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ABSTRACT 

 Between individual behavioral variation has been described in nearly every 

animal taxa where it has been measured. Often, these behavioral variations correlate 

across contexts, forming a behavioral syndrome. Despite a recent push to better 

understand the origins and consequences of behavioral syndromes, there still is no 

cohesive framework that describes this phenomenon. Here, I develop a social insect 

species into a model for measuring and testing behavioral syndromes at a new level of 

biological organization; the colony. This builds upon the rich literature describing 

between-colony variation in behavior and provides novel insights into the evolution of 

behavioral syndromes.   

 In my first chapter I show that colonies do not vary from one another in foraging 

distance, nor is foraging distance directly associated with colony size. This was my first 

step in demonstrating that colony behavioral variation is not simply a byproduct of 

colony size. In chapter two, I expanded upon this finding by testing colonies both in the 

lab and in the field for a variety of ecologically relevant behaviors. Here, I found that 

there was a behavioral syndrome that reflected foraging distance, foraging effort to novel 

and familiar resources, response to threat and aggression. While there is a gradient of 

phenotypes, some colonies either travel farther to forage for food and respond more 

aggressively when confronted with a conspecific invader, but appear to invest less in each 

given incident or food source. I consider this to be more risk-tolerant; they increase their 

risk of external mortality for potentially larger pay-offs. On the other hand, risk-averse 

colonies deploy more foragers to exploit closer resources, increase their overall activity 

in the response to threat, but avoid travelling farther distances or aggressively engaging 
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invaders. Additionally, there is between population variations in risk-taking phenotype. 

Across the western United States, colonies at more northern latitudes are more risk-

tolerant than colonies at more southern latitudes. In chapter 3, I expand upon this 

latitudinal gradient in behavioral phenotype by investigating what ecological factors 

predict a colonies level of risk- tolerance. Specifically, I focused on ecological traits that 

reflected predation, competition, food resource availability and abiotic stress. I found that 

competition for nest sites and spatial clustering predicted behavioral type; colonies at 

high levels of nest site competition or spatial clustering were more risk-tolerant than 

colonies at lower levels of competition or were more spatially dispersed. In chapter 4, I 

used a common garden and brood transfer experiment to investigate if the relationship 

between the ecological environment and behavior was the result of phenotypic plasticity 

or local adaptation. I show that local adaptation is the most likely explanation, as colonies 

with more workers from the donor colony are more, behaviorally, like the donor colony 

than colonies with fewer donor workers. In chapter 5 I test if the risk-taking behavioral 

syndrome is the result of life history strategy variation. I test the growth rate and energy 

allocation towards either somatic effort or reproductive effort. I found that colonies 

which are risk-tolerant also grow faster and dedicate more energy towards reproductive 

effort, which is consistent with predictions built from life history theory. This body of 

work  shows that behavioral syndromes can exist at a new level of organization, the 

colony, and that variation in behavioral type is the result of differential selection pressure 

between populations. This directly connects behavioral syndrome research to life history 

strategy research. As life history strategy theory is a well-understood field, this represents 

a true advancement in the field of behavioral syndromes.  
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I. Introduction 
 
 In recent years, numerous studies have found that animals have behavioral 

syndromes—consistent correlated behavior across two or more situations(Gosling, 2001; 

Sih et al., 2004a, 2004b; Réale et al., 2007; Biro and Stamps, 2008; Bengston and Jandt, 

2014; Bengston and Dornhaus, 2014). For example, although most individuals alter their 

level of aggression depending on the ecological situation (e.g. resource availability or 

predation risk), some are consistently more aggressive than others (Riechert and Hedrick, 

1993; Bengston et al., 2014; Duckworth and Badyaev, 2007; Bell and Sih, 2007; Johnson 

and Sih, 2005; Modlmeier et al., 2014). To date, much of the work on behavioral 

syndromes has focused on variation in boldness, aggressiveness, or activity level (Réale 

et al., 2007; Biro and Stamps, 2008; Wolf et al., 2007; Bengston and Dornhaus, 2014). 

 Consistent individual differences in behavior have long been recognized and 

studied in several taxa, including humans, primates, laboratory rodents, and a few 

domesticated mammals (Gosling, 2001). Intraspecific differences in behavioral type have 

also been described when individuals differ in morphology. This includes classic 

stereotypical ideas on differences in behavioral type between males and females, and 

between alternative mating morphs [e.g. larger, aggressive, territorial males versus 

smaller, sneaky, satellite males (Gross and Charnov, 1980). Recent studies, however, 

have emphasized that individual behavioral differences also exist in animal taxa that lack 

phenotypic polymorphism (Dingemanse et al., 2002, 2010; Sih et al., 2004b). 

 Similarly, social insects can exhibit behavioral variation at multiple levels of 

organization: between species, colonies, castes, individuals, and genetic lines (Keller, 
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1999). Social insect species have long been known to differ in behavioral type (e.g. more 

aggressive species outcompete and may even displace subordinate species; (Davidson, 

1998; Holway and Suarez, 1999). Social insect castes (i.e. reproductive or 

morphologically distinct individuals) also differ in behavioral tendencies often associated 

with their specialized task (e.g. soldiers are more aggressive than other workers). Thus, 

social insect researchers have always considered, and quantified, behavioral syndromes, 

though they have not called it as such.  However, the reproductive unit of social insects 

on which natural selection acts is the colony. Yet, aside from work to investigate the 

heritability of pollen foraging behavior (Page et al., 2012; Amdam and Page Jr., 2010), 

colony-level behavioral syndromes have received comparatively little attention (but see 

Pamminger et al., 2012; Modlmeier and Foitzik, 2011; Chapman et al., 2011). Like 

workers, colonies also exhibit consistent behavioral variation across situations. For 

example, in both honey bees and black harvester ants, colonies vary consistently in their 

response to food and to disturbance, which are correlated with one another, producing a 

behavioral syndrome (Wray et al., 2011; Pinter-Wollman et al., 2012; Pinter-Wollman, 

2012). 

 The purpose of this dissertation was to further investigate colony-level behavioral 

syndromes in Temnothorax ants (a highly tractable laboratory model (Dornhaus et al., 

2008; Bengston and Dornhaus, 2013)), with the hope of developing a more 

comprehensive behavioral syndrome framework with empirical support. Specifically, I 

wanted to expand beyond the ‘classic’ behavioral syndrome traits such as aggression, 

boldness and exploratory behavior by focusing on ecologically relevant behaviors. I also 

aimed to understand how behavioral type variation arises- proximately through genetic 
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variation due to local adaptation or developmentally through phenotypic plasticity, by 

understanding the ecological factors driving variation in behavioral type, and ultimately 

by testing for life history strategy trade-offs that may explain the general patterns of 

behavioral syndromes, not only in social insects but also in animals generally.   



 11 

II. Present Study  
  

 Below is a brief summary of the five chapters comprising this dissertation and an 

explanation of their interrelations. A full introduction, methods, results, and conclusions 

are presented in the appendices following this introduction. All chapters are multi-

authored manuscripts where I was the primary contributor and author.  

 
 

Colony size does not predict foraging distance in the ant Temnothorax rugatulus: a 

puzzle for standard scaling models 

 

Body size is often positively correlated with ecologically relevant traits such as 

fecundity, survival, resource requirements and home range size. Ant colonies, in some 

respects, behave like organisms, and their colony size is thought to be a significant 

predictor of many behavioral and ecological traits, similar to body size in unitary 

organisms. As such, colony size is often hypothesized to explain the majority of between 

colony trait differences noted. However, groups of individuals can often show emergent, 

non- linear traits that are not solely the result of colony size. In this study I test for 

colony-level variation in foraging behavior within a single population, and measure if 

foraging effort directly correlates to colony size. I found colonies did not differ 

significantly in their foraging distances, and colony size is not a significant predictor of 

foraging distance. This suggests that large colonies may not exhaust local resources or 

that foraging trips are not optimized for minimal distance, and thus that food may not be 
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the limiting resource in this species. This study shows T. rugatulus are behaving in ways 

that differ from existing models of scaling. 

 

Be meek or be bold? A colony-level behavioural syndrome in ants 

 

In this study I expand the number of populations measured, by collecting colonies 

across the US range of the species. This chapter is my first attempt to describe a 

behavioral syndrome, and as such I focus exclusively on ecologically relevant behaviors. 

Again, I measure foraging distance in the field, but I also include laboratory assays of 

foraging effort to novel and familiar resources, response to threat, aggression and activity 

level. I find evidence for a colony level syndrome that suggests colonies consistently 

differ – some are more risk-prone, whereas others are more risk-averse. Additionally, by 

collecting data across the North American range of this species, I show that 

environmental variation may affect how different populations behave; there was a 

latitudinal gradient in behavioral type. Colonies at northern latitudes were more risk-

tolerant than those at more southern latitudes.  

 

Latitudinal variation in behaviors linked to risk-tolerance is driven by nest-site 

competition and spatial distribution in the ant Temnothorax rugatulus 

 

 To expand on chapter 2, I wanted to investigate what was driving the latitudinal 

gradient in behavioral type that I measured. To do this, I did a large field study where I 

measured environmental variables that reflect the level of predation pressure, competition 
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for resources, food resource availability and abiotic stress. I showed that increased 

competition, specifically for nest sites, as well as increased spatial clustering of colonies 

predicts higher risk-tolerance. Additionally, the spatial clustering of colonies influences 

the structure of the risk-taking syndrome, i.e. which colony-level behaviors are correlated 

and how strongly. This emphasizes the need for understanding large-scale geographic 

variation in behavior, as it may explain how ecological factors drive the evolution and 

maintenance of intraspecific behavioral variation across populations.  

 

Colony-level response to threat variation is driven by local adaptation rather than 

phenotypic plasticity in Temnthorax rugatulus ants 

 

 Little is known about the dispersal behavior of Temnothorax ants, including how 

far new queens travel from their natal nest. Also, factors such as nest site competition and 

spatial distribution of colonies are highly dependent upon the geology of a site, and can 

change drastically in relatively short distances. Because of this, I wanted to investigate of 

colony behavioral type is the result of local adaptation to environmental conditions or, 

rather, phenotypic plasticity in response to the conditions where the new nest is founded. 

To do this, I used a common garden experiment focused on colony-level response to risk. 

All brood were produced in the lab, and the brood from the focal host colony was 

removed and replaced with the brood from a donor colony. After 6 months, colonies that 

had more donor brood emerge were less similar to the focal, host colony. This suggests 

variation in response to threat is the result of local adaptation rather, though phenotypic 

plasticity may also be present.  
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Life-history strategy and behavioral type: Risk-tolerance variation reflects 

differential growth rate and energy allocation in Temnothorax ants 

 As a final step in understanding the described behavioral variation, I focused on 

explaining the risk-tolerance variation itself. Risk-tolerance variation has been proposed 

to reflect differences in energy allocation towards somatic effort and reproductive effort, 

meaning, differences in life history strategy. In this chapter I specifically ask: ‘Does life-

history strategy variation drive differences in risk-tolerance? To answer this question, I 

measure allocation between somatic effort (growth rate and proportion of the total ants 

produced that are workers) and reproductive effort (proportion of the total number of ants 

produced that are males and virgin females) in Temnothorax rugatulus ants. Comparing 

sterile workers to reproductive alates provides a direct measure of how colonies are 

investing their energy, as compared to a unitary organism.  

 I showed that behavioral type is associated with differences in growth rate, the 

production of reproductive alates (winged virgin queens and males) and sterile workers. 

Risk-tolerant colonies grow fast and produce proportionally more reproductive alates 

than workers during their reproductive phase than risk-averse colonies. This provides one 

piece of evidence suggesting that behavioral syndromes are the necessary consequence of 

life-history strategy variation, potentially linking the two fields. As life-history theory is 

well defined, this would provide a true advancement in the field of behavioral syndrome 

research.    
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Abstract 

Body size is often positively correlated with ecologically relevant traits such as 

fecundity, survival, resource requirements and home range size. Ant colonies, in some 

respects, behave like organisms, and their colony size is thought to be a significant 

predictor of many behavioral and ecological traits, similar to body size in unitary 

organisms. In this study we test the relationship between colony size and field foraging 

distance in the ant species Temnothorax rugatulus. These ants forage in the leaf litter, 

presumably for small arthropod prey. We found colonies did not differ significantly in 

their foraging distances, and colony size is not a significant predictor of foraging 
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distance. This suggests that large colonies may not exhaust local resources or that 

foraging trips are not optimized for minimal distance, and thus that food may not be the 

limiting resource in this species. This study shows T. rugatulus are behaving in ways that 

differ from existing models of scaling. 

 

Introduction 

Foraging is one of the most thoroughly studied behaviors across all taxa. 

Organisms may vary in many aspects of foraging behavior such as selection of where to 

forage, what they are foraging for, when to leave a patch and how far they travel to 

forage (Stephens and Krebs, 1986; Giraldeau and Caraco, 2000). When an individual 

decides how far to travel to forage, two main factors are often the most influential: body 

size and environmental conditions. 

 Body size is important to the biology of organisms as it impacts physiology, 

behavior and natural history.  Body size often is positively correlated with increased 

fecundity and survival (Wikelski and Romero, 2003), but trades-off with decreased 

performance in other aspects (Blanckenhorn, 2000). For example, an increase in body 

size often comes at the price of an increase in development time, meaning reproductive 

benefits are paired with an increased period of vulnerability. Another important effect of 

body size is that generally speaking, mass-specific metabolic rate tends to decrease as 

body size increases (Gillooly et al., 2001). In addition, as body size increases, so usually 

does the required home range of an organism (Swihart et al., 1998), which is thought to 

reflect the increased resource requirements of larger organisms (Jetz et al., 2004). This is 

a pattern seen inter-specifically, such as the much larger brown bear (Ursus arctos) 
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requiring a larger foraging territory than that of the American lack bear (Ursus 

americanus) (Harestad and Bunnel, 1979), but also intra-specifically. Thompson and 

colleagues (1998) found that larger harbor seals (Phoca vitulina) foraged farther from the 

coast than smaller conspecifics.  Environmental conditions, predictably, also have a large 

impact on foraging distance.  Patchy resources, competition, perceived threat and 

exposure to the elements all may influence how far an individual is willing to go for 

resources. For example, Anderson (1986) found that several species of mice and vole will 

forage more than three times further when there is cover as opposed to open space. 

Foraging distance was also impacted by the depth of snow, ambient temperature, and the 

food supply suggesting that both perceived risk and metabolic expenditure impact how 

the individuals were making foraging decisions.  

Similarly, in eusocial animals, such as ants or bees, the environment and colony 

size (instead of body size) may determine foraging distance. The size of the colony is 

defined as the number of its component individuals (Wilson and Sober, 1989). Similar to 

larger organisms, larger colonies need higher food intake; however, mass-specific 

metabolic rate may decrease with colony size in social insect colonies (Waters et al., 

2010) as in unitary organisms. One explanation for this lower mass-specific metabolic 

rate in larger colonies may be that for central place foragers, larger foraging ranges entail 

longer foraging trips and thus decreased returns per trip (Jun et al., 2003). Foraging 

distance has already been shown to be related to body size of individual foragers in some 

species of both solitary and eusocial bees (Greenleaf et al., 2007). However, while the 

foraging distance of solitary bees is often positively correlated with body length, local 

habitat conditions also influenced their foraging decisions (Gathmann and Tscharntke, 
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2002). In this study we empirically test the proposed relationship of colony size and 

foraging distance. To do this we used field observations of un-manipulated colonies of 

the ant Temnothorax rugatulus.   

 Temnothorax rugatulus is a formicoxenine ant distributed widely across the 

forests of the western United States (Creighton, 1950). It is a species with small 

individuals (2-3mm) and is not considered to have distinct morphological castes among 

workers. Colonies are medium in size (usually ranging from ~50-600 individuals) and 

nest in preformed cavities in rocks (Rüppell et al., 2001). Little is known about the 

foraging behavior of this species, though it is likely that they are foraging for small soil 

arthropods such as collembolans (personal observation). 

Methods 

 Foraging distance data was recorded for colonies of Temnothorax rugatulus on 

the Santa Catalinas Mountains (Tucson, AZ, USA) over two seasons. Observations of 

colonies were made exclusively in the field with no manipulations to the immediate 

environment or colonies. We collected data for 10 colonies between October 2, 2010 and 

October 19, 2010, and for another 14 separate colonies between May 10, 2011 and May 

23, 2011. All measurements were taken within 3km of GPS location 32.418°N, 

110.704°W. 

 To identify nest sites without disturbing the colony, we placed a 10m x 10m grid 

of 1m x1m plots in the field and a dish of bait (commercially canned cat food) in the 

center of each square. The bait was continually monitored until a T. rugatulus forager 

was seen. A small paintbrush was used to mark the ant with florescent powder to enhance 

its visibility to the observer. The ant was followed until it returned to the nest. We then 
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collected the forager with an aspirator before it was able to enter the nest. This method 

allowed us to identify the location of the nest without disturbing the colony. By collecting 

the forager before it can return to the nest it is unable to recruit to the new food source or 

alarm the colony. With the colony now identified, all bait was removed from the grid so 

as to not interrupt normal foraging patterns. Any ants seen leaving the nest were marked 

in florescent powder and followed on their foraging trip and subsequent return to the 

colony. Despite being very small ants, the florescent powder significantly increased the 

visibility and ants were very infrequently lost. Occasionally the ant may have been out of 

sight while traveling through the leaf litter, but foragers were only lost 4 times through 

the course of the study. If the ant was lost, no data was collected on that forager.  While 

the foraging trip of the ant appeared to be a random walk, the forager always reached a 

point at which it re-oriented towards the nest and traveled in a nearly straight line back. 

Given this, the maximum distance the ant traveled from the nest during this trip was 

recorded, not the length of the path actually traveled by the ant. Each ant measured was 

collected before it could re-enter the nest. While the goal was collecting the foraging 

distance of 10 ants per colony, daylight restrictions limited some colonies to 9 foragers.  

After foraging distance was recorded, the entire colony was collected.  

 After collection, the ants were maintained in the lab as described in Dornhaus et 

al. (2009). Colonies were established inside standard artificial nests consisting of a 

cardboard nest chamber sandwiched between two glass slides (nest chamber size: 2.75cm 

x 2cm). All colonies were kept inside fluon-coated containers (10cm x 10cm), fed freeze-

killed and chopped cockroaches and 10% sucrose solution ad libitum, and had free access 

to water. After acclimating to the laboratory for 48 hours the colonies were photographed 
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and the number of adult ants was counted. Queens and brood were not included in the 

census, however all colonies had both present. 

Results 

The average foraging distance (± SD) across all colonies was 1.87± 1.58m with a median 

foraging distance of 1.36m. 

Foraging distances within colonies varied widely, with a maximum of 13.23m difference 

between the longest and shortest trips of foragers from the same colony. The average 

intra-colony difference between the farthest and shortest trips was 4.33± 2.39m. The 

Fig. 1 (A) Variation in foraging distance did not scale with colony size; smaller 
colonies did not vary less in their foraging distance than large colonies (R2 = 0.0006, 
n = 24). (B) The median foraging distance of colonies also did not scale with colony 
size (R2 = 0.0014, n = 24). 
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standard deviation of the foraging distances did not scale with colony size (R2=0.0006, 

n= 24; Fig. 1A). 

  

 Colonies did not differ significantly in foraging distance (Kruskal-Wallis Test, P 

= 0.816, n= 24; Fig. 2), nor was colony size (number of workers) a significant predictor 

of foraging distance (R2=0.0014, n=24; Fig. 1B). Average colony size was 262 ± 239 

workers with a range of 47-1310 workers. There was no significant difference in foraging 

distances between colonies measured in the fall and in the spring (Kruskal- Wallis Test, 

P=0.616; Spring n= 14, Fall n=10). 

 

Discussion 

Fig. 2 Colonies did not show a significant variation in foraging distance (Kruskal–
Wallis test, P = 0.816, n = 24). The X-axis shows the colony size of each colony 
measured, while they Y-axis represents the foraging distance of individual foragers. 
Solid grey boxes represent colonies where ten foragers were tracked; striped boxes 
represent colonies where nine foragers were tracked. Outliers are represented by 
asterisks. 
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Our results suggest that, at least in Temnothorax rugatulus, foraging distance does not 

scale with colony size as assumed by certain models (Jun et al., 2003). This is surprising 

as it would be expected that larger colonies need to acquire more resources, and it thus 

seems as if small colonies seem to be travelling further than necessary to collect the food 

they need.  

This result is relevant for our understanding of metabolic scaling in social insects 

and T. rugatulus in particular. It had been found that mass-specific metabolic rates are 

lower in larger colonies in this species, as for other ant species (Cao et al., in review). 

Previously, a decreased mass-specific metabolic rate was thought to have been explained 

by an increased need to forage at farther distances as size increases. As colony size 

increases, if foragers must travel farther to forage, per capita gain is expected to be lower 

(Shik, 2010). If larger colonies do not have larger foraging distances than smaller ones, 

other explanations for lower mass-specific metabolic rates have to be found. 

Why did larger colonies not travel further than small colonies in our study?  Even 

if each individual was maximizing their own energy intake, we would still expect 

workers from larger colonies to forage at a further distance simply because nearer 

locations would be overexploited, given the higher density of ants. Large colonies may 

not collect as much food per capita as small ones, or small colonies may travel 

unnecessarily far. Perhaps the most likely explanation is that in this species, food may not 

be the limiting factor for reproductive output, or travel costs may be relatively low; if this 

is the case, foraging behavior may not be under strong selection for maximal efficiency 

(and thus for shortest possible trips). Instead, other factors may limit the fitness of the 

colony, such as the size and density of suitable nest sites. This is not uncommon in 
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species that require a preformed nest site. For example, in many hole-nesting birds, both 

reproductive and non-reproductive population sizes are limited by the number of 

available nest sites (Newton, 1994). As T. rugatulus are dependent upon pre-formed nest 

sites such as cracks in rocks and are unable to construct their own nest sites, they may 

have similar limitations on colony size and population density (in genus Temnothorax: 

Foitzik et al., 2004, Foitzik et al., 2003, Herbers, 1986).  Additionally, it has been seen 

that intra-colony behavior and collective organization can affect the metabolic rate 

independent of food availability, such as in the harvester ant Pogonomyrmex californicus 

(Waters et al., 2010). 

Because Temnothorax ants are fairly mobile (Dornhaus et al., 2004), colonies may 

be migrating to higher quality sites. In this case, it is possible that larger colonies may be 

better able to defend sites with richer food patches and thus limited their required 

foraging distance. This would result in a trade-off in larger colonies. The cost of having a 

large colony, which would normally require a larger foraging distance, is balanced by 

defending a richer patch and thus lessening how far the colony must forage. To test this, 

experimental manipulation of both colony size and location would be required. Colony 

interactions in the field are an important part of the ecology of this species that has not 

yet been well researched. 

 In the field it is difficult to tell what food source T. rugatulus is using due to the 

small size of the ant and the food.  Though we cannot conclusively report that every 

forager was actually foraging for food, as some may have been scouting for new nest 

sites (as seen in some related species of Temnothorax (Stroeymeyt et al., 2010)), we still 

expect any type of searching for resources to scale with colony size.  While it is not clear 
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what T. rugatulus foragers are searching, it is suspected to be springtails (collembolans) 

which are often found in patchy aggregations (Grear and Schmitz, 2005). Thus it may be 

that foraging distance is determined by local densities of springtail aggregations rather 

than colony size or search patterns. Patchy resources would not, however, explain the 

lack of variation in foraging distance between colonies, as colonies should have to travel 

to different aggregations given the location of the nest. Though not quantified in our 

study, it appeared as though colony foraging ranges often overlapped and foragers from 

the same colony did not travel to the same location twice. If they are foraging at a dense 

patch of resources one would expect some type of recruiting behavior to decrease the cost 

of searching. 

 It is possible that this ant species is a special case, and that other ant species 

behave similarly to existing models, namely use larger foraging ranges with increasing 

colony sizes. However, most models use trail forming species, and not all species form 

strong trails to food sources. Additional studies are needed to better understand the 

foraging patterns and natural history of non-trail forming species, as these have been 

generally neglected in attempts to model ant foraging behavior. This study shows that T. 

rugatulus are behaving in ways that differ substantially both from existing models and 

general patterns assumed for ant foraging. Additional studies with an increased sample 

size of foragers and more quantified measures of the environmental conditions and inter-

colony interactions may further advance our understanding of what is driving the way 

this species is foraging.   
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Abstract: 

Consistent individual variation in animal behaviour is nearly ubiquitous and has 

important ecological and evolutionary implications. Additionally, suites of behavioural 

traits are often correlated, forming behavioural syndromes in both humans and other 

species. Such syndromes are often described by testing for variation in traits across 
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commonly described dimensions (e.g. aggression, neophobia), independent of whether 

this variation is ecologically relevant to the focal species. Here, we use a variety of 

ecologically relevant behavioural traits to test for a colony level behavioural syndrome in 

rock ants (Temnothorax rugatulus). Specifically, we combine field and lab assays to 

measure foraging effort, how colonies respond to different types of resources, activity 

level, response to threat, and aggression level. We find evidence for a colony level 

syndrome that suggests colonies consistently differ in coping style – some are more risk-

prone, whereas others are more risk-averse. Additionally, by collecting data across the 

North American range of this species, we show that environmental variation may affect 

how different populations maintain consistent variation in colony behaviour.  

 

Key Words:  Personality, social insects, behavioural syndromes, risk-tolerance 

 

Introduction 

In 1932, the psychologist McDougall wrote “Personality may to advantage be 

broadly analyzed into five distinguishable but separate factors, namely intellect, 

character, temperament, disposition, and temper” (McDougall, 1932), implying that 

people consistently vary along five independent dimensions in their behaviour. Such 

reproducible variation across individuals in behaviour, called ‘personality’, is taken for 

granted in humans. But inter-individual behavioural variation is also well documented 

across many non-human animal taxa (e.g., gastropods, (Burrows and Hughes, 1991); 

insects: (Müller, 1996; Hebets and Papaj, 2005); fish: (Kohda, 1994); birds: (Sutherland 

and Ens, 1987; Golet et al., 2000); mammals: (Hoelzel et al., 1989; Mattson and Reinhart, 
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1995)). While any stable variation across individuals within a species is considered 

evidence for ‘personality’ in animals, the number of studies that have tested for 

independent dimensions of personality has only recently begun to grow (King and 

Figueredo, 1997; Bell, 2005; Dingemanse et al., 2007). 

In the past decade, researchers have begun to focus both on understanding how 

behavioural traits are correlated in animals and what is driving variation (King and 

Figueredo, 1997; Endler, 1995). If behavioural or personality traits are related, they are 

considered part of a behavioural syndrome. Behavioural syndromes, or correlated suites 

of behavioural traits within a population, have recently been described in many taxa 

including fish, birds, laboratory rodents, non-human primates and arthropods (Dall et al., 

2012; Page et al., 2012; Biro and Stamps, 2008; Sih et al., 2004a, 2004b).  Behavioural 

syndromes are a property of the population (Sih et al., 2004a, 2004b; Jandt et al., 2014). 

For example, one individual may be more aggressive than another individual both when 

defending a food resource and also when guarding a mate. Such an aggressive phenotype 

would be referred to as the individual’s ‘behavioural type’, and if individuals in a 

population differ consistently in behavioural type, they are considered to have 

‘personalities’. Thus far, a relatively small range of behavioural traits has been examined 

across contexts: particularly boldness, aggressiveness, and activity level (Réale et al., 

2007); we refer to these as ‘classic’ behavioural syndromes (Jandt et al., 2014). 

Considerably less work has related these traits to the wide variety of other, sometimes 

species-specific, behaviours that animals may exhibit. This may be due both to a bias 

towards syndromes that appear relatively ubiquitous, as well as practical consideration 

for behavioural traits that are most easily observed or quantified. It is also less common 
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for studies to examine how traits in these behavioural syndromes are related to one 

another, meaning if or how traits usually included in one classic behavioural syndrome 

are related to the traits in another (despite notable exceptions, e.g. Bourne and Sammons 

found a correlation between boldness, exploration and aggression in male molly fish: 

Poecilia parae (Bourne et al., 2008). This is very relevant, because understanding the 

selection pressures that led to the evolution of a syndrome and variation in behavioural 

type are near impossible to understand if it is not known which behaviours are included 

in the syndrome, and how many independent dimensions exist.  

We suggest more emphasis should be placed on determining which larger 

behavioural domains interact.  Determining such interactions allows for a better 

understanding of what drives personality. As Bell describes, behavioural correlations may 

be the result of internal constraints or of adaptation by natural selection (Bell, 2005). 

Internal constraints may be particularly important when there is genetic heritability of 

behaviour. Even among closely related species, there is the possibility for significant 

variation in heritability of traits (McCrae and Costa, 1997; Bouchard and Loehlin, 2001; 

Weiss et al., 2000).  In such species that show a heritable component to personality, the 

genetic architecture of personality’s independent dimensions needs to be taken into 

account when looking at how selection will affect the evolution of behavioural variation 

(Gosling and John, 1999). For example, behavioural traits on the same dimension may be 

constrained due to pleiotropy, and thus remain linked even in the absence of selection for 

a syndrome. On the other hand, correlations between behavioural traits may emerge as a 

result of phenotypic plasticity, for example if organisms develop under particular 

environmental conditions. Both differences in genotype, heritability of traits and natural 
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selection can, therefore, create either similarity or dissimilarity between populations. 

While personality and behavioural syndrome studies may define these dimensions, we 

still do not have a strong understanding of the mechanisms underlying behavioural 

correlations. However, before an investigation of mechanism can take place, we must 

first look at the overall architecture of which behaviours are correlated and how these 

correlations compare across populations.  

Research on individual variation in social insects has also begun to be considered 

in a behavioural syndrome framework. Much of this research has focused on behavioural 

differences among individual workers in the colony, such as those associated with 

behavioural specialization (e.g. nurses vs. foragers), and their physiological correlates. 

For example, some honey bees preferentially forage for pollen over nectar, and these 

preferences are associated with different sensory biases, locomotive activity, and gene 

regulation (Page. et al., 1995; Linksvayer, 2006; Rueppell et al., 2006, 2006; Page et al., 

2012). Other species show different patterns of individual differences within colonies. In 

Temnothorax ants, individuals show different levels of activity, with some workers 

consistently less active than others (Charbonneau & Dornhaus, in revision). Inter-

individual differences within colonies may have ecologically relevant consequences; for 

example, the number of individuals with an aggressive behavioural type determines how 

well the group can defend its nest from social parasites (Pamminger et al., 2012; Scharf et 

al., 2012), and affects the colony lifespan (Pruitt, 2012, 2013).  

Colonies can also exhibit behavioural variation. For example, colonies have been 

shown to vary in their levels of aggression (Crosland, 1990; Suarez et al., 2002; Pearce et 
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al., 2001), hygienic behaviour (Paleolog, 2009; Wray et al., 2011) and foraging behaviour 

(Bengston and Dornhaus, 2013; Pinter-Wollman, 2012; Ings et al., 2009; Raine and 

Chittka, 2008). Colony behaviours may also be correlated across situations (Jandt et al., 

2014; Chapman et al., 2011). For example, in honey bees, colony responses to food and 

to disturbance may correlate and vary within populations (Chapman et al., 2011; Giray et 

al., 2000). Because the reproductive unit of social insects is the colony, colony-level 

variation may evolve in a manner similar to individual-level variation in solitary species, 

and is likely to have ecological consequences. In social insects, differences between 

colonies have been seen in behaviours such as aggression, exploration, sociability and 

activity between dispersers and residents, though less is known about the timescale of 

consistency of these behaviours (reviewed in Cote et al., 2010).  

Here, we examine the overall architecture of inter-colony behavioural variation in 

a social insect, and how this variation is structured across different behavioural 

dimensions and across populations. We use a wide variety of behavioural assays, with a 

focus on ecologically relevant behaviours. Specifically, we use ants of the species 

Temnothorax rugatulus, and measure foraging distance, foraging effort to familiar and 

novel resources, activity level, and response to threat. We specifically test the following 

hypotheses: 1) Colony behavioural responses are consistent over time, 2) these 

behaviours are part of a colony level behavioural syndrome, i.e. responses in different 

assays correlate with one another. Lastly, we test 3) whether there is more than one 

orthogonal dimension, i.e. syndrome, of colony behaviour. This would imply that a 

colony’s behavioural type with respect to one syndrome is independent of its behavioural 

type with respect to a second syndrome. Ultimately, we hope to determine if there are 
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truly independent dimensions of behaviour which will give us clues as to the function and 

mechanisms of this overall behavioural variation.   

Methods: 

Model system 

 To address these questions, we used the Myrmicine ant Temnothorax rugatulus. 

This species ranges from northern Mexico through the inter-mountain range of the 

western United States and north to southwest Canada. Colonies prefer cool temperatures, 

and are often found in pine and juniper forests. Colonies range in size from usually 50 to 

400 ants, with some very large colonies reaching 1300 ants (Bengston and Dornhaus, 

2013). Species in this genus can be seasonally polydomous (having multiple nests for a 

single colony), often living in small pre-formed crevices in rocks (Partridge et al., 1997). 

The small size of the colony and the locations of their nests allow for easy collection of 

the entire colony, including queen and brood, without need for excavation. This is 

important for live collection with minimal loss of workers and brood. Their tolerance for 

laboratory conditions allows for empirical studies in controlled conditions. This species 

has been successfully used in behavioural studies in many contexts, meaning well-

established methods for empirical studies exist (e.g. emigrations, Cao and Dornhaus, 

2012; group decision making, Sasaki and Pratt, 2011; starvation resistance, Rueppell and 

Kirkman, 2005). In this study, all ants were collected from 7 field sites ranging from 

northern Washington, USA to south-eastern Arizona, USA during July 2012 (figure 1). 
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Foraging Distance and Colony Collection 

Foraging is one of the most dangerous tasks for a colony to perform. Leaving the 

nest, foragers are exposed to predators, aggressive conspecifics and potential pathogens. 

Thus, travelling farther may increase exposure to these risks, and variation in foraging 

distance may suggest variation in tolerance for these threats. The foraging distance of 

each colony was established in the field as in Bengston & Dornhaus (2013). A 10 x 10 m 

grid, separated into one hundred 1 m2 plots, was established in the field with a dish of 

commercially canned cat food placed in the middle of each 1 m2 plot as bait. When a T. 

rugatulus forager was seen at any of the baits, the other dishes were removed. That 

forager was marked with florescent pink powder and followed until it returned to its 

colony, thus enabling discovery of the nest without disturbing it. The marked forager was 

Figure 1: A summary of the sites colonies were collected from, including GPS 
coordinates and qualitative features about each site.  
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collected live with an aspirator before re-entering the nest. The nest was then monitored 

and the subsequent 20 foragers who emerged from it were similarly marked with powder 

and followed (20 foragers total measured for each colony). After the return of the 20th 

forager, the nest was opened and all workers, brood, and queens were collected live.  

After collection, the ants were maintained in the lab as described in Dornhaus et 

al. (2009). Each colony was established inside a standard artificial nest which was 

constructed of a cardboard nest chamber between two glass slides (nest chamber size: 

2.75 cm x 2 cm).  These nests were kept inside a fluon-coated container (10 cm x 10 cm). 

Laboratory temperatures averaged 21°C, but varied between 20-23° C. Humidity was not 

controlled and averaged 40%. Laboratory lighting was on a 12 hr light/dark cycle.  

Colonies were maintained on a diet of freeze-killed and chopped cockroaches, freeze-

killed fruit flies, freeze-killed spring tails, a 10% sucrose solution ad libitum, and free 

access to water.  

After colonies were established in the lab, each was identified to species. Colonies 

were also photographed and the number of adult workers, queens and brood items were 

counted. Colonies that were not T. rugatulus, or did not include brood or a queen in the 

census, were removed from the study. 

Familiar and Novel Resources 

Temnothorax rugatulus ants are thought to primarily forage for small soil 

arthropods. However, foragers have been seen to exploit other resources such as a larger 

arthropod corpse or human food waste (Bengston, personal observation). Both 

populations of soil arthropods and these larger food resources are likely very ephemeral 

and will be exploited by both conspecifics and other species. Therefore, the number of 
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individuals exploiting both familiar and unfamiliar resources (foraging effort) may 

impact overall colony resource intake and thus reproduction. 

 Colonies were fed on a weekly basis in a small dish in their container. Over two 

weeks, 90 min after the standard diet (‘familiar’ food) was placed in the dish, the number 

of foragers in the dish who were processing food was recorded. To measure how colonies 

responded to a novel resource, over a different 2-week interval, a novel food item was 

given instead of the standard diet during the normal feeding time. Again, the number of 

foragers in the dish was recorded 90 min after the food was introduced. After the forager 

number was measured, the novel food item was removed and the standard diet was 

returned. The novel food on week one was canned tuna fish. Week two was commercially 

canned applesauce.  

Activity Level 

 Variation in activity plays an important ecological role in many species. For 

example, it can be the result of different metabolic investment, energy optimization 

strategies or response to stimuli (Charbonneau and Dornhaus, in revision). The activity 

level of the colony, defined as the amount of movement in the colony in the absence of 

any manipulation, was measured in each colony. To do this each colony was filmed at a 

random time between 12:00 and 16:00 for 5 minutes in standard laboratory conditions. 

Each video was then analysed using an algorithm which computes the motion of ants 

between two frames of video using optical flow. Optical flow is computed based on 

assumptions that objects remain the same colour between frames and move relatively 

small distances between frames. Motion between two frames is represented as a velocity 

at each pixel location, the optical flow field. The Horn-Schunck method, which adds a 
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smoothness constraint to the preceding assumptions, further assumes that adjacent pixels 

usually move together. The optical flow measurements were provided by Hoan Nguyen 

and Prof. Min C. Shin (University of Carolina, Charlotte). Optical flow field was 

computed for every frame (by comparing to its subsequent frame) and the following 

measures were calculated: (1) magnitude, i.e. the average magnitude of optical flow for 

every individual pixels; (2) percent of moving pixels, the percentage of pixels that moved 

at least 2 pixels; (3) magnitude of movement, the average magnitude of the pixels that 

moved. All videos were filmed at the same resolution and magnification. We used 

percent of moving pixels as a measure of colony activity level, as it best captures the 

amount of movement within the colony between any two given frames. We assume that 

all movement is due to ants moving, so the percent of pixels changed was corrected for 

differences in colony size by dividing the average change in pixels by the number of ants 

and thus creating an average movement per ant measure. This is a necessary correction as 

a very small amount of movement by ants in a large colony may create as much pixel 

movement as a lot of movement by fewer ants in a smaller colony. This was repeated 14 

days later. 

 
Response to Threat 

In the lab, T. rugatulus colonies can and do displace colonies when competing for 

nest space (Franks et al., 2007). Therefore, noticing and responding to an intruder can 

both impact if and how they defend their brood items and the nest. To measure the colony 

level response to a threat, we used a live conspecific ‘intruder’ from a colony collected at 

a population not represented in the tests. The intruder was marked with fluorescent 

powder to increase visibility (to the observer) and, using forceps, was placed approx. 1 
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cm into the nest without otherwise disturbing the colony. The colony was filmed for 5 

min, and the video was analyzed using the same algorithm as in the activity level test. 

This assay was done immediately after the previous (baseline) activity level measure was 

recorded and the response to threat was reported as the absolute change between the 

undisturbed activity level and the activity level after the introduction of the intruder.  

Aggression Score 

 A change in activity level in response to threat can be informative about the 

magnitude but not the directionality of the change in behaviour, meaning an increase in 

activity may be indicative of either an aggressive (fighting) or a defensive (fleeing) 

response. This is an important distinction, as during the assay it was noted that fleeing 

colonies often evacuated all brood and queens from the nest. In the field, these colonies 

may be easier to evict from nest sites by conspecific colonies. To consider this 

distinction, the videos of the intruder response were also analysed for the types of 

behaviours contributing to the change in activity levels. The video was divided into four 

quadrants to minimize bias towards behaviours more or less proximal to the intruder and 

five individuals from each quadrant were observed for five seconds every 30 s. These 20 

individuals were chosen randomly at each 30 s interval. The behaviours were scored by 

category, with higher scores indicating more aggressive behaviours. Individuals who 

remained inactive or appeared to be wandering without performing a definable task 

received a 0 score.  

 All of the assays, except for the measurement of foraging distance, were repeated 

14 days after the first trial to measure consistency of these behaviours through time. 
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Foraging distance in the field could not be repeated due to the necessary collection of the 

 

 

Figure 2: A summary of the two trials of each behavioural assay, trial 1 on the X-axis 
and trial 2 on the Y-axis. Activity [average % of pixels moved/ .3 s / worker], response 
to threat [change in average activity after intruder introduction], foragers at novel and 
familiar resources [# of workers] and aggressive response [average aggression score]. 
The correlation coefficient and R2 value are reported for the correlation between trial 
one and trial two, performed 21 days apart. A correlation between the two trials shows 
repeatability and thus inter-colony variation in behaviour. 
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colonies at the end of the assay and no reliable way to re-release and track colonies in the 

field. 

Results: 

Inter-colony variation 

 All behaviours (except for foraging distance, which could only be measured once 

in the field) showed a strong correlation between the first and second trials (figure 2).   

 

 

This suggests that colony behaviour is consistent across at least two weeks. Consistency 

of traits implies that a colony’s behaviour at one time point more closely resembles its 

own behaviour earlier than that of other colonies, meaning that there is variation in 

Figure 3: Variation in foraging distance between colonies in the field. 20 foragers 
were measured for each colony; colonies varied significantly in their foraging distance 
(Kruskal – Wallace P < 0.0001). 
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behaviour between the colonies, demonstrating colony ‘personality’. Although the 

distance assay could not be repeated, there was consistency between foragers within 

colony, meaning there was a significant difference between colonies (Kruskal – Wallace 

P < 0.0001). The foraging distances of colonies are summarized in figure 3. 

 

Behavioural Syndrome 

 Using Pearson’s product-moment correlation test, we found positive pairwise 

correlations between ‘response to threat’ and ‘foraging at a familiar resource’, ‘response 

to threat’ and ‘foraging at a novel resource’ and foraging at both familiar and novel 

resources. We found negative correlations between foraging distance and ‘foraging at a 

novel resource’, foraging distance and ‘foraging at a familiar resource’, foraging distance 

and ‘response to threat’ and finally between threat response and aggression (all p < 0.05, 

figure 4). Activity level did not show a significant correlation with any other behaviour. 

All p-values for pairwise correlations were corrected using the False Discovery Rate 

method (Chapman et al., 2011). 

 These relationships between traits seen in the pairwise correlations were 

confirmed by a principal component analysis (PCA). Data was transformed (so that it was 

on the same scale and no one variable was overly contributing) by dividing each score for 

every assay by the overall mean value for that assay. The first two principal components 

were used to define the two behavioural dimensions, as per the Kaiser-Guttman stopping 

rule where only components with an eigenvalue greater than the mean are accepted 

(Guttman, 1954; Jackson, 1993).  The first behavioural dimension (PC1) was primarily 

explained by ‘activity’, while the second dimension (PC2) was explained by a suite of  
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correlated traits (behavioural syndrome; figure 5a). Because ‘activity’ was not correlated 

to the behavioural syndrome, we performed an additional PCA with the activity scores 

removed. In this analysis, PC1 was the only significant dimension (Kaiser-Guttman 

stopping rule). The percent of variation explained by the components of each PCA is  

Figure 4: A summary of the pairwise correlations between the behavioural traits. 
Significant correlations are shown with arrows; dashed arrows indicate a negative 
correlation and solid lines indicate positive correlations. P-values shown are FDR 
corrected for multiple comparisons (see text). Activity did not significantly correlate 
with any other behaviour. 
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Figure 5: (A) Principal component analysis of all behaviours measured.  Activity is 
almost perpendicular to other behaviours, which are all strongly correlated.  (B) 
Percent of variation explained by each axis (PC) in a principal component analysis. 
When activity was included in the analysis, the first two components explained the 
majority of the variation. This is consistent with the two behavioural axes found; the 
behavioural syndrome and activity. When activity was removed from the analysis in a 
second PCA, the first component, which reflects the behavioural syndrome we focus 
on, explained over half of the variation. 
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summarized in figure 5b. These results suggest that there are two independent 

behavioural dimensions: a behavioural syndrome consisting of several correlated 

behavioural traits, and a second driven by ‘activity’.  

To perform further analysis we needed a quantitative way to describe the 

behavioural type (the expression of the behavioural syndrome) of each colony. To do this 

we used PC1 from the PCA that excluded activity as a phenotype score for the foraging 

and defensive syndrome as it included all of the multivariate components of the 

behaviours within the syndrome. PC1 is calculated for individual colonies using the 

loadings of each trait as weights on the traits. A high score indicated that a colony 

showed an increased foraging effort and response to threat and a decreased level of 

aggression and shorter foraging distances. A low score indicated lower foraging effort, 

but with longer foraging distances and higher levels of aggression (figure 6). 

 

Explaining Inter-colony Variation 

To determine what may be driving inter-colony variation, two separate 

Generalized Linear Models (GLM) were used to look at how activity and phenotype 

score are affected by latitude. Latitude may reflect environmental characteristics on a 

larger scale, such as overall weather patterns or day length, or it may reflect 

microclimatic variation between sites, such as soil moisture or forest type. Latitudes 

differed significantly in the phenotype scores of colonies found at them (Kruskal-Wallis p 

= 0.009, df = 4; figure 7). Latitude had a significant negative effect on colony phenotype 

score, (GLM Gaussian; Latitude: p = 0.0262, df = 14), meaning colonies with a low score 

(lower foraging effort, longer foraging distances and higher levels of aggression) were  



 53 

 

 

found at more northern latitudes. Additional colony attributes including number of 

queens, colony size, and number of brood showed no significant effect on phenotype 

score (all p > 0.05, df = 14).  

Activity was not affected by latitude (GLM Gaussian; Latitude p = 0.2087, df = 

14). Neither was activity affected by the number of queens in a colony, colony size or 

number of brood (all p > 0.05, df = 14); however, as the brood to worker ratio increased, 

Figure 6:  The loadings of variables for the first principal component in a 
principal component analysis of all behavioural traits excluding Activity. We 
used this principal component as a ‘phenotype score’ to test for effects of colony 
composition and collection site. Low scores indicate a higher level of aggression 
and increased foraging distances; high scores indicate increased foraging effort 
and response to threat.  
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there was a marginally significant positive effect on activity (number of brood: number of 

workers p = 0.048).

 

 

Discussion:  

In this study, we have shown that colonies of the ant Temnothorax rugatulus show 

consistent behavioural types, i.e. ‘personalities’: colonies differ repeatably in their 

behaviour. We also show a colony level behavioural syndrome: colonies with high 

foraging effort at resources (both known and novel) also show increased activity in 

response to threat, lower levels of aggressive behaviour, and shorter foraging distances in 

the field. The behavioural type of colonies with regard to this syndrome correlates with 

the latitude of the site where they were collected. Colonies also differ in another 

dimension, activity level, and this trait is independent of the syndrome, and also 

Figure 7: Colonies were collected across the North American range of the species. 
Latitude significantly affected phenotype score (Kruskal-Wallis p = 0.009, df = 4), and 
correlated negatively with it (see text).  
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independent of latitude. This means that there are at least two independent behavioural 

dimensions in the species studied here. 

In general, colony level behavioural differences and correlations of behaviours 

have been described in a variety of social insects (Jandt et al., 2014). Our study measures 

behaviours that are known to be relevant to the ecology of this species (Bengston and 

Dornhaus, 2013) and includes more traits, and thus more potential behavioural 

dimensions, than are included in many in behavioural syndrome studies. However, the 

behavioural syndrome demonstrated here includes behaviours often considered part of a 

bold/shy syndrome, an exploratory syndrome, and an aggressive syndrome, suggesting 

that in this ant species, these are not independent dimensions, as often described on other 

species (Wilson and Godin, 2009; Sih and Bell, 2008), but instead are interrelated. 

Activity on the other hand is not related to this behavioural syndrome. This deviates from 

some other studies, which find a relationship between it and other common behavioural 

syndrome traits such as aggression (e.g. Crickets (Gryllus integer), Kortet and Hedrick, 

2007; crayfish (Pacifastacus leniusculus), Pintor et al., 2008).    

  The behavioural syndrome found here suggests that colonies might show 

different levels of risk-tolerance: some colonies deploy more foragers to exploit closer 

resources and increase their defensive activity in the response to threat, but avoid 

travelling farther distances or aggressively engaging conspecific invaders. This might be 

considered a risk-averse behavioural type. Other colonies travel farther and respond more 

aggressively when confronted with a conspecific, but appear to invest less (in terms of 

number of ants reacting) in each given incident or food source. This might be considered 

a more risk-prone behavioural type, i.e. colonies may tolerate more danger in favour of 
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potentially reaping higher rewards. Risk-averse or risk-prone behaviours are often linked 

to different life-history strategies (Biro and Stamps, 2008; Stamps, 2007). For example, 

in the continuum of r- vs. K-type life history strategies, r-individuals are more risk-prone, 

whereas K-individuals are more risk-averse. This is likely due to environmental stability; 

r-type individuals may be best suited to unpredictable conditions in which they need to be 

bolder in order to exploit a new resource and allocate more energy towards reproduction 

early, for example. Conversely, K-type individuals are expected to be found in more 

stable conditions, where less risk-taking is advantageous and long term self-maintenance 

is beneficial (MacArthur and Wilson, 1967; Davies et al., 2012; Pianka, 1970). Thus, the 

behavioral type of an individual should always be matched to the life history strategy of 

the individual, while variation in life history strategy may be dependent upon external, 

environmental conditions such as mortality risk, competition, and environmental 

predictability. In our study, the collection sites likely differed in the length of the 

reproductive season experienced by ants: sites 1 and 2 often see snow into late May, 

while those in sites 3, 4, and 5 usually see snowmelt in April (figure 1). Sites 6 and 7 may 

not maintain a consistent snowpack overwinter (as based on data from the past five years 

from the National Weather Service). Therefore, colonies at higher latitudes may take 

greater risks to acquire the necessary resources fast enough to produce reproductive alate 

queens and males. However, further research is necessary to determine what mechanisms, 

either adaptively or as a constraint, is shaping behavioral type variation across a 

latitudinal gradient. 

 In research on intra-species behavioural variation (‘personalities’) and clusters of 

correlated behavioural traits (‘behavioural syndromes’), often neither the evolutionary 
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forces maintaining the variation nor those maintaining the correlation are known (Biro 

and Stamps, 2008; Sih and Bell, 2008). In our study, including several different 

behavioural measures relevant to the ecology of our study species helped discover a 

broad behavioural syndrome that was not restricted to the ‘classic’ traits (Jandt et al., 

2014). The correlated traits all seem linked to risk-taking behaviour and thus may have 

consequences for colony life-history, though more research is needed, such as 

information on growth rates, and reproductive investment, for example. Intra-species 

variability in life-history strategies, and the ecological and evolutionary forces 

maintaining both diversity of such strategies as well as their consistency across contexts, 

are well studied (Davies et al., 2012; Stearns, 1977; Figueredo et al., 2005). Therefore, if 

behavioural syndromes are often linked to such life-history strategies, and perhaps 

emerge as a result of variation in life history strategy, that would answer many of the 

outstanding questions about them (Stamps, 2007; Biro and Stamps, 2008). In our study 

system, it seems indeed likely that the differing colony behavioural types reflect high-

risk, fast growth vs. low-risk, slow growth life-history strategies. 

Besides testing multiple ecologically relevant behaviours, a second goal of our 

study was to broadly measure which behaviours were linked and which were 

independent. We found that general activity level (movement inside the nest) differed 

strongly and consistently between colonies, but was not correlated with any other 

behaviours or the overall colony behavioural type in the risk-tolerance syndrome. 

Activity level may of course be linked to other behavioural or physiological traits not 

measured in this study, such as metabolic rate. It is important to note that ‘activity level’ 

has been used to describe several different behavioural measures, such as the distance 
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travelled to forage, the number of foragers outside at a given time, or, as in this study, the 

in-nest movement of ants. However, we show here that neither foraging distance nor 

number of active foragers can be used to predict the level of in-nest activity; these should 

therefore be considered unrelated traits. Foraging distance is likely a better reflection of 

overall foraging effort, recruiting effort, diet preference, resource distribution, or search 

patterns; in-nest movement may reflect physiological state, task specialisation, or other 

traits. It is thus important to consider how traits may play different roles in a species’ 

ecology, as opposed to only focusing on a generalized terminology. Considering the 

ecology of a species can guide us towards otherwise missed components.    

 To conclude, we have sampled enough behaviours to show that T. rugatulus 

colonies have at least two independent behavioural dimensions; one of which makes up 

make up a behavioral syndromes and the other is dominated by activity level. The 

behavioral syndrome that colonies show may reflect differences among colonies in risk-

tolerance, and thus in life-history strategy. This syndrome likely is driven by different 

environmental conditions, possibly the length of the reproductive season, though further 

research is necessary. The existence of a behavioural syndrome at the colony level in ants 

opens up a new line of investigation for those interested in the evolution of linked 

behavioural traits: it represents an independent origin of such processes at a different 

level of biological organization. If ant colonies evolve ‘personalities’ and behavioural 

syndromes in connection with their life history evolution just as solitary animals do, this 

would be strong evidence for the universality of this process. 

Acknowledgements: 



 59 

We would like to thank Min C. Shin and Hoan Nguyen for the collaboration with the 

optical flow algorithm, the Dornhaus lab members, Stephen Pratt, Jennifer Jandt and an 

anonymous reviewer for helpful feedback and Chantal Binder and Kevin Harrington for 

their assistance in the field and lab. We also thank the NSF for funding (grants no. IOS-

1045239 and IOS-0841756). 

 

References: 

Bell, A. m. (2005). Behavioural differences between individuals and two populations of 

stickleback (Gasterosteus aculeatus). J. Evol. Biol. 18, 464–473. 

doi:10.1111/j.1420-9101.2004.00817.x. 

Bengston, S. E., and Dornhaus, A. (2013). Colony size does not predict foraging distance 

in the ant Temnothorax rugatulus: a puzzle for standard scaling models. Insectes 

Sociaux 60, 93–96. doi:10.1007/s00040-012-0272-4. 

Biro, P. A., and Stamps, J. A. (2008). Are animal personality traits linked to life-history 

productivity? Trends Ecol. Evol. 23, 361–368. doi:10.1016/j.tree.2008.04.003. 

Bourne, G. R., Sammons, A. J., and others (2008). Boldness, aggression and exploration: 

evidence for a behavioural syndrome in male pentamorphic livebearing fish, 

Poecilia parae. AACL Bioflux 1, 39–49. 

Burrows, M. T., and Hughes, R. N. (1991). Optimal Foraging Decisions by Dogwhelks, 

Nucella lapillus (L.): Influences of Mortality Risk and Rate-Constrained 

Digestion. Funct. Ecol. 5, 461–475. doi:10.2307/2389628. 



 60 

Cao, T. T., and Dornhaus, A. (2012). Ants use pheromone markings in emigrations to 

move closer to food-rich areas. Insectes Sociaux 59, 87–92. doi:10.1007/s00040-

011-0192-8. 

Chapman, B. B., Thain, H., Coughlin, J., and Hughes, W. O. H. (2011). Behavioural 

syndromes at multiple scales in Myrmica ants. Anim. Behav. 82, 391–397. 

doi:10.1016/j.anbehav.2011.05.019. 

Cote, J., Clobert, J., Brodin, T., Fogarty, S., and Sih, A. (2010). Personality-dependent 

dispersal: characterization, ontogeny and consequences for spatially structured 

populations. Philos. Trans. R. Soc. B Biol. Sci. 365, 4065–4076. 

doi:10.1098/rstb.2010.0176. 

Crosland, M. W. J. (1990). Variation in ant aggression and kin discrimination ability 

within and between colonies. J. Insect Behav. 3, 359–379. 

doi:10.1007/BF01052114. 

Dall, S. R. X., Bell, A. M., Bolnick, D. I., and Ratnieks, F. L. W. (2012). An evolutionary 

ecology of individual differences. Ecol. Lett. 15, 1189–1198. doi:10.1111/j.1461-

0248.2012.01846.x. 

Davies, N. B., Krebs, J. R., and West, S. A. (2012). An Introduction to Behavioural 

Ecology. John Wiley & Sons. 

Dingemanse, N. J., Wright, J., Kazem, A. J. N., Thomas, D. K., Hickling, R., and 

Dawnay, N. (2007). Behavioural syndromes differ predictably between 12 



 61 

populations of three-spined stickleback. J. Anim. Ecol. 76, 1128–1138. 

doi:10.1111/j.1365-2656.2007.01284.x. 

Dornhaus, A., Holley, J.-A., and Franks, N. R. (2009). Larger colonies do not have more 

specialized workers in the ant Temnothorax albipennis. Behav. Ecol., arp070. 

doi:10.1093/beheco/arp070. 

Endler, J. A. (1995). Multiple-trait coevolution and environmental gradients in guppies. 

Trends Ecol. Evol. 10, 22–29. doi:10.1016/S0169-5347(00)88956-9. 

Figueredo, A. J., Vásquez, G., Brumbach, B. H., Sefcek, J. A., Kirsner, B. R., and Jacobs, 

W. J. (2005). The K-factor: Individual differences in life history strategy. 

Personal. Individ. Differ. 39, 1349–1360. doi:10.1016/j.paid.2005.06.009. 

Franks, N. R., Dornhaus, A., Hitchcock, G., Guillem, R., Hooper, J., and Webb, C. 

(2007). Avoidance of conspecific colonies during nest choice by ants. Anim. 

Behav. 73, 525–534. doi:10.1016/j.anbehav.2006.05.020. 

Giray, T., Guzmán-Novoa, E., Aron, C. W., Zelinsky, B., Fahrbach, S. E., and Robinson, 

G. E. (2000). Genetic variation in worker temporal polyethism and colony 

defensiveness in the honey bee, Apis mellifera. Behav. Ecol. 11, 44–55. 

doi:10.1093/beheco/11.1.44. 

Golet, G. H., Kuletz, K. J., Roby, D. D., and Irons, D. B. (2000). Adult prey choice 

affects chick growth and reproductive success in pigeon guillemots. The Auk 117, 

82–91. doi:10.1642/0004-8038(2000)117[0082:APCACG]2.0.CO;2. 



 62 

Gosling, S. D., and John, O. P. (1999). Personality Dimensions in Nonhuman Animals A 

Cross-Species Review. Curr. Dir. Psychol. Sci. 8, 69–75. doi:10.1111/1467-

8721.00017. 

Guttman, L. (1954). Some necessary conditions for common-factor analysis. 

Psychometrika 19, 149–161. doi:10.1007/BF02289162. 

Hebets, E. A., and Papaj, D. R. (2005). Complex signal function: developing a 

framework of testable hypotheses. Behav. Ecol. Sociobiol. 57, 197–214. 

doi:10.1007/s00265-004-0865-7. 

Hoelzel, A. R., Dorsey, E. M., and Stern, S. J. (1989). The foraging specializations of 

individual minke whales. Anim. Behav. 38, 786–794. doi:10.1016/S0003-

3472(89)80111-3. 

Ings, T. C., Raine, N. E., and Chittka, L. (2009). A population comparison of the strength 

and persistence of innate colour preference and learning speed in the bumblebee 

Bombus terrestris. Behav. Ecol. Sociobiol. 63, 1207–1218. doi:10.1007/s00265-

009-0731-8. 

Jackson, D. A. (1993). Stopping Rules in Principal Components Analysis: A Comparison 

of Heuristical and Statistical Approaches. Ecology 74, 2204–2214. 

doi:10.2307/1939574. 

Jandt, J. M., Bengston, S., Pinter-Wollman, N., Pruitt, J. N., Raine, N. E., Dornhaus, A., 

and Sih, A. (2014). Behavioural syndromes and social insects: personality at 

multiple levels. Biol. Rev. 89, 48–67. doi:10.1111/brv.12042. 



 63 

Jr, T. J. B., and Loehlin, J. C. (2001). Genes, Evolution, and Personality. Behav. Genet. 

31, 243–273. doi:10.1023/A:1012294324713. 

King, J. E., and Figueredo, A. J. (1997). The Five-Factor Model plus Dominance in 

Chimpanzee Personality. J. Res. Personal. 31, 257–271. 

doi:10.1006/jrpe.1997.2179. 

Kohda, M. (1994). Individual specialized foraging repertoires in the piscivorous cichlid 

fish Lepidiolamprologus profundicola. Anim. Behav. 48, 1123–1131. 

doi:10.1006/anbe.1994.1345. 

Kortet, R., and Hedrick, A. (2007). A behavioural syndrome in the field cricket Gryllus 

integer: intrasexual aggression is correlated with activity in a novel environment. 

Biol. J. Linn. Soc. 91, 475–482. doi:10.1111/j.1095-8312.2007.00812.x. 

Linksvayer, T. A. (2006). Direct, Maternal, and Sibsocial Genetic Effects on Individual 

and Colony Traits in an Ant. Evolution 60, 2552–2561. doi:10.1111/j.0014-

3820.2006.tb01889.x. 

MacArthur, R. H., and Wilson, E. O. (1967). The Theory of Island Biogeography. 

Princeton University Press. 

Mattson, D. J., and Reinhart, D. P. (1995). INFLUENCES OF CUTTHROAT TROUT 

(ONCORHYNCHUS CLARKI) ON BEHAVIOUR AND REPRODUCTION OF 

YELLOWSTONE GRIZZLY BEARS (URSUS ARCTOS), 1975-1989. Can. J. 

Zool. 73, 2072–2079. 



 64 

McCrae, R. R., and Costa Jr., P. T. (1997). Personality trait structure as a human 

universal. Am. Psychol. 52, 509–516. doi:10.1037/0003-066X.52.5.509. 

McDOUGALL, W. (1932). Of the Words Character and Personality. J. Pers. 1, 3–16. 

doi:10.1111/j.1467-6494.1932.tb02209.x. 

Müller, U. (1996). Inhibition of Nitric Oxide Synthase Impairs a Distinct Form of Long-

Term Memory in the Honeybee, Apis mellifera. Neuron 16, 541–549. 

doi:10.1016/S0896-6273(00)80073-2. 

Page Jr., R. E., Waddington, K. D., Hunt, G. J., and Kim Fondrk, M. (1995). Genetic 

determinants of honey bee foraging behaviour. Anim. Behav. 50, 1617–1625. 

doi:10.1016/0003-3472(95)80015-8. 

Page, R. E., Fondrk, M. K., and Rueppell, O. (2012). Complex pleiotropy characterizes 

the pollen hoarding syndrome in honey bees (Apis mellifera L.). Behav. Ecol. 

Sociobiol. 66, 1459–1466. doi:10.1007/s00265-012-1400-x. 

Paleolog, J., and others (2009). Behavioural characteristics of honey bee (Apis mellifera) 

colonies containing mix of workers of divergent behavioural traits. Anim. Sci. 

Pap. Rep. 27, 237–248. 

Pamminger, T., Modlmeier, A. P., Suette, S., Pennings, P. S., and Foitzik, S. (2012). 

Raiders from the sky: slavemaker founding queens select for aggressive host 

colonies. Biol. Lett., rsbl20120499. doi:10.1098/rsbl.2012.0499. 



 65 

Partridge, L. W., Partridge, K. A., and Franks, N. R. (1997). Field survey of a 

monogynous leptothoracine ant (Hymenoptera, Formicidae) evidence of seasonal 

polydomy  ? Insectes Sociaux 44, 75–83. doi:10.1007/s000400050031. 

Pearce, A. N., Huang, Z. Y., and Breed, M. D. (2001). Juvenile hormone and aggression 

in honey bees. J. Insect Physiol. 47, 1243–1247. doi:10.1016/S0022-

1910(01)00109-3. 

Pianka, E. R. (1970). On r- and K-Selection. Am. Nat. 104, 592–597. 

Pinter-Wollman, N. (2012). Personality in social insects: How does worker personality 

determine colony personality? Curr. Zool. 58, 579–587. 

Pintor, L. M., Sih, A., and Bauer, M. L. (2008). Differences in aggression, activity and 

boldness between native and introduced populations of an invasive crayfish. 

Oikos 117, 1629–1636. doi:10.1111/j.1600-0706.2008.16578.x. 

Pruitt, J. N. (2013). A real-time eco-evolutionary dead-end strategy is mediated by the 

traits of lineage progenitors and interactions with colony invaders. Ecol. Lett. 16, 

879–886. doi:10.1111/ele.12123. 

Pruitt, J. N. (2012). Behavioural traits of colony founders affect the life history of their 

colonies. Ecol. Lett. 15, 1026–1032. doi:10.1111/j.1461-0248.2012.01825.x. 

Raine, N. E., and Chittka, L. (2008). The correlation of learning speed and natural 

foraging success in bumble-bees. Proc. R. Soc. Lond. B Biol. Sci. 275, 803–808. 

doi:10.1098/rspb.2007.1652. 



 66 

Réale, D., Reader, S. M., Sol, D., McDougall, P. T., and Dingemanse, N. J. (2007). 

Integrating animal temperament within ecology and evolution. Biol. Rev. 82, 291–

318. doi:10.1111/j.1469-185X.2007.00010.x. 

Rueppell, O., Chandra, S. B. C., Pankiw, T., Fondrk, M. K., Beye, M., Hunt, G., and 

Page, R. E. (2006). The Genetic Architecture of Sucrose Responsiveness in the 

Honeybee (Apis mellifera L.). Genetics 172, 243–251. 

doi:10.1534/genetics.105.046490. 

Rueppell, O., and Kirkman, R. W. (2005). Extraordinary starvation resistance in 

Temnothorax rugatulus (Hymenoptera, Formicidae) colonies: Demography and 

adaptive behavior. Insectes Sociaux 52, 282–290. doi:10.1007/s00040-005-0804-

2. 

Sasaki, T., and Pratt, S. C. (2011). Emergence of group rationality from irrational 

individuals. Behav. Ecol. 22, 276–281. doi:10.1093/beheco/arq198. 

Scharf, I., Modlmeier, A. P., Fries, S., Tirard, C., and Foitzik, S. (2012). Characterizing 

the Collective Personality of Ant Societies: Aggressive Colonies Do Not Abandon 

Their Home. PLoS ONE 7, e33314. doi:10.1371/journal.pone.0033314. 

Sih, A., Bell, A., and Johnson, J. C. (2004a). Behavioral syndromes: an ecological and 

evolutionary overview. Trends Ecol. Evol. 19, 372–378. 

doi:10.1016/j.tree.2004.04.009. 

Sih, A., and Bell, A. M. (2008). “Chapter 5 Insights for Behavioral Ecology from 

Behavioral Syndromes,” in Advances in the Study of Behavior, ed. T. J. R., Marc 



 67 

Naguib, Katherine E. Wynne-Edwards, Chris Barnard and John C. Mitani H. Jane 

Brockmann (Academic Press), 227–281. Available at: 

http://www.sciencedirect.com/science/article/pii/S0065345408000053 [Accessed 

April 27, 2015]. 

Sih, A., Bell, A. M., Johnson, J. C., and Ziemba, R. E. (2004b). Behavioral Syndromes: 

An Integrative Overview. Q. Rev. Biol. 79, 241–277. doi:10.1086/422893. 

Stamps, J. A. (2007). Growth-mortality tradeoffs and “personality traits” in animals. 

Ecol. Lett. 10, 355–363. doi:10.1111/j.1461-0248.2007.01034.x. 

Stearns, S. C. (1977). The Evolution of Life History Traits: A Critique of the Theory and 

a Review of the Data. Annu. Rev. Ecol. Syst. 8, 145–171. 

Suarez, A. V., Holway, D. A., Liang, D., Tsutsui, N. D., and Case, T. J. (2002). 

Spatiotemporal patterns of intraspecific aggression in the invasive Argentine ant. 

Anim. Behav. 64, 697–708. doi:10.1006/anbe.2002.4011. 

Sutherland, W. J., and Ens, B. J. (1987). The Criteria Determining the Selection of 

Mussels Mytilus Edulis By Oystercatchers Haematopus Ostralegus. Behaviour 

103, 187–202. doi:10.1163/156853987X00341. 

Weiss, A., King, J. E., and Figueredo, A. J. (2000). The Heritability of Personality 

Factors in Chimpanzees (Pan troglodytes). Behav. Genet. 30, 213–221. 

doi:10.1023/A:1001966224914. 



 68 

Wilson, A. D. M., and Godin, J.-G. J. (2009). Boldness and behavioral syndromes in the 

bluegill sunfish, Lepomis macrochirus. Behav. Ecol., arp018. 

doi:10.1093/beheco/arp018. 

Wray, M. K., Mattila, H. R., and Seeley, T. D. (2011). Collective personalities in 

honeybee colonies are linked to colony fitness. Anim. Behav. 81, 559–568. 

doi:10.1016/j.anbehav.2010.11.027. 

 

 

 

 

 

 

 

  



 69 

APPENDIX C 
Latitudinal variation in behaviors linked to risk-tolerance is driven by nest-site 

competition and spatial distribution in the ant Temnothorax rugatulus 

 

Sarah E. Bengstona*, Anna Dornhausa 

a Department of Ecology and Evolutionary Biology, University of Arizona 

Mailing address: 

Department of Ecology & Evolutionary Biology 

P.O. Box 210088 

Tucson, AZ 85721-0088 

 

*Corresponding author 

Email: bengston@email.arizona.edu 

 

Keywords: Aggression, foraging behavior, environmental effects, local adaptation, 

behavioral syndrome, social insects 

 

Abstract 

 Geographic range has long been noted to be associated with many organismic and 

ecological traits such as body size and species richness. However, much less is known 

about whether and how ecological variation across latitudinal gradients reflect behavioral 

variation. Ant colonies may also show behavioral variation, and Temnothorax rugatulus 

show a colony-level behavioral syndrome that seems to reflect risk-tolerance across their 

North American range. While it is presumed that this pattern is the result of adaptation to 
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local environmental conditions, which ecological factors are driving this variation are 

unknown. Here, we test if colony risk-tolerance is affected by competition, predation, 

resource availability or environmental stress at each site. Our results show that increased 

competition, specifically for nest sites, as well as increased spatial clustering of colonies 

predicts higher risk-tolerance. Additionally, the spatial clustering of colonies influences 

the structure of the risk-taking syndrome, i.e. which colony-level behaviors are correlated 

and how strongly. This emphasizes the need for understanding large-scale geographic 

variation in behavior, as it may explain how ecological factors drive the evolution and 

maintenance of intraspecific behavioral variation across populations.  

Introduction 

Large-scale geographic latitudinal gradients are commonly associated with 

variation in a number of organismic traits. These patterns often reflect adaptive 

intraspecific variation in phenotype (Conover and Schultz, 1995; Angilletta Jr et al., 

2003; Ashton, 2004). For example, most mammals, birds and amphibians are larger at 

higher altitudes while lizards and snakes are larger at lower latitudes (Ashton and 

Feldman, 2003; Ashton, 2004). In eusocial insects, species richness decreases and colony 

size (worker number) increases with increasing latitudes (Kaspari et al., 2004; Kaspari 

and Vargo, 1995). Though morphological variation has been the primary focus, 

behavioral differences have also been reported across latitudinal clines. For example, the 

social structure of the spider Anelosimus studiosus changes from solitary female webs to 

multifemale cooperative webs with increasing latitude (Riechert and Jones, 2008). In 

decorator crabs (Libinia dubia), there is a shift away from chemical defense at higher 

latitudes, which coincides with decreased predation pressure (Stachowicz and Hay, 
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2000). However, compared to morphological traits, behavioral clines across latitudinal 

gradients are relatively understudied.      

 

 In the rock ant Temnothorax rugatulus there is a latitudinal gradient in several 

behavioral traits, which are in turn correlated to one another (Bengston and Dornhaus, 

2014). Across the western United States, colonies show consistent variation in foraging 

distance, foraging effort to different resource types, aggression and activity in response to 

threat. Colonies at more northern latitudes travel farther, respond more aggressively but 

invest less (in terms of the number of ants responding) in each given threat incident or 

resource. Colonies at more southern latitudes deploy more ants to closer resources, are 

more responsive to threat, avoid traveling far distances, and avoid aggressively engaging 

conspecific invaders. Despite this clear pattern, the ecological factors underlying it are 

unknown. Additionally, these behavioral traits are independent of many colony properties 

that are often important to social insect biology, such as colony size, queen number, and 

brood to worker ratio (Bengston and Dornhaus, 2014).  

  

 This correlated suite of behaviors (behavioral syndrome; (Sih et al., 2004) in T. 

rugatulus may reflect variation in risk-tolerance, with risk-tolerance positively correlated 

with increased latitude (Bengston and Dornhaus, 2014). Inter-individual, or inter-colony, 

as in this case, variation in risk-tolerance has been widely noted in animals (Blumstein, 

2006).  Clearly, latitude cannot have a direct effect on behavior and is instead a proxy for 

ecological conditions that may correlate with latitude, but it is not well understood how 

these ecological variables drive behavior. Four hypothetical driving forces can be drawn 
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from the literature. First and perhaps most intuitively, the intensity of predation may 

create local adaptations in behavior (Lima, 1998; Biro et al., 2004). Indeed, stickleback 

populations show differential patterns and consistency of risk-tolerance between 

populations with and without predators (Bell and Stamps, 2004). Similarly, social 

parasitism, where one social group benefits at the expense of another, has been shown to 

affect colony defensive behavior in Temnothorax ants (Pamminger et al., 2012; Jongepier 

et al., 2014), though such social parasitism has not been investigated in T. rugatulus. A 

second hypothesis is that competition for resources may drive the level of risk-tolerance 

(Grand and Dill, 1999). For example, in two ecologically similar species of sympatric 

hermit crab, Clibanarius digueti and Paguristes perrieri, which require similar resources, 

C. digueti consistently showed more aggressive (and perhaps risky) behaviors while 

foraging than P. perrieri. C. digueti also consistently won more competitions against P. 

perrieri in inter-specific interactions (Tran et al., 2014). In Temnothorax longispinosus, 

nest site limitation has been proposed as a potential driver of increased aggression at 

higher population densities (Modlmeier and Foitzik, 2011). Third, the more ephemeral 

the resource (either spatially (Grant and Guha, 1993), or temporally (Bryant and Grant, 

1995), the more aggressive individuals become in attempts to utilize and defend them 

(Goldberg et al., 2001). Fourth, environmental stressors, such as heat and humidity, may 

drive behavior. Perhaps best studied in humans, it has been noted that increasing average 

temperature has been correlated to increased aggressive and violent behaviors since the 

1700’s (reviewed in (Anderson, 2001). A similar pattern has been found in domesticated 

hogs, Sus scrofa domesticus, where increased temperature positively correlated with 

increased aggressive encounters with littermates (McGlone et al., 1987). These four 
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hypothetical driving forces underlying variation in risk-tolerance are not mutually 

exclusive, and may all contribute to the latitudinal gradient found in Temnothorax 

(Bengston and Dornhaus, 2014).   

 

 Ecological factors such as predation, competition, spatial and temporal resource 

variability, and abiotic factors also may interact with one another to generate broader 

evolutionary patterns such as different life history strategies. Biro and Stamps (Biro and 

Stamps, 2008) specifically propose that risk-tolerance levels may be the result of 

variation in life history strategy. Interestingly, life history strategy has been shown to 

vary across a latitudinal gradient in some other cases (Blanckenhorn and Fairbairn, 1995; 

Conover, 1992).  

 

Here, we measure which, if any, of these environmental factors may explain 

variation in risk-tolerance measured in colonies of T. rugatulus ants. We primarily focus 

on predation (measured by large arthropod abundance), competition (measured by 

proportion of nest sites occupied, spatial clustering of colonies), food resource 

availability (measured by leaf litter depth and small/juvenile arthropod abundance), and 

environmental stressors (soil moisture, canopy cover, and nest temperature). 

 

Methods 

Model species 

 Temnothorax rugatulus is a Myrmicine ‘rock ant’. Colonies range in size from 

usually 50 to 400 ants, with some very large colonies reaching 1300 ants (Bengston and 
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Dornhaus, 2013). Generally, this species is found nesting in preformed crevices in rocks 

(Bengston and Dornhaus, 2013; Rüppell et al., 1998). Colonies can overwinter, producing 

new queens and males for several years. In the field, colonies have been observed 

foraging for small arthropods such as Collembola and insect larvae, as well as scavenging 

larger arthropods such as crickets, spiders and beetles (personal observation, SEB). The 

small size of the colonies and the locations of their nests (in cracked or flaking rocks) 

allow for easy collection of the entire colony, including queen and brood. The tolerance 

of many species in the Temnothorax genus for laboratory conditions allows for empirical 

studies in controlled conditions, resulting in this genus being used successfully used in 

behavioural studies in many contexts, meaning well-established methods for empirical 

studies exist (e.g. emigrations (Cao and Dornhaus, 2012); group decision making (Sasaki 

and Pratt, 2013); intra-colony interactions (Dornhaus et al., 2009, 2008)). 

 

Collection sites 

46 colonies were collected and environmental measures were taken during July 2012 

from 12 sites across the North American range of the species (Table 1). Each collection 

site was defined as a 10 m x 10 m plot. There was a minimum of 2 kilometres between 

any two sites. The total latitudinal range covered from the most northern to the most 

southern collection site was approximately 2170 km. These sites included the 7 reported 

in Bengston and Dornhaus (2014), as well as 5 additional collection sites. 

 

Ecological measures 
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Here, we measure which, if any, of these environmental factors may explain 

variation in risk-tolerance measured in colonies of T. rugatulus ants.  

 

Arthropods (Predation, Food resource availability): Two methods were used to search 

for arthropods that may be a source of food, predators, or competitors for T. rugatulus. 

First, the Winkler leaf litter sampling method (Fisher, 1999) was used to measure surface 

arthropods. Three 1 m x 1 m plots chosen randomly were raked together and the leaf litter 

was put into a Winkler trap and left for 12-18 hours. Alcohol filled containers at the 

bottom of each trap preserved any arthropods from the samples.  

 The second method searched for arthropods living at or just below the soil level, 

and thus the most likely to come into contact with T. rugatulus. After the leaf litter had 

been removed for the Winkler traps, the top centimeter of soil was removed from this 1 

m2 plot, and bagged. This sample was then sorted by hand under 10x magnification.  

 In both methods, collected arthropods were sorted into three categories: 

larvae/pupae, potential food sources (e.g. Collembola), potential predators (e.g. 

Camponotus sp.). Each category was then counted, yielding a count for each site.  

 

Proportion of nest sites occupied (Competition): At each collection site, all potential nest 

sites in rocks were counted as occupied or not. A potential nest site was considered as 

any two rocks overlapping one another with at least a 1 mm crevice but smaller than a 1 

cm crevice. Rocks directly against the soil were not included, as T. rugatulus typically 

does not nest in such sites. In one site, a felled log partially decomposed enough to 

contain appropriately sized cavities within the 10 m x 10 m plot. In this instance, no 
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colonies were found and as such it was not included in the count. Potential nest sites were 

searched for by turning over rocks and by breaking apart rocks with cracks. As they 

generally do not excavate their own nest sites, the percentage of unoccupied spaces may 

reflect the amount of nest space competition. 

 

Spatial Clustering (Competition): When a Temnothorax colony was located, a marker 

was placed at the location it was found. After all colonies in a site had been located, for 

every colony, the distance to its nearest neighbor was measured. After returning to the 

lab, colonies were all identified to species and non- T. rugatulus colonies were excluded 

from the behavioral analysis. However, as many Temnothorax species use similar types 

of nest sites, and thus may compete for such sites, all Temnothorax spp. colonies were 

included when determining the number of occupied nest spaces and clustering. The 

amount of clustering was determined by calculating the clustering index by the nearest 

neighbor distance method, in which 1 signifies random distribution in space, a lower 

value indicates clustering and a higher value indicates hyperdispersion (Clark and Evans, 

1954; Dornhaus and Chittka, 2004).  

 

Leaf Litter Depth (Food resource availability): Three random points were selected in 

each plot and the depth from the top of the leaf litter to the soil was measured. The 

average leaf litter depth provides a measure of environmental complexity, and may 

reflect the amount and type of food resources available (e.g. small arthropods).  

 



 77 

Soil Carbon Content (Food resource availability): The samples dried in the soil moisture 

measurement were weighed, then left overnight in a 227°C oven (as per EPA soil carbon 

content ‘loss-on-ignition’ methods, (Schumacher, 2002) and weighed again. This 

temperature releases trapped organic carbon but does not release non-organic carbon such 

as that found in carbonate minerals. The weight difference measures the amount of 

organic material in soil, and thus may give an indication of food resources available to 

ground-living arthropods.  

 

Soil Moisture (Environmental stressor): Three soil samples (excluding leaf litter) of a 

standard volume (6 cm x 6 cm x 3 cm) were taken at every plot and held in air-tight 

containers and frozen until they could be analyzed. Soil moisture is highly dependent 

upon time since last rainfall, which could not be controlled for. However, it had not 

rained for a minimum of 5 days before soil samples were collected, minimizing the effect 

of recent precipitation. Samples were weighed before and after being placed in an oven at 

105° C for 5 hours. This process allows for a measure of soil water content (Kelley et al., 

1946). 

 

Canopy Cover (Environmental stressor): For each 100 m2 plot, we counted the number of 

1 m2 sections that were more than half shaded to determine the percentage canopy cover 

for the plot.  Thus, the plot could be between 0-100% shade, and 40% shade indicated 

that 40 m2 were mostly shaded. Canopy cover was measured between 11:00 and 13:00 to 

standardize the effect of sun angle.   
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Internal and external nest temperature (Environmental stressor): Using a Mastercool 

infrared laser thermometer, both the external rock temperature and the internal nest 

temperature were measured for every colony collected. External temperature was 

measured on the exposed surface of the rock closest to the nest entrance. Internal 

temperate was taken on the rock forming the wall of the nest immediately upon exposure. 

If colonies are persistently heat or cold stressed this may affect the metabolic 

requirements, as well as changing the colonies’ need or ability to procure resources.  

Determining risk-tolerance 

  To see how these ecological traits relate to risk-tolerance, the behavioral 

phenotype of colonies was established. As detailed in Bengston and Dornhaus (Bengston 

and Dornhaus, 2014), each colony collected at each of the sites was tested for activity 

level, response to threat, aggression level, foraging distance, and response to both novel 

and familiar resources. (1) Activity level uses an optic flow algorithm developed by Hoan 

Nguyen and Min Shin (University of North Carolina, Charlotte) to measure the amount of 

pixel movement over a 5 minute interval per adult ant within colonies when not perturbed 

or otherwise a specific stimuli. Colonies were filmed between 12:00 – 16:00 at 30 

frame/second with a Nikon D700 and a Nikon AF-S Micro-Nikkor 60mm f/2.8G lens. (2) 

Response to threat uses the same optic flow algorithm to measure movement per adult ant 

in a colony after a conspecific intruder is introduced to the colony. It is reported as the 

proportional change in movement per ant after an intruder is introduced compared to the 

activity level assay. (3) Because movement in response to threat may reflect both 

aggressive and passive behaviors, the aggression assay quantitatively scores the behavior 

of workers within the colony after the introduction of an intruder. Behaviors range from 
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passive crouching and fleeing the nest to aggressive biting, stinging and pinning down the 

intruder. (4) Foraging distance was measured in the field, tracking the farthest point 

foragers traveled after leaving the nest before returning to the colony. (5) Response to 

familiar resource was measured as the number of workers exploiting the standard 

laboratory diet (freeze killed cockroaches, fruit flies, springtails, and honey solution) 90 

minutes after it was made available to the colony. Response to novel resources was 

measured in the same way, but with the standard diet replaced with unfamiliar food items 

(canned tuna and applesauce).   

 It was found that response to threat, aggression level, foraging distance and 

foraging for novel and familiar resources formed a behavioral syndrome, i.e. correlated 

with each other. The data was then uniformly scaled (so no one variable was overly 

contributing) by dividing each score for every assay by the overall mean value for that 

assay. A principal component analysis (PCA) of the scaled data was used to establish a 

behavioral type score for each colony by calculating its loading in the first principal 

component (PC1) of the syndrome. A high score indicated that a colony showed an 

increased foraging effort and response to threat and a decreased level of aggression and 

shorter foraging distances, a set of traits consistent with low risk tolerance. A low score 

indicated lower foraging effort, but with longer foraging distances and higher levels of 

aggression. These colonies contain 18 of the same colonies as Bengston & Dornhaus 

(2014) and an additional 28 new colonies.  

Statistical analysis 

  We used a Kruskal- Wallis test to confirm that there was between-site variation 

in behavioral phenotype score (using each colony’s score as a data point).  
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We calculated the correlation between latitude and the behavioral phenotype of all the 

colonies to confirm there was variation across a latitudinal gradient.  

To test what ecological factors affect behavioral type, we again used each colony as a 

data point with its behavioral phenotype score (see above) as a response variable and the 

site-specific environmental measures as predictor variables. For the ecological traits that 

have multiple measures, e.g. leaf litter depth, the average value per site was used. We 

first performed a stepwise model selection test (both forwards and backwards) to 

calculate the model with the highest Akaike's information criterion (AIC). This allowed 

us to remove predictor variables that were the least informative (Derksen and Keselman, 

1992). A stepwise GLM was then used to assess which, if any, of the remaining 

ecological factors predict the behavioral phenotype of colonies.  We then used a 

Pearson’s correlation to assess if any of these environmental variables correlated with 

latitude. 

 Next we examined how ecological factors influence the syndrome structure, i.e., 

which behaviors were correlated and how strongly. First, a PCA was performed on the 

behavioral traits in the risk-taking syndrome separately for each site (yielding 12 separate 

PCAs). We then calculated the loadings of each behavioral trait on the significant 

principal component, giving us a measure of how much variation in colony behavior is 

explained by each. Next, we used a series of separate stepwise GLMs where the loading 

of each behavioral trait was the response variable and each ecological trait found to be 

predictive in the stepwise model selection assay was included as a predictive variable. 

Meaning, for example, one GLM was formed to test if the loadings of aggression at each 
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site were predicted by the ecological traits. Another GLM used the loadings of response 

to threat, etc 

 All statistical analysis was done with R version 2.12.1 with the Rstudio interface, 

using the ‘MASS’ and ‘stats’ packages.  

 

Results 

 The ecological traits, including mean values and standard deviations, are 

summarized in Table 1.  

 Sites varied significantly in the colony behavioral type score (Kruskal-Wallis P = 

0.0071). Additionally, latitude and risk-taking phenotype score were significantly 

negatively correlated; meaning colonies at more northern latitudes were more risk-

tolerant than colonies at more southern latitudes (P = 0.0002, R2 = 0.6210, n = 46 

colonies, which confirms the pattern reported in Bengston & Dornhaus (2014). 

Ecological factors affecting risk-tolerance 

  The stepwise model selection test eliminated several variables; leaf litter depth, 

canopy cover, temperature difference, arthropods- predatory, food and larvae/pupa- in 

both the Winkler trap and soil, soil moisture, and soil carbon. The remaining model, with 

behavioral phenotype scores predicted by the percentage of nest spaces occupied and the 

clustering index had an AIC score of 49.211. A new GLM with the percentage of nest 

spaces occupied and the clustering index as the predicating variables and the behavioral 

score as the response variable confirmed that both variables were significant predictors 

(nest space competition P > 0.0001, spatial clustering P = 0.0481; df = 45; Figure 1). As 

either competition or clustering increased, colonies became more risk tolerant. 
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Table 1: Collection sites. A summary of the collection site locations as well as the 
mean value and standard deviation of the ecological traits measured overall at each 
site.  Both arthropod measures are broken down by the categories food (F), potential 
predators or competitors (P) and otherwise unidentified larvae and pupa (LP).  
 



 83 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Competition for nest space and the clustering index predicts behavioral 
type. In each row on the Y-axis, the response to a behavioral assay for colonies is 
summarized, with each box representing a site. The X-axis shows the sites 
measured, ordered according to the proportion of nest spaces occupied, as well as 
the clustering index for that site. Colonies with lower behavioral type scores 
(lower foraging effort, longer foraging distances and higher levels of aggression) 
were found in sites that had a higher percentage of occupied nest spaces.  
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 We compared both of these predictive variables against latitude to assess if they 

also varied across latitude. Competition was highly positively correlated with latitude (P 

= 0.0006, R2 = 0.7115, df = 11) while clustering index was not (P = 0.0135, R2 = 0.2093, 

df = 11). 

 

Ecological effect on behavioral syndrome structure 

 The structure of the syndrome generally stays similar across all sites (Figure 2).  

 

 For all of the sites, the first principal component (PC1) was the only significant 

component (Kaiser-Guttman stopping rule where only components with an eigenvalue 

greater than the mean are accepted, (Guttman, 1954; Jackson, 1993). Therefore we used 

the PC1 loading of each behavioral trait as the response variable in a series of GLMs to 

Figure 2: Behavioral 
syndrome structure at each 
site. The relationships 
between foraging distance 
(FD), response to threat 
(RT), response to a familiar 
resource (RF), response to 
a novel resource (RN) and 
aggression (Ag) were 
similar across all 12 sites. 
A lower clustering index 
(CI) indicates colonies are 
more closely clustered 
within the site (see text).  
 

CI = 1.008 CI = 0.821  

CI = 0.709  CI = 0.688 

CI = 0.625  CI = 0.992  

CI = 0.843 CI = 0.552  

CI = 0.542 

CI = 0.411  

CI = 0.790  

CI = 0.118 

Ag FD 

FR NR 
RT Ag 

FD 

FR 
NR 

RT 
FD 

   FR 
NR 

RT 

Ag 
FD 

FR 

NR 

RT 
Ag 

FD 

FR 

NR 

RT Ag 
FD 

FR 
NR 

Ag 

FD 

FR 
NR 

RT 

Ag 
FR 

NR 

RT 
Ag 

FD 

FR 
NR 

RT 

Ag 

FD 

FR 

NR 

RT 
Ag 

FD 

FR 
NR 

RT 
Ag 

FD 

FR 
NR 

RT 

FD 

 RD 

Ag 

Co
m
po

ne
nt
(2
(

Component(1(



 85 

test if it is predicted by any of the environmental variables. The only significant predictor 

of any behavioral trait loading was the effect of clustering on aggression (GLM P = 

0.0007, df = 11, all other P > 0.05, Figure 2), which were were negatively related. As a 

lower colony clustering coefficient indicates a higher level of clustering (Clark and 

Evans, 1954), this means that as clustering increases, aggression explains more of the 

variation within the syndrome.  

Discussion 

 In this study we tested four hypotheses about which types of ecological factors 

may drive the evolution of risk-tolerance in ant colonies: predation, competition, food 

resource abundance, and environmental stressors. We found that competition, as reflected 

both through the percentage of nest sites occupied and the spatial clustering of colonies, 

predicts risk-tolerance. As competition increased, then so did the risk-tolerance of 

colonies. As competition for nest sites correlates with latitude, this most likely explains 

the latitudinal gradient seen here and in Bengston & Dornhaus (2014). We also find that 

spatial clustering additionally affects phenotype, though it does not vary in a consistent 

way across latitudes. Predation, food resource availability and environmental stress did 

not predict colony risk-tolerance. Additionally, we found how densely clustered colonies 

are correlates to the amount of variation within the syndrome explained by aggression. In 

other words, in highly clustered sites, aggression explains more of the variation among 

colonies compared to sites with more evenly spaced colonies. 

 Competition can come in many forms. We differentiate competition (the amount 

of either food or nest spaces available per ant colony) from resource abundance. This is a 

necessary distinction. Even in the absence of competition, starvation due to ephemeral or 
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patchy resources may alter behavior (Croy and Hughes, 1991; Inger et al., 2006); on the 

other hand, even with abundant resources, competition may be intense in dense 

populations. Here, we found nest site competition to be an important factor in shaping 

colony behavior; colonies in high levels of competition for nest sites show more risk-

tolerance. This suggests ecological conditions affect the maintenance of behavioral 

variation between colonies. A similar pattern was shown by Modlmeier and Foitzik 

(Modlmeier and Foitzik, 2011), who found that average colony aggressiveness in 

Temnothorax longispinosus increased with higher population density (more neighbors, 

which may be similar to our clustering index measure). 

  Given this, it is likely that nest site competition is a strong selective factor for 

many Temnothorax spp. behavior as a result of their specific ecology. Many species do 

not excavate their own nests, and are instead completely dependent upon pre-formed nest 

sites (Partridge et al., 1997; Foitzik and Heinze, 1998; Bengston and Dornhaus, 2014). If 

a colony is evicted or cannot find an open nest site, desiccation or predation (which pose 

significant challenges for many ant species; (Gordon, 2013; Holway, 1998; Hood and 

Tschinkel, 1990; Pinter-Wollman et al., 2012) may result in colony death. Additionally, 

T. rugatulus is exceptionally starvation resistant (Rueppell and Kirkman, 2005). This may 

provide a buffer for colonies both when food is scarce as well as when it is too hot or dry 

to forage (as seen in harvester ants; (Gordon, 2013; Pinter-Wollman et al., 2012). As a 

result, this could decrease the selective pressures of both resource availability and 

environmental stress on behavior.   

 Additionally, we have found a significant effect of colony clustering on the risk-

taking syndrome, with colonies increasing risk-tolerance as they become more spatially 
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clustered. This may reflect a colonies need to increase their foraging range to decrease 

the competition associated with high clustering, or reflect an increased importance on 

aggressive responses to conspecific invasion. This is particularly interesting, given the 

potential association between spatial clustering and aggression, discussed blow. Because 

one strategy of Temnothorax reproduction is budding, where a new queen disperses with 

a subset of the workers (Howard, 2006), this may suggest that budding colonies do not 

necessarily close neighbors to their parental colony. If colonies were close to their 

relatives, we would then anticipate a decreased aggressive response to colonies close by. 

However, little is known about the natural dispersal or relatedness of Temnothorax 

colonies (but see (Rüppell et al., 2003), meaning more research is necessary to 

understand the importance of colony clustering and what traits in the behavioral 

syndrome are most influential.  

Here, the risk-tolerance of a colony is a measure reflecting a suite of correlated 

traits, also known as a behavioral syndrome (Sih et al., 2004). Specifically, this syndrome 

shows a correlation between foraging distance, foraging effort to both novel and familiar 

resources, aggression and the response to threat (Bengston and Dornhaus, 2014). 

Syndromes essentially describe behavioral variation using a single behavioral axis (Sih et 

al., 2004; Jandt et al., 2014; Bengston and Dornhaus, 2014). This single measure of a 

linked set of behaviors may be more driven by one behavioral trait within the syndrome 

than others. Here, we have demonstrated that in areas of higher spatial clustering, 

aggression is a stronger driver of colony phenotype. While it is not clear what this pattern 

means, it does suggest that more complicated processes underlie behavioral type. This 

also provides evidence that behavioral syndromes can change in their structure between 
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populations, evidence perhaps that the link between these behaviors is not fixed as a 

result of constraint (Bengston and Jandt, 2014). A similar phenomenon has been seen in 

both stickleback fish (Gasterosteus aculeatus, (Bell and Stamps, 2004) and red-kneed 

tarantulas (Brachypelma smithi, (Bengston et al., 2014), where the presence of specific 

environmental cues can trigger the formation of correlations between specific, consistent 

behavioral traits. Together, these results suggest further emphasis should be placed on 

understanding both the development of behavioral syndromes and the role of local 

environment.  

The interplay between behavior and the environment is critical to behavioral 

ecologists. Both behavioral plasticity in response to environmental change and long-term 

selection resulting in local adaptation have significant evolutionary consequences 

(Cousyn et al., 2001; Dingemanse et al., 2010; Relyea, 2001; Scheiner, 1993; West-

Eberhard, 1989). While this has been shown consistently both in the lab, as well as in the 

field, our understanding of how behavior varies across large geographic ranges is limited. 

As such, an increased sampling effort of behavior across larger ranges may reveal similar 

patterns as are seen in morphology. For example, Drosophila melanogaster show a 

latitudinal cline in the gene period, which is associated with both circadian and ultradian 

rhythms (Costa et al., 1992). This is suspected to be as the result of thermal selection, 

though the mechanism by which this occurs is not clear (Sawyer et al., 2006). 

Understanding large-scale behavioral variation is a promising avenue of future research 

as, in turn, it can better inform hypotheses about the driving factors in natural behavioral 

variation.  
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APPENDIX D 

Colony-level response to threat variation is driven by local adaptation rather than 

phenotypic plasticity in Temnthorax rugatulus ants. 
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Abstract 

 Variation in behavior between populations is likely the results of either local 

adaptation or phenotypic plasticity. Differentiating between the two in the field is a 

difficult task, though it is an important step in understanding the evolution and 

maintenance of behavioral variation. Temnothorax rugatulus colonies have been shown 



 100 

to differ across populations in a suite of behaviors, including in their response to threat. 

This variation correlates with competition for nest sites and the spatial clustering of 

colonies across sites.  To investigate if colonies are locally adapted to these 

environmental variables or if they are instead plastically responding to them, we used a 

cross-fostering experiment in a ‘common garden’. All brood were produced in the lab, 

and brood from the focal colonies was removed and replaced with brood from donor 

colonies. After 6 months, colonies that had more donor brood emerge were less similar to 

the original, host colony. This suggests variation in response to threat is at least partially 

the result of broad sense heritability (e.g. genes, maternal effects, etc.), though 

phenotypic plasticity in response to environmental conditions may still be present.     

Introduction 

 Variation between individuals within a species is common, especially over large 

geographic ranges (Roff, 1992). This variation is generally attributed to differences in the 

quality or availability of resources, differences in abiotic conditions or biotic interactions 

(Reznick, 1995; Sultan, 2001). This variation is generally either attributed to phenotypic 

plasticity, i.e. the ability of a single genotype to produce multiple morphological, 

physiological (West-Eberhard, 1989), or behavioral phenotypes in response to different 

environmental conditions, or it is attributed to local adaptation of genotypes to the 

specific set of environmental conditions at a given site (Conover and Schultz, 1995; Sears 

and Angilletta, 2003). While differentiating between the two can be challenging, it is 

highly informative in understanding the how and why variation is maintained within a 

species. 
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 Phenotypic plasticity is perhaps one of the best-documented phenomena in 

evolutionary biology. The phenomenon is generally thought to evolve when the 

environment may fluctuate through discrete sets of conditions (e.g. spring vs. summer 

morphs of Nemoria arizonaria caterpillars; Greene, 1989). Though phenotypic changes 

can occur after maturity (e.g. phenotypically plastic castes in Polistes wasps; Smith et al., 

2008; Hunt et al., 2011; Jandt et al., 2014), understanding the role of conditions during 

development is the most common paradigm for understanding how phenotypic 

differences develop. In social insects, for example, the larval diet and exposure to 

juvenile hormone (JH) are key contributors to queen-worker (Robinson et al., 1991) as 

well as within worker polymorphism (Wheeler, 1991; Evans and Wheeler, 2000).  

 Local adaptation is more commonly reflective of divergent evolution due to 

differential selective pressure between different environments, or habitats (Kawecki and 

Ebert, 2004), when sufficient genetic isolation exists. For example, between populations 

of Salmonidic fish there are significant morphological changes in body size and jaw 

shape in response to the food resources available. Species closely evolved with other 

species can also show significant co-evolution and resulting local adaptation. For 

example, many parasite species evolve more quickly than their hosts, resulting in 

significant local adaptation to specific host populations. This is seen in Crithidia bombi, 

an internal parasite of bumblebees (Bombus terrestris). In co-infection experiments, there 

was differential mortality in hosts when infected by sympatric vs. allopatric parasites 

associated with between population genetic variation of the parasites (Imhoof and 

Schmid-Hempel, 1998). 
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 The social group has been shown to play a key role in the development of 

individuals, including consistent between individual differences in behavior – sometimes 

called animal personality (Bengston and Jandt, 2014; Jandt et al., 2014a). In social 

insects, the behavior of individuals within the group can produce emergent, colony-level 

collective personalities (Pamminger et al., 2011; Modlmeier and Foitzik, 2011; Bengston 

and Dornhaus, 2014). This means that collective personality can both impact and be 

impacted by behavioral plasticity within the group. In brown rock ants, Temnothorax 

rugatulus, there is consistent between-colony variation in how they respond to the threat 

of invasion (presence of a conspecific in the nest; Bengston and Dornhaus, 2014). Some 

colonies increase their activity dramatically while others remain relatively unchanged. 

These between-colony differences are consistent through time. These between-colony 

differences carry across populations over the United States range (Washington state to 

southern Arizona), meaning some populations tend to be more responsive to threat than 

others (Bengston and Dornhaus, 2014; Bengston & Dornhaus, accepted). Interestingly, 

these differences correlate with specific environmental variables: competition for nest 

sites and spatial clustering (Bengston & Dornhaus, accepted). T. rugatulus ants cannot 

excavate their own nest sites and are dependent upon preformed crevices in rocks 

(Bengston and Dornhaus, 2013; Partridge et al., 1997). As such, populations are limited 

by the availability of these crevices and the amount of competition increases at higher 

population numbers or decreased nest site availability (Foitzik and Heinze, 1998). 

Colonies are more responsive to risk when competition is low or colonies are more 

spatially distributed (meaning, not clustered together, Bengston & Dornhaus, accepted).  
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 Colony-level variation in response to threat may be the result of phenotypic 

plasticity or local adaptation. Colonies may be able to plastically adjust their behavior in 

response to local conditions; especially if the queen experiences high or levels of 

competition for a nest site after mating, or depending upon the proximity of neighboring 

colonies the early cohorts of workers encounter (Modlmeier et al., 2014; Bengston and 

Jandt, 2014). Alternatively, if competition for nest sites and the spatial clustering of nests 

is typical for each habitat, and sufficient genetic isolation exists, behavioral variation may 

instead be the result of local adaptation. Here, we test these two hypotheses using a cross-

fostering experiment in a common environment. Common-environment experiments are a 

useful tool to determine genetic (local adaptation) vs. environmental (phenotypic 

plasticity) sources of variation observed in natural populations (Conover and Schultz, 

1995). In focal colonies, all brood were removed and replaced with brood from a donor 

colony. After the new brood emerge, if these mixed colonies are more similar to the 

donor colony, or are an intermediate form between the host focal colony and the donor 

colony, this supports the hypothesis that variation is at least in part the result of local 

adaptation, meaning that the behavioral type of colonies is in part heritable. If mixed 

colonies are more similar to the host colonies, this would suggests that the colony’s 

behavioral type is mostly determined by the individuals’ social environment. If all 

colonies shift in a particular way, independent of either the phenotype of either the focal 

colony or the donor colony, this suggests colonies are responding plastically to their 

external environment (the common garden).   

 

Methods 
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Model system: The ant species Temnothorax rugatulus colonizes areas in pine and juniper 

forests from northern Mexico through the western United States, and north to southwest 

Canada. Colonies typically range in size from 50 to 400 ants (Bengston and Dornhaus, 

2013). These colony sizes and nesting habits allow for collection of entire colonies, 

including queen and brood, without need for extensive excavation.  

 

Colony collection: Colonies were collected from 4 sites in the western United States in 

June 2013 (see Supplemental Material for summary of collection sites). Colonies were 

established in artificial nests, constructed of rectangular piece of cardboard with a nest 

chamber cut out, sandwiched between two glass microscope slides. The nest chamber 

was covered with an additional piece of cardboard to provide darkness unless colonies 

were under direct observation. Colonies were fed a modified Bhatkar diet (1 part egg 

yolk to 1 part raw honey, and multivitamin powder mixed in 5 parts warm water with 

enough agar powder to form a soft solid (Bhatkar et al., 1970), which was replaced 

weekly. Additionally, colonies had ad libitum access to water. 

 

Brood removal: Because environmental differences in the field may affect the early 

ontogeny of individuals (e.g. larval nutrition status may vary between populations 

depending upon resource availability, resulting in different phenotypes), all brood present 

at the time of collection was removed. This means all brood used in this study was 

produced and raised in a common environment, with the parental colony being the only 

source of variation. After 4 months, eggs and larva were present in all colonies.   
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Measuring response to threat: After eggs and larva were present in the colonies, their 

response to threat was assessed. First, colony activity level was measured in the absence  

of any other stimulus. The cardboard cover was removed 1 hour prior to the assay to 

allow colonies to acclimate to the light. Colonies were filmed for 5 minutes between 

12:00 – 16:00 at 8 frame/second. With these videos, we computed the motion of ants  

between two frames using an optic flow algorithm. Optical flow is computed based on 

the assumption that items remain the same color from one frame to the next and move 

  
Focal Colony 

  
Donor Colony 

 

Mixed 
colony 

 
Worker # Brood # 

Brood : 
Worker Worker # Brood # 

Brood : 
Worker 

Brood : 
Worker 

1 38 58 1.53 48 55 1.15 1.45 
2 45 61 1.36 87 45 0.94 1.00 
3 55 112 2.04 75 100 2.08 1.82 
4 78 60 0.77 61 54 1.13 0.69 
5 21 68 3.24 40 55 1.15 2.62 
6 189 50 0.26 207 48 1.00 0.25 
7 163 41 0.25 151 30 0.63 0.18 
8 177 26 0.15 189 24 0.50 0.14 
9 234 197 0.84 271 202 4.21 0.86 
10 136 61 0.45 111 53 1.10 0.39 
11 172 147 0.85 215 112 2.33 0.65 
12 89 109 1.22 97 92 1.92 1.03 

Table 1: The worker number, brood number and worker to brood ratio of the focal, 
host colonies and the donor colonies before the brood exchange. The mixed colony 
column shows the brood to worker ratio of the focal colony workers mixed with the 
donor colonies’ brood. 
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relatively small distances between frames. Motion between two frames is represented as a 

velocity at each pixel location – the optic flow field. The Horn-Schunck method, which  

adds a smoothness constraint to the preceding assumptions, and states that adjacent pixels 

should move together as much as possible, was used. The general algorithm is as follows: 

Calculate the spatial-temporal derivative between a pair of frames. Using these 

derivatives and adhering to the preceding constraints, the algorithm iteratively tries to 

minimize a global energy function, which results in the final optical flow field.  The optic 

flow field was computed for every frame (by comparing to its subsequent frame) and the 

percentage of pixel movement was calculated.  

The colonies were then censused, and adult ants and the number of brood were counted. 

The percentage of pixel movement was then divided by the number of adult ants. This, 

then, gave us an average percentage pixel movement per ant measure, reflecting the level 

of activity in an undisturbed colony. 

 Next, a live conspecific ant was introduced with forceps about 1cm into the nest. 

All these ‘invaders’ came from the same colony, from a population not represented by 

any of the focal colonies. Immediately after the introduction of the ’invader’, colonies 

were filmed for another 5 minutes and again a percentage of pixel movement per ant 

value was calculated. The response to threat was then recorded as the amount of 

movement after the introduction of an invader minus the undisturbed activity level.  

Brood exchange: The brood to worker ratio was calculated for each colony, and then 12 

focal colonies were paired with donor colonies that had similar brood to worker ratios. 

This was important, as significant changes in energetic demands (such as those created by 

increased an increased brood to worker ratio) can result in behavioral  
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changes (Blumstein, 2006; Kilpatrick, 2003). A summary of the focal colony and donor  

colony size and brood ratio before and after the transfer is summarized in Table 1. 

 Once colonies were paired, both the focal and donor colony were chilled at 2° C 

for 5 minutes prior to brood transfer. This decreased the movement of adult ants 

temporarily, making them easier to remove. After colonies were removed from the 

refrigerator, both colonies were opened. Using flexible forceps and a fine paintbrush, all 

adult workers were removed from both colonies and separately set aside. Then, all brood 

from the focal colony were removed and replaced with the brood from donor colony. The 

donor brood was placed in the center of the focal colony nest, and the original slides 

returned to the focal colony. After all brood was transferred, the adult ants were returned 

to the focal colony.  

 Colonies were then maintained in standard laboratory conditions for 6 months, 

allowing for brood to emerge. Callow ants, or newly emerged workers, were observed in 

all 12 focal colonies, meaning donor workers emerged successfully in all colonies. At the 

end of 6 months, colonies were censused again and the response to threat assay was 

repeated.  

 

Results:  

 The average per ant response to threat of the focal host colony, its paired donor 

colony and the resulting mixed colony (after 6 months) is summarized in Figure 1. 
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 There was no significant difference in the per-ant response to threat in the host 

colony and the mixed colony (paired t-test with a Bonferroni correction, P = 0.214), or 

between the mixed colonies and the donor colony (P = 0.410).   

 However, the amount of change in response to threat observed between the host 

colonies and the mixed colonies is directly related to number of donor colony workers 

that emerged. To account for this, we subtracted the number of workers in the host 

colony from the number of ants in the mixed colonies at the end of six months. This 

provides a proportion of donor colony workers in the mixed colony, assuming that no 

workers from the host colony died. This then is a very conservative estimate of how 

mixed colonies are. We then calculated a Pearson’s correlation coefficient between the 

proportion of donor workers in the mixed colony and the absolute value of the change in 

response to threat between the host and the mixed colony (mixed colony response to 

threat – host colony response to threat).  These were significantly positively correlated to  

each other (P = 0.0230, R2 = 0.4173, df = 10, Figure 2).  

 

Figure 1: Bars represent the response to threat, measured as the average percent of 
pixel change between frames per worker. Black bars represent the focal host 
colony, light grey bars represent the colony, which donated brood to the focal 
colony, and the medium grey bars represent the mixed colony after 6 months 
(during which donor brood emerged).   
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Discussion: 	  
 Here, we have tested if variation in response to threat in Temnothorax rugatulus 

ants is the result of local adaptation to different environmental or social conditions or due 

to phenotypic plasticity. Our results support the local adaptation hypothesis; mixed 

colonies with a higher percentage of workers from a donor colony are more different in 

behavior than colonies who have fewer workers from the donor colony. This suggests 

there are intrinsic components to a workers behavior, perhaps due to genetic variation or 

maternal effects. However, we are unable to reject the hypothesis that phenotypic 

plasticity may also play a role in colony phenotype. While colonies with more emerged 

workers were more different from the focal host colony than those that had fewer 

Figure 2: Mixed colonies with a higher proportion of donor workers showed a 
greater change from the host colony in their response to threat (P = 0.0230, R2 = 
0.4173, df = 10). 
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emerged workers, there was also no clear pattern in directionality. Meaning, phenotypic 

plasticity both in response to the local environment (e.g. nest space competition which 

was equal across all colonies) as well as to the social environment may additionally be 

driving colony behavior.  

 Response to threat has been shown to be part of a correlated suite of behavioral 

traits reflecting risk-tolerance (behavioral syndrome; Sih et al., 2004a; Bengston and 

Dornhaus, 2014). Interestingly, there have been an increasing number of studies showing 

that behavioral phenotype of individuals is determined by their rearing environment (e.g. 

Bell and Sih, 2007; Bengston et al., 2014; Stamps and Groothuis, 2010; Niemelä and 

Dingemanse, 2014). However, this study is a clear reminder that behavioral variation can 

also be the long-term result of differing natural selection across populations. 

Additionally, because this study focuses on colony-level traits, it raises the question of 

how collective behavioral syndromes arise. Is colony behavior in response to threat, or 

more generally risk-taking behavior, because of a few highly influential (keystone) 

individuals? Indeed, a keystone individuals have been shown to drive the overall 

response of social groups to a variety of contexts (Modlmeier et al., 2014). Increased 

response to threat, for example, may be the result of several highly active individuals, so 

it is certainly not the case that colonies must have more responsive individuals on 

average. However, how response to activity is actually distributed within the colony is 

unknown.  

 Support for local adaptation of behavioral phenotype suggests either genetic or 

maternal effects at least partly explain between-colony behavioral variation. Generally, 

little is known about the genetic architecture of behavioral syndromes. Polymorphisms at 
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pleiotropic genes are often invoked as an explanation for correlated behaviors, though 

few candidate genes have been identified. One exception are the melacortin genes in 

mammals, which are tied to both black and brown coloration as well as behavioral traits 

such as aggression (Ducrest et al., 2008). Additionally, genes underlying wide-reaching 

endocrine processes (such as those responsible for the production of testosterone, 

seretonin or stress hormones - such as cortisol) are associated with significant between 

individual differences in morphology, physiology and behavior (Romero et al., 1998; Bell 

et al., 2007). By far, the most resolved genetic architecture underlying a behavioral 

syndrome is associated with pollen hoarding in honey bees (Apis mellifera). During a 

long term selection study, independent polymorphisms at several quantitative trait loci 

(pln1, pln2, pln3 and pln4) were associated with variation in the amount of pollen stored 

by colonies (Hunt et al., 1995; Rüppell et al., 2004; Page and Fondrk, 1995). However, 

these QTL’s are also associated with correlated patterns of activity, defensive behavior, 

ovary size, sensory perception, age of first foraging and a variety of other traits (Jr et al., 

2012). This further emphasizes the importance of investigating the genetic architecture 

underlying “behavioral” syndromes, which may indeed also be linked with 

morphological and physiological traits (Rueppell, 2013). 

 These results additionally support the recent appeal to behavioral ecologists to 

understand the natural history, social and local environment of their focal species. 

Behavioral syndrome researchers often focus on syndromes or personality traits that are 

determined by an a priori expectation of what is most commonly described, particularly 

boldness, aggression and exploratory behavior (Bengston and Dornhaus, 2014; Wolf et 

al., 2007; Niemelä and Dingemanse, 2014). This, then, results in a study bias, where the 
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only traits measured are the ones most commonly described. However, the presence of 

local adaptation in behavior supports the need to consider ecologically relevant 

behaviors, as well as sample across a variety of populations especially across geographic 

ranges. This would promote true understanding in what drives behavioral variation 

between individuals as a result of evolution and natural selection.  
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Abstract 

 Despite the abundance of animal personality and behavioral syndrome research, 

there is a paucity of explanations for why trait correlations exist. One promising avenue 

of discovery is the energetics of behavior – does the way in which individuals allocate 

energy towards somatic maintenance and reproduction drive behavioral trait correlation 

(e.g. behavioral syndromes)? Does life-history strategy variation drive differences in risk-

tolerance, thus explaining the nearly ubiquitously described patterns of variation in 

‘boldness’, aggression and exploratory behavior between individuals? 

 Here, we measure allocation between somatic effort (growth rate and proportion 

of the total ants produced that are workers) and reproductive effort (proportion of the 

total number of ants produced that are males and virgin females) in Temnothorax 

rugatulus ants. Comparing sterile workers to reproductive alates provides a direct 

measure of how colonies are investing their energy, as compared to a unitary organism. 

Additionally, T. rugatulus is known to vary in a behavioral syndrome that reflects risk-

taking behavior.  

 We show that behavioral type is associated with differences in growth rate, the 

production of reproductive alates (winged virgin queens and males) and sterile workers. 

Risk-tolerant colonies grow fast and produce proportionally more reproductive alates 

than workers during their reproductive phase than risk-averse colonies. This provides one 

piece of evidence suggesting that behavioural syndromes are the necessary consequence 



 120 

of life-history strategy variation, potentially linking the two fields. As life-history theory 

is well defined, this would provide a true advancement in the field of behavioural 

syndrome research.    

 

Introduction 

  Energetic constraints are well documented to dictate an animal’s behavior; for 

instance starvation determines the willingness to return to foraging after fleeing a 

predator (Blumstein, 2006), and increased energy demands due to decreasing temperature 

influence the likelihood of staying in a patch (Kilpatrick, 2003). To date, the majority of 

the work investigating the energetics of behavior has focused on within-individual 

behavioral fluctuations (Mathot & Dingemanse, 2015). Recently, however, there has been 

a push to integrate life history strategy traits, sometimes called “pace-of-life” traits, such 

as variability in resting metabolic rate (RMR) (Le Galliard et al., 2013), basal metabolic 

rate (BMR) (Mathot and Dingemanse), daily energy expenditure (DEE) (Careau et al., 

2015) and age of first reproduction (Gaillard et al., 2005) into understanding how and 

why there is between individual behavioral variation. Indeed, differences in these life-

history strategy parameters have been shown to correlate closely with consistent between 

individual differences in behavior (e.g. animal personality; Biro and Stamps, 2008; 

Careau et al., 2015).   

 Despite the growing evidence that energetic expenditure is closely associated with 

animal personality, there is a paucity of empirical research investigating if or how similar 

energetic constraints explain why behavioral trait correlations exist (e.g. behavioral 

syndromes). Necessarily, there is an inherent trade-off between somatic effort (self-
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growth and maintenance) and reproductive effort. How individuals allocate energy 

between the two has been theoretically modeled to drive behavioral syndromes (Wolf et 

al., 2007), with individuals investing more in reproductive effort behaving more bold, 

aggressive and exploratory to acquire the necessary resources to facilitate reproduction. 

Alternatively, individuals who are more focused on self-growth and maintenance have a 

higher residual reproductive value and therefore have ‘more to lose’ if they are injured or 

killed and should thus be less bold, exploratory or aggressive. Additionally Wolf et al. 

(2007) suggest that these differences can best be described as differences in risk-

tolerance, with the reproductively focused individuals being overall more risk-tolerant 

than the somatically focused individuals. However, few studies have directly investigated 

if differential energy allocation towards somatic effort or reproductive effort are related 

to between-individual behavioral variation, and how individuals employ differential 

energy allocation (but see (Johnson and Sih, 2005; Réale et al., 2000).  

 Here, we directly measure if and how behavior and energy allocation between 

somatic effort and reproductive effort are entwined. The ant, Temnothorax rugatulus 

shows consistent between colony differences in risk-tolerance (Bengston and Dornhaus, 

2014). Some colonies travel farther to forage for food and respond more aggressively 

when confronted with a conspecific invader, but appear to invest less (in terms of number 

of ants reacting) in each given incident or food source. This is considered to be more risk-

tolerant; they increase their risk of external mortality for potentially larger pay-offs. On 

the other hand, risk-averse colonies deploy more foragers to exploit closer resources, 

increase their overall activity in the response to threat, but avoid travelling farther 

distances or aggressively engaging invaders. Additionally, there is between population 



 122 

variations in risk-taking phenotype. Across the western United States, colonies at more 

northern latitudes are more risk-tolerant than colonies at more southern latitudes 

(Bengston and Dornhaus, 2014). This variation has been shown with competition for nest 

sites and increased spatial clustering of colonies, both of which increase at more northern 

latitudes (Bengston & Dornhaus, in revision, BES).  

 Social insects are an ideal system to measure how behavior and energy allocation 

are entwined across multiple levels of organization. A social insect colony is analogous to 

a unitary organism. Behaviorally, social insect colonies have long been reported to vary 

in a variety of behavioral or personality traits including activity, aggression, foraging and 

exploration (Jandt et al., 2014; Bengston and Jandt, 2014). Physiologically, sterile 

workers perform functions similar to the somatic cells of an individual, and production of 

workers is equivalent to individual investment in self-growth or maintenance (Hölldobler 

and Wilson, 1990). Reproductives (i.e., males and virgin queens) on the other hand, 

produced during the reproductive phase of the colony, are effectively the gametic or 

reproductive investment of the colony (Cassill, 2002). Investment in producing workers 

versus reproductives can then be considered a direct measurement of the physiological 

trade-off between self-growth and reproduction (Oster and Wilson, 1978).  

 

 We test whether energetic trade-offs associated with life-history strategy variation 

drive risk-tolerance in Temnothorax rugautlus ants. Specifically, confirm the presence of 

the risk-tolerance behavioral syndrome by measuring foraging distance, foraging effort to 

familiar and novel resources, activity level, and response to threat. We then measure how 

colonies allocate energy to somatic maintenance (growth rate and proportion of produced 
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ants that are workers) and reproduction (proportion of ants produced that are 

reproductives) and test if the colony level behavioral syndrome is associated with a trade-

off between these important life-history traits.  

Methods 

Model system: We used the ant Temnothorax rugatulus. This species colonizes areas in 

pine and juniper forests from northern Mexico through the western United States, and 

north to southwest Canada. Colonies typically range in size from 50 to 400 ants, with 

some very large colonies reaching 1300 ants (Bengston and Dornhaus, 2013). Species in 

this genus often live in small pre-formed crevices in rocks, and can be seasonally 

polydomous (having multiple nests for a single colony; (Partridge et al., 1997). The small 

colony sizes and nesting habits allow for collection of entire colonies, including queen 

and brood, without need for extensive excavation.  

 

Colony collection: Fifty-six colonies were collected from nine collection sites over a 

2100-mile range between June 9 and June 20, 2014. This was before T. rugatulus 

typically enter the reproductive phase of their colony cycle, which usually begins in late 

June at lower latitudes and continues through mid-July at higher latitudes (Bengston, 

personal observation). Colonies were established in artificial nests and maintained in the 

lab. Before colonies were introduced, each artificial nest was weighed. To control for 

how much energy was available to colonies (to assure no colony was more or less energy 

stressed than another colony), all colonies were weighed weekly by weighing the entire 

colony in the artificial nest and subtracting the empty weight of the nest. Then, each 

colony was fed a portion of a modified Bhatkar diet (1 part chicken egg yolk to 1 part raw 
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honey, and multivitamin powder mixed in 5 parts warm water with enough agar powder 

to form a soft solid when cool (Bhatkar et al., 1970) equal to the weight of the colony. 

Colonies were fed weekly and had ad libitum access to water. 

 

Behavioral type: As detailed in Bengston and Dornhaus (Bengston and Dornhaus, 2014), 

each colony collected was tested for (1) foraging distance, (2) activity level, (3) response 

to threat, (4) aggression level, and (5) response to both novel and (6) familiar resources. 

(1) Colony foraging distance was measured in the field, tracking the farthest point that 20 

foragers travelled after leaving the nest before returning to the colony. The average value 

for each colony was used for analyses. Following the foraging distance assay, colonies 

were collected and the remaining assays were performed in the lab. (2) To measure 

colony activity level, we used an optic flow algorithm, which allowed us to measure the 

amount of pixel movement over a 5-minute interval for each adult ant within a colony, 

during a timeframe when the colony was not perturbed or otherwise exposed to a specific 

stimulus. Colonies were filmed between 12:00 – 16:00 at 8 frame/second. (3) To measure 

colony response to threat, we used the same optic flow algorithm, but measured 

movement per adult ant in a colony after a conspecific intruder was introduced. We 

report this as the proportional change in movement per ant after an intruder is introduced 

relative to the activity level assay (2). (4) Because movement in response to threat may 

reflect both aggressive and passive behaviours, we also conducted a colony aggression 

assay by quantitatively scoring the behaviour of workers within the colony after the 

introduction of an intruder. Behaviours ranged from passive crouching or fleeing the nest 

to aggressive biting, stinging and pinning down the intruder. (5) The colony response to 
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familiar resource was measured as the number of workers exploiting the standard 

laboratory diet (Bhatkar diet) 90 minutes after it was made available to the colony. (6) 

Response to novel resources was measured in the same way, but with the standard diet 

replaced with unfamiliar food items (canned tuna and applesauce). 

 

Energy allocation: Colonies were photographed in their artificial nest within 24 hours of 

collection, and then again every 7 days until winged alates were no longer observed in the 

colonies. From the photographs, colonies were then censused by counting the number of 

workers, de-winged queens, brood and reproductive alates. 

Results 

Behavioral type: Using Pearson’s product-moment correlation test, we confirmed the 

results found in (Bengston and Dornhaus, 2014). There was a positive pairwise colony-

level correlations across colonies between ‘response to threat’ and ‘foraging at a familiar 

resource’, ‘response to threat’ and ‘foraging at a novel resource’ and foraging at both 

familiar and novel resources. We found negative correlations between foraging distance 

and ‘foraging at a novel resource’, foraging distance and ‘foraging at a familiar resource’, 

foraging distance and ‘response to threat’ and finally between threat response and 

aggression (all p < 0.05). Activity level did not show a significant correlation with any 

other behavior. All p-values for pairwise correlations were corrected using the False 

Discovery Rate method to control for multiple comparisons (Chapman et al., 2011). 

 These relationships between traits seen in the pairwise correlations were 

confirmed by a principal component analysis (PCA) on the z-score transformed data (so 

that it was on the same scale and no one variable was overly contributing). The first two 



 126 

principal components were used to define the two behavioral dimensions, as per the 

Kaiser-Guttman stopping rule where only components with an eigenvalue greater than 

one are accepted (Guttman 1954; Jackson 1993). Our results corroborated the results of 

Bengston & Dornhaus (2014): the first behavioral dimension (PC1) was primarily 

explained by ‘activity’, while the second dimension (PC2) was explained by the 

behavioral syndrome. Because ‘activity’ was not correlated to the syndrome, we 

performed an additional PCA with the activity scores removed. In this analysis, PC1 was 

the only significant dimension (Kaiser-Guttman stopping rule).  

To quantitatively describe the behavioral type of each colony we used the PC1 

loading from the PCA that excluded activity. A high PC1 score (behavioral type score) 

indicated that a colony showed the following tendencies: an increased foraging effort, an 

increased response to threat, a decreased level of aggression, and shorter foraging 

distances. This may be reflective of high sensitivity to risk (Bengston and Dornhaus, 

2014). Conversely, a low behavioral type score indicated lower foraging effort, but with 

longer foraging distances, and higher levels of aggression, perhaps reflecting risk-

tolerance. 

 

Energy allocation: Colonies were tracked for six weeks (after which time no more 

winged alates were seen) and any colony that did not produce any winged alates during 

this time was excluded from the analysis. The growth rate was measured as  

#workers  present  in  week  X   − #workers  present  in  week  (X− 1 )
7  

which gives a worker emergence per day value over the 6 weeks.  
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There was significant between-colony variation in growth rate (Kruskal – Wallis 

test, P = 0.0004, df = 55, Fig. 1). Importantly, growth rate was correlated to behavioral 

type (P = 0. 018, R2 = 0.302, df = 54); colonies with a lower behavioral type score (more 

risk-tolerant) have a faster growth rate.  



 128 

 Colony energy allocation to reproductive effort was measured as the proportion of 

the total number of ants produced during the reproductive phase that were workers 

(proportion of alates). Energy allocation to somatic effort was measured as the proportion 

of all the ants produced during the reproductive phase that were workers (proportion of 

workers). Because proportion of alates is inherently dependent upon the proportion of 

workers, we only used one of these measure as our predictive variable. As such, we built 

a linear model where proportion of   workers and colony size were tested to predict 

behavioral type. Colony size was not significant , however proportion of workers was 

Fig. 1: Colony growth rate. The Y-axis shows the per day change in colony size, 
which reflects the number of new ants emerging over the 6 week reproductive phase 
of the colony. Each boxplot represents a colony. There is significant between-colony 
variation in growth-rate (Kruskal – Wallis test, P = 0.0004, df = 55). 
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significant (colony size P = 0.0621; proportion of workers P < 0.0001, df = 53).  Colonies 

which produce a smaller proportion of workers have a lower behavioral type score (more 

risk-tolerant) than colonies who produce a larger proportion of workers (Fig. 2). Because 

the proportion of workers is necessarily the inverse of the proportion of alates, this means 

colonies that produce many alates have a low behavioral type score (more risk tolerant) 

compared to those who produce few alates (more risk-averse). There was not a direct 

relationship between the number of workers and alates produced; worker number did not 

correlate with alate number (P = 0.1182, R2 =0.046, df = 54). 
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 Behavioral type, average growth rate, worker number, alate number, the 

proportion of ants produced that were workers and the proportion of ants produced that 

were alates were not correlated to colony size when collected or at the end of the 

experiment (all P > 0.05, Fig. 3).   

Discussion 

 In this study, we have shown that a colony-level behavioral syndrome reflecting 

risk-tolerance is associated with differences in growth rate and a trade-off between 

somatic growth (worker production) and reproductive effort (alates). Colonies who grow  

Fig. 2: Trade-offs in energy allocation predicts behavioral type. Colonies who produce 
proportionally fewer workers have a lower behavioral type score (more risk-tolerant) 
than colonies that produce proportionally more workers. Because proportion of alates 
= 1 - proportion of workers, the inverse of the proportion of workers is true for the 
proportion of alates. Meaning, colonies that produce proportionally more alates have a 
lower behavioral type score than colonies that produce proportionally fewer alates. 
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quickly and produce proportionally more alates than workers are more risk-tolerant than 

colonies that grow more slowly and produce proportionally more workers. 

Figure 3: Colony size was not correlated to any of the measured colony traits: 
number of workers or alates produced, average growth rate, behavior type or the 
proportion of alates or workers produced (all P > 0.05).  
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 In studies of solitary animals, risk-averse or risk-tolerant behaviors are often 

linked to different life-history strategies (Wolf et al., 2007). Traditionally, r-type 

individuals grow fast and are highly fecund (MacArthur and Wilson, 1967), requiring 

increased risk-tolerance to acquire the necessary metabolic energy to sustain their growth 

and reproduction. K-type individuals grow more slowly and invest less into reproduction 

during any one reproductive cycle; instead reproducing over a longer period of time than 

r-types (Davies et al., 2012). Therefore, they have much more to lose if they are injured 

or die and should be more risk-averse (Wolf et al. 2007). This is consistent with our 

results. Here, colonies that grow faster and allocate more energy towards reproduction 

than somatic maintenance (more r-type) are more risk-tolerant, while those that grow 

slower and are more invested in somatic maintenance (more K-type) are more risk-

averse.  

 Environment is often proposed as a determinant of life-history strategy; 

environmental unpredictability - where resources, competition or the abiotic conditions, 

for example, may fluctuate rapidly – is thought to drive more r-type strategies compared 

to predictable environment (Abrams, 1991; Abrams et al., 1996). As colonies that show 

more of an r-type life history strategy, as well as a more risk-tolerant behavioral type are 

at more northern environments, this suggests that northern latitudes provide a less 

predictable environment. This required colonies to grow fast, reproduce quickly and take 

greater risks to acquire resources. This may be directly related to competition between 

other Temnothorax colonies, but may also be related to differences in the overwintering 

requirements between different latitudes. Indeed, latitude its self may be driving variation 

in both risk-tolerance and life history strategy. Colonies at northern latitudes have a 
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shorter growing season (meaning a shorter time between the thaw of winter ice packs and 

the first frost), which is often associated with more r-type life history strategies as it 

necessitates faster growth rate. For example, in common frog (Rana temporaria) tadpoles 

at more northern latitudes grow faster and do not show the same predator defenses as 

tadpoles at lower latitudes that grow more slowly and are more predator avoidant 

(Orizaola et al., 2012). Additionally, colonies at higher latitudes experience longer days 

during the reproductive season, which may facilitiate longer foraging trips, thus driving 

the between colony variation in behavioral phenotype. However, this seems less likely 

because if colonies were restricted in their foraging effort by day length, we would expect 

colonies at southern latitudes (and thus, shorter summer days) to be more foraging 

efficient. Foraging efficient colonies should show a correlation between foraging distance 

and colony size, with larger colonies foraging farther distances. Yet, even T. rugatulus 

colonies at the lowest latitude represented in this study do not show a correlation between 

foraging distance and colony size (Bengston and Dornhaus, 2013).  

   Notably, we saw no relationship between behavioral type, growth rate or 

proportion of workers or alates and colony size (analogous to body size). This is 

surprising, as life-history strategy variation is often associated with differences in body 

size (Noordwijk and Jong, 1986; Promislow and Harvey, 1990; Davies et al., 2012). 

Often growth rate is inversely correlated; individuals who grow quickly reach smaller 

adult body size than individuals who grow slowly. In social insects, it is thought that 

larger colony sizes may increase the ability to find resources (Palmer, 2004) and buffer 

against the effect of  seasonality and harsh environments (Kaspari and Vargo, 1995). 

Additionally, larger colonies tend to produce fewer, but larger alates (Shik, 2008). In 
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Temnothorax ants, colony size has been shown to affect division of labor (Dornhaus and 

Franks, 2006; Dornhaus et al., 2008), but does not affect their foraging distance 

(Bengston and Dornhaus, 2013). This may suggest that colony size may be more 

important for internal colony dynamics in this genus than in driving colony-level 

dynamics.  

 The suite of results presented here suggests that life-history strategy is tightly 

linked with the evolution and maintenance of between-colony, i.e. between-individual 

behavioral variation. As life-history strategy variation represents a correlated suite of 

characteristics, it is reasonable that it may also drive correlated suites of behavioral traits 

(behavioral syndromes).  Additionally, we show an energetic trade-off between colonies 

of different behavioral types. This was argued as a prevailing reason for behavioral 

syndrome evolution a decade ago (Sih et al., 2004a, 2004b), though it is an argument that 

has gotten lost along the way.  Tying together these two fields provides a rich avenue for 

investigation and advancement of behavioral syndrome research.   
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