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Abstract 

 

CLIMATE DRIVES GEOGRAPHIC VARIATION IN WORKER POLYMORPHISM 

AMONG POPULATIONS OF THE CARPENTER ANT CAMPONOTUS 

HERCULEANUS 

Érik Plante 

 

 

In a world wherein climate is rapidly changing, understanding species’ adaptations to 

climate is crucial. Quantifying phenotypic variation occurring across the range of a 

species is a useful approach to infer how populations adapt or show plastic responses to 

climatic regimes. In understudied groups such as eusocial ant colonies, the degree of 

worker polymorphism, whereby workers vary in size and scaling, is a phenotypic trait of 

the “superorganism”. Yet, the degree to which such variation changes plastically or 

evolves in response to geographic variation in environmental factors remains poorly 

explored. Here, I first test whether the degree of variation in worker polymorphism in 

colonies of the carpenter ant Camponotus herculeanus varies predictably along a broad-

scale latitudinal gradient and then examine the environmental factors driving this 

phenotypic variation. I found that the proportion of major workers within a colony 

decreased with increasing latitudes and was most related to regional climate. However, 

contrary to my expectation, variation in mean major worker body size did not correlate 

with worker polymorphism and was most related to colony size. These results suggest 

that change in the social phenotype of the superorganism is a plastic response to cooler 

and shorter seasons typical of northern latitudes, rather than resulting from the evolution 

of new developmental thresholds.  I conclude that elucidating how genes and 
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development interact to shape phenotypes along environmental gradients is key to 

improving understanding and predictions of climate adaptations in social organisms. 
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Introduction  

 

Elucidating the environmental and ecological drivers of phenotypic variation is a goal of 

the field of ecological evolutionary developmental biology (also known as eco-evo-devo), 

which aims to elucidate the complex interactions between genes, environment, and 

development (West‐Eberhard 2005; Abouheif et al. 2014). Nevertheless, studies in eco-

evo-devo are rarely conducted in a context enabling to link broad-scale variation in the 

environment to the developmental processes shaping phenotypes. Phenotypic variation 

occurring between different geographic populations of a same species is commonly 

studied to evaluate the ecological and environmental drivers of such variation, but this 

approach is seldom combined to concepts in evo-devo to understand the underlying 

mechanisms  (Siefert et al. 2014; Valladares et al. 2014; Fox et al. 2019; Kellermann & 

van Heerwaarden 2019). The mechanisms promoting the microevolution or plasticity of 

the phenotype in different environments thus remain a key challenge, especially in 

understudied groups such as social organisms, where a phenotypic trait can relate to the 

entire colony. 

Eusocial organisms are often viewed as superorganisms as they adapt their 

phenotype at the colony-level to variation in environmental conditions through 

interactions between genes, environment, and development (Kennedy et al. 2017). 

Colonies of eusocial organisms, analogous to superorganisms, are characterized by the 

presence of reproductive and non-reproductive castes representing the germline and 

soma, which maintain homeostasis in a solitary multicellular organism in relation to 

changes in its external environment (Lüscher 1953; Bonner 1993; Hölldobler & Wilson 

2009; Boomsma & Gawne 2018). Moreover, within a single eusocial ant colony, the non-
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reproductive worker caste can display dramatic size variation and differences in head-to-

body scaling in response to environmental and developmental factors (Oster & Wilson 

1978; Wheeler 1991; Hölldobler & Wilson 2009; Lillico-Ouachour & Abouheif 2017; 

Wills et al. 2018). Superorganism phenotype can be readily quantified in ants using 

variation in worker morphology, also known as worker polymorphism, because it 

correlates to overall phenotypic variation of the colony in terms of totipotency, 

organization of work, communication, and functional integration (Anderson & McShea 

2001; Bourke 2001).  

Worker polymorphism has been shown to correlate with climate (la Richelière et 

al. 2022), habitat complexity (Schöning et al. 2005; Kronauer et al. 2007), colony size 

(Anderson & McShea 2001; Wills et al. 2018), and competition (Davidson 1978; Passera 

et al. 1996). Yang et al.’s (2004) pioneering study using Pheidole morrisi showed that 

worker polymorphism varied between three sites in the United States (Florida, North 

Carolina, and New York) through decrease in the proportion of major workers (workers 

with a disproportionately larger head than their body) in relation to the proportion of 

minor workers (smaller workers) and increase in body size within colonies in sites of 

higher latitudes. They proposed that larger proportions of major workers were due to 

lower interspecific competition in sites of higher latitudes, since major workers have a 

role for defending the colony against other ant species such as the fire ant Solenopsis 

invicta present in the native range of the species. This study raises interesting questions 

regarding whether the pattern is truly general or specific to these sites since 

environmental variables were not measured at each colony. Therefore, a broadly and well 

replicated study where several environmental variables are measured at each colony in 
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one species across different geographic regions is required for further exploring the 

worker polymorphism variation found by Yang et al. (2004). 

Whereas previous work (Yang et al. 2004) has focused on the proportion of majors 

and mean worker body size as a proxy for worker polymorphism variation, several other 

colony-level traits correlate differently to intraspecific worker polymorphism variation, 

such as worker body size variance, head size variance, and head-to-body ratio variance 

(Wilson 1953). Each of these traits relates to specific adaptations to ants’ environment at 

the colony level (Table 1) and a change in these traits relates to the evolution or plasticity 

of ant colony phenotype for different reasons. Major worker proportion can indicate a 

quantitative change of the phenotype within a colony because it represents the percentage 

of a morphological distinct worker subcaste (Wilson 1974). The existence of major workers 

or soldiers reveals a developmental reprogramming event, where major worker larvae 

reprogram the growth of their head imaginal disk so that their head becomes 

disproportionately larger than their body (Wheeler 1991). Mean body size can also relate 

to thermal tolerance and desiccation, in a way that the largest workers of a colony are often 

thought to be the most resistant to temperature extremes and water loss, as it takes longer 

to change their internal temperature to their critical limit (Table 1). Worker body size 

variance, head size variance, and head-to-body ratio variance are related to scaling or 

allometry since the growth between head size and body size changes disproportionately 

among the individuals of the worker caste. These variables may be related to dietary 

composition, division of labor, as well as habitat complexity, as structural complexity of 

the microhabitat is expected to affect worker navigation, and therefore the evolutive trade-

off between the growth of the workers legs, body, and head (Table 1). Geographic changes 
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in these colony-level traits may reflect developmental plasticity or microevolution of 

superorganismal phenotype in ants and may be driven by specific ecological or 

environmental factors. 

In carpenter ants (Camponotus spp.), worker size and scaling have been shown to 

be affected by environmentally sensitive factors during development (Smith 1944; 

Alvarado et al. 2015; LeBoeuf et al. 2016; Sinotte et al. 2018). For instance, the amount 

of food received during larval development may affect the final worker size (Smith 1942, 

1944). The absence of the obligate intracellular endosymbiont Blochmannia has also been 

demonstrated to reduce worker size as well as major worker proportion in Camponotus 

colonies (Sinotte et al. 2018). In fact, the presence Blochmannia upgrades the nutritional 

value of its host resources by providing essential amino acids and may play a role in 

nitrogen recycling (Zientz et al. 2006; Feldhaar et al. 2007). Even the frequency of 

trophallaxis between larvae and workers can ultimately influence Camponotus worker size 

through the transfers of juvenile hormone (JH), a key developmental regulator in insects 

(LeBoeuf et al. 2016). Several epigenetic mechanisms, such as DNA methylation, can also 

influence Camponotus final worker size by mediating gene-by-environment interactions 

through regulation of gene transcription, where higher levels of methylation are associated 

with smaller worker larvae, and lower levels of methylation to larger larvae (Alvarado et 

al. 2015). All these factors are expected to affect worker size and scaling in Camponotus. 

However, how environmental drivers can mediate worker size or scaling through 

developmental interactions remains elusive.  

Multiple environmental factors could affect the degree of polymorphism among 

populations of Camponotus spp., Moreover, different attributes of the colony phenotype 
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could show different responses to environmental factors.  First, intense competition should 

increase the proportion of major workers in a  colony (Passera et al. 1996; Lillico-Ouachour 

& Abouheif 2017), which is expected to be higher in warm climates (Jeanne 1979), as the 

presence of majors can have an adaptive role for nest defense against competitive species 

(Table 1). Second, environmental conditions such as a colder climate should increase mean 

major worker body size, since a larger body is suggested to be an adaptation to temperature 

extremes by slowing down the influence of external thermal conditions on internal body 

temperature (Table 1) (Bernstein 1976; O’Donnell et al. 2020). Specifically, this could 

allow longer periods of foraging during summer or the survival of workers during the 

lowest temperatures of the winter. Similarly, colder climates should increase variance in 

worker body size and head size, as climate influences dietary composition, which also 

relates to size variation (Table 1) (White 2008; Robinson et al. 2017). Third, colony age, 

which relates to colony size, should influence average worker size and polymorphism 

(Tschinkel 1993; Bourke 1999). Specifically, larger colony size should also result in a 

larger worker body size variance and head size variance, as colony size is a proxy of 

division of labor, which relates to size variation because more workers will perform a wider 

variety of tasks that each suits their own specific size (Table 1) (Holbrook et al. 2011; 

Ferguson-Gow et al. 2014; Ulrich et al. 2018). All that said whether and how social traits 

are affected by colony ontogeny and environmental factors is poorly understood and largely 

untested. 

To test these hypotheses, I sampled entire colonies of the carpenter ant Camponotus 

herculeanus along an eight-degree latitudinal gradient, from the temperate forest to the 

north of the boreal forest, in Eastern Canada. The northernmost colonies were located near 
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the northern range limit of C. herculeanus and thus their phenotype was expected to reflect 

adaptations to the short summers and low annual temperatures. I therefore measured local 

and regional climate, colony size, competition, and nesting tree diameter at each sampled 

colony, and related them to five colony traits, including major worker proportion, mean 

major worker body size, as well as worker body size, head size and head-to-body ratio 

variances.  

 

 

Methods 

  

Model species 

 

I used the carpenter ant Camponotus herculeanus (Linnaeus, 1758) as a study system 

because it is the only polymorphic eusocial insect species that is common throughout the 

whole study region (province of Quebec, Canada) and for which it is possible to sample 

entire colonies. Entire colonies of this species can often be found inside a single tree, 

stump or log and frequently occur in peat bogs (Ellison et al. 2012). In addition, since 

peat bogs are frequently flooded, the colonies rarely ramify into very complex tunnel 

systems or satellite nests in these habitats, thus allowing the complete harvest of the 

colony, including the queen.  

C. herculeanus is a monogynous (a single egg-laying queen) species (Akre et al. 

1994) and the most cold-tolerant ant species known (Ellison et al. 2012). C. herculeanus 

build their nest inside dead or live wood and exhibit marked continuous worker 

polymorphism. Some workers are smaller (minors) when compared to others that are 
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larger with a disproportionally large head according to their body size (majors) (Fig. 1), 

which makes C. herculeanus useful for studying variation in superorganism phenotype 

(Wilson 1953). The largest colony of carpenter ants ever collected in North America was 

one of C. herculeanus and numbered over 12,000 workers (Sanders 1970). In Europe, the 

average number of reproductives that emerge from a single colony of C. herculeanus is 

4,500 males and 1,800 winged queens (Hölldobler & Maschwitz 1965). Therefore, given 

their high number of individuals, C. herculeanus colonies are sufficiently large to 

measure worker polymorphism variation between different colonies with a high 

resolution. 

 

Study system 

 

This study took place in the province of Quebec, Canada. Sampling sites were located 

throughout the province, from the south, near the cities of Trois-Rivières and Québec, to 

the north, near the village of Radisson, which is part of the James Bay region (Fig. 2). 

The designated southern study areas are found in Shawinigan region (46.6°N, -72.5°W) 

and Sainte-Catherine-de-la-Jacques-Cartier region (46.8°N, -71.5°W). Further North, 

other study areas are found in Abitibi (48.6°N, -78.2°W) and Matagami region (49.7°N, -

77.4°W), and the others in the Radisson region (53.8°N, -77.4°W). I selected these 

sampling regions according to the presence of C. herculeanus, the accessibility to the 

habitats sought by the road and their environmental differences. Specifically, the study 

sites cross a gradient of three different forest stand compositions structuring insect 

communities (Boucher et al. 2009; Arrowsmith et al. 2018). The environmental gradient 

ranges from stands dominated by deciduous trees to stands dominated by different 
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conifers, which correspond to different bioclimatic domains, including (1) sugar maple-

yellow birch domain, balsam fir-yellow birch, (2) balsam fir-paper birch climax zone and 

(3) black spruce lichen, and black spruce -moss climax zone (ESWG (Ecological 

Stratification Working Group) 1995).  

 

Colony sampling 

 

Based on our observations, C. herculeanus is commonly found on the edge of peat bogs. I 

first selected suitable sites using Google Maps. Most of the sampling sites were located at 

least 100 meters from roads, trails, overhead power lines or any form of human 

disturbance, to ensure each colony is in natural conditions. When the species was present 

in a selected site, I sampled at the edge of peat bogs for sites to be as comparable as 

possible.  

I collected the colonies during summer 2021, from mid-July to mid-August, when 

they were active and re-established after swarming, winter mortality and spring brood 

hatching to not bias the colony traits (Passera 1977; Walker & Stamps 1986). Winter 

mortality is caused in part by predation by several species of woodpeckers and may be 

important enough to influence colony caste ratios, with C. herculeanus being a major part 

of their winter diet (Sanders 1964; Cramp & Simmons 1985; Mikusinski 1997). Winter 

mortality in workers might also be caused in part by cold temperatures, as other ant 

species can use workers to buffer the queen against cold temperatures (Kaspari & Vargo 

1995; Shiroto et al. 2011).  

To sample entire colonies, I selected tree trunks that were possible to open 

completely without danger of injury due to the top part falling and contained the desired 
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species to harvest entire colonies. C. herculeanus is known to prefer softwood, especially 

Abies, Picea and Thuja species to build their nests (Eidmann 1929; Hölldobler 1944, 

1962; Sanders 1964). I opened trunks with a saw and an axe on a tarpaulin on the ground 

and I directly deposited the debris containing the most individuals in ventilated plastic 

containers identified with the unique code of the colony. I collected other moving 

individuals manually. Due to the high summer temperatures during collection, ants can 

die quickly when they are numerous and active in a closed container. Therefore, within 

30 minutes after harvesting, I placed the colony containers inside a cooler, and then in the 

refrigerator (4°C) when returning from the field to prevent them from becoming too 

active. I collected the individuals manually or with forceps from the debris in open plastic 

bins. Johnson's baby powder mixed with 99% ethanol was applied to the walls of the 

containers so that they did not escape during the transfer. Then, I isolated the ants to have 

only the individuals. In this way, when frozen to be measured, the workers were easier to 

collect and have cleaned themselves, thus making it also easier to take morphometric 

measurements. Species identifications were confirmed under a microscope using the 

criteria mentioned in Ellison et al. (2012). 

In 2021, I harvested 27 colonies throughout the entire gradient. All colonies 

collected included at least 150 workers, the brood, often the queen and alates. I collected 

a maximum of three colonies per site, at least one kilometer from each other. Since there 

was almost no data on colony size in the boreal forest of eastern Canada, I also harvested 

small colonies of just a few hundred workers. Furthermore, several traits calculated 

within colonies in this study can vary depending on the age and size of ant colonies 

(Tschinkel 1988; Gibson 1989; Holbrook et al. 2011). 
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The sampling dates were important to ensure that the number of major workers 

found during sampling reflects the maximum that can be produced by the colony during 

the season. Therefore, I set sampling dates after the first brood development and based on 

differences in the onset and length of the growing season.  In fact, C. herculeanus first 

brood development is independent from temperature and the second brood usually mostly 

enters diapause (Lopatina & Kipyatkov 1993). The main period of larval growth at 

latitude 46 ° and above in Eastern Canada are in June and early July and the remaining 

larvae often spend the winter in the nest as the life cycle can cover two years (Sanders 

1964, 1972). Since freezing temperatures are still a possibility until mid-June in the 

northern part of the gradient (above 49° N), sampling was not conducted until mid-July to 

make sure that a full month has elapsed since the last frost and that worker brood was 

hatched. 

Mating flights are also an indicator of the beginning of the species activity after 

diapause and therefore of brood production. In C. herculeanus, winged sexual castes 

spend the winter in the colony and mating flights can occur during spring when 

temperatures are above 21oC and some snow can be remaining on the ground (Sanders 

1964). Major mating flights of C. herculeanus take place between the second week of 

May and the first week of June in Eastern Canada although some can take place later 

(Sanders 1964, 1970, 1971; GBIF Secretariat 2021).  

 

Environmental variables 

 

To examine whether environmental factors affect polymorphism, I quantified both local 

and regional variables at each colony sampled. Local variables included the nest diameter 
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and canopy cover. The tree diameter could affect polymorphism because the thermal 

insulation and rate of warming of Camponotus species nest in wood varies depending on 

the type of substrate and nest size (Chen et al. 2002; Vesnic et al. 2017), which could 

affect the length of development (Porter 1988). Furthermore, tree diameter is a good 

indicator of habitat complexity, which might affect head-to-body ratio variance 

(McElhinny et al. 2005, Nooten et al. 2019). I used canopy openness (portion within the 

canopy of the tree cover not obstructed by foliage) to estimate local climate and I 

determined it at the nest location with a spherical densiometer (Brand: Forest 

Densiometers, Model: Model-C). The canopy openness allowing the sun's rays to hit the 

nest, which can change the temperature of the nest, thereby altering the local conditions 

for larval development. In fact, temperature variables can influence larval growth rate 

(Porter 1988) and whether some larvae might pupate or enter diapause (Lopatina & 

Kipyatkov 1993), which could influence worker polymorphism in C. herculeanus 

colonies.  

To characterize regional climate, I extracted several bioclimatic variables that 

could possibly influence worker polymorphism for each colony, using geographic 

coordinates obtained with a GPS (Brand: Garmin, Model: GPSMAP 64st). The 

bioclimatic variables included mean annual temperature, mean diurnal range (mean of 

monthly (maximum temperature –minimum temperature)), isothermality ((mean diurnal 

range/temperature annual range) ×100), temperature seasonality (standard deviation 

×100), maximum temperature of warmest month, minimum temperature of coldest 

month, temperature annual range (maximum temperature of warmest month - minimum 

temperature of coldest month), and annual precipitation for the years 1970 to 2000. I 
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obtained these variables from WorldClim version 2 (1 km2 grid cells) using the 

geographic centroid coordinates of one grid per colony (Hijmans et al. 2005; Fick & 

Hijmans 2017). I performed a principal component analysis (PCA) on the eight 

bioclimatic variables (Table S1). I extracted the first axis, which captured 76% of the 

variance, and related it to the different colony traits to represent a composite of the 

regional climate variables. I used a PCA to summarize the bioclimatic variables because 

they all correlate with each other and it is difficult to isolate the effect of each of the 

variables on the colony-level traits along the latitudinal gradient. 

 

Sampling potential ant competitors 

 

I assessed the presence of potential interspecific ant competitors by active visual 

observation and opening wood debris within a radius of 10 meters around each colony for 

15 minutes between 10:00AM and 5:00PM on days without rain. I collected workers of 

all species found with a mouth aspirator or manually. The presence of a single 

allospecific queen (i.e., of another species) without workers was not considered as a 

presence of a competitive species because it does not necessarily indicate the presence of 

a competitive nest. The presence of competitive ant species near C. herculeanus colonies 

could influence major worker production, as major workers can have a role for defense of 

the colony (Passera 1977). I immediately transferred the sampled species in 95% ethanol 

vials after their collection. Species identifications were confirmed under a microscope 

using the criteria mentioned in Ellison et al. (2012). 

To estimate whether competition influences worker polymorphism, only the 

presence of nests of the genus Formica was used. North temperate ground-dwelling ant 
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communities are often dominated by Formica species, which makes them important 

competitors of other ant species for food resources (Fellers 1987, 1989; Lessard et al. 

2020). The ant genera I most found near C. herculeanus nests were Leptothorax, 

Myrmica and Formica (Table S4). The colonies of C. herculeanus were significantly 

smaller when Formica spp. were present (Welch two-sample t test: t = 2.70, df = 19.38, P 

= 0.01) but not when Myrmica spp. (Welch two-sample t test: t = -1.04, df = 20.53, P = 

0.31) or Leptothorax spp. (Welch two-sample t test: t = 1.13, df = 23.45, P = 0.27) were 

present (Fig. S2). As such, in the analyses, I used the presence of Formica ants as a proxy 

for the presence of strong competitors.  

 

Morphometric measurements 

 

I measured all the workers of four colonies. I standardized the rest of the samples to 

subsets of 200 workers per colony, except for one colony which had 151 workers. To 

avoid selection bias, I created the subsets on the same day using the same method by 

mixing all the workers of each colony together in a plastic container with ethanol for 2 

minutes and randomly collecting workers using forceps while not looking directly at the 

sample. In total, I measured 7 128 workers. I took photos of morphological traits using a 

digital microscope (Brand: Koolertron, Model: AD106S). I digitalized the dorsal and 

lateral views of each mounted specimen and obtained morphometric measurements using 

a image processing software (ImageJ version 1.53e). For each worker, I measured head 

width (maximum width of head including eyes) and body size (maximum diagonal length 

of mesosoma, i.e. Weber’s length) (Fig. 3). I used these measurements to quantify five 

different colony-level traits describing worker polymorphism, including major worker 
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proportion, mean major worker body size, worker body size variance, worker head size 

variance and worker head-to-body ratio variance.  

 

Major worker proportion and mean body size 

 

I froze sampled colonies within five days of harvest, as described above to avoid 

influencing caste ratios. I calculated the number of major workers in each colony 

according to the inflection point of the allometric growth curve (third-degree 

polynomial formed by plotting head size against body size), which represents the point 

at which the second derivative of the curve is equal to zero and can be used to classify 

ant workers into majors (Fraser et al. 2000). The inflection point is useful for 

classifying C. herculeanus workers into majors because minors, medias, and majors 

cannot be distinguished conveniently, as the workers exhibit a continuous size variation. 

Major workers are those with a head width larger to the head width at the inflection 

point (Fig. S1). I then calculated the proportion of major workers in each colony. One 

colony was removed from the analyses because the inflection point was not properly 

detected, resulting in a total of 26 colonies analyzed. I calculated the mean size of 

major workers as the average of body size measurements (i.e., Weber's length) of major 

workers in the entire colony.   

 

Worker body size, head size and head-to-body ratio variance 

 

I calculated the variance of worker body size (i.e. Weber's length), head size, and the 

ratio between head width and worker body size for each of the sampled ant colonies. I 
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used variance because it is the parameter that best captured the variation of each trait 

between the colonies (Table S2) and represents how large the variation of worker 

morphology is in comparison to the other workers of a same colony. 

 

Statistical analyses  

 

To select the variables used in the multivariate normal additive model testing the 

hypothesis that certain environmental factors would affect worker polymorphism, I ran 

separate generalized additive models (GAMs) for each trait with all predictors (Table S3) 

(Wood 2017). The conditional mean in a GAM is estimated as a linear combination of 

nonlinear basis functions, that form a smooth curve. GAMs are adequate for selecting 

variables because we can use p-values for testing each variable for equality to zero for 

deciding on which candidate variables to be removed from the model. The predictor 

variables I selected for the analysis after fitting a separate model for each trait were 

colony size and regional climate, as they were the significant predictor variables (P < 

0.05) related to the different traits. Therefore, I did not use local climate, nest diameter 

and competition for further analysis because they were not significant. I then fit a single 

GAM to all traits, using a multivariate normal distribution family to determine whether 

worker polymorphism was related to specific biotic and abiotic factors, accounting for 

correlations between the traits themselves (Wood et al. 2016). The multivariate normal 

GAM fits a separate regression for each response variable, as a covariance matrix 

estimating the covariance between response residuals. The output includes a separate 

linear predictor for the mean for each response and the covariance matrix. Multivariate 

normal GAMs can be used to assess the relationship between many variables and is 
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robust to autocorrelation. To fit this multivariate model, I used the five colony-level traits 

as response variables representative of ant worker polymorphism: major worker 

proportion, mean major worker body size, worker body size variance, head size variance 

and head-to-body ratio variance. I used “colony size” and “regional climate” as fixed 

effect predictor variables for each response. I used linear predictors instead of smoothing 

terms based on the model linear relationships between response and predictors residuals. 

Finally, I assessed the relationship between each colony trait and the predictors, and the 

partial effects were plotted as a visual aid for the direction of the relationships. I fitted the 

model using the gam function in the mgcv package (Wood & Wood 2015) in R version 

4.2.0 (R Core Team 2022). 

 

 

Results 

  

In total, I collected 47 853 workers of 27 colonies in 2021.  In the study area, most of the 

colonies nested in black spruce (Picea mariana) (~78%), and some of them in balsam fir 

(Abies balsamea) (~7%), eastern white cedar (Thuja occidentalis) (~7%), eastern white 

pine (Pinus strobus) (~4%), and tamarack (Larix laricina) (~4%). Colonies harvested 

ranged from 151 to 6 557 workers with an average of 1 793 workers. Smaller colonies of 

just a few hundred workers were common throughout the study region and produced 

majors (Fig. 5). Colony size was not related to latitude in the 27 sampled colonies (linear 

model, adjusted R2 = -0.04, df = 25, F = 0.03, P = 0.873) (Fig. 4), but was positively 

related to nesting tree diameter (linear model, adjusted R2 = 0.30, df = 24, F = 11.71, P = 

0.002).  
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After I ran separate generalized additive models with all predictors to select the 

variables used in the analysis, I performed a multivariate normal additive model on five 

colony traits describing worker polymorphism and used regional climate and colony size 

as predictors (Table 2). I found that 33% of the deviance was explained by the model. 

Major worker proportion was more related to regional climate (Estimate =-2.4 × 10-2, SE 

= 6.5× 10-3, P < 0.001) than to colony size (Estimate = 2.5 × 10-5, SE = 1.1 × 10-5, P = 

0.029). In fact, major worker proportion was lower within colonies at higher latitudes 

than lower latitudes of the gradient (Fig. S3). Major worker mean body size was not 

related to regional climate (Estimate = 7.0 × 10-3, SE = 9.4 × 10-3, P = 0.455) but was 

positively significantly related to colony size (Estimate = 8.4 × 10-5, SE = 1.6 × 10-5, P < 

0.001). Larger colonies produced larger workers (Fig. S3). Worker body size variance 

was not related regional climate (Estimate = -7.7 × 10-3, SE = 4.0 × 10-3, P = 0.056), but 

was positively related to colony size (Estimate = 1.5 × 10-5, SE = 7.0 × 10-6, P = 0.028). 

Worker head size variance was negatively related regional climate (Estimate = -1.5 × 10-

2, SE = 7.0 × 10-3, P = 0.032) and positively related to colony size (Estimate = 3.0 × 10-5, 

SE = 1.2 × 10-5, P = 0.014). In fact, larger colonies had a larger worker body size 

variance and head size variance, and higher latitudes had lower head size variance (Fig. 

S3). Head-to-body ratio variance was weakly related to regional climate (Estimate = -3.6 

× 10-4, SE = 1.5× 10-4 P = 0.015), but not to colony size (Estimate = 4.6 × 10-7, SE = 2.4 

× 10-7, P = 0.053) (Table 2). 

 

 

Discussion 
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The current work provides strong evidence for the influence of environmental factors in 

shaping the phenotype of superorganisms at the colony-level and sets the stage for 

uncovering the mechanisms mediating the interactions between genes, environment, and 

development by combining macroecology with concepts in evo-devo. Uncovering the 

mechanisms through which vulnerable and understudied organisms adapt to 

environmental changes is urgently needed to mitigate the effects of the ongoing global 

climate crisis on ecosystems (Wagner 2020).  

 

Major worker proportion is affected by regional climate 

 

The latitudinal pattern of major worker proportion found in the present study using the 

carpenter ant Camponotus herculeanus is consistent with previous study using the ant 

Pheidole morrisi (Yang et al. 2004), but is not directly related to competition as the 

authors suggested. In the present study, major worker proportion was best explained by 

regional climate and weakly related to colony size. In the northern range of the latitudinal 

gradient, where the climate is colder and drier, the proportion of major workers among 

colonies was generally lower than in the south. Yang et al. (2004) observed a similar 

pattern of major worker proportions among colonies of P. morrisi in the United States in 

three sampling sites over a gradient of a comparable distance as the present study. They 

suggested that the variation in competition with other ant species between the different 

populations possibly causes an adaptive change in major worker proportion of P. morrisi. 

However, the authors did not measure competition or other environmental variables at the 

colony sampling sites to test this hypothesis. Based on the present work with C. 

herculeanus, competition is not related to major worker proportion variation between 
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different regions, but the presence of competition reduces colony size, which is weakly 

related to major worker proportion. Other work with the fire ant Solenopsis invicta 

showed that colony size explained 80% of the variation in major worker proportion 

(Tschinkel 1988). While this may be true when different colonies are under similar 

climatic conditions, regional climate is a stronger driver of major worker proportion than 

colony size in the case of C. herculeanus.  

 Several potential ecological mechanisms may explain the observed variation in 

the phenotype of ant colonies along the environmental gradient. First, since the winter 

season is longer in the northern part of the gradient, it is possible that the high investment 

in the production of majors in C. herculeanus is worthwhile only in warmer regions 

where the growing season is longer and winter shorter. In Camponotus pennsylvanicus, it 

has been shown that major workers consume twice as much body nutrients than the minor 

workers during diapause (Cannon 1990). Therefore, a cost-benefit tradeoff could 

potentially mediate major worker proportion between colonies of C. herculeanus under 

different climates. Alternatively, differences in nutrition between the colonies may 

explain the differences in major worker proportion along the gradient. C. herculeanus is 

known to feed on both aphids’ honeydew and preys (Ayre 1963; Sanders 1970). Since 

vitamin and protein intake of the colony can influence worker body mass, it is possible 

that the difference in nutrition along the gradient influence major worker production 

(Smith 1942, 1944; Dussutour & Simpson 2008). For instance, it is possible that preys 

are rare in the northern part of the gradient and more abundant in the south, which 

resulted in the higher proportions of major workers that were observed, since aphid 
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honeydew is primarily composed of carbohydrates (Strong 1965; Idoine & Ferro 1988; 

Völkl et al. 1999).  

In addition to ecological mechanisms, inferences about developmental 

mechanisms can be made to explain the major worker proportion pattern observed along 

the gradient. Yang et al. (2004) proposed several possibilities as to how changes in the 

developmental mechanism of worker caste determination in Pheidole are expected to 

affect major worker proportion and mean body size (Fig. 6). In this caste determination 

mechanism, any worker larvae have the potential to become either a minor, a media or a 

major. Whether they become one or another depends on their critical body size, which 

depends on nutrition (Smith 1942, 1944; Dussutour & Simpson 2008) and social 

interactions (Meurville & LeBoeuf 2021), and is mediated by juvenile hormone (JH) 

(Wheeler & Nijhout 1981; LeBoeuf et al. 2016). When the larvae exceed the defined 

threshold size, they undergo developmental reprogramming and continue growing to 

become majors, while larvae below the threshold size pupate to become either minors or 

medias (Fig. 6A). Assuming such a caste determination model is correct for C. 

herculeanus, then several predictions about the developmental mechanisms at play are 

possible: (1) If the larval size distribution shifts upwards, the increase in the proportion of 

majors will be accompanied by larger majors (Fig. 6B); (2) If the larval size distribution 

shifts downwards, the increase in the proportion of majors will be accompanied by 

smaller majors (Fig. 6C); (3) If a lower frequency of larvae exceed the threshold size to 

become majors, there will be a decrease in the proportion of majors but no change in the 

major workers body size (Fig. 6D). Yang et al. (2004) inferred that (2) was the most 

plausible mechanism since high proportions of majors in P. morrisi were accompanied by 
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smaller mean body size and that low proportions of majors were accompanied by larger 

mean body size (Fig. 6C).  

 In the present study using C. herculeanus, both mechanisms in figure 6B and C, 

which were proposed by Yang et al. (2004) with P. morrisi do not correspond to the 

colony-level trait patterns observed along the latitudinal gradient. In fact, major worker 

proportion decreased with increasing latitude, but did not correlate with mean body size. 

Mean major worker body size was found to be related to colony size, meaning that major 

worker proportion and body size vary independently from each other, since colony size 

did not correlate with latitude. One possible explanation for this pattern could be that 

developmental plasticity in the colonies changes along the gradient. Specifically, it means 

that only the number of workers that exceed the larval threshold size might differ along 

the gradient (number of major workers produced), without changing the threshold size 

(size of major workers produced) (Fig. 6D). This would result in producing a larger 

number of major workers in the southern part of the gradient with a similar mean body 

size as in the northern part of the gradient where fewer major workers are produced. 

Two different developmental mechanisms promoting C. herculeanus and P. 

morrisi colony-level phenotypes were inferred (Fig. 6C; Fig. 6D) and potentially evolved 

independently between these two ant species. Camponotus and Pheidole are not closely 

related phylogenetically. From the 323 ant genera in the world, Camponotus (Formicinae) 

and Pheidole (Myrmicinae) are the two most species-rich and are part of two different 

subfamilies (Economo et al. 2015). Pheidole is a monophyletic lineage, and crown group 

members of its genus have been estimated to exist since 58.4 to 61.2 million years ago 

(Moreau 2008). This suggests that the developmental mechanisms promoting major 
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worker proportion patterns and variation in body size observed between different regional 

climates evolved independently in Camponotus and Pheidole through different 

developmental routes within the JH system. Further work will be needed to provide 

evidence of these potential mechanisms.  

The first step towards testing this hypothesis is to determine whether the 

differences in major worker proportion are due to genetic and/or environmental 

differences along the gradient. Yang et al. 2004 showed that the differences of major 

worker proportion and mean body size observed in P. morrisi between three sites across 

the United States were consistent with microevolutionary divergence because major 

worker proportions persisted in a common rearing environment even after disruption. 

Similarly, keeping C. herculeanus colonies from the three different regions of the 

Canadian gradient under the same ambient conditions of a common rearing environment 

would allow to test whether the colony phenotypes are due to genetic or environmental 

differences. Furthermore, applying JH treatments to larvae of colonies of each region 

would also allow to test whether the mechanism inferred is plausible (Fig. 6D). If each 

region maintains a similar caste-ratio and show a similar increase in major worker 

proportion after a JH treatment, then it is consistent with the difference in JH levels 

driving major worker proportion differences along the gradient. 

 

Mean major worker body size is affected by colony size  

 

In the present work using C. herculeanus, mean major worker body size was best 

explained by colony size, and not by climate. Larger colonies produced larger workers, 

and smaller colonies produced smaller workers. This result contrasts with the previous 
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work with P. morrisi by Yang et al. (2004), as the authors showed that the proportion of 

major workers was best explained by worker size, where higher proportions of major 

workers are accompanied by smaller major workers, potentially through a shift in the 

larval developmental threshold. This is not the case in the present work with C. 

herculeanus, and other work with S. invicta also showed that colony size explained mean 

worker body size (Tschinkel 1993). 

Mean major worker body size only correlated to colony size contrasts with 

numerous other studies that found a relation between body size and latitudinal gradients 

across different insect taxa (Shelomi 2012). In the case of ants, body size has been shown 

to increase (Cushman et al. 1993; Heinze et al. 2003) and decrease (Diniz-Filho & 

Fowler 1998; Kaspari 2005; Schofield et al. 2016; Gibb et al. 2018) with latitude or show 

no relation (Gomez & Espadaler 2000; Geraghty et al. 2007; Gómez & Espadaler 2013) 

with latitude. One possibility that might explain these contrasting results across ants is 

that superorganisms differ from individualistic organisms in their way to regulate their 

phenotype at the colony-level according to external cues (Lüscher 1953; Bonner 1993; 

Hölldobler & Wilson 2009; Boomsma & Gawne 2018). In the case of C. herculeanus, 

workers are thought possess the ability to thermoregulate nest temperature through the 

production of metabolic heat by the workers (Sanders 1972). The production of metabolic 

heat by social insects, which does not occur as frequently in other non-social insect taxa, 

is an important additional source of heat that helps maintain the homeostasis of the nest 

(Kadochová & Frouz 2013). If C. herculeanus possesses such a thermoregulation ability, 

it is possible that colonies can control the temperature in which brood develops and 
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buffer its entire larval development against temperature variation across the latitudinal 

gradient, thereby limiting its potential influence on body size. 

 One reason that larger colonies produce larger workers in C. herculeanus could be 

that they have a better access to food sources, as the colony possesses more workers to 

forage, thus allowing larvae to grow larger. A study with the wood ant Formica aquilonia 

showed that larger workers were produced in larger nests, and that mean worker body 

size and body-fat content decreased with the availability of tree-living aphids (Sorvari 

and Hakkarainen 2009). This could also be the case with C. herculeanus, as they are also 

largely associated with aphids for honeydew (Sanders 1970). 

 

Other colony traits are weakly affected by climate and colony size 

 

Worker body and head size variances were weakly affected by climate and colony size. 

While worker size variation has often been predicted to change adaptively depending on 

the environmental conditions (Davidson 1978, Bershers and Traniello 1994), it might not 

be directly affected by them. Major worker proportion and worker size are probably 

better predictors of worker size variation. The same goes for head-to-body scaling 

variance, which was weakly related to regional climate and not significantly related to 

colony size. These results support the hypothesis that changes in major worker proportion 

in C. herculeanus are developmentally plastic and not through the microevolution of a 

developmental mechanism linked to these other colony traits. 

 

Conclusions 
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These findings attest the importance of climate and colony size in shaping phenotypic 

variation in superorganisms such as ants, and potential ecological and developmental 

mechanisms. These results also highlight that environmental factors are a major driver of 

the phenotype in insect populations, thereby determining a large part of their fitness. With 

current declines in global insect populations and ongoing environmental changes caused 

by anthropogenic disturbances, it is necessary to better understand how species can 

survive rapidly changing conditions (Wagner 2020). Fighting the climate crisis and 

species loss by using phenotypic variation to better understand adaptations to 

environmental conditions could potentially allow to protect the world’s most important 

resource that is biodiversity.  

By assessing which ant colony-level traits exhibit latitudinal variation and 

whether they relate environmental factors, I was able to propose potential developmental 

and ecological mechanisms underlying these patterns. These results suggest that 

geographic variation plays an important role in the development and / or evolution of 

phenotypic variation in ant colonies. Further work will be needed to determine how these 

mechanisms influence worker polymorphism and more generally phenotypic variation in 

superorganisms. 
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Figures 

 

Figure 1. Camponotus herculeanus worker polymorphism (left-to-right) from minors to 

medias and majors. All workers are from the same colony and were photographed at the 

same scale. They are a representation of the possible worker morphological range for a 

given large colony of the species in the study area in Quebec, Canada. 
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Figure 2. Sampled Camponotus herculeanus colonies along an environmental gradient 

spanning 8 degrees of latitude in the boreal forest of Eastern Canada (province of 

Quebec) according to three principal components of a multi-band raster displayed as a 

false color RGB (red, green, blue) high-resolution image of the mean annual temperature, 

annual precipitation, and seasonality for the years 1970 to 2000 (n = 27) (Fick & Hijmans 

2017). Changes in colors correspond to changes in the composite formed by the three 

bioclimatic variables. This imagery composite helps to highlight contrasts of the 

bioclimatic conditions between the different sampling regions. 
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Figure 3. Weber’s length (WL) and head width (HW) of a major worker Camponotus 

herculeanus collected in Quebec, Canada.  
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Figure 4. Colony traits of Camponotus herculeanus according to latitude (degrees North) 

(n = 27). (A) Proportion of major workers; (B) Major worker mean body size (mm); (C) 

Worker body size variance (mm2); (D) Worker head width variance (mm2); (E) Worker 

head-to-body ratio variance (mm2 × 1000); (F) Colony size (total number of workers). 
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Figure 5. Colony traits Camponotus herculeanus collected in 2021 along a latitudinal 

gradient in Quebec, Canada according to colony size (total number of workers) and 

regional climate (PC1, positive values represent a colder and drier climate, while negative 

values represent a warmer and more humid climate) (n = 27). (A, B) Proportion of major 

workers; (C, D) Major worker mean body size (mm); (E, F) Worker body size variance 

(mm2); (G, H) Worker head width variance (mm2); (I, J) Worker head-to-body ratio 

variance (mm2).  
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Figure 6. How shifts in the developmental threshold of worker caste determination in 

Camponotus herculeanus are predicted to affect the proportion and mean size of majors 

(figure adapted from Yang et al. 2004).  
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Tables 

 

Table 1. Rationale for using different worker traits of the ant colony phenotype. 

 

Colony trait Functions for the colony 

Major worker proportion Defense of the colony (Wilson 1974, 1976, 2003; Lamon & 
Topoff 1981; Hasegawa 1993; Yang et al. 2004; Molet et al. 
2014; Metzl et al. 2018) 
Food storage (Wilson 1974; Yang 2006) 

Major worker mean body size Thermal tolerance (Bernstein 1976; Porter & Tschinkel 1987; 
Cerdá et al. 1997; Cerdá & Retana 2000; Wendt & Verble-
Pearson 2016; O’Donnell et al. 2020) 
Desiccation (Hood & Tshchinkel 1990; Kaspari 1993) 

Worker head and body size 

variance  

 

Dietary composition (Retana & Cerdá 1994; Kaspari 1996; 
Willott et al. 2000; Powell & Franks 2006)  
Division of labor (Wilson 1953, 1984; Wheeler 1991) 

Worker head-to-body ratio 

variance 
Habitat complexity (Kaspari & Weiser 1999; Parr et al. 2003; 
Farji-Brener et al. 2004; Sarty et al. 2006) 
Division of labor (Hölldobler & Wilson 1990; Schöning et al. 
2005; Araujo & Tschinkel 2010; Centorame et al. 2020) 
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Table 2. Multivariate normal additive model of major worker proportion, mean major 

worker body size, worker body size variance, worker head size variance and head-to-

body ratio variance describing worker polymorphism according to regional climate and 

colony size as predictors. All significant terms are shown in bold. 

 

Trait Predictor Estimate Standard error z-value P 

Major 

worker 

proportion 

Intercept 1.4 × 10-1 2.7× 10-2 5.0 < 0.001 

Regional climate -2.4× 10-2 6.5× 10-3 -3.7 < 0.001 

Colony size 2.5× 10-5 1.1 × 10-5 2.2 0.029 

Mean major 

worker body 

size 

Intercept    3.4 × 10-1 3.9 × 10-2 87 < 0.001 

Regional climate 7.0 × 10-3 9.4 × 10-3 0.8 0.455 

Colony size 8.4 × 10-5 1.6 × 10-5 5.2 < 0.001 

Worker body 

size variance 

Intercept 1.4 × 10-1 1.7 × 10-2 8.5 < 0.001 

Regional climate -7.7 × 10-3 4.0 × 10-3 -1.9 0.056 

Colony size 1.5 × 10-5 7.0 × 10-6 2.2 0.028 

Worker head 

size variance 

Intercept 2.0 × 10-1 2.9 × 10-2 7.0 < 0.001 

Regional climate -1.5× 10-2 6.9 × 10-3 -2.1 0.032 

Colony size 3.0 × 10-5 1.2 × 10-5 2.5 0.014 

Head-to-

body ratio 

variance 

Intercept 5.3× 10-3 5.6 × 10-4 9.4 < 0.001 

Regional climate -3.6 × 10-4 1.5 × 10-4 -2.4 0.015 

Colony size 4.6 × 10-7 2.4 × 10-7 1.9 0.053 

Deviance explained = 32.7%, -REML = -313.21, Scale estimate = 1, n = 26 
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Supplementary material 

 

 

Figure S1. Inflection point of the allometric growth curve of 27 colonies of Camponotus 

herculeanus collected in 2021 along a latitudinal gradient in Quebec, Canada (one colony 

where the inflection point was not detected due to the near absence of large major 

workers was removed from the analyses). 
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Figure S2. Size of Camponotus herculeanus colonies (number of workers) collected in 

2021 along a latitudinal gradient in Quebec, Canada according to the presence or absence 

of nests of competitive ant genera in a radius of 10 meters (n = 27). 
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Figure S3. Partial residuals plots of a multivariate normal additive model of the colony 

traits Camponotus herculeanus collected in 2021 along a latitudinal gradient in Quebec, 

Canada according to colony size (total number of workers) and regional climate (PC1, 

positive values represent a colder and drier climate, while negative values represent a 

warmer and more humid climate) (n = 27). (A, B) Proportion of major workers; (C, D) 

Major worker mean body size (mm); (E, F) Worker body size variance (mm2); (G, H) 

Worker head width variance (mm2); (I, J) Worker head-to-body ratio variance (mm2). 
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Table S1. Principal component analysis of the bioclimatic variables expected to affect 

worker polymorphism. 

 

Bioclimatic variables PC1 loading PC2 loading 

Mean diurnal range -0.180 0.687 

Isothermality -0.345 0.388 

Maximum temperature of warmest month -0.377 0.222 

Mean annual temperature -0.399 0.002 

Minimum temperature of coldest month -0.391 -0.174 

Annual precipitation -0.390 -0.118 

Seasonality 0.385 0.197 

Temperature annual range 0.306 0.495 
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Table S2. Nine generalized additive models of the standard deviation, coefficient of 

variance and variance of worker body size, worker head size and head-to-body ratio 

according to biotic and abiotic predictors using gaussian family. All significant terms are 

shown in bold. 

 

 

  Standard deviation Coefficient of 

variation 

Variance 

Trait Predictor Estimate P Estimate P Estimate P 

W
o
rk

er
 b

o
d
y
 

si
ze

 

Intercept 3.5×10-1 < 0.001 1.3×10 1 < 0.001 1.3×10-1 0.034  

Regional climate -1.2×10-2 0.072 -3.0×10-1 0.178 -1.1×10-2 0.045  

Local climate 3.8×10-4 0.524 1.0×10-2 0.517 3.6×10-4 0.466 

Nest diameter -3.1×10-3 0.668 -1.0×10-1 0.614 -2.7×10-3 0.650  

Colony size 2.8×10-5 0.036 1.0×10-3 0.170  2.1×10-5 0.052  

Competition -3.5×10-3 0.936 9.3×10-1 0.525 -9.2×10-3 0.797 

W
o
rk

er
 h

ea
d
 

si
ze

 

Intercept 4.4×10-1 < 0.001 2.4×10 1 < 0.001 1.9×10-1  0.055 

Regional climate -1.8×10-2 0.047 -4.7×10-1 0.208 -2.0×10-2 0.037  

Local climate 3.8×10-4 0.646 2.2×10-2 0.527 5.2×10-4 0.539 

Nest diameter -5.5×10-3 0.581 -1.8×10-1 0.667 -5.6×10-3 0.586 

Colony size 4.0×10-5 0.030 1.0×10-3 0.127 3.8×10-5 0.041 

Competition -2.5×10-2 0.674  8.9×10-1 0.721 -3.5×10-2 0.573  

H
ea

d
-t

o
-b

o
d
y
 

ra
ti

o
 

Intercept 7.3×10-2 < 0.001 1.0×10 1 < 0.001 4.6×10-3  0.024 

Regional climate -2.3×10-3 0.064 -2.8×10-1 0.080 -5.1×10-4 0.016 

Local climate 3.8×10-5 0.732 1.0×10-2 0.500 1.4×10-7 0.420 

Nest diameter -6.5×10-4 0.630 -3.0×10-2 0.863 -9.9×10-4 0.624 

Colony size 4.0×10-6 0.096 1.0×10-3 0.093 6.9×10-7 0.059 

Competition -3.4×10-3 0.674 3.6×10-1 0.726 -6.8×10-3 0.955 
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Table S3. Generalized additive models of major worker proportion, mean major worker 

body size, worker body size variance, worker head size variance and head-to-body ratio 

variance describing worker polymorphism according to biotic and abiotic predictors. Beta 

family was used for major worker proportion (z-values) and gaussian for the rest of the 

traits (t-values). Only the significant predictors (P < 0.05) were kept for further analyses. 

All significant terms are shown in bold. 

 

 

 

 

 

Trait Predictor Estimate Standard error z/t-value P 

M
aj

o
r 

w
o
rk

er
 

p
ro

p
o
rt

io
n
 

Intercept -1.7 × 10-1       5.5 × 10-1 -3.1 0.002 

Regional climate -0.2 × 10-1        5.3 × 10-2 -2.8 0.005 

Local climate -1.0 × 10-3       5.0 × 10-3 -0.2 0.851 

Nest diameter -4.0 × 10-3       5.7 × 10-2 -0.1 0.939 

Colony size 1.4 × 10-4  1.0 × 10-4 1.3 0.182 

Competition -0.3 × 10-1        4.0 × 10-1 -0.6 0.526 

M
ea

n
 m

aj
o
r 

w
o
rk

er
 s

iz
e 

Intercept    3.3 1.2 × 10-1 28 < 0.001  

Regional climate 7.2 × 10-3 1.1 × 10-2 0.6 0.529 

Local climate 1.3 × 10-3 1.1 × 10-3 1.2 0.234 

Nest diameter 1.1 × 10-4 1.3 × 10-4 0.01 0.993 

Colony size 8.0 × 10-5 2.2 × 10-5 3.7 0.002  

Competition -1.6 × 10-1 7.7 × 10-2 -2.0 0.056 

W
o
rk

er
 b

o
d
y
 

si
ze

 v
ar

ia
n
ce

 Intercept 1.3 × 10-1 5.6 × 10-2 2.3  0.034  

Regional climate -1.1 × 10-2 5.2 × 10-3 -2.1 0.045  

Local climate 3.6 × 10-4 4.9 × 10-4 0.7 0.466 

Nest diameter -2.7 × 10-3 5.9× 10-3 -0.5 0.650  

Colony size 2.1 × 10-5 1.0 × 10-5 2.1 0.052  

Competition -9.2 × 10-3 3.5 × 10-2 -0.3 0.797 

W
o
rk

er
 h

ea
d
 

si
ze

 v
ar

ia
n
ce

 Intercept 1.9 × 10-1  9.5 × 10-2  2.0 0.055 

Regional climate -2.0 × 10-2 8.9 × 10-3 -2.2 0.037  

Local climate 5.2 × 10-4 8.3 × 10-4 0.6 0.539 

Nest diameter -5.6 × 10-3 1.0 × 10-2 -0.6 0.586 

Colony size 3.8 × 10-5 1.8 × 10-5 2.2 0.041 

Competition -3.5 × 10-2 6.1 × 10-2 -0.6 0.573  

H
ea

d
-t

o
-b

o
d
y
 

ra
ti

o
 v

ar
ia

n
ce

 Intercept 4.6 × 10-3 1.9 × 10-3 2.5    0.024 

Regional climate -5.1 × 10-4 1.9 × 10-4 -2.6 0.016 

Local climate 1.4 × 10-7 1.6 × 10-5 0.8 0.420 

Nest diameter -9.9 × 10-4 2.0 × 10-4 -0.5 0.624 

Colony size 6.9 × 10-7 3.4 × 10-7 2.0  0.059 

Competition -6.8 × 10-3 1.2 × 10-3 -0.1 0.955 
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Table S4. Number of Camponotus herculeanus colonies where competitive species 

workers occurred within 10 meters around their nest (n = 27). Formica were considered 

strong competitors. 

 

Species Occurrence 

Camponotus nearcticus 1 

Dolichoderus mariae 1 

Dolichoderus pustulatus 1 

Formica neorufibarbis 4 

Formica subaenescens 1 

Lasius americanus 1 

Leptothorax spp. 12 

Myrmica alaskensis 11 

Myrmica francticornis 2 

Myrmica lobifrons 1 

Tapinoma sessile 3 

 

 


