D. pustulatus having relatively larger optic lobes than D. bicolor, but 

not F. mccooki, and greater investment in the mushroom body collar, a region of synapses among 

visual inputs and mushroom body intrinsic cells, than all Leptomyrmecini. It would be 

interesting to probe differences in visually-guided behavior across species. Similar to visual 

systems, total sensilla density on both penultimate and club scale with body size within each 
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lineage, but varies between Dolichoderini and Leptomyrmecini. The difference in club surface 

area means that while Dolichoderini have comparatively low sensilla density, the predicted 

number of s. basiconica in XX is comparable to that of the largest body species, D. bicolor 

(Figure 3.5). Because taxonomic relatedness covaries with habitat in this study, it is possible that 

environmental or ecological variables drive differences in size or across these species.  

Surprisingly, glomeruli number was correlated with body size among species such that 

when head width was included in the statistical analysis, all the differences among species in 

glomeruli number are explained by body size (Figure 3.6). In Camponotus compressa, a 

polymorphic ant in the Formicinae subfamily, sensilla and antennal lobe glomeruli numbers 

scale negatively with body size within the species such that the smallest class of workers have 

the highest number of sensilla and antennal lobe glomeruli (Mysore et al. 2009, 2010). This 

intraspecific variation may be due to differences in gene expression linked to body size (Mysore 

et al. 2010), but there is no apparent reason for odorant receptor number to scale with body size 

across species. Analysis of the T6 cluster suggests that glomeruli associated with CHC 

processing may explain the difference between D. bicolor and D. insanus, but this does not 

preclude a potential role for body size.  

 

3.4.3 Colony size  

Wilson and Pavan (1959) consider the subfamily Dolichoderinae to be socially advanced, 

citing their often-large colony sizes and conspicuous foraging behavior, which involves hundreds 

of workers employing interference competition to gain exclusive access to food resources (Van 

Zee et al. 1997; Buczkowski and Bennett 2008b; Human et al. 2009). Pavan’s gland, located 

between abdominal sternites VI and VII (sclerotized plates of the insect cuticle) and the source 
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of identified trail and recruitment pheromones, is unique to the subfamily (Cavill and Ford 1953; 

Wilson and Pavan 1959; Billen 1986a), suggesting sociality may have selected for a novel 

structure for intraspecific communication in dolichoderines (Wilson and Pavan 1959).  

The only variable in this study that correlated better with colony size than body size was s. 

basiconica density on the antennal club. Specifically, the large-bodied, large colony species, D. 

bicolor had s. basiconica density comparable to the small-bodied, large colony species, F. 

mccooki. Functionally, the absolute number of receptors is likely more relevant than density, and 

to gauge if these differences scaled to absolute number of receptors, I approximated the total 

number of s. basiconica on the club of each species. Observed differences in basiconic density 

due to colony size were partially abolished; predicted total s. basiconica numbers were better 

explained by body size than colony size. Crucially, however, because D. bicolor invests 

proportionally more in s. basiconica than the smaller colony D. insanus, and this scales with 

body size, D. bicolor has a greater number of these socially-relevant sensilla.  

Total glomeruli counts showed Dorymyrmex bicolor has 15 – 16 more glomeruli than D. 

insanus and, given that OSNs housed in s. basiconica form the presynaptic terminals of the T6 

glomeruli (Kuebler et al. 2010), I hypothesized that differences in the total number of glomeruli 

would be explained by differences in this cluster. Indeed, the T6 cluster differed by an average of 

12 glomeruli between species (Figure 3.6, D. bicolor vs. D. insanus), indicating the difference in 

the antennal lobe may be linked to differences in total number of s. basiconica.  

A preliminary analysis of compounds found on the body and inside the gaster of D. 

bicolor and D. insanus, revealed no differences that correspond clearly with colony size or 

sensory structure scaling. Because the OSNs of s. basiconica respond to large, cuticular 

hydrocarbons that act as nestmate recognition cues in ants (Ozaki et al. 2005), I predicted D. 
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bicolor might show a greater diversity or a higher number of these compounds than D. insanus. 

While analysis showed a set of large, unbranched alkanes unique to D. bicolor (Figure 3.7, peaks 

44, 49, 51, 53, 54, 55), there was a set similar in number unique to D. insanus (Figure 3.7, peaks 

37 - 40, 41). In many ant species the Dufour gland produces alkanes used as recruitment and 

defensive signals in ants (Cavill and Ford 1953; Lenoir et al. 2011), but the broad distribution 

reported here suggests at least some of these may be cuticular hydrocarbons (Table 10).  

Colony size may be causally related cuticular hydrocarbon profiles through genetic 

diversity. Polygynous colonies are often larger (Buczkowski and Bennett 2008a; dos Reis et al. 

2011; Boulay et al. 2014) and the genetic diversity associated with polygyny may result in 

greater CHC diversity or variation in olfactory receptors. Both polygynous and monogynous 

species of Dorymyrmex exist in north America (Nickerson et al. 1975), but queen number is not 

known for species used in this study. It is possible that the differences between D. bicolor and D. 

insanus stem not from colony size directly, but from polygyny and associated differences in 

colony-level genetic diversity.  

Selection on social recognition systems can result in increased cue complexity. For 

example, species paper wasps (Polistes spp.) that use facial recognition can be distinguished 

from close relatives that do not with relative volumetric data from their brains (Tibbetts 2004; 

Gronenberg et al. 2008; Sheehan and Tibbetts 2011). While no such relationship has been shown 

in ant sensory systems, increases in sensilla density coincide with transitions to sociality in 

Halicitid bees (Wittwer et al. 2017). To my knowledge this is the first report of evidence that 

interspecific variation in sensory system morphology, specifically that involved in social 

communication, is related to colony size in ants.  
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3.5 Tables 

 
Table 1. Statistical analyses of relationship between body size and sensory structures. 
 

Antenna length 
PGLS   df F p 

Head width  1,3 46.1 0.0065 
     

Linear model SS df F p 
Species 1.08653 4 126.25 <0.0001 
Head width 0.12806 1 59.52 <0.0001 
Species x Head width 0.13077 4 15.194 <0.0001 
Residuals 0.09037 42   
     

Club surface area 
PGLS   df F p 

Head width  1,3 7.411 0.0724 
     

Generalized linear model   df 𝛘2 p 
Species  4 183.566 <0.0001 
Head width  1 1.819 0.1775 
Species x Head width  4 12.619 0.0133 

     
Eye area 

PGLS   df F p 
Head width  1,3 17.11 0.02564 

     
Linear model SS df F p 

Species 1707820829 4 46.492 <0.0001 
Head width 156223746 1 17.012 <0.0001 
Species x Head width 81375563 4 2.215 0.0827809 
Residuals 404070170 44   
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Table 2. Pairwise comparisons of antenna length and club surface area (SA) from Tukey HSD 
adjusted least square means. Significant contrasts in bold. 
 

 D. plagiatus 
D. 
pustulatus D. insanus D. bicolor F. mccooki  

D. plagiatus   0.8738 <.0001  0.7143 0.0007 C
lub SA

 

D. pustulatus  <.0001    <.0001  0.556 0.0021 
D. insanus <.0001  <.0001    0.0211 0.9476 
D. bicolor <.0001  <.0001  0.0002   0.0185 
F. mccooki 0.4562 0.0005 0.4115 0.0001    
 Antennae Length   

 
 
 
Table 3. Pairwise comparisons of eye area from Tukey HSD adjusted least square means. 
Significant contrasts in bold. 

 D. plagiatus 
D. 
pustulatus D. insanus D. bicolor F. mccooki 

D. plagiatus   0.0808 <.0001  0.0173 0.4321 
D. pustulatus     <.0001 0.0005 0.9457 
D. insanus     0.9813 0.0046 
D. bicolor      0.0111 
F. mccooki           
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Table 4. Statistical analyses of sensilla density on antennal segments by species and body size. 
 

Model 1 𝛘2 df p 
Segment 28.885 1 < 0.0001 
Head width 23.092 1 < 0.0001 
Segment x Head width 1.066 1 0.3018 

    
Model 2       

Species 608.58 4 < 0.0001 
Segment 161.01 1 < 0.0001 
Species x Segment 16.48  0.0024 

    
Penultimate        

Species 267.391 4 <0.0001 
Head width 1.306  0.2531 

    
Club       

Species 291.876 4 < 0.0001 
Head width 5.731 1 0.0167 
Species x Head width 13.487  0.0091 
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Table 5. Pairwise comparisons of sensilla density from Tukey HSD adjusted least square means. 
Segments analyzed separately.  
 
 D. plagiatus D. pustulatus D. insanus D. bicolor F. mccooki  
D. plagiatus   0.9381 <.0001  0.0019 0.0344 C

lub  

D. pustulatus 0.98   <.0001  0.0035 0.0662 
D. insanus <.0001  <.0001    0.5275 0.4991 
D. bicolor <.0001  <.0001  0.9999   0.214 
F. mccooki <.0001 <.0001  0.5627 0.91    
 Penultimate   
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Table 6. Statistical analyses of basiconic sensilla density on antennal segments by species and 
body size. 
 𝛘2 df p 

Model 1       
Segment 102.051 1 < 0.0001 
Head width 1.989 1 0.1584 
Segment x Head width 2.354 1 0.125 

    
Model 2       

Species 40.068 4 < 0.0001 
Segment 137.774 1 < 0.0001 

    
    

Penultimate model       
Species 12.781 4 0.01239 

    
Club model       

Species 29.482 4 < 0.0001 
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Table 7. Pairwise comparisons of basiconic sensilla density from Tukey HSD adjusted least 
square means. Segments analyzed separately. 
 
 D. plagiatus D. pustulatus D. insanus D. bicolor F. mccooki  
D. plagiatus   0.9997 0.9215 0.0063 0.008 C

lub 

D. pustulatus 1   0.9501 0.0019 0.0023 
D. insanus 0.9991 1   0.0155 0.0197 
D. bicolor 0.9881 0.9931 0.9609   0.9997 
F. mccooki 0.1043 0.0533 0.0211 0.1769    
 Penultimate   
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Table 8. Compounds identified from two species of Dorymyrmex. PN = peak number, RT = 
retention time, G = gaster, HT = head and thorax. 
 
PN RT D. bicolor D. insanus PN RT D. bicolor D. insanus 

    G HT G HT     G HT G HT 
1 4.25    x  30 15.34      x 
2 5.5    x  31 15.49   x x x 
3 6.41-6.43 x x   x 32 15.55-15.56 x  x x 
4 6.53-6.56 x  x  33 15.64 x  x x 
5 7.21 x     34 16.07 x  x x 
6 7.37 x     35 16.51   x   x 
7 8.09 x  x  36 16.55 x x x x 
8 8.34 x     37 16.7, 16.71    x x 
9 8.75 x     38 16.88, 16.89    x x 
10 8.87 x     39 16.93, 16.94    x x 
11 9.22    x  40 17.01, 17.02    x x 
12 9.10-9.48 x     41 17.07 x x x x 
13 9.23-9.4    x  42 17.19      x 
14 9.46-9.51 x  x  43 17.25   x x x 
15 10 x  x  44 17.55, 17.6 x x    
16 10.09 x  x  45 17.67, 17.68 x x x x 
17 10.21 x     46 17.87-17.89 x x x x 
18 10.33-10.43 x  x  47 18.06-18.07   x x x 
19 10.5-10.51 x  x  48 18.12    x  
20 10.76 x     49 18.19 x x    
21 11.34-11.36 x x x x 50 18.21, 18.22    x x 
22 12.48-12.49   x x x 51 18.32 x x    
23 12.82   x   x 52 18.37-18.38 x x x x 
24 13.2 x  x  53 18.61   x    
25 13.44 x  x  54 19.06   x    
26 14.08 x x x x 55 19.12 x x    
27 14.18 x  x  56 19.21, 19.22 x  x x 
28 14.23    x  57 19.5    x  
29 14.95      x 58 19.76,19.77 x  x  
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Table 9. Summary of compound distribution within and similarity across two species of 
Dorymyrmex. HT = head and thorax; Entire denotes the compound was found in both body part 
samples. 
 
 
 Gaster HT Entire Unique Total 
D. bicolor 23 8 12 14 43 
D. insanus 18 6 20 15 44 
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Table 10. Putative compounds isolated from Dorymyrmex ants. PN = peak number, MW= 
molecular mass, S = Similarity to sequence in NIST database.  
 

PN Putative identity MM S Gland Chemical class 
1 2-Hexanone 100 96 Pygydial Ketone 
2 2-Hexanone 114 85 Pygydial Ketone 
3 Diethylene glycol 106 96   
4 6-Methyl-5-hepten-2-one; Sulcatone 126 90 Pygydial Ketone 
5 3-Ethenyl-3-methylcyclopentanone 124 94 Pygydial Cyclic ketone 
6 unidentified     
7 Citronellal 154 96  Monoterpenoid 
8 unidentified     
9 unidentified     
10 unidentified     
11 unidentified     
12 unidentified 236 84   
13 unidentified 236 84   
14 unidentified; Velvione-like     
15 2-Butyl-2,7-octadien-1-ol  182 85  Fatty alcohol 

16 Limonene 152 85  
Cyclic 

monoterpene 
17 unidentified 168    
18 Iridomyrmecin 168 91 Pygydial Monoterpenoid 
19 Cyclic ketone  86  Cyclic ketone 
20 Pentadecane 212 94 Dufour Acyclic alkane 
21 unidentified     
22 unidentified     
23 Hexadecanol; multiple matches 242 88  Palmityl alcohol 
24 Hexadecanoic acid 256 96  Fatty acid 
25 1-Hexadcenol acetate; multiple matches 284 90  Palmityl alcohol 
26 Oleic acid 282 95  Fatty acid 
27 Steric acid; multiple matches 284 95  Fatty acid 
28 unidentified     
29 unidentified     
30 unidentified     
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Table 10 cont. Putative compounds isolated from Dorymyrmex ants. PN = peak number, MW= 
molecular mass, S = Similarity to sequence in NIST database.  
 

PN Putative identity MM S Gland Chemical class 
31 unidentified     
32 Dehydroabietic acid 300 89  Diterpenoid 
33 Acyclic alkane  94 Dufour Acyclic alkane 
34 Heneicosane  296 96 Dufour Acyclic alkane 

35 
9-Octadecenoic acid (Z)-, 2-butoxyethyl 
ester  382 86 Pavan Ester 

36 Hexacosane; multiple matches 366 95 Dufour Acyclic alkane 
37 Tetratetracontane 618 93 Dufour Acyclic alkane 
38 Hentriacontane; multiple matches 436 92  Acyclic alkane 
39 2-methyloctacosane 408 94   
40 unidentified     
41 Heneicosane  296 93  Acyclic alkane 
42 Squalene 410 96  Isoprenoid 
43 Heneicosane; multiple matches  94 Dufour Acyclic alkane 
44 Octacosanol; multiple matches 410 96  Fatty alcohol 
45 Heneicosane; multiple matches   Dufour Acyclic alkane 
46 Tetratetracontane 618 94 Dufour Acyclic alkane 
47 2-methyloctacosane 408 91   
48 Petacosane; multiple matches 352 92 Dufour Acyclic alkane 
49  2-methyloctacosane; multiple matches 408 93 Dufour Acyclic alkane 
50  2-methyloctacosane; multiple matches 408 91 Dufour Acyclic alkane 
51 1-Heptacosanol 396 96   
52 Tetratetracontane; multiple matches 618 95 Dufour Acyclic alkane 
53 unidentified     
54 Octacosanol; multiple matches  92  Fatty alcohol 
55 Octacosanol; multiple matches  96  Fatty alcohol 
56 Heneicosane; multiple matches  90 Dufour Acyclic alkane 
57 unidentified     
58 Cholesterol 386 90  Sterol 
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3.6 Figures  

 

 

Figure 3.1 Study system. (A) Relative body size and phylogenetic relationships of five species of 

ants in two tribes (bold) of the Dolichoderinae subfamily. Relative colony size ranking in colored 

circles. Branch lengths arbitrary. Colored circles correspond to species identification in 

subsequent figures. (B) Estimation of surface area of three regions of the antennae; penultimate 

(PN) and club base (CB) approximated as two cylinders; club tip (CT) approximated as a cone. 

Five sampling regions (dotted circles) along segments, two on PN, two on CB, and one on CT 

used to quantify sensilla density. (C) Eye with area measurement (dotted line). Scale bars = 

0.25mm in (B) and (C).  
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Figure 3.2 Body size and sensory structure scaling in 5 ant species. Phylogenetic least squares 

regression of antenna length (A), antenna club surface area (B), and eye area (C) against head 

width. Ommatidia number by eye area with regression lines from separate analyses for 

Dolichoderus spp. and those in tribe Leptomyrmecini (D). Letters denote significant contrasts in 

Tukey-adjusted least square means comparisons (a = 0.05).  
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Figure 3.3 Sensilla density by species and antennal segment. (A) Individual means values from 

two samples on penultimate segment and three samples on club segment. (B) Mean sensilla 

density by segment. Species ranked in order of increasing mean head width along the x-axis. 

Segments tested separately using generalized linear models with a quasipoisson link function and 

species and head width as predictors. Regions compared separately; significant contrasts within 

each region from Tukey’s HSD pairwise comparisons denoted with letters (a = 0.05). Where 

letters omitted, no significant contrasts detected. Colors correspond to species legend in Fig 3.1: 
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yellow, F. mccooki; teal, D. insanus; magenta, D. pustulatus; light pink, D. plagiatus; blue, D. 

bicolor. 
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Figure 3.4 Basiconic sensilla density by species and antennal segment. (A) Basiconic sensilla 

(black arrows) identified on penultimate (top row) and club (bottom row) antennal segments of 

all species. Scale bars = 50 µm. (B) Mean basiconic sensilla density by segment compared 

separately using generalized linear model with a quasipoisson link function and species and head 

width as predictors. Species ranked in order of increasing mean head width along the x-axis. 

Regions compared separately; significant contrasts within each region from Tukey’s HSD 

pairwise comparisons denoted with letters (a = 0.05). Colors correspond to species legend in Fig 

3.1: yellow, F. mccooki; teal, D. insanus; magenta, D. pustulatus; light pink, D. plagiatus; blue, 

D. bicolor. 
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Figure 3.5 Projected total basiconic sensilla from density measurements and antenna surface 

area. Basiconic sensilla by segment compared separately using generalized linear model with 

poisson link function and species and head width as predictors. Species ranked in order of 

increasing mean head width along the x-axis. Regions compared separately; significant contrasts 

within each region from Tukey’s HSD pairwise comparisons denoted with letters (a = 0.05). 

Colors correspond to species legend in Fig 3.1: yellow, F. mccooki; teal, D. insanus; magenta, D. 

pustulatus; light pink, D. plagiatus; blue, D. bicolor. 
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Figure 3.6 Characterization of antennal lobe by glomeruli number. (A) Number of antennal lobe 

glomeruli in four species of dolichoderine ants. Species ranked in order of increasing mean head 

width along the x-axis. (B) Number of glomeruli in the T6 cluster and other clusters in three 

species that varied in colony size and basiconic sensilla density. Species ranked in order of 

increasing mean head width along the x-axis. (C) Synapsin-labelled antennal lobe from 

Dorymyemx bicolor with T6 cluster outlined, scale bar = 50 µm. (D) Mass staining of antennal 

sensory neurons in antennal lobe with location of T6 cluster indicated with white arrow, scale bar 

= 50 µm. Tracer. Colors correspond to species legend in Fig 3.1: yellow, F. mccooki; teal, D. 

insanus; magenta, D. pustulatus; blue, D. bicolor. 
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V. CHAPTER 4: USING THE ISOTROPIC FRACTIONATOR METHOD TO 

QUANTIFY HYMENOPTERA BRAINS BY CELL NUMBER  

 

4.1 Introduction 

4.1.1 Size and scaling relationships 

Body size is an inescapable trait in organismal biology. It is intimately tangled with 

physiological function and therefore with organismal evolution, but simultaneously so apparent a 

trait that its functional significance is at times overlooked. Modern notions about the physical 

laws that drive relative size differences across organisms date to Galileo (1638), and an interest 

in the functional consequences of these differences grew with the expansion of comparative 

methods and the emergence of evolutionary biology (Gayon 2000). In the last century studies of 

size focused on scaling between body parts or between body size and physiological or life 

history traits across taxa or clades (von Bonin 1937; Jerison 1973a; Hofman 1983a, b). These 

comparative scaling studies are referred to as allometry because the equations linking variables 

depart from geometric scaling (LaBarbera 1989), and are instead described by regression 

analyses of log-log plots of variables of interest.  

 

4.1.2 Brain size and intelligence 

 Comparative brain size studies originated in part from a desire to understand the neural 

basis of cognition and were informed by the largely unchallenged assumption that brain size 

predicts intelligence. In his retiring address to the American Society of Naturalists, Karl Lashley 

(1949) declared relative brain size the only neurological feature confidently known to be 

correlated with behavioral capacity in mammals, citing von Bonin’s (1937) work summarizing 
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brain and body weights across a large sample of mammal species. Interestingly, von Bonin 

would have disagreed with Lashley, writing that the regression analysis he presented “. . . does 

not pretend to make any enunciation about the relation of intelligence and brain-weight.” (von 

Bonin 1937, pg. 388). Instead, von Bonin cites a lack of empirical evidence for variation in 

intelligence across mammals and the absence of correlation between brain mass and intelligence 

(where the latter had been measured) as barriers to interpreting the brain-body mass relationship 

in behavioral terms. It is therefore astonishing that Jerison (1977), in describing the 

encephalization quotient (see below), leads with the words of Lashley, only to concede eleven 

pages later that Lashley had no evidence for such an assertion, and that the world of 1977 

continued to suffer a dearth of evidence for a clear relationship between brain size and 

intelligence. Whether due to misinterpretation or obsession with a plausible fantasy, the 

assumption that size and intelligence are inherently linked became the spotlight under which 

differences in relative brain size across organisms were interpreted for decades (Jerison 1973b, 

1977; Shultz and Dunbar 2010). Interestingly, misquotations of Nansen’s work on neuron and 

glia may have similarly led to misconceptions of the role of glia in intelligence (Bahney et al. 

2017).  

In reviewing sources of bias in studies of brain size evolution, it is important to note the 

proverbial elephant in the room is in this case may be human vanity (Jerison 1985; Gayon 2000). 

Haller’s rule (Rensch 1948) observes that small animals have relatively larger brains than larger 

animals. To account for problems with relative brain size being larger in smaller organisms, 

Jerison (1973) formalized the encephalization quotient (EQ) as the deviation in an animal’s brain 

size from that predicted by the relationship between brain and body size within a particular clade 

that includes that animal. Thus, an EQ < 1 means an animal’s brain size is smaller than predicted 
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for their body size and an EQ > 1 the inverse. Presumably these differences relate to intelligence, 

but in many instances animals with the same EQ vary greatly in behavioral capabilities 

(Herculano-Houzel 2009) and these anomalies are often ignored. Notably, the human EQ stands 

out as being exceptionally large in comparison with mammals in general and primates 

specifically, and Jerison (1977; 1985) seems to imply that this is what gives the measure its 

validity in relating brain size to intelligence.  

 

4.1.3 Contemporary measurement and interpretation of brain size 

It is not as though brain size has no bearing on behavioral ability. Mammals with 

particularly large brains such as cetaceans and primates show a greater range of behaviors than 

smaller-brain insectivores (Jerison 1985; Marino 1998). However, this is not generally true 

across mammals (Deaner et al. 2007). Moreover, throughout the 20th century interest in brain 

size and intelligence shifted its focus from relative brain size to the relative size of brain regions 

thought to be key to intelligence (Dunbar and Bever 1988; Krubitzer 2007; Molina and 

O’Donnell 2008; Dobson and Sherwood 2011; Dobson 2012). In some instances regions are 

more clearly relatable to behavior, as in sensory and motor cortices where relative representation 

of particular body parts signifies sensory or motor acuity and differences among species are 

likely due to selective forces on behavior (Krubitzer and Seelke 2012). Relative size of the 

isocortex, a higher-order associative region in primates and an analogous region, the pallium, in 

birds are positively correlated with measures of intelligence (Lefebvre et al. 2004; Reiner et al. 

2004; Kabadayi et al. 2016). In insects a link between behavioral ability and brain-size across 

taxa is less clear (Chittka and Niven 2009), though higher-order associative cortices, the 

mushroom bodies, are expanded in lineages that are known to exhibit multimodal learning and 
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more complex associative learning processes such as place memory (Rensch 1956; Farris 2013). 

In addition to broad correlations with measure of intelligence or behavioral ability, research in 

the past 30 years expanded to variables ranging from metabolism (Hofman 1983b; Aiello and 

Wheeler 1995; Isler and van Schaik 2009; Iglesias et al. 2015; Sukhum et al. 2016) and 

development to (Nijhout and German 2012) to diet (King 1986; Parker 2015; DeCasien et al. 

2017) and sociality (Rensch 1956; Dunbar 1992; Molina and O’Donnell 2007; O’Donnell et al. 

2015; Dunbar and Shultz 2017).  

Recent studies acknowledge that brain size and regional investment, in addition to being 

targets of selection through effects on behavior, are determined by developmental constraints, 

evolutionary history, and the high metabolic costs of neural tissue (Hasenstaub et al. 2010; 

Hallermann et al. 2012). Thus, while the relative size of a brain region is not a particularly good 

neuroethological measure, it is a decent measure of metabolic costs. The absolute number of 

neurons, their size, and connectivity are better correlated with information processing than 

relative size (Williams and Herrup 1988; Roth and Dicke 2012). Evolutionary analyses of 

changes in mass and cell density within and across clades can provide broad insights and 

specific, testable hypothesis about brain evolution (Williams and Herrup 1988; Herculano-

Houzel et al. 2014). However, until recently it was difficult to quantify one of these variables, the 

total number of neurons in the brain or brain region (Herculano-Houzel 2005), and therefore 

estimates for very few species existed (Herculano-Houzel 2011).  

 

4.1.4 Current study 

The isotropic fractionator (IF), a method of homogenizing brain tissue and subsampling 

to quantify neurons and scale to total brain or brain component volume (Herculano-Houzel 
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2005), vastly expanded the taxonomic sampling of neuron and glia numbers in vertebrate brains. 

Studies quantifying whole-brain and region-specific neuron and glia populations have revealed 

that clade-specific changes in neuron density do not always correspond with volumetric 

differences (Herculano-Houzel 2011). In particular, birds (Olkowicz et al. 2016) and primates 

(Herculano-Houzel 2012) have particularly dense brains, with some birds having forebrain 

neuron populations comparable in number to much larger primates (Olkowicz et al. 2016).  

Insect brain evolution research has relied heavily on comparative volumetric 

comparisons, and therefore also lacks good estimates of brain size by cell number or information 

on how cellular density scales with brain and body size across clades. In this study we adapt the 

isotropic fractionator method to insects, using a variety of Hymenotpera (bees, ants, wasps) for 

comparison. We chose this order of insects because there exists extensive variation among 

species in body size, diet, life history, and social structure, and also because its members have 

been the focus of intense neuroethological and comparative neuroscience for more than a century 

(Dujardin 1850; Witthöft 1967; Gronenberg and Hölldobler 1999; Ehmer and Gronenberg 2004; 

Mares et al. 2005; Molina and O’Donnell 2008; Farris and Schulmeister 2011; Polilov 2012). We 

test whether estimates from the IF method are comparable to published estimates from traditional 

stereological methods and to the whole-brain count of an ant species performed by our lab. We 

then present scaling relationships between body and brain mass, brain mass and nuclei number, 

and body mass and cell density to ask if particular clades differ in scaling relationships.  
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4.2 Methods 

4.2.1 Morphometrics 

Insects for this study were collected from city and county parks and national forest land 

in Southern Arizona between 2016 and 2019. Total body mass (BM), head and thorax mass 

(HTh), head width (HW), and brain mass (BR) were measured for each insect. We followed two 

different procedures for brain dissections. Whenever possible, mass and head width were 

measured for live insects and followed immediately by brain dissection. Brains were fixed in one 

of three solutions, acetic acid-alcohol-formalin (AAF), 4% formaldehyde, or 4% 

paraformaldehyde. In instances where dissections could take place within a week of collection, 

brains were fixed in formaldehyde and paraformaldehyde (> 90% of samples), while in instances 

where samples were contributed from collaborators or collected in larger numbers than could 

immediately be dissected, the entire insect was placed in AAF (<10% of samples) because this 

alcoholic fixative better penetrates the insect cuticle.  

In samples fixed in aqueous fixative, two fixation procedures were used. In 

approximately half of samples following morphometric measurement, the head was removed and 

a hole was cut in the head capsule, then the entire head was placed in fixative for 24 – 48 hours 

(pre-fixed brains). In the other half of samples brains were dissected out following morphometric 

measurement (fresh brains). Fresh or pre-fixed brains were dissected out in phosphate buffered 

saline (PBS), and fresh brains were placed in fixative for 24 – 48 hours. Following fixation 

brains were rinsed 3 times for 10 minutes each in PBS, weighed, and stored in 0.1 M cacodylate 

buffer (pH 6.8). Body, head and thorax, and brain wet mass were measured using an analytical 

balance (Mettler Toledo AT261; Marshall Scientific, Hampton, NH, USA). Head width was 

measured using electronic digital calipers.  
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4.2.2 Isotropic fractionator 

 Members of the Gronenberg lab adapted the isotropic fractionator method described by 

Herculano-Houzel (2005) for use in estimating all of the cells in insect brains. Briefly, we 

homogenized the entire brain in a glass tissue homogenizer with dissociation solution to break 

apart cells. We then diluted the sample, labeled cell nuclei, and counted them with a 

hemocytometer under widefield fluorescence. Detailed methods follow. 

 

Homogenization 

 Brains stored in cacodylate buffer were rinsed three times for 10 minutes each in PBS, 

then transferred to a 0.5 mL tissue grinder tube (Cole-Parmer, Vernon hills, IL, U.S.A.). The 

volume of dissociation solution (40 mM sodium citrate in 1% Triton-PBS), dilution used, and 

time brain was homogenized depended on the size of the brain (Table 1). After homogenization 

the sample was transferred to a 1-dram (3.7 mL) glass vial or 1500 μL centrifuge tube. The 

homogenizer was rinsed three times with a small amount of PBS and this volume added to the 

total dilution. Following homogenization and dilution, 50 μL of DAPI in PBS (1:1000) was 

added for every 0.5 mg of brain up to 200 μL (Table 4.1). The sample was wrapped in aluminum 

foil and placed on the rotator for 30 minutes.  

 

Cell counting 

 Following labeling with DAPI, 10 μL subsamples were loaded into a hemocytometer and 

counted. Cells were counted under epifluorescence using a 40x objective on an Axio Imager 

upright microscope (Zeiss, Göttingen, Germany). The hemocytometer has two grids that each 
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contain four sets of sixteen 0.25 mm x 0.25 mm squares at a depth of 0.1 mm, hence each square 

represents a volume of 0.00625 µL. Nuclei were counted in each grid and the number used to 

approximate the total number of nuclei in the brain considering the total volume comprising the 

homogenized brain. Sixteen small squares were counted per grid and the mean of those 

represents one subsample. Ten subsamples of each homogenized brain were counted, and the 

mean and standard deviation of total nuclei are reported from these 10 subsamples. A coefficient 

of variation (CV) was calculated for each sample by dividing the standard deviation by the mean. 

This gave us an estimate of the variation across subsamples, which served as a measure of how 

well the brain was homogenized. Cell density (CD) was obtained by dividing the mean number 

of nuclei for a given brain by its mass.  

 

Method assessment 

 We assessed whether our adaptation of the isotropic fractionator method provided good 

estimates of cell number for insect brains in two ways: (1) we counted all of the nuclei in a 

sectioned brain of the desert ant (Novomessor cockerelli) and compared the mean number of 

nuclei from homogenized samples of this species’ brain with this whole-brain estimate and (2) 

we compared our homogenized estimates with published values for two species, the vinegar fly 

(D. melanogaster; Power 1943; Simpson 2009; Alivisatos et al. 2012) and the European honey 

bee (Apis mellifera; Witthöft 1967). To count all of the nuclei in a N. cockerelli brain, one of the 

sample brains prepared as described above was embedded in 10% low-melting agarose, 

sectioned at 75 μm on a vibratome, incubated in 80% glycerol for 48 hours, mounted on a slide 

with a polyvinyl alcohol mounting media, Mowiol® 4-88 (Sigma-Aldrich), and covered with a 

#1.5 coverslip. Brains were imaged at 1 μm optical sections using a 40x objective on a Zeiss 
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LSM880 inverted confocal microscope. Nuclei in each section were counted by hand using the 

Cell Counter function in FIJI (De Vos 2001; Schindelin et al. 2012). 

  

4.2.3 Comparative analysis 

 All statistical analyses were carried out in R (version 1.1.453). For comparative analyses 

at the superfamily-level BM, BR, nuclei number (N), CD were averaged over samples at the 

level of species or, in cases where species could not be determined, genus. Linear regression was 

performed on log-transformed values of BM, BR, and N. This method allowed us to obtain slope 

estimates for comparison with existing brain-body scaling studies (Wehner et al. 2007; 

Herculano-Houzel 2011; Seid et al. 2011; Herculano-Houzel et al. 2014). To assess whether 

lineages have particularly dense brains for their body size, CD was regressed against body mass.  

To assess family-level differences within bees and related wasps (Apoidea) and genus-

level differences within ants (Formicidae), sample-level BM, BR, N, and CD values were used. 

For Apoidea, we tested differences across families and across social structure using a linear 

mixed model with family and sociality as a fixed effects and genus as a random effect. For 

Formicidae we tested differences across genera using a linear model with genus as a predictor 

variable. 

Finally, to gauge if investment in particular brain regions scales with estimates of nuclei 

number or cell density, we compiled relative volume measurements for the optic lobe, antennal 

lobe, and mushroom body available from published studies for five species of ants, two species 

of bees, and two species of vespid wasps (Table 4.7). We used Microsoft Excel to determine 

linear best fit lines and calculate R2 values for best fit lines.  
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4.3 Results 

4.3.1 Method quality 

 We measured the body and brain mass from over 680 individual insects and counted the 

neurons in 500 of those samples (Table 4.2). We estimated total brain nuclei from 1 communal 

genus, 16 solitary genera, and 14 social genera of Hymenoptera and one species of fly (order 

Diptera). In addition to underrepresenting communal species in our analysis, our sample sizes are 

not balanced. A few social genera are overrepresented by large sample size and most solitary 

genera suffer small samples size (Table 4.2). Queens and males of social genera were excluded 

from analysis because their sample sizes were not large enough to study caste-based differences. 

Data from the ant genera Pheidole (N = 8) and Solenopsis (N = 29) were removed prior to nuclei 

number analyses because reweighing brains to check for consistency indicated that their masses 

are smaller than the balance could reliably measure.  

 The mean coefficient of variation (CV), a measure of how well our samples are 

homogenized, was 20% (Figure 4.1 A). Brains smaller than 1.0 mg have a significantly larger 

CV than those that are larger than 1.0 mg (22.3% vs. 17.9%; t = 6.15, df = 429, p < 0.0001; 

Figure 4.1 B). There is also a significant negative relationship between brain size and CV in 

small brains but not large brains (Figure 4.1 C, D), but CV varies widely across the range of 

brain masses and therefore brain mass explains very little variation in CV (Figure 4.1 C). CV 

values vary greatly within taxa, and there are no significant differences between median CV 

values across taxa (Figure 4.2). Since the CV is a measure of brain homogenization, it may be 

necessary to remove samples that were not appropriately homogenized because they could 

introduce error to our results. To assess how restricting our analysis to CV values equal to or less 
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than 20% would affect our interpretation of the data, we compared the relationship between 

nuclei number and brain mass using a restricted versus non-restricted data set. Removing data 

with a CV greater than 20% has little effect on our estimate of slope or fit as assessed by a linear 

model (Figure 4.3). Restricting our analysis to values with CV less than or equal to 20% would 

reduce the sample sizes for analyses, so we retained all samples for future analyses.  

 Our estimates of total brain nuclei from the isotropic fractionator method are generally 

lower than published estimates and lower than those from our sectioned brain counts (Figure 

4.4). We estimated a mean cell number of 88,293 (s = 13,809) for D. melanogaster (Figure 4.4 

A, Table 4.3), which is significantly lower than published estimates of 100,000 (Power 1943; 

Simpson 2009; t = -3.06, df = 12, p = 0.01). Our mean estimate for A. mellifera, 634,995 (s = 

117,367; Figure 4.4 B, Table 4.3), is also significantly lower than the 850,000 estimated from 

sectioned brains (Witthöft 1967; t = -8.59, df = 21, p < 0.0001). Similarly, our mean estimate for 

N. cockerelli from IF ( �̅� = 69,326 s = 18,082, Table 4.3) is also significantly lower than the 

~90,000 we counted from optical sections (t = -6.47, df = 31, p < 0.0001). 

  

4.3.2 Superfamily-level analysis 

 We found a strong, positive relationship between brain and body mass across 

Hymenoptera families measured in this study and significant superfamily-level differences 

(Figure 4.5 A, Table 4.4, 4.5). Our data show that bees and closely related wasps (Apoidea), and 

wasps in the superfamilies Ichneumonoidea, and Vespoidea have significantly larger brains for a 

given body mass than ants (superfamily, Formicoidea, Figure 4.5 A, Table 4.5). Ants also have a 

shallower brain to body mass slope than bees (0.46 versus 0.77, respectively; Table 4.4), one that 

is comparable to those reported for comparisons within species or across closely related 
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subspecies (Lande 1979). The sawflies in our study (superfamily, Tenthredinoidea) have brain to 

body mass values comparable to ants.  

 Estimates of number of brain nuclei scale strongly and positively with brain mass. Ants 

show a significantly smaller number of nuclei for a given brain mass than would be predicted in 

Apoidea and Vespoidea (Figure 4.5 B, Table 4.4). Differences between ants and wasps in the 

Ichneumonoidea and Pompiloidea superfamilies approach significance (p < 0.06; Table 4.5). 

Members of Formicoidea and Apoidea vary significantly in cell density, with cell density scaling 

more steeply in bees and their relatives (Figure 4.5 C; Table 4.4). Cell density in ants is 

comparable to that in most wasps (Figure 4.5 C), but data suggest the one sawfly representative 

in our sample, Neodiprion lecontei, has significantly greater cell density for its body mass than 

would be found in ants or wasps. However, these samples were fixed in an alcoholic fixative, 

potentially leading to underestimates of body mass, and we will use fresh samples in the future to 

reassess this preliminary finding.  

 

4.3.4 Apoidea  

  As with the data overall, there is a great deal of sample size variation within Apoidea. 

Eight genera are represented by three or fewer samples (Table 4.2). Overall brain mass scales 

strongly and positively with body mass (Figure 4.6 A). There are differences among families 

(Table 4.6), but because many of the families in our sample are represented by only one genus, it 

is difficult to confidently interpret differences as reflective of family. The samples from Specidae 

and Crabrionidae in our study appear to have larger brain to body mass values (falling largely 

above the line of best fit, Table 4.6 A) than the smaller bees in the families Halictidae and 

Andrenidae (falling largely below the line of best fit, Table 4.6 A). We detected no significant 
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differences in scaling of number of nuclei with brain mass across families (Figure 4.6 B, Table 

4.6). The significant difference across families detected in cell density by body mass did not 

yield any significant contrasts after correction for multiple comparisons (Figure 4.6 C, Table 

4.6). None of our analyses revealed differences in brain scaling across social structure (Figure 

4.7, Table 4.6).  

 

4.3.4 Formicoidea 

 In ants (Formicidae) we found a positive, moderately strong relationship between body 

mass and brain mass (Table 4.7). Differences in brain mass across genera were largely explained 

by body mass, with the exception of Odotonmachus and Camponotus, which have significantly 

larger mean brain mass for their body mass than most other species (Figure 4.8 A, right panel). 

Total nuclei estimates scaled comparably with brain mass across ants with the exception of 

Odontomachus, which showed significantly more nuclei than predicted for its brain mass (Figure 

4.8 B, Table 4.7). As in Apoidea, cell density scaled negatively with body size across ants 

(Figure 4.8 C, Table 4.7). Formica and Odontomachus stand out as having somewhat lower and 

higher than expected nuclei density, respectively (Figure 4.8 C, right panel). 

 

4.3.5 Relative volume meta-analysis 

 When the relative volumes of visual, olfactory, and associative neuropil are regressed 

against estimated cell number, the optic lobe (OL) stands out with the strongest, positive 

correlation (Figure 4.9, Table 4.8). Therefore, species with larger relative OL size also have 

more neurons, but larger brains in our sample also have larger relative optic lobes, meaning 

covariation among variables exists, cautioning against overinterpretation. Relative antennal lobe 
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(AL) investment is negatively correlated with brain cell number, potentially because there is 

often a volumetric tradeoff between investment in (visual vs. olfactory).optic versus antennal 

lobes. We have fewer mushroom body (MB) values for analysis and found no relationship 

between MB relative volume and brain cell number. Relative optic lobe size shows a negative 

relationship with cell density, but cell density explains less of the variation in relative optic lobe 

investment than total nuclei number (Figure 4.9). Again, this relationship is influenced by 

covariation among density, brain size, and optic lobe investment in our samples. This analysis 

does not appropriately account for body or brain mass, something that will be incorporated in 

future analyses once we quantify relative volumes for more species included in our study.  

 

4.4 Discussion 

 Data presented here suggest that the isotropic fractionator method can reliably estimate 

total cell number in insect brains, indicating it can be a useful tool for comparative invertebrate 

neuroscience and evolutionary biology. In Hymenoptera we find that ants stand out as having 

particularly small, lower-density brains than most bees and wasps. We propose that this is in 

large part due to the loss of flight and transition to subterranean habitats in the ancestor to all ants 

(Rabeling et al. 2008), factors that likely drove a reduction optic lobe size.  

 

4.4.1 The isotropic fractionator and cell estimates 

 The isotropic fractionator method was developed for relatively large brains and one of the 

greatest challenges to adapting it to small brains was to choose the correct dilution factor for a 

given brain mass (Table 4.1). The CV of a sample can be used to gauge consistency across 

subsamples, a good measure of how effectively the brain was homogenized. However, CV is 
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also influenced by dilution, particularly dilutions that produce many zeros in the counting grid. 

Our finding that smaller brains have a higher CV than larger brains indicates these smaller brains 

may have been diluted more than is necessary. Our mean CV of 20% (Figure 4.1A) is higher 

than the ~10% cited for the confirmation study of this method in the rat brain; however, neuron 

counts (those that excluded glia) in those studies had CV values that ranged from 19% to 22% 

depending on brain region (Herculano-Houzel 2005). In our study we cannot distinguish glia 

from neurons because a reliable pan-insect glial marker is not available. However, in D. 

melanogaster glial cells likely comprise < 10% of the central nervous system cell population 

(Freeman 2015), a much smaller fraction than in vertebrates where they can constitute > 50% of 

brain cells (Herculano-Houzel 2005, 2011). It is likely, therefore, that our CV values are 

comparable to those of neuron estimates in vertebrate studies, but that the dilution factor for 

small brains should be adjusted to reduce variability across subsamples. However, the 

homogenization procedure requires a minimum amount of solution even for the smallest 

available micro tissue homogenizers (which we used), limiting the minimal dilution possible for 

tiny brains. 

 Estimates produced from the IF method overlap with the published (Figure 4.4A, B) and 

the whole-brain estimate from a sectioned brain (Figure 4.4 C), but are on average lower than 

those reported from other methods (Figure 4.4). We suspect this is in part due to measurement 

error attributable to tissue quality. A lack of proper homogenization or dilution may increase CV, 

but the mean nuclei estimate from many samples would still likely be a reliable estimate of the 

brain cells. However, if the brain is damaged in any way (i.e., If the neural sheath is torn), nuclei 

may be lost prior to brain homogenization. Analysis of our N. cockerelli data revealed that 

dissections performed by certain lab members produced significantly smaller nuclei population 
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estimates (Table 4.3, compare Nc_pre with Nc_post). These samples were subsequently removed 

from analyses. Similarly, in insects with large eyes, the proportion of the retina and lamina 

included from dissections may significantly bias cell counts toward lower total cell estimates. 

Recognizing this, we have begun to measure retina mass from dissected, fixed brains and have 

found that, depending on the quality of the dissection, retinas constitute 29 – 69% of total brain 

mass in bees. This suggests our smaller estimates may be biased by damage and our larger 

estimates are closer to complete estimates of brain cell number. D. melanogaster also has a 

sizeable retina and lamina and, if traditional estimates include cells in these regions, this may 

explain why our total brain cell estimates are lower than one of the reported estimates. 

 

4.4.2 Comparative brain size scaling 

 Scaling coefficients for brain to body mass estimates across large samples of mammals 

range from 0.655 (von Bonin 1937) to 0.75 (Burger et al. 2019), with the discrepancy likely due 

to measurement error and differences in regression methods (LaBarbera 1989), with the more 

contemporary estimate deemed more reliable. In Glires (rodents and lagomorphs) and 

Eulipotyphla (hedgehogs, true shrews, and their relatives), lineages with smaller-bodied 

mammals, brain size scales at the power ~ 0.7 with body size (all values log-transformed), 

whereas in primates brain size scales with body size at the power ~0.92 (Herculano-Houzel 

2011). Across the Hymenoptera sampled in this study we obtained a scaling coefficient of 0.82. 

This suggests brain scaling in this order is intermediate to smaller mammals and primates; 

however, it is difficult to gauge the relevance of this comparison in a broader context because 

there are relatively few comparative estimates of brain-body allometry across insect taxa.  
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Overall, our data do not correspond well with existing estimates of insect brain mass 

scaling, but this in part reflects limited published data on the subject; even prior estimates for 

brain scaling across ants are not consistent with one another. In an analysis of body length to 

brain volume beetles (Coleoptera) and Hymenoptera brain volume scales allometrically by 0.699 

and 0.662, respectively, whereas true bugs and their relatives (Paraneoptera) scale by 0.929 

(Polilov and Makarova 2017). Two brain-to-body mass scaling estimates exist for ants, 0.567 

from a sample of 10 species in the subfamily Formicinae (Wehner et al. 2007) and 0.671 from a 

much larger sample of 70 species from 7 subfamilies (Seid et al. 2011). Piecewise regression in 

Seid et al. (2011) revealed that small ants (body mass < 0.9 mg) show an even steeper scaling 

coefficient of 0.79. While this last estimate is close to the 0.82 we found across all Hymenoptera, 

our estimate for ants, 0.46, is considerably smaller than previous estimates (Table 4.4). However, 

regardless of discrepancies with previous estimates, our data suggests brain mass in ants scales 

less steeply with body mass than bees and wasps (Figure 4.5 A, Table 4.3), an effect we 

hypothesize is due to differences in relative optic lobe size (Figure 4.9)  

 

4.2.3 Brain size scaling and optic lobe evolution 

In addition to having smaller brains, ants showed a significantly lower cell density than 

bees and wasps (Figure 4.5 B, Table 4.4). We hypothesize that cell density in the optic lobes may 

be particularly high and therefore both mass and cell density are significantly lower in ants 

(Figure 4.5). Interestingly, ant brain cell density scales with body size comparably to that of most 

wasps in our study (Figure 4.5 C), and scales at a lower slope than that found in brains of small 

Apoidea taxa. The presence of large optic lobes and a need to keep the brain mass low in small, 

flying insects may drive higher cell density in smaller bees. Similarly within ants, sampled 
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genera with relatively large optic lobes, Camponotus and Odotomachus (Table 4.5) stood out as 

having larger than predicted brains (Figure 4.8 A), with Odotomachus additionally having higher 

cell density (Figure 4.8 B). A notable exception is Formica, which was reported to have relative 

large optic lobes (Table 4.8), but has somewhat low brain cell density for its body size (Figure 

4.8 C). There is a large amount of variation in our estimate of cell number in Formica brains, 

which may reflect variation due to polymorphism in the worker caste. If real, these differences in 

cell density across species with similar optic lobe investment would allow us to pursue alternate 

hypotheses related to variables such as phylogenetic constraint, energetics and resource use, 

behavior, or social structure.  

  

4.4.4 Brain size scaling and sociality 

 There exists a persistent interest in asking if the brains of social insects are unique in their 

size or structure, despite numerous reviews critiquing this hypothesis and the variables 

commonly employed in its analysis (Farris and Schulmeister 2011; Lihoreau et al. 2012; Godfrey 

and Gronenberg 2019b). Still, sociality likely plays some role in insect brain evolution, and brain 

cell number has been suggested as a better comparative measure than brain volume for studying 

the role of sociality in brain evolution in insects (Godfrey and Gronenberg 2019b). We find no 

differences in total cell number across families in Apoidea that vary in social structure (Figure 

4.9, Table 4.6), but suggest that future studies expand the number of taxa and work to balance 

sample sizes. Because size polymorphism is most common in superorganismal species, we also 

suggest that extreme worker size polymorphism (e.g., in bumble bees) be studied more explicitly 

to measure how cell number and density scale with intraspecific differences in body size and 

what role this may play in the organization of social insect colonies.  



 114 

 

4.4.5 Sample size, cell size, and variation 

 Unbalanced and sparse sampling is not unique to our study. The majority of studies are 

formed by one or a few individuals from each species (von Bonin 1937; Seid et al. 2011), 

whereas others make the mistake of treating each individual as a data point in the regression such 

that differences in sample size influence the regression estimates (LaBarbera 1989). Statistics 

works in part through the observation that large enough sample sizes likely converge the 

population mean, therefore small sample sizes often provide poor estimates of a true population 

mean. For example, in our analysis of brain size by cell number across all superfamilies, we 

generated species or genus-level means from different sample sizes for brain and body mass to 

use in regression analysis. For some species variation in cell number was low, but for others 

there existed a large among of variation around the mean. Our comparative analyses within 

Apoidea and Formicoidea better account for this variation because we either included estimates 

from individual samples with genus as a fixed effect in a mixed model (as in Apoidea) or 

explicitly tested genus-level differences by including it as a main effect (as in Formicoidea). The 

range of body sizes or measurement error may also affect regression estimates, with smaller 

ranges and more error, respectively, producing shallower estimates of slope (LaBarbera 1989; 

Seid et al. 2011; Hansen and Bartoszek 2012). And, while ordinary least squares regression on 

log-transformed values has become standard in allometric studies, this analysis may be poorly 

suited to data where error exists in both dependent and independent variables (LaBarbera 1989; 

Hansen and Bartoszek 2012), and studies might benefit from considering alternate regression 

equations (Nijhout and German 2012). 
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 Nucleus size may also be a source of variation or error in the data presented here. In 

vertebrates neuron nucleus size can range by an magnitude of 10 (Szarski 1976), but there are no 

studies on nuclear diameter or volume variation across cells of the insect brain. Our own 

observations and images published by neuroanatomists suggest that certain cells, such as those of 

the optic lobes or intrinsic mushroom body neurons (Sohal et al. 1972), may have significantly 

smaller nuclei than others. While many nuclei are easily resolved at 40x, it is possible that some 

are small enough to be classified as partial nuclei and not counted. If these constitute a large 

portion of the brain, this would produce underestimates in cell number. We are currently imaging 

bee, ant, and fly brains to measure differences in nucleus diameter and density across brain 

regions.  

 

4.4.6 General conclusions and future directions  

Differences in brain size scaling across clades, while comparative and empirical, are 

limited to descriptive interpretations because no global, causal link between brain size and 

behavior exists. While such studies are often taken as evidence in support of particular 

hypotheses, they should instead be used to generate hypotheses for more mechanistic studies. 

Grade shifts across clades can be used as a signal of selection on brain growth or size, and at this 

broad level they allow us to generate hypotheses about the relative role of adaptive processes and 

constraints in brain evolution. In the current study, differences in optic lobe size across taxa 

provide a good starting point to understand reported grade shifts across Hymenoptera. This 

hypothesis can be pursued further using complementary methods such as measuring relative 

regional volumes and cell densities. In this way, the IF method is a promising addition to 

available tools for studies of comparative brain evolution. Specifically, it may greatly expand our 
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estimates of brain cell numbers across insects and allow us to evaluate testable hypotheses about 

the variables driving brain evolution in insects. And, if the IF method can be improved to 

produce estimates comparable with those using histological methods, comparisons among 

species that vary more subtly in brain size may also reveal more detailed trends in brain 

evolution. The addition of mathematic models beyond traditional allometric analysis using linear 

regression on log-transformed values may also enhance our ability to describe differences within 

and among clades (Nijhout and German 2012).  
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4.5 Tables 
 
Table 4.1 Isotropic fractionator parameters for brains of different sizes..  
Brain mass (mg) Dissociation (μL) Time (min) Dilution (μL)  

< 0.1 100 5 500 
0.1 - 1.0 150 5 1000 
1.1 - 3.0 200 8 1500 

≥3.0 300 10 BM x 1000 
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Table 4.2 Sample sizes for body mass (BM), brain mass (BrM), and nuclei (N) used in scaling 
analyses. 

Superfamily Family Subfamily Genus Social BM BrM N 
Apoidea Andrenidae Panurginae Calliopsis Solitary 10   
Apoidea Andrenidae Panurginae Perdita Solitary 5 5 5 
Apoidea Apidae Apinae Apis Eusocial 50 47 28 
Apoidea Apidae Apinae Bombus Eusocial 114 110 80 
Apoidea Apidae Apinae Tetraloniella Solitary 6 6  
Apoidea Apidae Eucerini Melissodes Solitary 2 2 2 
Apoidea Apidae Xylocopinae Xylocopa Solitary 44 38 29 
Apoidea Colletidae Colletinae Colletes Communal 7 6  
Apoidea Crabronidae Bembicinae Sphecius Solitary 2 2 2 
Apoidea Crabronidae Bembicinae Steniola Solitary 1 1 1 
Apoidea Halictidae Halictinae Augochlorella Eusocial 8 8 8 
Apoidea Halictidae Halictinae Lasioglossum Communal 9 8 9 
Apoidea Megachilidae Chloriontinae Chlorion Solitary 2 1  
Apoidea Megachilidae Megachilinae Heriades Solitary 10 10 8 
Apoidea Megachilidae Megachilinae Megachile Solitary 3 3  
Apoidea Specidae Specinae Prionyx Solitary 1 1  
Apoidea Sphecidae Sceliphrinae Chalybion Solitary 3 3 3 
Apoidea Sphecidae Sceliphrinae Sceliphron Solitary 13 12 5 
Apoidea Sphecidae Sphecinae Isodontia Solitary 3 3 3 
Cynipoidea Figitidae Eucoilinae Leptopilina Solitary 3  12 
Diptera Drosophilidae  Drosophila Solitary   13 
Formicoidea Formicidae Dolichoderinae Dorymyrmex Eusocial 11 11 11 
Formicoidea Formicidae Formicinae Camponotus Eusocial 86 75 48 
Formicoidea Formicidae Formicinae Formica Eusocial 22 22 13 
Formicoidea Formicidae Myrmicinae Acromyrmex Eusocial 39 24 18 
Formicoidea Formicidae Myrmicinae Apterostigma Eusocial   1 
Formicoidea Formicidae Myrmicinae Melissotarsus Eusocial 2   
Formicoidea Formicidae Myrmicinae Novomessor Eusocial 69 86 68 
Formicoidea Formicidae Myrmicinae Pheidole Eusocial 6 8 8 
Formicoidea Formicidae Myrmicinae Pogonomyrmex Eusocial 16 16 5 
Formicoidea Formicidae Myrmicinae Solenopsis Eusocial 67 44 29 
Formicoidea Formicidae Ponerinae Odontomachus Eusocial 5 5 5 
Ichneumonoidea Braconidae Alysiinae Asobara Solitary   7 
Ichneumonoidea Braconidae Pimplinae Pimpla Solitary 5 5 5 
Ichneumonoidea Ichneumonidae Ichneumonidae Ichneumonidae Solitary 7 7  
Ichneumonoidea Ichneumonidae Ichneumoninae Spilichneumon Solitary 6 6 6 
Ichneumonoidea Ichneumonidae Ophioninae Ophion Solitary 3 3 3 
Pompiloidea Mutillidae Mutillidae Mutillidae Solitary 4 4  
Pompiloidea Pompilidae Pepsinae Pepsis Solitary 8 8 6 
Pompiloidea Pompilidae Pompilinae Anoplius Solitary 1 1  
Tenthredinoidea Diprionidae Diprioninae  Diprion Solitary 10 10  
Tenthredinoidea Diprionidae Diprioninae  Neodiprion Solitary 20 20 11 
Vespoidea Vespidae Eumeninae Symmorphus Solitary 4 4 2 
Vespoidea Vespidae Polistinae Polistes Eusocial 63 63 46 
Vespoidea Vespidae Vespinae Vespa Eusocial 1 1   

 
Table 4.3 Comparisons of estimates of brain cell number by isotropic fractionator, published 
studies, and one whole-brain count for three species, D. melanogaster (Dm), A. mellifera (Am) 
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and N. cockerelli (Nc). Nc_pre is an estimate of mean and standard deviation (SD) of nuclei prior 
to removing outliers attributed to poor quality dissections.  
 

Species N mean  SD Reference 
Dm 13 88293.92 13809.47 (Power 1943) 
Am 22 634995.6 117376.4 (Witthöft 1967) 
Nc_pre 39 63162.94 22040.72  
Nc_post 32 69325.92 18082.75 Whole-brain 
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Table 4.4 Linear models testing Superfamily-level differences in brain scaling 

  slope R2 p 
Brain mass x body mass    

 Overall 0.82 0.78 < 0.0001 
 Apoidea 0.77 0.89 < 0.0001 
 Formicoidea 0.46 0.81 < 0.0001 
 Vespoidea 0.5 0.46 0.13 
     

Nuclei x brain mass    

 Overall 0.71 0.78 < 0.0001 
 Apoidea 0.41 0.77 0.0011 
 Formicoidea 0.6 0.5 0.0133 
     

Nuclei density x body mass    

 Overall -0.28 0.49  < 0.0001 
 Apoidea -0.41 0.82 0.0005 
 Formicoidea -0.25 0.43 0.0239 
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Table 4.5 Superfamily contrasts from tukey-adjusted least square means pairwise comparisons (α 
= 0.05) for brain mass and brain nuclei number. 
 
 Apoidea Formic. Ichneumon. Pompil. Tentredin. Vespoidea  
Apoidea   < 0.0001 0.5856 1 0.9172 1 

N
uclei 

Formicoidea < 0.0001   0.0513 0.0581 0.1502 0.0073 
Ichneumonoidea 0.0423 0.2296   0.9125 0.9999 0.8264 
Pompiloidea 0.6019 0.9135 0.9999   0.9785 1 
Tentredinoidea 0.9893 0.9593 0.9555 0.9988   0.9626 
Vespoidea 0.9978 0.0002 0.131 0.5579 0.9758    
 Brain mass   
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Table 4.6 Linear mixed models testing differences in brain scaling across Apoidea families. 
Fixed effects reported, genus modeled as random effect.  
 𝛘2 df p 

    
Brain mass model    
Body mass 224.53 1 < 0.0001 
Family 40.26 6 < 0.0001 
Sociality 1.5 2 0.4726 

    
No. Nuclei model    
Brain mass 15.42 1 < 0.0001 
Family 7.03 5 0.2178 
Sociality 4.18 2 0.1236 

    
Cell density model 1    
Body mass 17.89 1 < 0.0001 
Family 15.07 5 0.0101 

    
Cell density model 2    
Body mass 45.3 1 < 0.0001 
Sociality 0.1649 2 0.9209 
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Table 4.7 Linear models testing differences in brain scaling across Formicidae genera.  
 

 SS df F p 
     

Brain mass model     
Body mass 1.098 1 11.17 < 0.0001 
Genus 12.07 6 25.42 < 0.0001 
Body mass x genus 1.742 6 2.4 < 0.0001 
Residuals 12.435 170   
     
Nuclei number model     
Brain mass 0.2171 1 1.64 0.2029 
Genus 7.545 7 8.146 < 0.0001 
Residuals 14.952 113   
     
Cell density model     
Body mass 1.189 1 7.4 0.0076 
Genus 5.437 6 5.64 < 0.0001 
Residuals 17.193 107   
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Table 4.8 Mean nuclei and brain region relative volume (region volume over the sum of optic 
lobe, antennal lobe, mushroom body, and central body) estimates for Hymenoptera. OL = optic 
lobe, AL = antennal lobe, MB = mushroom body 
 

Family Taxon Nuclei Log(N) OL AL MB Source 
Apidae A. mellifera 585713 13.28 57.91 8.53 32.65 Brandt et al. 2005 
Apidae B. impatiens 579287 13.27 43.70 7.90 47.70 Mares et al. 2005 

Formicidae A. versicolor 69554 11.15 8.44 26.03 50.92 Jaffe & Perez 
1989 

Formicidae Camponotus 
sp. 94148 11.45 18.55 20.82 60.62 Jaffe & Perez 

1989 

Formicidae D. bicolor 54519 10.91 4.00 13.30 27.60 Godfrey & 
Gronenberg 2019 

Formicidae Formica sp. 49950 10.82 23.30 20.00 55.80 Kamhi et al. 2016 

Formicidae Odontomachus 
sp. 209018 12.25 19.60 14.70 58.19 Jaffe & Perez 

1989 

Vespidae P. arizonensis 554054 13.23 51.07 10.06 36.45 Gronenberg et al. 
2008 

Vespidae P. flavus 976674 13.79 53.07 9.72 38.11 Gronenberg et al. 
2008 
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4.6 Figures 

 

 
Figure 4.1 Coefficient of variation (CV) from samples of nuclei counts from Hymenoptera. (A) 

CV does not vary continuously with brain mass. (B) CV values from small brains ( < 1.0 mg) 

compared with large brains ( ≥	1.0 mg). CV by brain mass in small (C) and large (D). Dashed 

lines indicate mean CV in (A), (C), and (D). *** = p < 0.001.  
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Figure 4.2 Coefficient of variation (CV) by Hymenoptera superfamily. Superfamilies ranked by 

overall mean body size along the x-axis. Black bar corresponds to mean CV.  
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Figure 4.3 Coefficient of variation restriction analysis. Nuclei regressed against brain mass for 

(A) all data and (B) restricted to data with CV ≤	0.2. Colors correspond to superfamilies 

designated in (B).  
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Figure 4.4 Whole-brain nuclei estimates from (A) the vinegar fly (D. melanogaster), (B) the 

European honey bee, (A. mellifera) and (C) a desert ant, N. cockerelli. The first and third 

quartiles represented by the lower and upper bounds of the box, range of values by whiskers, 

medians by black bars, means with a red squares, estimates from literature by black diamonds, 

and the estimate from a sectioned brain (⋍	90,000) in by a red diamond in (C).  
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Figure 4.5 Scaling relationships between brain and body measurements across six superfamilies 

of Hymenoptera. Equation, R2, and p-values reported for relationship over all superfamilies 

(black line). Colored regression lines correspond to significant relationships within superfamilies 

of same color (reported in Table 4.4). (A) Brain mass as a function of body mass. (B) Nuclei 

number as a function of brain mass. (C) Nuclei density as a function of body mass. BM = 

log(body mass), BR = log(brain mass), N = log(nuclei), ND = log(nuclei density).  
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Figure 4.6 Scaling relationships between brain and body measurements across Apoidea. (A) 

Brain mass as a function of body mass. (B) Nuclei number as a function of brain mass. (C) 

Nuclei density as a function of body mass. BM = log(body mass), BR = log(brain mass), N = 

log(nuclei), ND = log(nuclei density).  
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Figure 4.7 Scaling relationships between nuclei number and brain mass across Apoidea color 

coded by social structure. Black line same as overall regression presented in Figure 4.6B.  
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Figure 4.8 Scaling relationships between brain and body measurements across seven genera of 

Formicidae. (A) Brain mass as a function of body mass (left) and genus (right) with genera 

ranked by mean body mass along x-axis. (B) Nuclei number as a function of brain mass (left) 

and genus (right) with genera ranked by mean brain mass along the x-axis. (C) Nuclei density as 

a function of body mass (left) and genus (right) with genera ranked by body mass along the x-

axis. BM = log(body mass), BR = log(brain mass), N = log(nuclei), ND = log(nuclei density). 

Letters denote statistically significant contrasts from tukey-adjusted least square means pairwise 

comparisons (α = 0.05). 
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Figure 4.9 Predictive relationship between nuclei number (A) or density (B) and relative 
investment in brain regions in select species of Hymenoptera. OL = optic lobe, AL = antennal 
lobe, MB = mushroom body. Percent values reflect volumes expressed relative to sum of AL, 
OL, MB, and central body (see Table 4.5 for references). 
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Abstract 

Sociality is classified as one of the major transitions in the evolution of complexity and much 

effort has been dedicated to understanding what traits predispose lineages to sociality. 

Conversely, studies addressing the role of sociality in brain evolution (e.g. the social brain 

hypothesis) have not focused on particular traits and instead relied largely on measurements of 

relative brain composition. Hymenoptera range from solitary to advanced social species, 

providing enticing comparisons for studying sociality and neural trait evolution. Here we argue 

that measuring the role of sociality in brain evolution will benefit from attending to recent 

advances in neuroethology and adopting existing phylogenetic comparative methods employed 

in analysis of non-neural traits. Such analyses should rely on traits we expect to vary at the 

taxonomic-level used in comparative analyses and include phylogenetic structure. We outline the 

limits of brain size and volumetric interpretation and advocate closer attention to trait stability 

and plasticity at different levels of organization. We propose neural traits measured at the 

cellular, circuit, and molecular levels will serve as more robust variables for evolutionary 

analyses. We include examples of particular traits and specific clades that are well-suited to 

answer questions about the role of sociality in nervous system evolution.  
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Introduction 

In an attempt to find a unifying theory for differences in brain size across primates, the 

middle of the 20th century saw the formalization of a number of hypotheses addressing primary 

drivers in primate brain expansion. Hypotheses ranged from those proposing that expansion was 

driven by release from energetic constraints (Hofman 1983b, a) to those giving primacy to 

selective forces such as ecological factors (Parker and Gibson 1977; Harvey et al. 1980) or the 

maintenance of complex social relationships in group-living (Dunbar 1992). The latter, the social 

brain hypothesis, has garnered much attention for highlighting a potentially unique contribution 

of sociality to brain expansion. It posits that predation pressure, as the strongest selective force in 

primate evolution, resulted in the formation of social groups to mitigate predation risk, leading to 

novel cognitive functions required to manage multiple, non-familial relationships (social 

complexity, Humphrey 1976). These behaviors are characterized by Dunbar and colleagues as 

having uniquely complex cognitive demands and requiring expansion in higher cortical regions 

(Dunbar 2009). While group size or grooming clique size (Kudo and Dunbar 2001) appears to 

explain variation in certain measures of relative brain size (Fig. 1a), more recent studies show 

that inclusion of ecological components better predicts differences in relative brain measures 

(Walker et al. 2006). Mixed findings on the effect of group size on relative brain measures across 

vertebrates led the original author to advocate for a more inclusive definition of social 

complexity, one that acknowledges pair-bonding as a socially complex behavior (Dunbar 2009). 

Furthermore, recent large-scale comparisons of primate behaviors and brain sizes add weight to 

the hypothesis that ecological drivers (e.g. foraging behavior, diet composition), not group size 

per se, best correlate with brain expansion in primates (Reader et al. 2011; Parker 2015; 

DeCasien et al. 2017).  
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In a manner similar to the conversation about brain evolution in primates, there has been 

speculation about the factors driving brain expansion across lineages of insects. Higher-order 

associative centers, the mushroom bodies, are larger, layered structures in many Hymenoptera 

(Dujardin 1850; Molina and O’Donnell 2008; Strausfeld et al. 2009) and Blattodea (Farris and 

Strausfeld 2003), orders represented by numerous social or gregarious species. This observation 

led to the suggestion that large, expanded mushroom bodies may be related to the cognitive 

demands of sociality (Jaffe and Perez 1989; O’Donnell et al. 2007, 2011). However, in 

Hymenoptera this morphological feature preceded the evolution of sociality (Farris and 

Schulmeister 2011), and relatively large, duplicated mushroom body calyces are seen in non-

social Coleoptera (Farris 2013) and Lepidoptera (Montgomery and Ott 2015; Montgomery et al. 

2016). 

Currently two descriptive social brain hypotheses suggest sociality may have a predictable 

effect on brain characteristics in insects (Gronenberg and Riveros 2009; O’Donnell et al. 2015). 

Both propose that changes in colony size produce consistent changes in individual worker 

behavior and that these behavioral changes require less advanced cognitive capacities compared 

to those of individuals of solitary species. Combined with the observation that neural tissue is 

costly to develop and maintain (Ames 1992; Hasenstaub et al. 2010), both hypotheses predict 

reduced brain investment in species with large colony sizes, or consistent reductions in relative 

investment in brain structures responsible for higher cognitive functions across species that vary 

greatly in colony size.  

Gronenberg and Riveros (2009) hypothesized that the transition from solitary or facultatively 

gregarious to a colony-based social structure occurred concurrent with expansion of brain 

regions related to communication (Riveros et al. 2012), but that behavioral specialization of 
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individuals in species with large colony sizes may have led to reduced investment in brain 

regions required for large behavioral repertoires or behavioral flexibility (Fig. 1b). This 

hypothesis has two implicit assumptions: that species in large colonies have more individual 

behavioral specialization and that large behavioral repertoires require larger brains. Findings 

supporting reduced brain sizes in large-colony have been described by v. Alten (1910) for social 

bees and by Jaffe and Perez (1989) for ants. Riveros et al. (2012) reported the kind of parabolic 

relationship predicted from this hypothesis in the antennal lobe of leaf-cutting ants, a finding in 

line with an expansion of communication systems in the transition to moderate-sized colonies, 

followed by a reduction in large-colony species. 

O’Donnell and colleagues (2015) proposed the Distributed Cognition Hypothesis, postulating 

that within-group communication may supplant some individual information processing needs 

and result in decreased cognition in individuals of social species as compared with their solitary 

relatives. This hypothesis explicitly addresses transitions from solitary to social life histories but 

can be extended to predict a negative linear relationship between social structure more generally 

and brain regions associated with higher-order associative processing (Fig. 1c). It assumes that 

larger behavioral repertoires require larger brain regions for associative processing (namely the 

mushroom bodies). Across-species comparisons of Vespid wasps provided support for this 

hypothesis (O'Donnell et al. 2015).  

Attempts to link social structure and brain evolution in insects have responded largely to the 

causal links made in the social brain hypothesis, with Gronenberg and Riveros (2009) and 

Donnell et al. (2015) citing Dunbar’s work and suggesting that the presumed increase in 

cognitive demands for individuals in social primate lineages may not hold true for individuals of 

social insect lineages. In a terse and informative review, Lihoreau and colleagues (2012) pointed 
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out that social brain hypotheses built for insects neglect core questions about the nature of social 

neuroethology: (1) whether unique cognitive processes are required for social interactions among 

insects; (2) from which existing behaviors of less social species these qualities might be derived; 

(3) if such behaviors require novel neural machinery, and (4) what kind of neuronal changes 

would be required. Authors of that review suggested that behaviors required for sociality may 

drive more specialized brains or circuitry and they called for a better understanding of the 

cognitive processes that underlie social interactions.  

There is great value in the neuroethological approach suggested by Lihoreau et al. (2012), but 

it is important to note that social brain hypotheses are often interested in indirect effects, in 

particular how the evolution of social behaviors affect other behaviors and cognitive functions in 

individuals of social species, not merely how social behaviors themselves are coordinated. And 

hypotheses about social insect brains, being derived within the framework of the social brain 

hypothesis developed for primates instead of work on trait evolution in insects, suffer three more 

primary flaws. First, the methods of testing these hypotheses have developed independent of 

extensive work on trait evolution in other systems, e.g. wings in stick insects (Whiting et al. 

2003), wing shape in damselflies (Outomuro et al. 2013), trap-jaws in spiders (Wood et al. 

2016), olfactory receptors in insects (Missbach et al. 2014), opsins in beetles (Sharkey et al. 

2017), and rely largely on volumetric traits that are not robust enough for evolutionary analyses 

at the species level, where most comparisons are made. Second, social structure is often 

classified as simple or advanced or by colony size, with both classification systems too coarse to 

detect consistent changes in the nervous system associated with sociality. Third, the social brain 

hypothesis in primates attempts to connect a selective pressure (predation) with changes in 

behavior (group-living) that drove neural trait change, while insect social brain hypotheses do 
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not state nor explicitly test fitness aspects of trait evolution. This also contributes to the neglect 

of alternate hypotheses for observed changes in neural structure. Given existing criticisms, we 

suggest studying the role of sociality in brain evolution through the evolutionary comparative 

approach commonly used for non-neural traits and to do so in tandem with studies conducting 

more detailed neuroethological studies of particular behaviors and circuits. Here we limit our 

review to Hymenoptera, but such analyses could be employed at a larger scale or within other 

insect orders with social lineages.  

 

Adopting the comparative approach 

Phylogenetic comparative methods (PCM) have been crucial in understanding trait evolution 

(Schluter et al. 1997; Pagel 1999; Cornwell and Nakagawa 2017). These methods employ 

statistical models and an underlying phylogenetic relationship to propose how traits have 

changed through time and are correlated with environmental or other characteristics of taxa 

along the phylogenetic tree. PCM are common to studies of non-neural traits seeking to 

understand how traits themselves arise and rates of change over time (Tallamy and Schaefer 

1997; Wood et al. 2016; Gottardo et al. 2016), including of course social structure itself 

(Cardinal and Danforth 2011; Gibbs et al. 2012). However, social brain studies usually involve 

the classification of species into a few discrete social categories and do not always take 

phylogenetic relatedness into account. Here we suggest including phylogenetic structure to best 

test hypotheses about the effects of sociality on brain evolution. Not only can PCM account for 

evolutionary history and relatedness (Martins and Hansen 1997), they can be used to map neural 

characteristics onto phylogenetic trees, infer evolutionary history of particular traits, and study 

correlated evolution of traits across lineages (Pagel 1999; Dobson and Sherwood 2011; Caetano 
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and Harmon 2017). This could be done across multiple instances of social structure shifts in 

Hymenoptera (see “Measuring social complexity”) to test if trends in elaboration or 

simplification correlate with shifts to sociality or changes in social structure. This method allows 

us to test if homologous or analogous genes, cellular phenotypes, or neural circuitry are 

associated with social structures or particular social behaviors across lineages. Importantly, 

analysis methods are now attempting to account for intraspecific trait variation (Kostikova et al. 

2016), something that may be particularly important for neural traits. And, while here we discuss 

hypotheses of how changes in sociality affect neural traits, these analyses can also be used to test 

if particular neural characteristics predispose lineages to social behaviors or structures (Ng and 

Smith 2014).  

 

Measuring trait evolution 

To put PCM to use we need well-developed phylogenies for comparisons (even if only to 

control for shared evolutionary history), sufficient understanding of social behavior in lineages 

used for comparison, and more detailed quantification of neural characteristics than just relative 

volumes of brain components. Admittedly, comparing neural trait differences across a few 

genera that vary in social structure is far easier than mapping these traits onto broader 

phylogenies. But the level of detail required for neural trait reconstructions may not need be as 

precise as that needed to ascribe function to changes in neural traits. For the purpose of studying 

sociality and brain evolution, it may be sufficient to describe increases and decreases in number 

and diversity of components of these systems.  

To connect social structure with measured changes in the brain we must ask what 

characteristics of brains might show the appropriate variation at the evolutionary scale (i.e. at the 
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level of species or genus) and in what behavioral differences may be ascribed to or linked with 

these changes. Fitness consequences must also eventually be included in such analyses, but 

initial correlative studies of these traits do not require this. We suggest measuring brain change 

in size or architecture at three levels of organization: synapses, cells, and circuits. In terms of 

interspecific comparison of the kind measured for evolutionary study, differences in brains likely 

reflect changes that can be grouped into three broad categories: the addition of cells (of an 

existing function/phenotype or of novel function), reallocation of existing cells to a new function 

(through changes in connections or gene expression), changes in connectivity among neurons, or 

changes in the density of cell connections. In the following sections we discuss how social 

complexity might be classified and what neural traits might be useful in such comparative 

analyses. In addition to their value in PCM, we suggest traits that can be quantified as functional 

units because of the interest in social and behavioral complexity across social brain hypotheses. 

It is our hope that this framework can be used to ground future studies of brain evolution in 

Hymenoptera (and other social insects). But first, we need to briefly touch on alternate 

hypotheses for brain evolution in insects as they are an important consideration in comparative 

studies. 

 

Alternate hypotheses  

Literature supporting a strong link between sociality and primate brain evolution is often 

focused on disproving alternatives (table 1 in Dunbar 1998). The social brain hypothesis, both its 

iteration in vertebrates and insects, is a functional explanation for changes in brain size or brain 

component size across lineages. Mechanistic explanations that address genetic, developmental, 

or metabolic changes that allow for brain expansion remain largely neglected in insect brain 
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evolution research. These explanations address constraints on brain size evolution and can be 

used to test underlying assumptions about constraints. They may also help distinguish functional 

explanations in instances where different mechanisms would best explain observed changes. 

The strong focus on directional effects of sociality in Hymenoptera brain evolution has 

resulted in a body of literature deficient in tests of competing or complementary functional 

explanations. Hypotheses addressing diet shifts and foraging behaviors as drivers in brain 

evolution have been put forth by vertebrate biologists for decades (Gittleman 1986; King and 

Cowlishaw 2007; Dunbar and Shultz 2017; Rosati 2017), in large part because they offer an 

explicit link between release from constraints and functional explanations for specific changes in 

the nervous system. For example, diet shifts that provide novel caloric resources may allow for 

increased growth in cell size or number and require more acute sensory systems or better 

associative learning capability, traits which often show natural variation within a species upon 

which selection could act. Diet shifts that result in higher efficiency exploitation of a single 

resource may affect sensory system specificity (Goldman-Huertas et al. 2015) and, theoretically, 

relax pressure on associative learning networks.  

Studies of insects should include additional alternate hypotheses from vertebrate literature 

such as the role of maternal care, home range size, and spatial navigation in predictable changes 

in in brain size or structure. These are not completely absent in insect brain evolution literature; 

Farris and Schulmeister (2011) proposed that cognitive demands of locating hosts, including 

spatial learning, associated with a parasitoid habit may have driven mushroom body expansion in 

these lineages long before sociality emerged. In this case it is unclear if regional expansion 

preceded and facilitated host shifts or if host shifts provide caloric and cognitive drive for 

regional expansion . The cognitive demands of central place foraging have been offered as a 
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driver in multi-modal circuit evolution in the mushroom bodies (Avarguès-Weber and Giurfa 

2013), whereas the role of maternal care in brain evolution has received relatively little attention. 

Given that both social and solitary Hymenoptera exhibit variation in these behaviors, these kinds 

of questions may be addressed through comparative study. We suggest more explicit inclusion of 

these hypotheses in studies addressing sociality and brain evolution.  

 

Classification of social structure 

Colony size is not an accurate predictor of behavioral complexity 

Generally, insect social brain hypotheses predict that changes in colony size correlate with 

individual-level traits, with both hypotheses reviewed above supposing simplification or 

specialization of individual behaviors at larger colony sizes due to information sharing or 

division of tasks. The differences in expected individual cognitive loads in individual-based 

societies (e.g. in primates) versus those of social insects drive opposite predictions about 

behavior and brains. We choose the term ‘reduced behavioral complexity’ here to encompass the 

general idea that individuals of social insect species have been hypothesized to show behavioral 

specialization (Gronenberg and Riveros 2009), or reduced individual cognitive abilities 

(O’Donnell et al. 2015), recognizing that these are not equivalent (or sometimes even 

comparable) descriptions of behavior. We review evidence for these predictions below, but first 

it is important to acknowledge that there may be behavioral or neural changes related to colony 

size that are unrelated to adaptive change in individual behaviors. Indeed, colony size might 

indicate important aspects of colony organization such as division of labor (Pacala et al. 1 

Thomas and Elgar 2003; Ferguson-Gow et al. 2014), morphological variation within the worker 

caste (WILSON 1953; Wetterer 1994, 1999), or coordination of cooperative behaviors (Pacala et 
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al. 1996; Bourke 1999). Species that form large colonies are often ecologically dominant and 

colony size likely has tangible consequences for survival and competitive advantage. For 

example, species that vary in mature colony size may experience different selective pressures 

due to shifts in life-history traits such as effective population size (Romiguier et al. 2014) or 

colony size may affect individual resource provisioning (Ferguson-Gow et al. 2014; Wills et al. 

2018), a variable controlling body and brain size in many insect species. 

Are colony size and individual reduction in behavioral complexity positively correlated as 

our current theoretical structure assumes? First, while mature colony size is often treated as a 

stable, species-level trait or variable, colony age and environmental conditions such as resource 

distribution (Williams et al. 2012) and competition likely affect colony size (though this is an 

understudied topic); within a species there may exist much variation in colony size. Even in 

species where mature colony size is stable, as is true in many ant species, size covaries with 

latitude across species, suggesting it may function as a buffer against environmental variation 

and therefore be responsive in part to environmental conditions (Kaspari and Vargo 1995).  

Perhaps more important for predictions about individual behavior and underlying neural 

traits is to consider that, regardless of mature colony size, most ant and wasp and many bee 

colonies start small; division of labor and task specialization often vary with colony maturity 

within a species. Temporal or age polyethism, wherein task allocation is determined by worker 

age, is common in ants (Seid and Traniello 2006; Oettler and Johnson 2009) and bees (Johnson 

2010) and exists but more weakly in wasps (Hurd et al. 2007; Torres et al. 2012; Brahma et al. 

2018). This allocation structure itself does not support the prediction of increased individual 

specialization, since each individual progresses through most if not all tasks, or expands their 

repertoire with age (Seid and Traniello 2006). Behavioral complexity, which can be 
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approximated by repertoire size (Traniello 1978; Cole 1980, 1985; Retana and Cerdá 1991; 

Sempo and Detrain 2004; Seid and Traniello 2006) would be expected to be comparable across 

individuals when their entire lives are taken into account. 

Further complicating this predicted link between colony size and reduced behavioral 

complexity, the mechanism of task allocation itself may change as colonies grow to maturity. In 

the Ponerine green-head ant Rhytidoponera metallica, temporal polyethism arises only when 

colonies reach large sizes and may be in some way triggered by greater frequency of worker 

contact (Thomas and Elgar 2003). Furthermore, workers from large colonies spend more time 

foraging than age-matched controls from small colonies (Thomas and Framenau 2005), 

indicating worker age alone does not determine task performance or behavior in the larger R. 

metallica colonies. These levels of behavioral plasticity—in workers across the life of the colony 

and within workers over their lives—may itself be a very useful characteristic for comparison 

across social insect taxa when trying to understand social structure or measure complexity. These 

observations do require a note of caution: since colony size varies over time and sometimes 

within a species, it is difficult to account for observed differences in behavior or brain 

characteristics using ultimate explanations unless we understand underlying patterns of change in 

behavior or brains, or individuals from all potential colony sizes and colony ages are sampled.  

Despite the fact that colony size itself is not always a good predictor of worker specialization 

(Fjerdingstad and Crozier 2006), there are instances where members of a colony are measurably 

specialized and these examples come primarily from species that form large colonies, 

particularly when those species reach their largest colony size. Evidence for worker 

specialization exists largely in cases where there are distinct morphological castes or high worker 

size polymorphism, rather than large colony size alone. In ants, in particularly in the fire ant 
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Solenopsis invicta (Tschinkel 1988) and leaf-cutter Atta cephalotes (Wetterer 1994), colonies are 

initially comprised of monomorphic workers and size polymorphism emerges at intermediate 

colony sizes, likely due to changes in larval provisioning (Wills et al. 2018). Worker size is 

correlated with behavioral specialization in some species, though there is more overlap in 

behavioral repertoires between morphological castes than originally expected (Sempo and 

Detrain 2004). In the leaf-cutter ant Atta wollenweideri the smallest workers, which perform a 

limited task set, have reduced investment in particular regions of the antennal lobe (Kelber et al. 

2010). Given overwhelming evidence to the contrary, we cannot a priori assume that species 

forming larger colonies contain workers exhibiting smaller behavioral repertoires or greater 

specialization. Studies quantifying behavioral repertoires in solitary and social insects, alongside 

the adoption of a more explicit classification of social structure, will allow us to test assumptions 

about correlations between social structure and behavioral specialization or individual cognitive 

capacities. 

Comparative studies quantifying behavioral and neural differences across closely related 

species with and without task specialists will bolster our understanding of specialization and 

brain evolution, but will not necessarily provide insight into unifying effects of sociality on brain 

evolution. Behavioral specialization is theorized to provide release from the neural investment 

costs (Bernays 2001), but it is possible that selection in social lineages has provided a means of 

flexibly regulating metabolic costs of brain tissue by capitalizing on environmental control of 

developmental pathways for neural investment (O’Donnell et al. 2018). Sociality may result in 

an increased capacity for regulating gene expression (suggested for bees in Kapheim et al. 2015), 

potentially a response to genetic constraints associated with kin selection (Hughes et al. 2008) 

and effective population size. Greater flexibility in gene expression may indeed be a hallmark of 
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sociality, but resulting changes in neural investment would be derived from a different predictive 

structure than group size driving reduced investment due to increased task specialization. 

While the generalist-specialist framework may still be useful in instances where 

specialization exists, we have shown that it is difficult to link specialization to sociality through 

group size (e.g. honey bees form large, socially advanced colonies but show no morphological 

specialization while bumble bees form small, socially less advanced colonies but feature a very 

large range of body (and brain) size within colonies). Another means of addressing whether 

sociality and differences in social structure predictably affect neural traits is to begin by asking 

whether selective pressures on solitary, semi-social, and eusocial species have predictably 

affected individual traits in divergent lineages with shared social structure and if so, which traits. 

Here we can fold in the thinking on specialization by mapping traits onto phylogenies to ask 

which traits are derived or lost in social lineages. With this information we can build a better 

predictive structure to address the way behavior and underlying neural traits change in social 

lineages and if they do so in consistent or novel ways.  

 

Measuring social complexity 

Social complexity describes the number and diversity of parts in a social system and 

connectivity among parts, with complexity scaling with increases in any of these components 

(Bergman and Beehner 2015). Maybe more salient in a social insect context, in the social brain 

hypothesis social complexity is approximated by the size of a particular network where an 

individual manages social relationships, often group size (Dunbar 1992) or grooming clique size 

(Kudo and Dunbar 2001). The use of group size as a measure of social complexity in vertebrates 

contributed to the use of colony size as a metric of social complexity against which to regress 
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brain characteristics in insects (Riveros et al. 2012; O’Donnell et al. 2015; Amador-Vargas et al. 

2015; Kamhi et al. 2016). While some parallels can be drawn, vertebrate social groups and insect 

social groups are not analogous. Social groups in vertebrates (individual-based societies) are 

often formed by generations of individuals that vary at least moderately in relatedness, each of 

which retains the capacity to reproduce; a colony of social insects (colonial society) is formed by 

highly related individuals, the majority of which do not or cannot mate and reproduce (Wells et 

al. 2003). In individual-based societies each organism is expected to navigate the physical and 

social environment to maximize direct fitness, whereas in colonial societies individuals work to 

maximize indirect (colony-level) fitness, displaying behaviors or traits that contradict direct 

fitness predictions (Wilson and Hölldobler 2005). Insect social brain hypotheses leverage this 

erosion of individuality in making predictions. It also means that increasing social complexity in 

social lineages is defined by more individual units in a network but, given what we know about 

individual interactions in colonies (Pacala et al. 1996; Mersch et al. 2013) and the general lack of 

an individual recognition systems, not necessarily by the management of a greater number of 

unique social connections.  

Attempts to link sociality and neural trait evolution need to adopt more explicit measures of 

social complexity. Recent reviews summarizing classifications of sociality and social structure 

(Kocher and Paxton 2014; Rehan and Toth 2015; Boomsma and Gawne 2018) provide more 

satisfying frameworks for comparing species based on differences in social complexity. The 

transitions in social structures put forth by Boomsma and Gawne (2018), with an important 

distinction between eusociality and superoganismality being the presence of a queen-worker 

polymorphism, will be useful in choosing future comparisons (Fig. 2a). In particular the 

resuscitation of the concept of the superorganism as a distinct, irreversible transition in life 
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history strategy provides backing for the division of comparisons between solitary and subsocial 

or eusocial taxa and those involving taxa that are superorganismal (e.g.: ants).  

Although social structures can be ranked according to social complexity, it can be difficult to 

compare classifications based broadly on social structure given nuances in social behavior across 

independent origins of sociality (Fig. 2). Instead, we suggest studies of brain evolution and 

sociality choose comparisons based on sets of specific social characteristics associated with 

changes in social complexity rather than broader classifications of social structure (Fig. 2; 

classifications of social structure included as general reference). Contrasts of related taxa that 

vary in particular social characteristics help control for shared evolutionary history and allow us 

to ask questions about lineage-specific neural adaptations and changes associated with social 

structure. Multiple comparisons of this kind across independent origins of sociality allow us to 

ask if consistent neural character shifts are observed over comparable changes in social structure. 

In particular, the use of taxa for which we have well-supported phylogenies and fairly 

comprehensive behavior and life history traits will allow us to also parse the relative contribution 

of social and non-social factors in brain evolution. Lineages currently used to study the evolution 

of sociality and social complexity may be the best place to start. 

The vast majority of bee and wasp taxa are solitary, but a number of lineages show 

astounding diversity in social structure and some multiple instances of the emergence of social 

characteristics. The bee families Apidae and Halictidae are particularly diverse, and both provide 

opportunity to study the transition between solitary and social forms. Halictids in particular may 

be useful in studying sensory and neural characteristics after reversions from social forms to 

solitary ones (Wittwer et al. 2017), as this occurred a dozen times in this lineage (Danforth 

2013). The Halictidae subfamily Halictinae contains some of the greatest diversity in what are 



 183 

often called ‘primitively eusocial’ bees—often workers are totipotent (still able to mate and 

reproduce and some species actually do) or colonies lack numerous overlapping generations. 

However, species in this subfamily do range from solitary reproducers to colonies with distinct 

reproductive division of labor, making them ideal for comparative studies looking at trait 

diversity and plasticity across this range of the social spectrum (Gibbs et al. 2012). Furthermore, 

this subfamily is notorious for species displaying facultatively subsocial behaviors, changing 

strategies based on habitat characteristics or larval provisioning (Smith et al. 2007; Brand and 

Chapuisat 2012). This provides opportunity for within-species comparisons of the effects of 

sociality on neural traits (Smith et al. 2010; Kocher and Paxton 2014). Though different in many 

behavioral aspects, hover wasps (Stenogastrinae) span a range of communal nesting and 

subsocial behaviors which overlap with those exhibited by Halictids (Turillazzi 1989; 

Francescato et al. 2002). These may serve as good comparisons for tests of neural character 

shifts with changes in social structure across independent origins of social behavior in highly 

divergent lineages. 

Apidae, the largest family of bees, contains taxa that range from solitary to superorganismal. 

The sheer size and span of divergence time across taxa in this lineage requires comparisons be 

chosen carefully, but because taxa span the transition from eusocial to superorganismal, with 

superorganismality having evolved independently in the honeybee (Apini) and the stingless bee 

(Meliponini) lineages, this family allows us to ask questions about neural character shifts at that 

transition. Comparisons of Polistinae and Vespinae wasps, sister subfamilies within Vespidae, 

also allow the study of this transition as the former display a range of subsocial and eusocial 

behaviors while the latter are all superorganismal. A fairly comprehensive neuromorphological 

comparison of Vespidae did not find differences associated with sociality after accounting for 
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phylogentic relatedness (O’Donnell et al. 2015), but this may be due to the broad classification 

of species as social or solitary. We suggest ascribing particular social characteristics to taxa for 

comparison may provide necessary resolution to detect differences.  

Comparing neural traits across social taxa and at the transition to advanced eusociality allows 

us to test if shifts in reproductive opportunity or reductions in totipotency consistently affect 

these traits. Comparing differences in social structure within superorganismal taxa are useful in 

understanding how very advanced forms of eusociality, wherein workers of a colony form 

morphologically specialized castes, are sterile, or even show low levels of relatedness, may 

affect nervous system investment or structure. For example, beyond the loss of mating capacity, 

the evolution of worker sterility (loss of egg production or complete loss of ovaries) in some 

lineages represents a final step in the separation of reproductive and worker tasks (Aoki and 

Moody 1981). Less commonly, a number of advanced eusocial taxa have evolved a 

morphologically specialized worker sub-caste (e.g. Cephalotes ants) or lost the morphologically 

specialized queen caste (e.g. Dinoponera ants). The tolerance of polygyny exists as a derived 

trait in a number of ant genera (Boomsma et al. 2014; Fig. 2). The ants (Formicidae) show the 

greatest diversity of forms and represent multiple independent origins of many socially advanced 

traits. There may be greater diversity of traits in other superorganismal taxa than approximated 

by current research. For example, it has generally been thought that morphologically distinct 

worker subcastes exist only in ants, not superorganismal bee or wasp genera. However, 

measurements of specialized guard bees in the stingless bee Tetragonisca angustula found 

morphological worker subcastes outside of Formicidae (Gruter et al. 2012). 

 

Rethinking neural characteristics 
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Behavioral complexity and brain size 

“… no one supposes that the intellect of any two animals or of any two men can be 

accurately gauged by the cubic contents of their skulls. … Under this point of view, the brain of 

an ant is one of the most marvelous atoms of matter in the world, perhaps more so than the brain 

of a man.” Darwin, 1871, The descent of man 

Despite Darwin’s assertion that such comparisons are conceptually problematic, an 

underlying assumption of most comparative studies is that larger behavioral repertoires or greater 

behavioral flexibility (the number of different behaviors an individual can perform and the 

ability to switch among behaviors opportunistically, respectively) require larger brains or greater 

investment in particular regions. While many morphometric brain studies in insects do not 

specifically refer to the insects’ degree of sociality, the majority of them compare the brain size 

or the relative size of brain components to the insects’ behavioral complexity. There are real 

statistical relationships between volumetric differences in regional brain investment and behavior 

with the general trend that greater volumes correlate with more acute or additional behavioral 

abilities (Reader and Laland 2002; Changizi 2003; Roth and Dicke 2012). However changes in 

nervous system complexity may not result in measurable volumetric investment differences. 

Therefore, just as with social complexity, measuring number and diversity of components of the 

brain or brain regions will be useful (suggestions for the olfactory system in Fig. 3). If the 

functional subunits of a system are known and can be quantified along discrete 3D boundaries, 

volumetric comparisons may be suitable. The antennal lobe of many insects is one such example 

where volume and system complexity are related. The peripheral number of sensory receptor 

neurons for a particular odorant underlies the sensitivity for that odorant and also determines the 

size of the particular antennal lobe subunit (glomerulus) where all the neurons tuned to this 
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specific odorant terminate. The best-known example is the tremendous number of receptor 

neurons in male moths that allow males to detect the presence of female pheromones at 

extremely low concentrations. These pheromone-sensitive neurons terminate in particularly large 

glomeruli (macroglomeruli). The number of diverse sensory receptor types on the antenna 

determines the number of glomeruli within the antennal lobe, which, in turn, underlies the 

number of odorants that the insect can discriminate. These relationships are reviewed in Hansson 

and Stensmyr (2011). In this case, we understand the basic circuitry of the antennal lobe and 

because glomeruli are functional units that can be measured volumetrically, their numbers and 

volumes are a fitting way to describe the general diversity of parts. 

On the other hand, volumetric measurement in the visual system may not be a good analog 

for system complexity. Like most other social insects, Polistes paper wasps recognize their nest 

mates olfactorily, by their nest odor, a complex mixture of odorants (in particular cuticular 

hydrocarbons) that differs among colonies (Lorenzi and Caprio 2000). In contrast, two Polistes 

species (P. fuscatus, P. dominulus) can individually recognize their nestmates visually by their 

black and yellow facial patterns, which differ among individuals in a colony (Tibbetts 2004). 

One might expect this novel visual behavior to require advanced visual capabilities and to 

correlate with an expansion of visual and/or memory processing centers in the wasps’ brains. 

However, a volumetric comparison of these two wasp species and two related species that do not 

show these advanced visual capabilities did not reveal any significant differences in either the 

optic lobes or the presumable visual memory centers [the mushroom body (MB) collar] 

(Gronenberg et al. 2008). This suggested that pronounced behavioral differences may not 

manifest themselves in volumetric brain changes but in subtle differences in the connectivity of 

certain neurons or the capacity for experience-dependent plasticity in these networks. Functional 
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units of optic lobe structures may be better described by their connectivity or neural phyenotypes 

(Li et al. 2013). Similarly, recent detailed neuroanatomical description of the silkworm lateral 

accessory lobe, a functional region of the insect brain without clear anatomical delineation 

among parts under standard volumetric staining techniques, provides a nice example of the 

characterization of a brain region into functional units suitable for comparison across insects 

(Namiki and Kanzaki 2016).  

While comparing brain or brain component size and behavior does have its merits in closely 

related species, in a way it seems analogous to comparing the computational powers of electronic 

computers by measuring the physical size of their processors and forgetting that a 1975 Cray 

supercomputer weighed almost a ton while a much smaller modern smart phone has almost a 

thousand times the computational powers of a 40 year old supercomputer. In this section we 

review the use of volumetric measurement, highlighting for which questions and comparisons it 

may be most useful, and discuss synaptic, cellular, and circuit-level characteristics more suitable 

for a PCM approach asking how sociality affects brain evolution in insects.  

 

Measuring neural traits 

Analogous to the social brain hypothesis in primates, insect social brain hypotheses propose 

what may be deemed an emergent property of sociality to be reflected the brain—they propose 

sociality itself acts as a unique selective force and directional changes in social structure or 

complexity should be reflected in the anatomy of higher-order brain regions. Many studies on 

social vertebrate brains focused on the relative size of the cerebral cortex or certain cortical 

regions (e.g. Reader and Laland 2002; Dunbar and Shultz 2007). Similarly, morphometric 

research on social insect brains in the context of advanced behavioral capabilities focuses on the 
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relative size of mushroom bodies (MB; see below) in particular (e.g. Howse 1975; Jaffe and 

Perez 1989; Farris and Schulmeister 2011; Farris 2016), an associative brain region where 

neuropils are comprised of multiple populations of input and output neurons. Sensory structures 

and first-order sensory neuropil receive far less attention (a recent exception being Wittwer et al. 

2017), even though they may serve as more direct targets of selection and could similarly show 

directional changes with increasing social complexity. In addition to advocating for the use of 

functional units of neural traits that can be compared across species, we suggest peripheral 

structures should receive more attention in comparative studies (Fig. 3).  

 

Volumetrics 

Historically, research focused on comparing brain size and later also brain component size, 

across animals of different perceived behavioral or cognitive capabilities. These measures 

respond to the idea that neural tissue is costly to maintain and therefore costs should be reduced 

whenever possible (Ames 1992; Aiello and Wheeler 1995; Isler and Van Schaik 2006) and were 

influenced by the fact that humans, arguably the most cognitively advanced of animals, have 

particularly large brains for their body size. The fact that brain size correlates most strongly with 

body size across all animals (Jerison 1973), needed to be taken into account when trying to 

interpret brain size in any evolutionary, ecological, behavioral or cognitive context. This lead to 

the formulation of the encephalization quotient (EQ; Jerison 1977), an approach to express the 

allometric brain/body size correspondence as an exponential relationship. More recent studies 

suggested other statistical ways of correcting for body size (e.g. Krebs et al. 1989). Research has 

focused in particular on the comparison of primate brains, from prosimians to monkeys, apes and 

man, and using different brain-related measures (EQ, relative size of the cerebral cortex, etc.). 
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Those measures correlate relatively well with the respective primate species’ behavioral 

capacities and presumed intelligence (reviewed in Roth and Dicke 2012) and also allowed 

inferences into the intellectual capacities of our ancestors by estimating the brain volumes of 

hominids from the cranial capacity of fossil skulls (reviewed by Schoenemann 2013). Recent 

meta-analyses suggest that absolute brain size might be a better predictor for cognitive abilities 

of primates than relative brain measures or the size of brain components (Deaner et al. 2007), a 

measure unfortunately often not reported in comparative insect studies. In addition, as indicated 

above, there are the more general reservations about the validity of correlating brain measures 

and sociality (Barrett et al. 2007; DeCasien et al. 2017). 

It is important to acknowledge that relative brain investment and relative investment in 

particular structures within the brain answer slightly different questions. The first seeks to 

quantify the investment in central nervous system tissue relative to total tissue investment and is 

best suited for asking questions about fitness trade-offs and limits to brain investment. The 

second measures the relative allocation to particular brain regions (described by detectably 

different architectures and/or ascribed functions) and is better suited to asking questions about 

intra-nervous system trade-offs and developmental, behavioral, or evolutionary constraints to 

reallocation. Brain investment (brain-body size relationship) values are usually not reported for 

insects (exceptions include O’Donnell et al. 2018; Mares et al. 2005; Seid et al. 2011; Van Der 

Woude et al. 2013; Muscedere et al. 2014), but may be an important avenue for understanding 

how changes in allocation occur in social lineages and what the fitness trade-off driving 

differences might be. In the solitary cabbage white butterfly there is a tradeoff between neural 

investment and egg production seemingly due to the cognitive costs of making well-informed 

oviposition decisions (Snell-Rood et al. 2011). While the metabolic cost of neural tissue is often 
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cited as a reason reductions will occur under selection, to our knowledge the relationship 

between sociality, brain investment, and fitness has not been tested. We recognize that testable 

hypotheses for these questions may be methodologically challenging, if not intractable, and that 

a number of groups are trying to more carefully quantify costs by measuring metabolic rates 

from brains, individuals, and colonies.  

A reason for the popularity of volumetric brain measurements and quantification of relative 

investment in structures is that they are relatively easy to obtain (although the traditional 

approach of estimating brain component volumes from serial sections may be tedious), and data 

are quite reliable if they are based on the appropriate number of brain sections and proper use of 

statistical methods to estimate volumes. Originally, volumes were crudely extrapolated from just 

a very few brain sections (Alten 1910; Pietschker 1911; Pandazis 1930), but more recently 

volumes have been calculated from extensive series of brain sections and, as in vertebrates, 

unbiased stereological estimates resulted in reliable data sets (Withers et al. 1993). Because of 

the typically small size of insect brains, in addition to the traditional section-by-section analysis, 

recent studies use whole-brain confocal microscopy or micro-CT methods in combination with 

computer-aided reconstruction, which allow much faster measurements (el Jundi et al. 2009b; 

Smith et al. 2016). Because of this work a number of standard insect brain atlases are now 

available including the desert locust (Schistocera gregaria, Kurylas et al. 2008), the tobacco 

hawk moth (Manduca sexta, El Jundi et al. 2009), the European honeybee (Apis mellifera, Rybak 

et al. 2010), the red flour beete (Tribolium castaneum, Dreyer et al. 2010) and a myrmecine ant 

(Cardiocondyla obscurior, Bressan et al. 2014). These provide 3D maps upon which other 

variables (e.g. circuitry, cellular phenotypes, gene or protein expression ) can be arranged and 

compared across individuals or species (el Jundi et al. 2009a; Rybak et al. 2010; Arganda-
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Carreras et al. 2018).  

As noted above, problems with the use of relative volumetric measurement in interspecies 

comparisons also include the variety of cellular mechanisms that can contribute to volumetric 

differences and, conversely, the various non-volumetric changes that result in appreciable 

changes in behavior. This makes it difficult to attribute directional differences in regional 

investment to underlying life history traits (brain-body) or behavioral differences (brain regions). 

In cases where we can reasonably assume that the development and gross morphology of the 

circuitry is similar across individuals, as in many intraspecific comparisons, brain volume has 

provided insight into phenotypic plasticity in the nervous system (Brown et al. 2002; Krubitzer 

2007; Rehan et al. 2015; Amador-Vargas et al. 2015), including experience-dependent changes 

in volume (Hourcade et al. 2009; Arenas et al. 2012). This helps illustrate another problem with 

interspecific volumetric comparisons—relative volume is a trait that may show a great deal of 

intraspecific variation, making it a difficult candidate for use in evolutionary analyses.  

 

Synapses 

If the volume of brains or their components do not reflect cognitive capacities in a reliable 

way, a better way to establish correlations between specific behavioral or cognitive capacities 

would be to analyze the neuronal architecture of particular brain components, as suggested for 

the cortical architecture of primates (Kaas 2012). One approach that is used by an increasing 

number of researchers, and which has as similar goal, although at a much more restricted level: 

Comparing the number or density of synaptic complexes in the mushroom bodies (MB). Much 

experimental evidence, in particular based on fruit flies and honey bees, shows that the MB is 

involved in learning and memory [reviewed by Davis (2011) and by Menzel (2014)]. The MB 
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also plays an important role in decision making (Zhang et al. 2007), action selection and spatial 

learning (reviewed in Strausfeld 2012), behavioral features that are particularly relevant for 

social insects. A part of the MB referred to as the calyx is present in many (but not all) insect 

taxa (Strausfeld et al. 2009). It represents an important sensory input region and is particularly 

pronounced in advanced Hymenoptera (Farris and Schulmeister 2011). The calyx of most insects 

is composed of microglomeruli (Trujillo-Cenóz and Melamed 1962; Schürmann 1974, 2016), 

large synaptic complexes in which higher-order sensory projection neuron boutons terminate on 

more than 100 postsynaptic spines (Groh et al. 2012). These microglomeruli are the site of 

synaptic plasticity and pruning and their numbers correlate with experience in honey bees and 

ants (Stieb et al. 2010; Falibene et al. 2015) and potentially with their learning ability (Hourcade 

et al. 2010; Rössler and Groh 2012), although the interpretation of the number and density of 

microglomeruli in the context of behavior or experience can be problematic (Fahrbach and Van 

Nest 2016). 

Calycal microglomeruli are present in most insects (Groh and Rössler 2011) and can be 

resolved using standard bright-field microscopy, but they are particularly easy to quantify using 

immunostaining and confocal microscopy. This may be a major reason for the recent increase in 

the number of published studies focusing on social insect microglomeruli in the context of 

different behavioral aspects. However, differences in the estimated numbers or densities of 

microglomeruli are notoriously difficult to interpret in any behavioral context. Neuronal 

plasticity underlying behavioral changes varies in temporal characteristics and includes the 

enhancement of synapses or the formation of new ones as well as the pruning of existing 

synapses, and a lack of understanding of the microcircuits in the MB makes it difficult to predict 

a summed, directional change. For example, the most accepted models of mushroom body 
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function in learning and memory (e.g. Heisenberg 2003) assume that repeated co-activation of 

Kenyon cell synapses by associated stimuli (e.g. an odor and a reward or punishment) strengthen 

involved synapses through coincident firing (Finelli et al. 2008). As proposed by Hebb (1949), 

the repeated coincident activation of an olfactory projection neuron and its postsynaptic Kenyon 

cell (KC), called spike-timing-dependent plasticity, results in a strengthening of this synapse 

which, over time, would lead to a morphological consolidation and potential expansion of the 

synaptic complex (microglomerulus). By the same token, synapses that are not used (e.g. coding 

for behaviorally irrelevant odors) would over time be reduced and eventually eliminated 

(pruned), meaning learning could in some cases or at particular intervals reduce the number of 

synaptic complexes in a region. In the case of microglomeruli both processes could take place 

simultaneously across the mushroom body and this may result in a zero net change in the number 

and/or density, similar to the case of analyzing total brain (or MB) volumes at the more 

macroscopic level. This difficulty explains why different studies may even show opposite results 

(compare e.g. Li et al. 2017 and Van Nest et al. 2017). Just as it has not yet been possible to 

unequivocally establish the changes in microglomerular composition presumably underlying 

learning and memory, the use of microglomerular features does not seem particularly promising 

for comparing social attributes across different insect species. However, if we are able to 

quantify the degree of microglomerular plasticity at the species-level, this might be a useful trait 

in comparative analyses, although it would be time-consuming at the current technological state 

as it would involve analyzing relativiely large numbers of brains for each species. We expect it 

will be more useful to estimate the number of synapses formed by particular neurons, something 

that could be achieved with a combination of tracers and synaptic markers. 
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Cells 

Plasticity at the cellular level is inherent to the function of the nervous system; changes in 

kinase activity, receptor expression, and membrane production are hallmarks of neural plasticity. 

This inherent plasticity often causes difficulty separating proximate and ultimate causes in 

studies of brain evolution—volumetric differences across individuals may be due to 

developmental stage, environment, experience, or even time of day (proximate causes), or they 

may be attributed to allelic or epigenetic differences at the population or species level (ultimate 

causes). We may expect highly related individuals to show low trait variation, but a recent study 

of isogenic zebrafish indicates epigenetic mechanisms may produce discernable behavioral 

variation (Román et al. 2018). Probing gene expression differences across cellular phenotypes 

(e.g. KCs of the MB by Kaneko et al. 2013) will allow us to assess whether responsiveness to the 

environment—plasticity in the brain’s plasticity response, if you will—is greater in particular 

insect lineages, as has been suggested for the capacity for gene regulation in social lineages 

(Kapheim et al. 2015). In all species, but particularly those with life history characteristics that 

rely on high relatedness, selection may act to leverage environmental responsiveness in the 

nervous system through intragenerational epigenetic control (Jaenisch and Bird 2003; Moczek et 

al. 2011), as is presumably the case in other tissues where morphological polymorphisms arise in 

closely related individuals (e.g. caste size polymorphism). Additionally, trait evolution models 

are beginning to include intraspecific variation, allowing us to more explicitly test if this 

variation is linked to particular life history traits (Kostikova et al. 2016). 

Though cells themselves may show plasticity in size, connectivity, or synapse number, most 

neural precursor cells divide a discrete number of times and cell lineages can be traced within a 

species (Liu et al. 2015; Lacin and Truman 2016) and compared across species (Urbach and 
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Technau 2003). Therefore, cell number may be a fairly stable trait within a species and a good 

one to use in interspecific comparisons. The addition of new cells of existing types might provide 

greater acuity (as with the addition of peripheral sensory neurons), or, in higher-order networks, 

increased associative capacity. The addition of cells that form a novel population may result in 

functional change, either because these cells allow for the extraction of a different kind of 

information from the neuronal network that supplies them, or modulate network functions by 

introducing different neurotransmitters or neuromodulators to networks, or provide novel 

connections among neurons. The latter may be the case for insect mushroom bodies where 

number of KC subtypes appears to correlate with phylogenetic position (Oya et al. 2017) and is 

suggested to correlate with the emergence of nursing and foraging in social insects (Kaneko et al. 

2016). Reallocation, on the other hand, may indicate positive selection on particular brain 

components under conditions of energetic constraint, therefore distinguishing reallocation may 

be particularly interesting in the context of sociality and brain evolution.  

 

Counting cell numbers 

Assessing connectivity as described is admittedly not a fast or easy task and another first and 

valuable step towards the goal of assessing an insect’s potential neuronal processing capabilities 

would be the ability to count or estimate the number of neurons in an insect’s brain. While this is 

technically feasible, it takes a tremendous amount of work to do so. Traditionally, brains have to 

be sectioned and neuronal cell bodies have to be counted or estimated section by section. 

Stereological approximation procedures and confocal image stacks simplify those estimates, but 

they work best when the particle sizes and distributions are homogeneous. As insect neurons are 

distributed in many different clusters, some of which comprise a large range of different neuron 
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sizes, it is still difficult to estimate neuron numbers for entire brains even with the help of 

modern computational and imaging tools. This is the reason why there are very few trustworthy 

estimates of insect neuron numbers. In fact, we are only aware of a few species for which neuron 

numbers have been estimated, typically only of a single brain and generally not up to current 

standards for reliable cell number estimates: the tiny parasitoid Megaphragma mymaripenne 

(7,400 neurons; Polilov 2012), the house fly Musca domestica (340,000 neurons; Strausfeld 

1976), the honey bee Apis mellifera (worker: 850,000 neurons; drone: 1,200,000 neurons; 

Witthöft 1967), and the fruit fly Drosophila melanogaster [“in the region of 100,000 neurons”; 

Armstrong and van Hemert (2009) citing Power (1943); however, Power does not seem to give 

any number. Other authors mention 135,000 neurons (Alivisatos et al. 2012), but we were not 

able to find the original source for those numbers either]. Incidentally, the same was true for 

vertebrates until quite recently, and original sources for neuron numbers mentioned for 

vertebrate brains were hard to verify (Herculano-Houzel, 2009). 

 Estimating vertebrate neuron numbers became much easier with the introduction of the 

isotropic fractionator by Herculano-Houzel and Lent (2005). This method entails homogenizing 

a particular amount of brain or brain component in a known volume of buffer, destroying the 

cells but keeping the nuclei intact. After being stained with a fluorescent DNA marker, many 

small samples of the nuclei homogenate are then counted using a hemocytometer or a cell 

counter. Using this technique, Herculano-Houzel and coworkers have transformed our 

knowledge not just of neuron numbers across mammals and birds, but also of morphometric 

trends in vertebrate brain evolution (Herculano-Houzel 2009; Gabi et al. 2010). Among many 

other interesting findings, Herculano-Houzel’s work revealed that primate brains follow different 

scaling rules than rodent brains and that the human brain is not special – it is almost exactly the 
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size and comprises the number of neurons estimated for a primate of the human body size. For a 

given body size, primates not only have larger brains than other mammals, but more importantly 

they have more neurons. It is not so much the size of their brains, but the number of neurons that 

supports the advanced behavioral capabilities of primates; based on Herculano-Houzel (2011) 

calculations it also appears that brain energy consumption depends on the number of neurons 

rather than on total brain size. This still needs to be tested insects, but may have important 

implications for fitness trade-offs under different life history strategies (see Volumetrics section 

above).  

We point out these findings because we think that this technique (the isotropic fractionator) 

would be a welcome tool to analyze insect brains and to establish more meaningful relationships 

between brain composition and behavioral and cognitive parameters. If neuron number, rather 

than brain size, determines insect brain metabolism, it would add a new twist to the idea that 

social insect brains may potentially be less metabolically expensive than solitary insect ones 

(O’Donnell et al. 2011; Kamhi et al. 2016). We think that reliable estimates of insect neuron 

numbers will help figure out if there is anything special about social insect brains. Who knows, it 

may turn out that they have fewer neurons than related solitary insects of similar brain and body 

size. Social insects and their solitary relatives in the order Hymenoptera are holometabolous and 

therefore for the purpose of studying potential allocation tradeoffs, it will also be important to 

study cell numbers in larvae and adults. For instance, since larvae of socially advanced 

Hymenoptera are cared for by their nestmates and do not need to search for food, avoid predators 

or perform other demanding behaviors, one might assume that their nervous systems and neuron 

numbers would be reduced compared to the larvae of solitary insects. An altricial larval stage 

may provide the opportunity to allocate particular populations of neurons to the adult stage 



 198 

through delayed onset of division or differentiation of neuroblasts; the former appears to be the 

case in the gestated tsetse fly (Glossinia pallidipes) (Truman 1990) and latter has been suggested 

for honeybee KCs (Jefferis and Luo 2005, pg. 451). 

Counting cells will be particularly valuable for studying brain scaling in social insects, but 

where differences are detected, we will undoubtedly want to know which populations contribute 

to these differences. Cell-lineage tracing can help understand where new cells or new cell types 

are added to regions of the brain and if additions or losses coincide with behavioral or life history 

traits. Where markers exist, in situ hybridization may be used in combination with cell counts to 

classify cellular-level phenotypes to track gains and losses of particular populations of cells 

across lineages (Oya et al. 2017). Cell lineage tracing may also help define functional units 

useful in evolutionary comparisons. Neuroblast maps created using positions and gene 

expression profiles through development may be particularly useful in tracing cell lineages and 

gene profile (i.e. phenotypic) shifts across species (Biffar and Stollewerk 2014). In vertebrates, 

cell-lineage and gene expression studies have contributed to the hypothesis that whole-circuit 

duplication led to the development of song learning in particular avian lineages (Chakraborty and 

Jarvis 2015). 

 

Cell regions 

While number of cells correlates with advanced behavioral capabilities in vertebrates, in 

insect brains functional units may be smaller than a cell as a few individual neurons may perform 

tasks similar to what large groups of neurons do in vertebrates. Rather than having cell bodies 

embedded within neuropil, insect brains develop as a rind of cell bodies that project dendritic and 

axonal processes into a center mass to form specific regions. Pre- and post-synaptic regions of a 
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single cell may be in close proximity to one another, giving rise to local circuits and potentially 

allowing individual insect neurons to contribute to different computational processes 

simultaneously. Polyadic synapses, where presynaptic neurons contact multiple postsynaptic 

cells in very close proximity, such as MB microglomeruli, may allow insects to have greater 

connectivity in smaller volumes of space (Cardona et al. 2010). Furthermore, the same neuron 

may synapse on cells in different regions of the brain with different functions, or receive 

different neuromodulatory input across subregions (Aso et al. 2014, Fig. 3). These structural 

observations suggest subunits of cells might act as functional units in the insect brain; cell 

regions or collections of synapses may act in a manner similar to cell types in vertebrates. This is 

something to keep in mind when trying to measure functional units we predict to change with 

changes in social or behavioral complexity. 

 

Circuits 

Given the tangled connectivity described above, it has been difficult to conclusively describe 

cellular-level circuitry in most insects. As noted above, herculean efforts are under way to create 

connectomes (Takemura et al. 2017) but much of our current understanding of cell connectivity 

comes from studies in a single insect, Drosophila melanogaster. As noted in context to 

microglomeruli studies, a survey of all synapses in a given species’ brain may provide the best 

measure for estimating an insect’s cognitive capacities, however it would seem intractable to 

trace behaviorally relevant modifications at the synaptic level. This would require analyzing the 

connections of individual identifiable neurons across castes or species, a challenging task with 

current technologies. This connectomics approach is currently possible only for very small brains 

(e.g. the worm Caenorhabditis elegans; Varshney et al. 2011) and partially for another model 
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system, the brain of Drosophila (Eichler et al. 2017; Thum and Gerber 2019). In a great 

concerted effort involving advanced technology and multi-million dollar funding, more than 20 

researchers from 6 high-tech research institutions are reconstructing the connections of all 

neurons in the fruit fly brain from serial electron microscopical images. Currently, this has been 

realized only for certain brain components, e.g the larval MB (Eichler et al. 2017) or the MB 

alpha lobe (Takemura et al. 2017). While this is an interesting and daring project, a similar 

approach would be orders of magnitude more difficult in a mouse brain, not to mention the 

human brain. By the same token, it appears unfeasible within the next 10 years or so to perform a 

similar study comparing a number of social insect species at the level of individual neuronal 

connections.  

A map of every synapse in the brain may be more precise than we need and less accurate 

than we would want given the inherent plasticity of neurons in general and synapses specifically. 

Given the structure of insect brains (Fig. 3), connectivity maps indicating synapses in close 

proximity would provide sufficient information on connectivity to improve neuroethological and 

evolutionary studies of social insect brains. Due to the meticulous work of a century of 

neuroanatomists and physiologists, a great deal of information on cellular anatomy, phenotypes, 

and at times physiology, already exists for a small number of insects—fruit flies, cockroaches, 

locusts, crickets, tobacco hawk moths, red flour beetles and honey bees (reviewed in Strausfeld 

2012)—but not for any other social insects. A combination of classical neuroanatomical 

descriptions, 3D brain atlases, neuronal tracers, and immunohistochemistry for pre- and post-

synaptic proteins would provide enough insight into connectivity to compare whether sociality 

modifies particular circuits in number or diversity. 
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In conclusion, we suggest rethinking the current approach of comparing the brains of social 

insects. Instead of repeating the history and pitfalls of comparative brain research in primates and 

other social vertebrates, we propose to first establish an evolutionary framework using the 

comparative approach to assess neural trait variation across closely related insects with 

discernably different social characteristics. This approach includes using life history traits to 

characterize the degree of sociality beyond colony size or broad definitions of social structure. 

In terms of quantifying neural traits for evolutionary analyses, the current focus on brain-

volumetric approaches may not be able to tell us much more about brain evolution in social 

insects because the size of brains may be only weakly correlated with their processing powers 

and the volume of recognized brain components may be larger than functional units useful in 

analyzing shifts in complexity. Cellular and subcellular properties will have more predictive 

value, even though they are more difficult to quantify. In particular we point out the isotropic 

fractionator method could be used to quantify neuron numbers in insects. Additionally, we 

suggest using existing histological techniques for tracing circuits and identifying cellular 

phenotypes to quantify functional units of the brain for evolutionary comparison. Based on 

evolutionary insights and the rapidly advancing molecular, genomic and neurobiological 

technologies, in the near future we should be able to make considerable progress understanding 

the contribution sociality to nervous systems evolution in insects. 

 Finally, where the comparative method highlights correlated changes in neural structures 

and the evolution of social behaviors, we can adopt a more neuroethological approach to study 

whether social interactions play a direct or indirect role in these changes. First employing the 

comparative approach will make possible meaningful predictions regarding the required neuronal 

machinery necessary to support social behaviors or potential trade-offs with other behaviors. 
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Because social insects rely heavily on their chemosensory abilities for kin recognition and 

advanced pheromone communication, olfactory and gustatory pathways may be a promising 

starting point for this analysis. 
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Figure 1 

Correlations between the degree of sociality and brain or brain component size in primates (a) 

and insects (b, c). (a) Grooming clique size plotted against relative cortex volume of primates 

(strepsirrhines, anthropoids and hominoids). Based on Kudo and Dunbar (2001). (b) 

Hypothetical relationship between the degree of sociality and brain measures (e.g. brain size) 

expected for insects. Note that this hypothesis suggests an increase in brain size associated with 

the evolution of sociality, but a subsequent decrease for eusocial insects with an advanced 

system of division of labor. Modified after Gronenberg and Riveros (2009). (c) Hypothetical 

linear relationship between the degree of sociality and brain measures as suggested by O’Donnell 

et al (2015). Note that these hypotheses (b, c) are not supported by empirical data.  

 

Figure 2 

(a) Transitions in social structure modeled after Boomsma and Gawne (2018) with ranges of 

social characteristics and structures exhibited by taxa displayed by arrows. (b) Major lineages of 

Hymenoptera with advanced social characteristics, including those classified as eusocial or 

superoganismal. (c) Example lineages (in black) containing variation in social structure useful in 

employing the comparative approach. Social characteristics listed across the top and lineages 

coded based on whether or not taxa possess characteristics and if there is variation. Hymenoptera 

phylogeny adapted from Peters et al. (2017), Family-level Anthophila phylogeny adapted from 

Danforth et al. (2013), Subfamily-level Formicidae phylogeny adapted from Ward (2014), 

Subfamily-level Vespidae phylogeny adapted from Bank et al. (2017). 

 

Figure 3 Functional units of the nervous system 
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A simplified version of the Hymenoptera olfactory system as example of characteristics of the 

nervous system that may be used in comparative analysis. Regions and cells color coded: red 

antennal club, orange antennal nerve; yellow antennal lobe; blue mushroom body input and 

output regions; green lateral horn. Cells shown include sensory neurons (SN) in tracts entering 

antennal lobe. Projection neurons (PN) and local interneurons (IN) of the antennal lobe in shades 

of yellow, three types of Kenyon cells (KC) of the mushroom bodies in shades of blue, a 

mushroom body ouput neuron (MBON) in grey.   
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Figure 2 
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Figure 3 
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Abstract 

Superorganisms represent a unique level of biological organization in which the phenotype of the 

reproductive unit, the colony, results from traits expressed at the level of individual workers.  

Because body size scaling has important consequences for cell diversity and system complexity 

in solitary organisms, colony size is a trait of particular interest in superorganism evolution. In 

some instances, division of labor and worker polymorphism scale with colony size, but in 

general little is known about how colony size drives differences in individual-level behavior or 

neural traits. Ants represent the greatest diversity of superorganisms and provide a manner of 

natural experiment to test trends in trait evolution across multiple instances of colony size 

expansion. In this study we control for environmental differences and worker size polymorphism 

to test if colony size correlates with measures of foraging behavior and brain size in 

dolichoderine ants. We present data from three species ranked by colony size. Our results 

suggest colony size correlates with measures of exploratory behavior and brain investment, with 

small-colony ants showing higher exploratory drive and faster exploration rate than the larger 

colony species, and greater relative investment in primary olfactory brain region, the antennal 

lobe, than the larger colony species.  

 

Introduction 

Superorganisms are a unique form of biological organization (Wheeler 1911), delineated from 

other group-living forms by their obligate division of reproductive labor (Boomsma and Gawne 

2018). In such organisms the colony, not the individual, is the reproductive unit subject to natural 

selection (Moritz and Southwick 1992), but variation in species-level traits is driven in part by 

selection on gene expression at the individual level. This structure is analogous to the 
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differentiation of germline and soma, sometimes including differentiation of somatic cells, in 

multicellular organisms (Szathmáry and Maynard Smith 1995; Kennedy et al. 2017; Boomsma 

and Gawne 2018). However, in superorganisms the individual parts of the whole can be isolated 

and manipulated (Kennedy et al. 2017). Ants (Formicidae) evolved around 125 million years ago 

(Brady et al. 2006) and represent the most diverse radiation of a superorganism lineage (Ward 

2014), providing unique opportunity to explore trait evolution within the superorganism life 

form.  

One of the most apparent traits of a superorganism is its size. Colony size is largely a stable, 

species-level trait [Burchill and Moreau, 2016] comparable in many ways to body size in 

solitary, multicellular organisms, with potentially analogous consequences for trait evolution 

(Kaspari and Vargo 1995; Bourke 1999; Dornhaus et al. 2011). The diversity of cell types scales 

with body size in solitary organisms (Bonner 2004) and it is suggested that workers of a colony 

might also diversify or become more specialized with changes in colony size (Anderson and 

McShea 2001). Indeed, colony size is correlated with division of labor and size polymorphism in 

the worker caste of Attine ants (Murakami et al. 2000), including evidence of brain 

polymorphism in Atta vollenweideri where workers show size-based antennal lobe morphology 

(Kuebler et al. 2010). 

 The size of a colony may affect individual-level behavior or morphology through 

ultimate or proximate mechanisms. Selection may act directly on contributions of individual 

traits or trait distributions to colony reproduction or it may act on queen reproductive capacity, 

altering worker density and resulting in differences in worker phenotypes without changes in 

underlying genes. For example, foraging strategy correlates with colony size (Beckers et al. 

1989; Aron et al. 1993), but these differences could be driven by worker density (Planqué et al. 
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2010) or by differences in individual behavior (Pearce-Duvet et al. 2011; Pasquier and Grüter 

2016). A general relationship between colony size and brain investment is hypothesized but not 

consistently supported (Riveros et al. 2012; O’Donnell et al. 2015; Amador-Vargas et al. 2015; 

Kamhi et al. 2016). Past studies focus on social complexity more broadly and not colony size 

specifically and have not controlled for worker polymorphism or differences in sensory and 

foraging ecology. In the current study we test whether ranked colony size, foraging-related 

behaviors, and brain size are correlated, controlling for worker size polymorphism and ecological 

differences as potential sources of variation by focusing on three closely related, monomorphic 

Sonoran desert ant species in the subfamily Dolichoderinae. Our findings will be used to direct 

more mechanistic studies of the role of colony size in individual-level trait evolution. 

Dolichoderine ants, known commonly as odorous ants, comprise over 900 described species, 

many of which are dominant in communities where they occur (Kaspari and Vargo 1995). The 

species used in this study, Dorymyrmex insanus, D. bicolor, and Forelius mccooki, are closely 

related; Forelius and Dorymyrmex are sister genera within the tribe Leptomyrmecini that 

diverged 30 – 45 million years ago (Ward et al. 2010). These species inhabit dry, open areas in 

the Sonoaran desert, overlap in diet, and vary in colony size. For brain size comparisons we 

include the more distantly related Dolichoderus pustulatus, a small-colony species similar in 

body size to D. insanus that inhabits temperate forest marshes and wetlands, allowing us to 

gauge the contribution of differences in sensory ecology to brain size and brain region 

investment.  

A primary aim of this study is to isolate colony size as a variable and describe differences in 

foraging-related behaviors that correlate with colony size. To achieve this, we first ask if 

presumed colony size predictably affects exploratory behavior or resource discovery. Because 
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worker density is known to regulate foraging behavior (Cao 2013), in our experiments we 

modify group size to test if worker density has a different effect on the behavior of individuals 

from small-colony species than from large-colony species.  

In the second part of this study we compare both relative brain size and brain component size as 

measures of brain investment to test if either varies predictably with colony size. If relative brain 

size is reduced in species that form large colonies, we expect both D. bicolor and F. mccooki to 

invest relatively less in brain mass than D. insanus or D. pustulatus. Otherwise, differences in 

brain size should be predicted by differences in body size (Seid et al. 2011). Different selective 

pressures may act on brain size (e.g. nutritional provisioning or developmental constraints) than 

regional investment (e.g. selection for particular sensory or motor functions) and in general, we 

expect differences in regional investment to reflect behavioral differences. Without evidence for 

individual-level behavioral differences among these species, we enter this comparison without a 

priori expectations. Instead, we interpret differences as candidate regions for more detailed 

neuroethological studies of the role of colony size in brain evolution.  

 

Methods 

Species identification & collection  

All colonies used in this study are located in Tucson, Arizona. Adjacent colonies were verified as 

independent by pairing workers from different nest entrances and testing for aggressive 

interactions. Random sampling of the forager population was achieved by aspirating 5 – 10 ants 

at a time at locations within 3 meters of the nest entrance. F. mccooki and D. bicolor workers 

were collected from noticeable foraging trails and as individual foragers. D. insanus forager 

density was often low, and nest activity decreased markedly upon disturbances around the nest, 
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making it difficult to collect more than 30 individuals at a given time. Specimens of workers 

from all species and colonies used in this study are vouchered at the University of Arizona insect 

collection. For detailed species identification and collection methods, see Online Supplemental 

methods.  

 

Colony size  

Colony size estimates across social insects are notably sparse; estimates for only approximately 

1.2% of the Dolichoderinae subfamily are published (Dornhaus et al. 2011). Based on mentions 

of colony size in the literature (Valone and Kaspari 2005; Burchill and Moreau 2016) and field 

observations over two seasons, D. insanus was considered small-colony, D. bicolor intermediate-

sized, and F. mccooki large-colony. We confirmed the relative colony sizes of these species by 

counting workers at the nest entrance during peak foraging activity. Nest entrances were filmed 

for 5 minutes between 0600 - 1200 or 1600 - 1800 hours in late spring and early autumn when 

temperatures were 30 - 35oC. A Sony HDR XR200 Handycam camera was positioned above the 

nest entrance and a 20 cm diameter wire circle delineated a sampling circle (inset, fig. 1d). We 

counted individuals visible on frames extracted every 15 seconds (N = 20 subsamples per 

observation) and used the Cell Counter function in FIJI (Schindelin et al. 2012) to keep track of 

the number and location of ants at each time point. Mean number of workers across all time 

points during a sampling event was used for statistical analyses ranking colony size. 

 

Body size 

We measured head width (maximum width of head in full-face view; HW) using electronic 

calipers (VXB Ball Bearings Company, Anaheim, CA). Body mass (BM) and head and thorax 
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mass (HT) were measured using an analytical balance (Mettler Toledo AT261, Marshall 

Scientific, Hampton, NH). Measurements comprise workers collected from four F. mccooki 

colonies (N = 48 workers), three D. insanus colonies (N = 65), and three D. bicolor colonies (N > 

300). Dolichoderinae ants have a modified proventriculus that allows them to collect and store 

large amount of fluid (Eisner 1957), and the resulting variation in gaster mass could mean total 

body mass is a poor predictor of body size. To test this, we measured HW, BM, HT and gaster 

mass (GM) from 180 D. bicolor workers from three colonies. HW was better predicted by HT 

than BM (fig. S1). Given this, HT was used as the body size measure for brain size scaling for all 

species.  

  

Exploration behavior 

Ants used for exploration and resource discovery experiments were tested within 7 days of 

collection and provided water but no food 24-48 hours prior to testing. To quantify species-level 

patterns of exploration and resource discovery, ants were given 15 minutes to explore and locate 

resources in a 29 cm x 49 cm plexiglass arena with walls coated with Fluon® (BioQuip 

Products, Rancho Domingo, California). A high-value food source (20% sucrose in 10% 

agarose) was placed in one corner of the area and a low-value (2% sucrose in 10% agarose) was 

placed in the opposite corner. Placement of high-value resource was randomized on each trial. 

The arena was illuminated with a 60W incandescent bulb housed in an aluminum diffuser and 

warmed to 34 – 36�C with a 1500 W personal space heater (Holmes Products Corp., Milford, 

MA) to replicate outside thermal conditions. The arena was filmed with Sony HDR XR200 

Handycam camera positioned on a tripod along one of the long edges of the arena.  
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To test the effect of worker density, ants alone (N = 1) or in group sizes of 5, 10, or 30 were 

placed in a 3.5 cm diameter petri dish (Becton Dickinson Labware, New Jersey, U.S.A.) with a 

piece of moistened filter paper and given 15 – 30 minutes to acclimate prior to experiments. The 

dish was placed in the center of the arena and the lid removed at the beginning of the trial. Time 

to exit the center dish, the number of ants that exited, and percent of the arena area explored were 

recorded to assess exploration behavior in each species. Area explored was measured by digitally 

converting videos into presence-absence data for pixels occupied by ants (see Online 

Supplementary methods) during the exploration time (which varied based on the time it took the 

first ant to exit the center dish). Percent area explored was calculated as occupied pixels divided 

by total pixels scaled to the average pixel size of an ant (body size adjusted, see Online 

Supplementary methods). To obtain an estimate of the exploration rate, we divided the percent 

area explored by the number of seconds of exploration for trials where one ant exited the center 

dish.  

 

Resource exploitation  

Time to first discovery of each resource and an exploitation index were used to assess resource 

discovery and exploitation, respectively. Exploitation was quantified as a preference index (PI) 

calculated as the largest number of ants observed simultaneously on the low-value resource 

subtracted from by the largest number of ants observed simultaneously on the high-value 

resource divided by the total number of ants that exited the center dish during the 15-minute trial. 

The PI varies between -1 and 1 with negative values indicating greater preference for the low-

value resource, positive values indicating greater preference for the high-value resource, and a 

value of 0 indicating equal exploitation of resources.  



 217 

 

Brain size 

Ants were anesthetized on ice and brains dissected out in cold phosphate buffered saline. Brains 

were processed in one of two ways: they were either prepared with a glutaraldehyde fixation to 

enhance tissue autofluorescence, or additionally labelled with a synapsin antibody (for detailed 

histology, see Online supplementary methods). Brains of all processing types were dehydrated in 

increasing concentrations of ethanol in distilled water (10 min each in 50, 70, 80, 95, 100, 100%) 

and mounted in custom-made aluminum well slides. Brains were cleared by slowly removing 

ethanol and replacing it with methyl salicylate. Brains were imaged using a plan-Apochromat 

20x 0.8 numerical aperture objective on an inverted Zeiss 880 Laser Scanning Confocal 

Microscope and optically sectioned in the horizontal plane at 1 micron (synapsin processing) or 3 

micron (autofluorescence processing) intervals and thickness-corrected for refractive mismatch 

(Bucher et al. 2000; Online supplementary methods). Whole-brain images were manually 

segmented using the TrakEM2 software package in ImageJ (Cardona et al. 2012). Volumes of 

the entire brain (brain volume) and histologically-recognizable, functionally distinct brain 

regions (regional volumes) were traced in one hemisphere. These included the sensory regions, 

the antennal lobe (AL) and the optic lobes (comprised of the medulla and lobula, OL), and the 

associative regions, the mushroom body calyx lip (MBL) and collar (MBC). Total neuropil 

volume excluding cell bodies (µm3) was calculated as the sum of regional volumes. Relative 

brain size was calculated as total brain volume divided by head and thorax mass (µm3/mg). 

Regional investment was calculated as a proportion by dividing the volume of each brain region 

of interest by the total brain volume.  
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Statistical analyses 

Morphology & behavior 

All statistical analyses were performed in R (version 3.5.3). Hypotheses were tested using linear 

regression (including ANOVA) when appropriate and a generalized linear model (glm) when 

linear regression assumptions were violated or a generalized linear mixed model (glmer) to 

account for colony of origin as a random effect when necessary. The Shapiro-Wilkes test of 

normality and histograms were used to assess dependent variable distributions and to select 

candidate probability distributions for non-normally distributed variables (see Online 

supplementary methods).  

 

Brain size 

Total brain volume was compared across all species using an ANOVA followed by Tukey’s 

post-hoc comparisons. Relative brain size comparisons were conducted using a linear model 

followed by Tukey’s post-hoc comparisons. After finding significant differences in relative brain 

size between the desert species (D. insanus, D. bicolor, and F. mccooki) and the temperate forest 

species (D. pustulatus), the latter was removed and relative brain size was reanalyzed to test for 

differences correlated with colony size in an environment-controlled manner. Regional brain 

investment was compared across desert species using a linear model testing the relationship 

between brain volume and body size and with an ANOVA on brain volume scaled to body size. 

While data for regional investment that includes all regions are not normally distributed, values 

for investment within each region are normally distributed, allowing for differences in regional 

investment across species to be tested using region-specific ANOVAs with a false discovery rate 

used to account for multiple tests.  
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Results 

Colony size & morphometrics 

D. insanus, D. bicolor, and F. mccooki vary significantly in body mass and head width (fig. 1b, 

c). Colony size rankings match predictions from field observations (fig. 1e), with the smallest 

number of workers observed outside D. insanus nest entrances (x ̅ = 2, s = 1.5), significantly 

more observed outside D. bicolor nest entrances (x ̅ = 14, s = 7.3) and the largest number 

observed at F. mccooki nest entrances (x ̅ = 46, s = 14). Important for brain size comparisons, 

colony size rankings do not co-vary with body size (fig. 1c).  

 

Exploration behavior 

The most apparent difference in exploratory behavior across species was the propensity to exit 

the center dish. F. mccooki exited the center dish on 14 of 42 trials, significantly fewer than D. 

bicolor or D. insanus (Fisher’s exact test, p < 0.0001 for both contrasts). D. bicolor exited on 28 

of 33 trials, significantly fewer than D. insanus, which exited on all 34 trials (Fisher’s exact test, 

p = 0.025). The higher sample size for F. mccooki reflects increased trials to compensate for the 

low frequency of exit (fig. 2b). Worker density affected exploratory initiation in F. mccooki, 

wherein the number of trials with at least one exit increased with increasing group size (fig 2b), 

but did not affect the number of F. mccooki that exited (fig. 2c). Worker density had no effect on 

whether D. bicolor or D. insanus exited at all (fig. 2b) and for both species, the number of ants 

exiting the center dish increased with group size (fig. 2c). Because F. mccooki only exited the 

center dish once on single-ant trials (fig. 2b), we compared the duration it took at least one ant to 

exit for group sizes 5, 10, and 30 across all species. Neither species nor worker density affected 
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duration to exit, though the difference between D. insanus and F. mccooki approached the 

significance threshold (Tukey’s least square means z-ratio = -2.32, p = 0.053, fig. S2a). To 

compare D. insanus and D. bicolor across all group sizes, we removed F. mccooki and found a 

significant interaction between species and group size (�2 = 12.77, df = 3, p < 0.01; fig. S2b 

inset). Specifically, while D. insanus shows a reduced mean duration to exit at the highest worker 

density (1, 5, and 10 trials versus group size 30 trials, fig. S2b), D. bicolor shows no effect of 

worker density on duration to first exit. 

For all species, the proportion of the arena explored scaled with the number of workers that 

exited the center dish (fig. S2c, d). Before correcting for body size, the two larger-bodied 

species, D. insanus and D. bicolor explored a greater proportion of the arena (fig. S2c, e) and had 

a higher exploration rate (fig. S2f). However, when corrected for body size, D. bicolor and F. 

mccooki show comparable exploration coverage and D. insanus explored significantly more of 

the arena (fig. 2d) and showed higher exploration rate (fig. 2e).  

 

Resource exploitation  

F. mccooki found resources on only 4 of the 14 trials when ants exited the center dish, 

significantly fewer instances than D. bicolor or D. insanus (Fisher’s exact test, p < 0.001 for both 

contrasts). The Dorymyrmex species found at least one of the resources on a comparable 

proportion of trials (27 of 28 trails for D. bicolor and 30 of 34 trials for D. insanus). Due to the 

low sample size of F. mccooki resource exploitation trials, this species was excluded from 

subsequent analyses.  

The amount of time it took to discover resources did not differ between Dorymyrmex species, 

but over all trials the low-value resource was discovered faster than the high-value resource 
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across (x ̅ = 255 seconds, s = 209 for low-value resource, x ̅ = 321 seconds, s = 207 for high-

value resource; Mann-Whitney U test, W = 1494, p = 0.046). There was a significant, weak 

negative correlation between the number of ants in the arena and the time it took to locate the 

high-value resource but not the low-value resource (glm, t = -3.2, p <0.01, Cox-Snell pseudo R2 

= 0.14). Exploitation of resources once discovered, quantified by a preference index (PI) did not 

differ between species nor did it vary with number of ants in the arena. Neither species showed a 

significant preference for the high-value over the low-value resource (D. insanus: t = 1.5, df = 

21, p = 0.072; D.bicolor: t = 1.2, df = 20, p = 0.12). 

 

Brain size 

Total brain volume differed significantly across species, with most of the variation in brain 

volume explained by body size (fig. 3b). D. pustulatus had greater relative brain volume than the 

other species (Tukey-adjusted least square means post-hoc contrasts p < 0.001; fig. 3b), whereas 

within desert species only D. insanus had greater relative brain mass than D. bicolor (t-ratio = 

2.8, df = 23, p = 0.047; fig. 3b) To control for environmental differences driving relative brain 

size comparisons, we analyzed Sonoran Desert species without the inclusion of D. pustulatus and 

found that D. bicolor invested less in brain mass relative to body size than D. insanus or F. 

mccooki when brain volume was scaled to body mass (fig. S3). D. bicolor also showed the 

greatest range of body and brain size variation (fig. 1c, 3b).  

In our analysis of regional investment, only relative antennal lobe size scaled with colony size 

across Sonoran Desert species, though the difference between D. insanus and D. bicolor was no 

longer significant following false discovery rate correction (fig. 3c, p = 0.085). There were no 

differences in the olfactory associative region, the mushroom body lip, across desert species (fig. 
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3c, MBL) nor did they differ in relative size of visual processing regions (fig. 3c, OL and MBC). 

D. pustulatus had significantly higher relative size of associative visual processing regions 

(MBC) than desert species, while primary visual processing neuropil (OL) did not show such 

consistent differences following false discovery rate correction (D. pustulatus vs. D. insanus, p = 

0.085; D. pustulatus vs. F. mccooki, p = 0.058).  

 

Discussion 

In this study we found that comparisons designed to control for environmental differences and 

exclude worker size polymorphism reveal colony size correlates with measures of exploratory 

behavior and brain size in dolichoderine ants. We found behavioral differences between the 

small-colony, Sonoran Desert species, D. insanus and the largest colony species, F. mccooki, 

with measured variables of the intermediate colony sized D. bicolor often intermediate to the 

two. In general, brain size scaled with body size and regional investment was not generally 

linked with colony size. However, we found colony size correlated with relative brain size in the 

most closely related species, and that relative antennal lobe size in desert ants scaled with colony 

size. We cannot conclude with certainty that the differences measured here are due to shifts in 

individual traits under selection for larger colony size, but we have established a tractable system 

to probe these connections more carefully. 

 

Exploration behavior 

In ants, foraging strategy varies with colony size and is hypothesized to be driven by species-

level differences in communication strategy (Beckers et al. 1989) and/or variation in individual 

worker behavior (Anderson and McShea 2001). In small-colony species workers visit many 
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resources and retrieve food items alone or in small groups, whereas in large-colony species the 

majority of individuals are recruited to a few food sources (Beckers et al. 1989). Not all species 

have all strategies at their disposal; very small colonies cannot employ mass foraging techniques, 

suggesting unique traits to organize this behavior may only emerge or evolve in large-colony 

species. Furthermore, more subtle individual traits covary with colony size. For example, 

foragers from small colonies exhibit better learning ability (Jaffé et al. 1990) and scouting 

capacity (Pearce-Duvet et al. 2011) than those from larger colonies, though it is not clear 

whether these are due to differences in static worker traits or responses to worker density without 

differences in individual traits (Thomas and Framenau 2005).  

In our experiments exploration behavior was affected by both body size and colony size. F. 

mccooki is exceptional not only in colony size, but also in the small body size of workers and 

characteristics of its behavior are likely due to a combination of variables; body size was most 

important in comparisons between F. mccooki and other species. Comparisons of D. insanus and 

D. bicolor behavior suggests there exists variation in behavior better explained by colony size 

than body size alone. First, initiation of exploratory behavior is inversely related to colony size, 

not body size. Specifically, D. insanus shows higher exploratory drive, initiating exploration 

more often than D. bicolor or F. mccooki. Second, in body-size adjusted exploration analysis, D. 

insanus emerged as exploring a greater proportion of the arena and having a higher exploration 

rate than the larger colony species.  

Initiation of exploration by F. mccooki was affected by worker density, but the number of ants 

that exited did not scale with group size, suggesting only a small number of ants in any group 

acted as scouts regardless of worker density. Scouts form a smaller proportion of the workers 

outside the nest of large-colony species (Pearce-Duvet et al. 2011), and it is possible that our 
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larger sample sizes more frequently included scouts. Differences in exploration behavior 

between D. insanus and the closely related, intermediate colony size species, D. bicolor were 

subtle. It took D. insanus and D. bicolor similar amounts of time to initiate exploration, but D. 

insanus appeared more influenced by high worker density than D. bicolor (fig. S2b). One 

explanation for density-dependent regulation of exploratory behavior is that individual behaviors 

(i.e.: scouting, foraging) are determined by local cues rather than existing as static roles (i.e.: 

being a scout or a forager) (Kwapich and Tschinkel 2016).  

D. insanus and D. bicolor explored a greater proportion of space and located resources more 

frequently than F. mccooki (fig. S2e, f). While the total area explored is a relevant measure for 

rapid location of resources in nature, scaling exploration area to body size helped compensate for 

the small body size of F. mccooki (compare fig. S2e and fig. 2d) and revealed that the small-

colony species, D. insanus explored more area relative to their size than either the large-bodied, 

intermediate-colony sized D. bicolor or the small-bodied, large-colony sized F. mccooki (fig. 

2d). Exploration rates calculated from trials when only one ant explored the arena indicate 

differences in body-size adjusted exploration may be due to differences in single-ant exploration 

behavior (fig. 2e). A next step will be to determine to what extent differences in exploration are 

due to individual variables such as speed of movement or number of movement bouts, or driven 

by social behaviors such as worker contact or trail-following; the latter would reduce the 

percentage of the arena explored since ants would more frequently overlap in occupancy. 

 

Exploitation behavior 

The lack of difference in exploitation behavior between the Dorymyrmex species may be in part 

due to the limited duration of trails. However, for the purpose of this study it was important to 
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choose closely related species with overlapping habitat and the subtle differences may in fact 

reflect large overlap in scouting behaviors. To better assess scouting, recruitment, and retrieval in 

these species, lab and field experiments are necessary to provide more realistic measures of 

recruitment response and resource retrieval.  

 

Brain size 

Selection on colony size is hypothesized to drive brain evolution (Jaffe and Perez 1989) with 

many hypotheses predicting colony size will be inversely related to investment in brain regions 

associated with more complex behaviors (Jaffe and Perez 1989; Gronenberg and Riveros 2009; 

O’Donnell et al. 2015). There is support for ultimate causes that often underly these hypotheses 

(Riveros et al. 2012; O’Donnell et al. 2018), but data suggests that differences can be related to 

colony size through more proximate mechanisms. For example, Individual worker task 

specialization and relative brain size varied with colony size within Pseudomyrmex spinocola 

(Amador-Vargas et al. 2015), suggesting that intraspecific variation in colony size can drive 

differences in relative investment across workers. This is reminiscent of the density-dependent 

effects on worker size polymorphism in Solenopsis (Porter and Tschinkel 1985; Tschinkel 1988), 

or the colony-size driven social regulation of soldier development in Pheidole (Rajakumar et al. 

2018); either these traits evolve with colony size or can only be expressed once other 

evolutionary changes allow a species to form large colonies. 

In the current study biological scaling rules largely determined brain size, but relative brain size 

was also affected by sensory ecology and colony size. Dolichoderus pustulatus, a small-colony 

species that forages alone or in small groups in marshland environments, had greater relative 

brain size than Dorymyrmex insanus, a small-colony desert species comparable in body size. 
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Modeling suggests resource poor environments may select for small-colony species with 

relatively large-brained workers (Feinerman and Traniello 2016) and it is possible that resource-

related differences drive the observed differences in relative brain size across these species. 

Brain data from D. pustulatus trended toward larger relative investment in visual processing 

regions compared to the desert species. If marshes are resource-poor or resources are sparsely 

distributed, we hypothesize that differences in visual regions detected here reflect strong 

selection for expanded sensory and associative regions for locating food in a visually complex 

environment. To assess the relative role of colony size and sensory ecology D. pustulatus could 

be compared with a large-colony relative that overlaps in habitat. Dolichoderus taschenbergi or 

D. mariae would be good candidates.  

The comparable comparison in our currently study, D. bicolor with D. insanus, indicated that 

brain size may be negatively correlated with colony size within a lineage. In general, smaller 

organisms show higher brain-to-body mass ratios (Rensch 1948), and D. insanus is smaller than 

D. bicolor. However, there exists some overlap in the body size range between D. bicolor and D. 

insanus (fig. 1b, c) and our brain size data suggests that at a comparable body size, D. insanus 

had larger brains than D. bicolor (fig. 3b). Given this scaling rule, we expected F. mccooki to 

have the largest relative brain size. However, their brain-to-body mass ratio was comparable to 

D. insanus (fig. S3), meaning either lower investment in brain mass than would be expected from 

their body size, or that brain size scaling is confounded in comparisons across species that vary 

greatly in body size (Seid et al. 2011) through developmental constraints or other lineage-

specific factors. Because antennal lobe investment scales with colony size, we suggest future 

studies take a neuroethological approach to comparing olfactory-driven behaviors and providing 

detailed neuroanatomy of the antennal lobe across these species. 



 227 

 

Trait evolution in superorganisms 

Superorganisms provide opportunities to study trait evolution at a distinct level of system 

organization, specifically to understand how individual traits evolve based on selection at the 

colony-level. Authors suggest specialization or reduced individual cognitive load may drive 

differences in individual brain size and behavior traits, both at the transition to a superorganism 

structure and across colony size within superorganisms (Gronenberg and Riveros 2009; 

O’Donnell et al. 2015, 2018). However, relationships between colony size and shifts in 

individual traits are not well-established. Additionally, the majority of data collected in studies 

comparing species of different colony-level traits are measured at the individual level without 

sampling sufficiently to gauge colony-level variation. Thus, many studies (including our own) 

lack quantification of trait diversity within colonies, an essential level of measure in the study of 

trait evolution. Importantly, if heterogeneity of component parts is predicted to emerge from 

large group size alone (Anderson and McShea 2001; Bonner 2004), we might expect a 

broadening phenotype or trait space at the colony level with concurrent increase in phenotypic 

diversity at the individual worker level, rather than a shift in the mean of individual worker traits. 

For example, while F. mccooki is the only species we observed using trunk trails in the field, we 

also frequently observe individual workers of this species foraging for nectar or retrieving items 

individually, contrary to models that suggest colonies of a certain size should commit to one 

recruitment method (Planqué et al. 2010). This suggests to us a broadening rather than a shift in 

foraging strategies with colony size, consistent with flexible foraging strategies employed across 

ants (Lanan 2014) and the pattern of a greater diversity of parts as a system grows (Anderson and 

McShea 2001). The differences reported here form a basis to more carefully probe the 
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relationships among individual behavioral variation, brain size scaling, and colony size, and to 

ask to what extent selection on colony size produces stable differences in individual traits or 

variation in behavioral and neural traits as an emergent property. 
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Fig. 1. (a) Phylogenetic relationships of species used in this study. Dotted line for D. insanus 

indicates the need for taxonomic revision; branch lengths arbitrary. (b) Total body mass and (c) 

head width of workers collected from each species. (d) Observation method and (e) number of 

workers observed at nest entrances for each species. Boxplots represent mean (black bar) and 

quartiles (upper and lower box boundaries), with range of values (whiskers) and extreme values 

(open circles). Generalized linear mixed models with species as the fixed effect and colony of 

origin as a random effect used to assess differences. Letters denote significant contrasts in 

Tukey-adjusted least square means comparisons (a = 0.05). 
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Fig. 2. Exploratory behavior in three species of dolichoderine ants. (a) Examples from 

exploration analysis. First panel depicts camera view of arena (dashed line) and location of 

resources (black arrows). Following panels show summed, segmented image stack with the 

treatment group size (GS) and number of ants that exited (AE). (b) Number of trials upon which 

at least one ant exited the center dish. Dot size in fill of pie charts represents group size 

treatments; number of trials with exits (dotted regions) and without exits (shaded regions); 

colony size rankings indicated by wedge labeled “colony size”. (c) Number of ants that exited 

the center dish to explore the arena for group size trials 5, 10, and 30. (d) Beta regression with 

log-log link function used to compare percent area explored for body-size adjusted values. 

Significant species contrasts indicted by asterisks (** for p < 0.01, *** for p < 0.001). (e) 

Exploration rates body-size adjusted values compared using ANOVA. Letters denote significant 

contrasts in Tukey-adjusted least square means comparisons (a = 0.05). 
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Fig. 3. Brain investment in dolichoderine ants that vary in colony size. (a) Brain (neuropil) 

volume with sample sizes listed below. Colony size rankings indicated by wedge labeled “colony 

size”. Brain samples with head and thorax mass data used for (b) linear model depicting 

relationship between body size and brain size. Significant contrasts: D. pustulatus with all other 

species (p < 0.001 for all contrasts) and D. bicolor with D. insanus (p = 0.047). (c) Regional 

volume comparisons: antennal lobe (AL), optic lobes (OL) including lobula and medulla, 

mushroom body calyx lip (MBL) and collar (MBC). Regions compared separately; significant 

contrasts within each region denoted with letters (a = 0.05); contrasts from Tukey-adjusted least 

square means comparisons followed by false discovery rate correction for all regional 

comparisons. Where letters omitted, no significant contrasts detected.  
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Supplemental methods 
 
Species identification  

Ants in the subfamily Dolichoderinae are distinguished from those in other subfamilies by the 

presence of a single petiole and a small, slit-shaped opening at the tip of the gaster. D. bicolor 

workers were identified as being distinctly bicolored with an orange head and thorax and a black 

gaster. F. mccooki workers were distinguished from the closely related Forelius pruinosus by the 

presence of erect hairs on the antennal scape (Fisher and Cover 2007). The taxonomy of D. 

insanus is in need of revision (Snelling 1995; Fisher and Cover 2007) and the species used in this 

study is classified provisionally as such based on guidance in Fisher and Cover (2007). D. 

insanus used in this study were various shades of brown and not bicolored. D. pustulatus 

collected by the authors were distinguished from the closely-related D. plagiatus by their 

uniform black color and the small number of hairs on the antennal scape (Ellison et al. 2012).  

 

Habitat & collection locations 

In choosing these species, we first observed differences in foraging behavior that match 

observations from Beckers et al. (1989), with F. mccooki using trunk trails, D. bicolor using 

mass foraging without distinct trunk trails, and D. insanus observed using primarily individual 

and small group foraging. Colonies of all three species are polydomous and often occur in the 

same 50 - 100 m2 site (personal observation). D. insanus colonies had 1 to 3 active nest entrances 

spanning distances less than 5 meters; individual ants from nest entrances greater than 10 meters 

apart generally showed aggressive behavior toward each other and therefore nests greater than 20 

meters apart were classified as different colonies for this study. D. bicolor colonies used in this 

study had 3 – 9 nest entrances spanning distances less than 5 meters with entrances greater than 
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25 meters apart classified as different colonies. F. mccooki colonies used in this study usually 

had one or two operational nest entrances but trails connecting such nest entrances could extend 

for 50 meters, so we chose nest entrances greater than 50 meters from one another.  

D. pustulatus inhabit bogs and marshy areas, building shallow nests in cavities formed by 

thickets of dead leaves, stems, and soil (Kannowski 1967; Ellison et al. 2012). D. pustulatus 

workers used for neuromorphological study were collected from Forest County, Pennsylvania by 

RKG and provided from Door County, Michigan by Dr. James Traeger. D. pustulatus collected 

in Pennsylvania were found foraging individually or in pairs in tall grasses along the edge of a 

pond.  

 

Colony size  

Estimates for D. pustulatus do exist; colonies are monogynous and with a mean colony size of 

445 individuals (range: 41-1299; mean worker population: 203; Kannowski, 1967]. Full colony 

sampling data for D. bicolor, and F. mccooki are not published. D. insanus colonies from a study 

in southeastern Arizona are reported as having 103 – 104 individuals (Valone and Kaspari 2005), 

but we could not find an empirical study to support these estimates. During peak foraging times 

we have observed hundreds of D. bicolor and more than a thousand F. mccooki workers outside 

their nests, but only tens of D. insanus.  

 

Exploration behavior 

Percent area explored was quantified by converting videos to .avi format using FFmpeg (FFmpeg 

Developers 2019) and then into greyscale in FIJI (Schindelin et al. 2012). From the greyscale 

stacks, the Z Project function in ImageJ was used to create maximum (lightest) and minimum 
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(darkest) projections of greyscale values from all frames after the first ant exited the center dish. 

The minimum value image was then subtracted from the maximum value image and the resulting 

difference in pixel values converted into a binary image using the IsoData threshold function 

(based on Ridler and Calvard 1978). This binary image was treated as presence/absence data.  

Because species vary in size, a body size adjusted percent area explored was calculated by 

scaling the occupied pixels to the average pixel size of an ant. Average ant pixel size was 

measured from 20-25 ants from single frames from one video per species for each recording 

session. Ant pixel size varied by session because of small variations in camera positioning across 

recording sessions, but measured pixel sizes for each species differed significantly from one 

another (ANOVA followed by Tukey’s post hoc comparisons, p < 0.05 all contrasts) and match 

size rankings from morphometric data (fig. 1b, c).  

 

Brain investment 

Tissue processed for autofluorescence was fixed in a 2% paraformaldehyde, 2% glutaraldehyde 

in phosphate buffered saline (PBS; tablets, Sigma, St. Louis, Missouri) for 24 hours, rinsed 3X in 

PBS, and stored in 0.1 M cacodylate buffer (pH 6.8) until processing for imaging. Brains 

prepared for glomeruli counts and tracing were fixed in 4% paraformaldehyde in PBS for 12 

hours at room temperature following microwave fixation (low power and 18°C under vacuum for 

two cycles of 2 minutes). Monoclonal Drosophila synapsin I antibody (SYNORF1, 

AB_2315426) purchased from the Developmental Studies Hybridoma Bank (catalog 3C11) was 

used as the primary antibody to label synapsin. Following blocking with goat serum, brains were 

permeabilized with 1% Triton X-100 in PBS (Electron Microscopy Supply, Fort Washington, 

PA; PBS-TX ), rinsed with 0.1% PBS-TX, and incubated on a shaker at 25°C for two nights in 
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primary antibody (1:500 in 2% goat serum in 0.2% PBS-TX). Subsequently, brains were washed 

in 0.1% PBS-TX and incubated for an additional night in Alexa Fluor 568 (ThermoFisher) goat 

anti-mouse secondary antibody (1:100 in PBS) wrapped in foil at 25°C on a shaker. After 

secondary incubation, brains were washed in 0.1% PBS-TX and rinsed with distilled water. 

Brains were scanned on a Zeiss LSM880 inverted confocal microscope. Brains prepared with 

synapsin were optically sectioned in the horizontal plane at 1 micron intervals and corrected by a 

factor of 1.64 (adjusted section thickness = 1.64 microns) to account for the refractive index 

mismatch between air and methyl salicylate (Bucher et al. 2000). Autofluorescence brains were 

optically sectioned in the horizonal plane at 3 micron intervals (adjusted section thickness = 4.92 

microns). 

 

Statistical Analyses 

For non-normally distributed variables, model selection proceeded via comparison of AIC values 

and residual plots of selected models were inspected to confirm random dispersion over values of 

the independent variable (see figure legends for models used in each analysis). In general, count 

data were analyzed using a glm with a Poisson distribution, non-normal continuous data were 

analyzed using a glm with a gamma distribution and log link function, and percent data were 

analyzed using beta regression (Cribari-Neto and Zeileis 2015). Tukey-adjusted least square 

means comparisons were used for post-hoc comparisons. 
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