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ABSTRACT 

Polymorphism is the existence of multiple phenotypes within a given species in a 

population. In social insects, worker polymorphism plays a key role in maximizing 

the effectiveness of the division of labor. Some ants have an extreme form of worker 

polymorphism where workers have a broad size range and multiple size modes.  

Pheidole ants, for example, consist of both highly polymorphic species as well as 

those with relatively low polymorphism. Here, we examined why different Pheidole 

species have different degrees of polymorphism and how polymorphism is 

produced. We thoroughly characterized the worker caste systems of P. spadonia, P. 

rhea, P. obtusospinosa, and P. tepicana. There were significant differences among the 

four species in size range, number of size modes, caste ratios, allometry, and caste 

biomass allocation. An examination of worker caste traits of P. spadonia, P. rhea, and 

P. obtusospinosa revealed that as head size increased for all three species: (1) 

mandibles became broader and less serrated, (2) head muscle volume increased, 

and (3) bite force increased. These traits of large supersoldiers are likely adapted 

for crushing while those of small minors are likely for cutting. Foraging experiments 

showed that P. spadonia, P. rhea, and P. obtusospinosa used their workforce in 

different ways for food processing outside the nest. For P. rhea, the frequency of 

supersoldiers involved in food processing increased as the processing level required 

increased. However, P. obtusospinosa supersoldiers were rarely found processing 

food outside the nest and P. spadonia soldiers assisted in processing dead prey but 

did not help at all in processing live prey. P. obtusospinosa and P. spadonia workers 
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may be more involved with other colony tasks. This hypothesis was confirmed when 

field observations of P. obtusospinosa showed supersoldiers participating in head-

blocking at their entrance to fend off invading army ants; no other castes exhibited 

this behavior. Lastly, we tested genetic influences on worker polymorphism. We 

found that as colony genetic diversity increased (via polyandry), the degree of 

polymorphism increased. We also showed evidence of paternal genes influences on 

the development of worker castes in the highly polymorphic P. rhea.  
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INTRODUCTION 

An explanation of the problem and review of literature 

Polymorphism is defined as the expression of multiple phenotypes within the same 

species in a population as a result of differences in exposure to environmental 

stimuli or genotype (West-Eberhard 2003). Examining this phenomenon is 

important because it is very common in the animal kingdom and it often helps 

reveal the contrasting selective pressures acting on groups of organisms that occupy 

different ecological niches. In solitary organisms, polymorphisms help increase the 

fitness of individuals in a population in response to changing environments or 

adoption of different mating strategies. Classic examples include short- and long-

winged male forms in male sand crickets (Crnokrak & Roff 1995), right- and left-

jawed forms in scale-eating cichlid fish (Hori 1993), and small predaceous and large 

cannibalistic larval forms in tiger salamanders (Pfenning & Collins 1993).  

In social insects such as termites, bees, wasps, and ants, polymorphism 

among individuals helps increase the fitness of a colony as a whole rather than any 

particular individual (Wilson 1971). However, all the individuals within that society 

benefit from indirect fitness gains since they are related at some level to each other. 

In ants, polymorphisms commonly exist between queens and their workers and/or 

among the workers themselves (Hölldobler & Wilson 1990). Queen morphs 

generally have a larger body size and more developed ovaries for maximizing 

reproductive output. In some ant species, polymorphism within the worker caste 

plays an especially important role in the division of labor, which ultimately helps 
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increase colony efficiency (Wilson 1971; Oster & Wilson 1978). Worker morphs 

may exhibit a variety of modifications in mouthparts and head shapes and sizes to 

increase their effectiveness at performing particular colony tasks such as brood 

rearing, foraging, and defense. Since different ant species occupy various ecological 

niches, many of them have evolved and maintained different types of worker caste 

systems, which can be broadly categorized as monomorphic, dimorphic, or soldier-

polymorphic (trimorphic)(Wilson 1953; Wheeler 1991). Monomorphic ants have a 

very narrow worker size variation and a single size mode with no significant 

differences in physical traits among workers; examples include species in many ant 

genera including Formica, Ectatomma, Myrmica, and Carebara (Wilson 1953). 

Dimorphic ants have a relatively wider worker size range that includes a distinctly 

separate minor worker and soldier caste (Hölldobler & Wilson 1990). Soldier-

polymorphic ants also have a distinctly discrete minor worker and soldier caste but 

have an even broader soldier caste size range that sometimes includes multiple 

soldier size modes. Examples of ants that exhibit varying degrees of dimorphism 

and soldier-polymorphism include species in the genera Pheidole, Solenopsis, 

Camponotus, Pheidologeton, Eciton, and Atta (Franks 1985; Moffett 1987; Hölldobler 

& Wilson 1990; Wilson 2003). 

 Pheidole ants are incredibly diverse, with its genus consisting of over 1000 

described species that are found in a great variety of habitats worldwide (Wilson 

2003; ANTWEB 2012). A majority of these species have a dimorphic worker caste 

system with minor workers and one soldier caste. However, seven species have 
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polymorphic soldiers in addition to minor workers; all of these species can only be 

found in the Sonoran and Chihuahuan deserts of the southwestern United States and 

the Central Mexican plateau. It is possible that the ecological success of this ant 

group is attributed to its diversity in worker caste systems. Before this hypothesis 

can be adequately tested, it is necessary to first: (1) accurately characterize the 

degree of similarities and differences among the dimorphic and soldier-polymorphic 

species, (2) determine the specific functional roles of different castes, and (3) 

investigate the mechanisms involved in producing the different levels of 

polymorphism among species. 

 An in-depth characterization of the worker caste system of dimorphic 

Pheidole species has been relatively scarce (Droual 1983; Wilson 1984; Sempo & 

Detrain 2004; Yang et al. 2004). For soldier-polymorphic species, there have been a 

few studies that attempt to characterize their caste system (Wilson 1953; Wheeler 

1991; Wilson 2003). However, these studies have been based on size measurements 

of single colonies or a few museum specimens; more in-depth studies are 

completely lacking. 

 The functional roles of different castes have only been investigated in a few 

dimorphic Pheidole species using broad-scale ethograms (Wilson 1984; Patel 1990; 

Sempo and Detrain 2004, 2010). Although these behavioral studies provide insights 

into the frequencies of a wide range of tasks, they mostly focus on within nest 

activities such as brood care, queen/larval feeding, grooming, and trophallaxis. A few of 

these studies do report the frequency of foraging outside the nest but do not provide 
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any further information on the organization of foraging effort for processing 

different types of food. In addition to foraging, worker caste roles in colony defense 

need to be examined. Any information on caste foraging and defensive functions is 

currently nonexistent for soldier-polymorphic Pheidole species. 

 The roles of juvenile hormone (JH), nutrition, and genetics in queen-worker 

caste determination have been well established for honey bees (Rembold et al. 

1974; Dietz 1979; Asencot & Lensky 1984; Capella & Hartfelder 1998; Patel et al. 

2007; Kamakura 2011). However, the mechanisms underlying caste determination 

in ants are not as well studied, especially with regards to worker-worker 

polymorphism. Studies of nutritional effects on worker caste determination in ants 

have only been attempted by Goetsch (1937) and Passera (1974); this scarcity in 

such studies is due to the difficulty in controlling the amount and quality of food fed 

to them and tracking the amount of food consumed. The effects of JH and gene 

expression on worker caste determination in ants have been examined in a few 

dimorphic and soldier-polymorphic Pheidole species (Wheeler & Nijhout 1983; 

Rajakumar et al. 2012). Also, the effects of paternal genes on worker polymorphism 

have been studied in a variety of ant genera including Acromyrmex (Hughes et al. 

2003), Atta (Evison & Hughes 2011), Eciton (Jaffé et al. 2007), and Pogonomyrmex 

(Rheindt et al. 2005). However, studies on paternal influences on worker 

polymorphism are lacking for Pheidole ants.  
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Explanation of dissertation format 

The ultimate goal of my dissertation is to set the foundation for understanding how 

and why extreme worker polymorphisms evolved in the hyperdiverse Pheidole ant 

genus. To achieve this, I first perform a thorough characterization of the worker 

caste systems of both dimorphic and soldier-polymorphic species. I then examine 

the head histology and mandible biomechanics of different worker size castes and 

use this information to predict potential differences in caste roles in food 

processing. These predictions are then tested using foraging experiments. Using 

field observations, I also examine the role of different worker castes in colony 

defense. Lastly, I use pedigree analysis to determine whether the degree of 

polymorphism among different species is positively correlated with colony genetic 

diversity (via polyandry) and whether paternal genes influence caste determination.  

 This dissertation includes four appendices that are formatted as separate 

manuscripts that have been already published, are in revision, or have been 

submitted for publication. Appendix A compares and contrasts the worker caste 

systems of several Pheidole species. Appendix B examines the adaptive morphology 

of different worker castes and their potential influence on food processing roles in 

Pheidole species with contrasting worker caste systems. Appendix C describes a 

field observation where supersoldiers of the soldier-polymorphic P. obtusospinosa 

exhibited head-blocking behavior to defend against nest raiding army ants; this 

behavior was solely performed by the supersoldier caste in this species. Appendix D 

investigates the link between colony genetic diversity (via multiple mating) and 
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worker morphological diversity, with direct evidence of paternal influence on caste 

determination presented.
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PRESENT STUDY 

 Attached to this dissertation are the manuscripts containing the methods, 

results, and conclusions of my study. Below is a summary of the key findings in this 

document.  

 Appendix A explores the contrasting worker caste systems of Pheidole ants 

by examining specifically (1) the size frequency distributions of established 

colonies, (2) how these size distributions change between the founding and 

establishment phases, (3) worker caste ratios, (4) head allometry, and (5) caste 

biomass allocation. The four species that we focused on were P. spadonia, P. rhea, P. 

obtusospinosa, and P. tepicana. All species showed a general increase in average 

worker size as the colonies aged until the worker sizes stabilized. However, P. rhea 

continued to increase in average worker size at the termination of the study. At 

colony establishment, the species with a narrow worker size range (P. spadonia) 

exhibited two modes: minor workers and soldiers (dimorphic). The other three 

species, which have a broad size range, showed three modes: minor workers, 

soldiers, and supersoldiers (soldier-polymorphic); the frequency of soldiers and 

supersoldiers varied among species. The degree of allometry in the soldier and 

supersoldier castes also differed significantly among species, with the allometry 

steepest in soldier-polymorphic species (especially P. rhea). When considering caste 

ratios and biomass together, the dimorphic P. spadonia allocates slightly more 

resources to produce soldiers. This contrasts with soldier-polymorphic species that 

allocate significantly more resources to producing minor workers relative to 
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soldiers and supersoldiers. Our studies demonstrate the importance of 

understanding the interplay between multiple traits of worker caste systems. Also, 

our findings suggest that the similarities in worker caste systems among Pheidole 

species may be a result of similar selection pressures acting on broad scale factors 

while differences between them result from differences in selection pressures on 

small-scale environments.  

 Appendix B compares different worker traits for three Pheidole species with 

contrasting worker caste systems (P. rhea, P. obtusospinosa, and P. spadonia) and 

uses the trait comparisons to predict the food processing roles of different castes. 

For all three species, the following two trends were apparent as head size increased 

between castes (minors < soldiers < supersoldiers). First, worker mandibles 

generally became less serrated, less sharp, and broader in overall shape. The 

combination of mandible features for small minors had been shown in other insects 

to be adaptive for cutting and shearing while that of supersoldiers had been shown 

to be suitable for crushing. Second, the head muscle volume and bite force 

significantly increased between castes. Interestingly, P. spadonia reached a similar 

maximum bite force as P. obtusospinosa despite the fact that the largest P. spadonia 

soldiers were 1.4 times smaller than that of P. obtusospinosa. This phenomenon may 

be a result of the dedication of excess muscles in P. obtusospinosa to increase muscle 

endurance and/or differences between the two species in mandible mechanics. The 

caste traits above were good predictors of worker food processing roles for P. rhea 

since the frequency of supersoldiers involved in food processing outside the nest 
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increased as the processing level required increased. However, P. obtusospinosa 

supersoldiers were rarely found processing food outside the nest and P. spadonia 

soldiers assisted in processing dead prey but did not help at all in processing live 

prey. Also, supersoldiers were underrepresented at food sources for all three 

species relative to the full workforce that was available in the colonies. However, the 

frequency of P. rhea supersoldiers was the most representative of the frequency of 

supersoldiers inside the nest out of the three species. For P. obtusospinosa and P. 

spadonia, the worker traits above may be better correlated with other colony tasks.   

 Appendix C describes a field observation of a colony defense strategy 

successfully implemented by the soldier-polymorphic P. obtusospinosa against 

invading army ants. We showed that this defensive strategy involved alternating 

between two major phases: aggressive attacks and head-blocking at the nest 

entrance. Interestingly, all worker castes (minors, soldiers, and supersoldiers) 

participated in the aggressive attack phase while only the supersoldiers exhibited 

head-blocking. These observations suggest that P. obtusospinosa may have evolved 

supersoldiers as a specialized caste for combating army ants. Other ants that do not 

possess a supersoldier caste have been shown to adopt other strategies such as nest 

evacuation, modification of nest architecture, plugging nest entrance with rocks or 

debris, or strictly use direct combat.  

 Appendix D tests the hypothesis that worker morphological diversity 

increases with colony genetic diversity in Pheidole ants, as is observed in other ants. 

Two species (P. rhea and P. spadonia) with contrasting levels of worker size 
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variation were used to determine if the predictions of this hypothesis are applicable 

to Pheidole. The extremely worker-diverse P. rhea showed a high degree of 

polyandry (100% polyandry, up to 6 mates per queen) while the less-worker-

diverse P. spadonia showed a high degree of monandry (90% monandry, maximum 

2 mates per queen). This relationship between the degree of polyandry and worker 

diversity is consistent with that found in other ants. In general, the greater the 

colony genetic diversity is (via multiple queen matings), the more likely there will 

be genes within the gene pool that will cause individuals to grow at different rates 

during larval development, resulting in an increase in adult worker polymorphism. 

However, other factors such as differential larval feeding may also contribute to 

worker polymorphism. For the polyandrous P. rhea, we also found that different 

patrilines tend to sire workers of different sizes. Since patriline genes are inherited 

by worker offspring, these findings provide direct evidence that paternal genes 

specifically associated with worker size affect caste structure. 
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ABSTRACT 

Nearly all species in the ant genus Pheidole have dimorphic workers, with distinct 

small minors and larger soldiers. The size range of both castes is typically narrow. 

Just seven described species are soldier-polymorphic, with a broad soldier size 

range. Here we characterize worker caste allocation and demography in the soldier-

polymorphic P. obtusospinosa, P. rhea, and P. tepicana, and the dimorphic P. 

spadonia for comparison. The head allometry of soldiers in soldier-polymorphic 

species is strongly positive and that of dimorphic species is negative. Among soldier-

polymorphic species, the soldier castes differ from each other in the degree of 

positive allometry.  In addition, they differ in the number of size modes: P. 

obtusospinosa and P. rhea have two and P. tepicana has one. During colony ontogeny, 

P. obtusospinosa first has one mode and develops the second mode much later while 

P. rhea produces multiple modes throughout. We also characterize worker caste 

systems based on biomass allocation. For all three soldier-polymorphic species, the 

majority of soldiers are small soldiers. Pheidole obtusospinosa and P. rhea allocate 

roughly equal biomass to the two soldier classes while P. tepicana allocates little to 

supersoldiers based on both biomass and caste ratio. These findings illustrate the 

interplay among caste ratios, biomass allocation, size frequency distributions, and 

allometry in the evolution of different worker caste systems. We conclude that 

soldier-polymorphic species may have evolved convergently in response to broad-

scale factors, but differences among them suggest selection pressures in small-scale 

environments have been different. 
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INTRODUCTION 

Caste polymorphism in social insects is the presence of multiple phenotypes within 

the same colony due to environmental and/or genetic stimuli during development 

(Wilson, 1971; Hughes et al., 2003; Rheindt et al., 2005).  These polymorphisms can 

be in the form of queen-worker dimorphism and multiple morphs within the worker 

caste (Fjerdingstad and Crozier, 2006).  Here, we focus on polymorphism within the 

worker caste.  A dimorphic worker caste system consists of smaller minor workers 

and larger soldiers (Hölldobler and Wilson, 1990).  A soldier-polymorphic worker 

caste system consists of small soldiers and large soldiers (=supersoldiers) in 

addition to minor workers [army ants (Franks, 1985) and Pheidologeton (Moffett, 

1987)].  Also, we use the term “soldier” in this paper as a simple reference to 

workers that are distinctively larger and morphologically different than minor 

workers, without implying a defensive function.  Of the 300 ant genera, a minority of 

them exhibit worker polymorphism, but this minority includes the two most 

species-rich genera (Camponotus and Pheidole) [ANTWEB, 2010a], suggesting that 

worker polymorphism in these genera contributes to species diversity (Hölldobler 

and Wilson, 1990). 
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The Pheidole ant genus includes over 1600 described species (ANTWEB, 

2010b), the vast majority of which have a dimorphic worker caste system with 

monomorphic minors and soldiers.  That is, variation in size within both castes is 

small.  Wilson (2003) has hypothesized that the existence of the soldier caste is a 

key trait responsible for the ecological success and hyperdiversity of Pheidole.  Just 

seven described species of Pheidole have soldiers that are polymorphic, and these 

have all been found in the Sonoran and Chihuahuan deserts of the southwestern 

United States and the Central Mexican plateau.  These soldier-polymorphic species 

tend to be lumped together, but in fact they are not monophyletic (Moreau, 2008).  

Moreau’s finding sets up the hypothesis that soldier polymorphism has evolved 

convergently in response to similar selection pressures that may have a common 

geographical basis.  However, previously available data (Wilson, 1953; Wheeler, 

1991; Wilson, 2003) is insufficient to determine the extent of similarities and 

differences among these soldier-polymorphic species or to determine explicit 

differences with soldier-monomorphic species.  

Here, we examined their size frequency distributions, allometry, caste ratios, 

caste biomass, and colony size of the worker caste of three soldier-polymorphic 

species (P. obtusospinosa, P. rhea, and P. tepicana) and one sympatric dimorphic 

species (P. spadonia).  Our findings establish similarities and differences among 

soldier-polymorphic species and assess how soldier-polymorphic and soldier-

monomorphic species differ.  These results are the foundation for understanding 
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why such rare soldier-polymorphic worker caste systems evolve in a hyperdiverse 

genus that has been so successful with predominantly dimorphic species. 

 

MATERIALS AND METHODS 

Ant collection for laboratory rearing 

All colonies used in our lab studies were reared from founding queens.  Pheidole 

spadonia founding queens were collected at blacklights in Tucson, AZ in late July 

2004.  P. obtusospinosa founding queens were collected in the early morning the day 

after heavy rainfall in Tucson, AZ in early July 2004.  All P. rhea founding queens 

were collected during the daytime while they were excavating new nest entrances in 

the Pajarita Mountains (Santa Cruz Co.: AZ) in early July 2006.  A single P. tepicana 

founding queen was collected during the daytime walking on the ground surface 

near Peña Blanca Lake (Santa Cruz Co.: AZ) in early July 2006.  All laboratory 

colonies were reared in constant darkness, temperature (30°C), and humidity.  Each 

lab colony was fed a variety of frozen insects including cockroaches, lepidopteran 

larvae, and crickets.  Lab colonies at the earlier founding stage were fed once a week 

while older colonies were fed up to three times a week.  This protein- and lipid-rich 

diet was supplemented with drops of honey water solution containing Wesson Salts 

and SIGMA Vanderzant vitamins. 
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Body measurements 

Measurements of head width and thorax length were made on all adult workers 

sampled.  Only head width measurements were made on pupae.  Head width for 

both adults and pupae was defined as the distance between the two most widely 

separated points on the two sides of the head, as seen from the ant’s frontal view.  

Adult thorax length was defined as the distance between the anterior margin of the 

thorax to the posterior margin of the petiole, as seen from the ant’s dorsal view.  An 

ocular micrometer was used to make measurements on workers under a dissecting 

microscope.  During measurement, live ants were immobilized and held securely 

between a soft cotton platform on the bottom and a transparent petri dish lid on 

top.  Repeated measurements of randomly selected individuals showed no 

difference at all between measurements of head width and only a difference of up to 

0.05mm between measurements of thorax length.  Measurements were taken to 

determine worker size frequency distributions and allometry.  Allometry is defined 

as the relationship between the sizes of one body part to another body part.  Here, 

we were interested in the head width relative to thorax length size.  Head width was 

used because many of the variation between individual workers of the same 

Pheidole species occur in the head area (Pie and Traniello, 2007).  Head width is also 

a standard, commonly used, head measurement for studies on ant worker caste 

systems.  Thorax length was used as a relative body measurement to head width 

because of its rigid structure, which facilitates accurate measurements.  The 

abdomen was not included since contractions of that body segment made it difficult 
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to measure.  All adults and pupae were returned to the colonies alive after 

measurements were taken.   

 

Colony ontogeny of soldier production 

We investigated the ontogeny of soldiers in lab-reared colonies of P. spadonia (32 

colonies), P. obtusospinosa (5 colonies) and P. rhea (5 colonies) as they developed 

from the founding stage to the colony stasis stage.  The period after which the 

average size of soldiers fluctuates within a stable range under laboratory conditions 

is defined as colony stasis.  For each monthly sampling, the head widths of all callow 

soldier adults (1 to 2 days post emergence) and/or pupae were measured.  Since 

this study focused on caste demography of new worker production, none of the 

older adult workers were measured.  Callows were included to increase the sample 

size for younger colonies of P. spadonia and P. obtusospinosa less than 8 months old.  

For older colonies, the number of pupae produced was sufficient.  Head width of 

callow adults was on average 0.03mm ± 0.03 and 0.05mm ± 0.04 smaller than pupae 

for P. obtusospinosa and P. spadonia, respectively.  These differences do not change 

the overall shape and range of the size frequency distributions [e.g., compare Fig. 3 

(all adults) to Fig 2 (at 8 or 10 months, all pupae)].   Pheidole rhea produced 

sufficient numbers of pupae throughout colony ontogeny, thus it was not necessary 

to include callows at any stage. 
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Standing worker size frequency distributions and allometry 

We determined the standing size frequency distribution and allometry of head 

width of adult workers for each species.  Lab-reared colonies of P. spadonia and P. 

obtusospinosa were sampled one month after colony stasis (defined above).  Since P. 

rhea did not clearly reach stasis at the same time as the other two species (Fig. 1), 

measurements were taken for five colonies at approximately 15 months after 

founding to give them additional time to mature.  For each species, the colonies used 

were of the same age and approximately the same colony size.   

 Five colonies of P. obtusospinosa, five colonies of P. rhea, and one colony of P. 

tepicana were sampled for minors and soldiers.  Six colonies of P. spadonia were 

sampled for soldiers and nine colonies were sampled for minor workers.  Minor 

worker adults were sampled by collecting individuals from random areas inside the 

nest box, covering as much of the nest area as possible.  Adult soldiers were more 

thoroughly sampled.  First, all soldiers were isolated from the nest box and placed 

into a large petri dish (6” diameter).  Then, a subsample of the isolated soldiers was 

taken by randomly placing a smaller petri dish (3” diameter), facing downwards, 

into the large petri dish.  All soldiers trapped inside of the smaller dish were 

measured.    

In addition, worker samples from two field colonies of P. obtusospinosa were 

collected in early to late July 2006 for comparison with laboratory colonies; one 

from Gardner Canyon (Santa Cruz Co.: AZ) and the other from Sycamore Canyon 

(Santa Cruz Co.: AZ).  The two field colonies were sampled by locating the nest 
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entrance and excavating a 60cm x 90cm x 30cm (L x W x D) block of soil directly 

above the nest.  All adult soldiers and up to 100 adult minor workers found in the 

soil sample were collected and placed in alcohol for measurement.   

 

Colony size, worker caste ratios, and % worker caste biomass 

Five colonies of P. spadonia, six colonies of P. obtusospinosa, five colonies of P. rhea, 

and one colony of P. tepicana were used.  All colonies used were reared in the lab.  

The criterion used for selecting colonies and the timing of data collection was the 

same as that for the standing size frequency distributions and allometry study 

above.  The number of soldiers in each colony was determined by counting every 

adult individual of that caste.  The number of adult minor workers was estimated by 

first isolating all individuals of that caste and obtaining their total weight.  Then, 100 

individuals were taken from that sample and weighed to determine the average 

weight of a single minor worker.  These two weight values were then used to 

estimate the total number of minor workers in the colony.  The caste ratio (% of 

soldiers) was calculated by dividing the actual number of soldiers by the colony size, 

which is defined as the total adult worker population (minors and soldiers).  Data of 

colony size and caste ratio were then used along with the average weight of 

individual workers representing each caste to determine the percentage of the total 

worker biomass allocated to each worker caste.   
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Statistical analysis 

Cluster analysis was performed for soldiers for Pheidole obtusospinosa and P. rhea to 

determine where the separation of small soldiers from supersoldiers occurred 

(assuming two modes).  Since P. tepicana did not have a multi-modal distribution, 

the point of separation between small soldiers and supersoldiers was determined 

by comparing the level of skew in the distribution that included all soldier sizes and 

that of a distribution with the largest soldiers excluded.  If the skew decreased 

substantially for the distribution with the exclusion, then the size range of the 

excluded individuals was considered as the supersoldier caste.  Comparisons 

between worker size distributions focused mainly on differences or similarities in 

median and variance.  Head width and thorax length data were log transformed 

before performing regression analyses.  Allometric slopes of minor workers, small 

soldiers, and supersoldiers were determined by using linear regression.  We then 

determined whether there were any significant differences in slopes between the 

different castes within each species by using multiple regression.  Since P. spadonia 

and P. tepicana did not show bimodality in their soldier size distributions, the ants 

were categorized as either “minor worker” or “soldier.”  In contrast, P. obtusospinosa 

and P. rhea ants were categorized as “minor worker,” “small soldier,” or 

“supersoldier” for slope comparisons because their soldier size frequency 

distributions were bimodal.  All possible paired comparisons of the slopes of the 

above three categories were made for those two species (all p-value significance 
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thresholds were Bonferroni-corrected).  Statistical analyses were performed using 

JMP 7.0. 

 

RESULTS 

Colony ontogeny of soldier production 

Pheidole obtusospinosa and P. spadonia both showed a significant linear increase in 

average soldier size as their colonies increased in number of workers and aged from 

founding up to nine and seven months after founding, respectively (Linear 

Regression, log transformed, R2(OBTUSO, SPAD) = 0.99, 0.98, Slope(OBTUSO, SPAD) = 0.44, 0.28, 

P<0.03 for both species) [Fig. 1].  Subsequently, both species reached colony stasis 

(defined in Methods), showing an oscillating pattern but no further increase in 

average size (Linear Regression, log transformed, R2(OBTUSO, SPAD) = 0.83, 0.30, 

Slope(OBTUSO, SPAD) = -0.68, -0.16, P(OBTUSO, SPAD) = 0.09, 0.45).  In contrast, P. rhea did not 

reach a stasis due to a continued increase in average head size (Linear Regression, 

log transformed, R2(RHEA) = 0.36, Slope(RHEA) = 0.13, P( RHEA) = 0.02), high variance, and 

oscillations [Fig. 1].  Soldiers in field colonies, which are potentially older, reach 

larger sizes than those in lab colonies.  The largest soldier head width we have 

recorded from field colonies is 3.8mm (M.H. Huang, unpublished data) while the 

largest found in lab colonies is 3.3mm.  

 The smallest soldiers (nanitic) produced in colony ontogeny were only 

present in the first few months for all three species [head widths: P. rhea ~ 0.9mm 

to 1.0mm (n=4); P. obtusospinosa ~ 1.0mm – 1.1mm (n=19); P. spadonia ~ 1.1mm – 
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1.2mm (n=31)] [Fig. 2].  Soldiers of all sizes, including nanitic ones, can be 

distinguished from minors of all sizes in Pheidole ants by the disproportionally large 

head and short antennal scape.   

Changes in the shape of soldier size frequency distributions during colony 

ontogeny differed among species.  For P. obtusospinosa, the size distribution initially 

was unimodal with a relatively narrow size range (Fig. 2).  The size range then 

broadened significantly and subsequently became strongly bimodal at colony stasis.  

Soldiers of P. obtusospinosa colonies at eight months after founding had a 

significantly larger median head width (Mann-Whitney Test, df=1, P<0.0001) and 

more size variance (Levene Test, df=1, P=0.0001) than colonies at three months.  For 

P. rhea, the size distribution initially appeared as two peaks with a narrow size 

range but rapidly expanded in size range (Fig. 2).  As the colonies reached their 

stasis phase, the size range widened further and became weakly bimodal.  Soldiers 

of P. rhea colonies at ten months after founding had a significantly larger median 

head width (Mann-Whitney Test, df=1, P=0.0028) and more size variance (Levene 

Test, df=1, P=0.0214) than colonies at three months.  For P. spadonia, the size 

distribution remained unimodal with a narrow size range throughout colony 

ontogeny (Fig. 2).  Colonies of P. spadonia at eight months after founding had a 

significantly larger median head width (Mann-Whitney Test, df=1, P<0.0001) than 

colonies at two months old but the size variance was not significantly different 

(Levene Test, df=1, P=0.9615). 

 



 34 

Standing worker size frequency distributions and allometry 

All the standing worker size frequency distributions and allometry plots of lab-

reared colonies reflect the demographics of living adult workers in a single point in 

time after colony stasis.  The size distributions of minor workers for all four species 

were unimodal but their medians (Kruskal-Wallis Test, df=3, P<0.0001) and size 

ranges (Levene Test, df=3, P<0.0001) were significantly different (Fig. 3).   

Even greater differences among species in worker size distribution occurred 

within the soldier caste (Fig. 3).  Pheidole spadonia soldiers were unimodal with a 

very narrow head width (HW) range (1.3mm to 1.7mm), P. tepicana soldiers were 

unimodal with a moderate size range (HW = 0.7mm to 1.7mm), P. obtusospinosa 

soldiers were strongly bimodal with a wide size range (HW = 1.1mm to 2.4mm), and 

P. rhea soldiers were weakly bimodal with the widest size range (HW = 1.1mm to 

3.4mm).  Pheidole tepicana had the strongest skew [Skew(TEP, OBTUSO, RHEA, SPAD) = +1.2, 

+0.88, +0.083, -0.10].  The strong skew reduced to -0.22 when soldiers with a head 

width of 1.3mm or higher were excluded from the distribution.  Thus, we used 

HW=1.3mm to define and categorize small soldiers and supersoldiers for P. 

tepicana.  Pheidole spadonia had the greatest size difference between the largest 

minors (HW=0.6mm) and the smallest soldiers (HW=1.3mm).  The size distributions 

for both minors and soldiers for all four species were not normally distributed 

(Shapiro-Wilk Test, P<0.0001 for all cases).  For P. obtusospinosa and P. rhea, the two 

species with a bimodal soldier caste, cluster analysis indicated that the points of 
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separation between small soldiers and supersoldiers were HW = 1.7mm and 2.8mm, 

respectively.   

Differences in soldier size distributions between colonies were apparent.  For 

P. obtusospinosa, P. rhea, and P. spadonia, median head width differed significantly 

between colonies [Kruskal-Wallis Test, df(OBTUSO) =4, df(RHEA) =4, df(SPAD)=5, P<0.002 

for all species] while size variance differed between colonies only for P. 

obtusospinosa [Levene Test, df(OBTUSO) =4, df(RHEA) =4, df(SPAD) =5, P(OBTUSO)<0.0001, 

P(RHEA, SPAD)>0.0800].  Differences in head width were much greater among species 

than within species (Nested multi-factor ANOVA, Species: P<0.0001, df=2, 39.4% of 

variance explained; Colony [Species]: P<0.0001, df=13, 1.61% of variance explained).   

 Bivariate scatter plots of worker head width versus thorax length 

showed that the three soldier-polymorphic species do not substantially overlap in 

two-dimensional allometric space (Fig. 4).  Minors and soldiers of P. tepicana, P. 

obtusospinosa, and P. rhea all occupy distinct regions.  The allometric plots of both 

worker castes of P. tepicana and P. spadonia do overlap, but the soldier size range 

for P. tepicana extends far above that of P. spadonia. 

Statistical comparisons of the allometric slopes of different castes within 

each species were performed (Table 1; Fig. 4).  Minor workers of all species were 

either negatively allometric (Slope<1) or isometric (Slope ~ 1).  In the dimorphic P. 

spadonia, soldiers were also negatively allometric.  However, in all three soldier-

polymorphic species, the soldier caste as a whole had extreme positive allometry.  

When the different soldier castes were considered separately, the supersoldiers of P. 
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rhea show negative allometry.  The y-intercepts of all castes were significantly 

different (Multiple Regression, P<0.002 for all intercept comparisons) for all four 

species measured. 

Two field colonies of P. obtusospinosa, from different locations, showed very 

similar patterns in their size frequency distributions and allometry (see Fig. 5, Table 

2 and 3).  Cluster analysis identified the points of separation between small soldiers 

and supersoldiers in the Sycamore Canyon and Gardner Canyon field colonies as HW 

= 2.18mm and 2.10mm, respectively.  However, there were significant differences 

between laboratory and field-collected colonies of P. obtusospinosa (Fig. 6), 

especially in the size of supersoldiers.  Soldiers in both field colonies were 

significantly larger than those produced in lab colonies (Mann-Whitney Test, df=1, 

P<0.01 for all comparisons) and the supersoldiers in the field colonies (maximum 

HW =2.6 mm) were larger than the supersoldiers in lab colonies (maximum HW = 

2.4mm).  Also, the allometric slopes of supersoldiers from both field colonies were 

significantly shallower than that of supersoldiers from lab colonies (Table 2 and 3), 

supporting the finding for supersoldiers in laboratory colonies.  Further sampling of 

field colonies may reveal that the allometric slope for the supersoldier size mode for 

this species is in fact curvilinear rather than linear.  Empirical studies have shown 

curvilinear allometry in other worker caste systems (e.g., Feener et al. 1988; Diniz-

Filho et al. 1994; Schöning et al. 2005).  

 

Colony size, worker caste ratios, and % worker caste biomass 
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Pheidole rhea had the largest average lab colony size [33, 574 ± 7948 (n=5)] 

compared to that of P. obtusospinosa [1,783 ± 572 (n=6)], and P. spadonia [1,221 ± 

270 (n=5)] (Welch Test, df=2, P=0.0002).  Pheidole tepicana also had a large colony 

size [22,337] but could not be statistically compared with the other three species 

because only one colony was available.  Also, P. rhea had the least amount of 

variance in worker caste ratio (Bartlett Test, df=2, P=0.0018) and the lowest 

proportion of soldiers [Avg. = 1.53% ± 0.95, of which 17% are supersoldiers] (Welch 

Test, df=2, P<0.0001) [Fig. 7].  The other two soldier-polymorphic species had a 

relatively greater proportion of soldiers: P. obtusospinosa [Avg. = 16.0% ± 4.82, of 

which 25% were supersoldiers] and P. tepicana [Avg. = 14.6%, of which 6% were 

supersoldiers].  The dimorphic P. spadonia had a moderate proportion of soldiers 

[Avg. = 8.84% ± 1.00], which fell within the range of other dimorphic species (2% to 

35%) [Passera, 1977; Wilson, 1984; Wheeler and Nijhout, 1984; Calabi and 

Traniello, 1989; Yang et al., 2004; Mertl and Traniello, 2009]. 

  The relative investment in worker castes, as indicated by caste biomass, 

differed strikingly among species (Fig. 7).  The total soldier biomass of both P. 

obtusospinosa and P. spadonia exceeded that of their minor workers.  In contrast, the 

total soldier biomass of P. rhea was by far the lowest relative to minor worker 

biomass out of the four species measured.  Among the three soldier-polymorphic 

species, supersoldiers of P. obtusospinosa had the greatest total biomass 

(approximately equal to that of small soldiers).  In contrast, small soldiers of P. 

tepicana had the greatest total biomass relative to supersoldiers. 
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DISCUSSION 

Colony demography 

The size of soldiers produced by P. obtusospinosa, P. rhea, and P. spadonia increases 

as the colony ages and grows in worker number (Figs 1 and 2).  All three species 

produce nanitic soldiers in the earliest stages of colony ontogeny (Fig. 2).  Nanitic 

minor workers are well documented in ants (Wood and Tschinkel, 1981; Tschinkel, 

1987; Dejean and Lachaud, 1992), but nanitic soldiers to the best of our knowledge 

have not been reported.  Small size of nanitics in the worker caste in general is likely 

due to the relatively small quantity of food brought back to the colony by the small 

workforce at the early stages of colony founding (Hölldobler and Wilson, 1990).   

The worker size frequency distribution of P. spadonia (Fig. 2) is typical of 

that of the vast majority of Pheidole species, which have a unimodal soldier caste 

and relatively narrow soldier size range (Wilson, 2003).  In contrast, soldier-

polymorphic species show an expansion in the soldier size range and a change in the 

number of size modes as the colony size grows larger (Fig. 2).  As in the case for 

nearly all Pheidole species, remarkably little is known about the functional 

significance of variation in either caste demography or soldier form.  Colonies of P. 

obtusospinosa produce only the smaller-sized soldiers (HW = 1mm to 1.5mm) in 

their early stage of ontogeny (Fig. 2).  As the colony grows larger in size, it adds a 

larger soldier size mode, which is likely more effective at defending against 

predators and competitors.  Huang (2010) discovered that supersoldiers of mature 
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field colonies of P. obtusospinosa use their enlarged heads to block the nest entrance 

in response to invasions by army ants.  Colonies of P. rhea, however, produce 

multiple modes of soldiers at even the earliest colony ontogeny stage, with a size 

range almost as broad as mature colonies (Fig. 2).  Leaf-cutter ants also have an 

exceptionally early production of multiple worker size classes during colony 

founding, which represented the minimal set required to forage, process vegetation, 

and cultivate fungus (Wilson, 1980; Wilson, 1983).  As in the leaf-cutter ants, P. rhea 

may produce a minimal set of workers to cover the tasks necessary in the founding 

and incipient colony ontogeny stages.  The specific nature of these tasks has not yet 

been determined. 

Soldiers of field colonies of P. obtusospinosa exhibit an expansion in size 

range when compared to those of lab colonies (Fig. 6).  The size increase suggests 

that the lab environment does not provide all the requirements needed to reach the 

maximum expression of some features of this species’ worker caste system seen in 

the field.  Elements potentially causing a smaller worker size range in lab colonies 

include a lack of diet variation, lower food quantity, younger colony age, and limited 

nesting space.  Of these factors, limited nesting space in the lab likely has the 

greatest impact, capping the number of workers and therefore colony size.  On the 

other hand, field colonies can expand spatially and continue to increase worker 

number.  A positive correlation of colony size and mean worker size has been 

reported for Solenopsis invicta (Tschinkel, 1993).  Although maximum size is not 
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achieved in P. obtusospinosa in the lab, both field and lab colonies consistently 

showed the same three size modes. 

 

Worker allometry 

Allometric plots of multiple species help reveal (a) whether there is overlap in 

allometric space between them and (b) allows easy comparison of allometric slopes.  

The scatter plots of the three soldier-polymorphic species here show no overlap in 

allometric space and the magnitude of change in allometric slope between castes 

differs between species (Fig. 4).  Such character displacements can evolve in 

response to the perpetual coexistence of highly competitive species with a strong 

overlap in living space; this phenomenon is well-documented in ants (Haering and 

Fox, 1987; Cerdá and Retana, 1998; Farji-Brener et al., 2004) and other organisms 

(Fenchel, 1975; Grace and Wetzel, 1981).  Character displacement, especially in 

head size and shape, could be a factor in the evolution of the three very different 

soldier-polymorphic Pheidole species.   

 

Worker caste biomass 

The proportion of soldiers in P. spadonia colonies is ~9% (Fig. 7), which is not 

uncommon for this genus (Wheeler and Nijhout, 1984; Wilson, 1984; Calabi and 

Traniello, 1989; Passera et al., 1996; Yang et al., 2004; Mertl and Traniello, 2009).  

However, approximately 60% of the total worker caste biomass is in soldiers due to 

their larger size relative to minors (Fig. 7).  For many of the dimorphic species, the 
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size difference between soldiers and minors is somewhat smaller (Wilson, 2003) 

and therefore biomass investment in soldiers is less.  This difference, however, does 

not make P. spadonia an atypical dimorphic species because it still lies within a 

cluster of other dimorphic species with regards to the soldier to minor worker head 

size ratio, unlike true outlier dimorphic species such as P. titanis, P. virago, and P. 

militicida that have soldiers that are much larger than minor workers (see 

Supplemental Fig. 1).  Allometric measurements of four lab-reared dimorphic 

Pheidole show that both minor workers and soldiers were either negatively 

allometric, isometric, or only slightly positively allometric (see Supplemental Table 

1).  When compared to these other dimorphic species, the allometric slopes of P. 

spadonia minors and soldiers showed a similar trend. 

  Pheidole rhea also produces strikingly large soldiers when compared to 

minors, but the biomass allocated to the entire soldier caste is only 11% (Figs 7).  

Based on worker counts, all three soldier-polymorphic species produce many more 

small soldiers than supersoldiers (Fig. 3).  However, the pattern for biomass 

investment is different.  Both P. obtusospinosa and P. rhea invest equally in the two 

soldier size classes while P. tepicana does not (Fig. 7).  These results illustrate the 

evolutionary interplay between caste ratios, worker biomass allocation, size 

frequency distributions, and allometry underlying the demography of worker caste 

systems. 

 

Conclusions 
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Our cumulative data reveals that the three soldier-polymorphic species (P. rhea, P. 

obtusospinosa, and P. tepicana) have clearly different worker caste systems.  

Although all three species have a relatively wide soldier size range, each seemed to 

have tuned to different features of polymorphism (e.g., number of small versus 

supersoldiers, steepness of soldier allometric slopes, biomass investment in 

different soldier sizes, etc.).  Therefore, it is likely that the worker caste system 

particular to each soldier-polymorphic species evolved in response to different 

selection pressures that may include, but is not limited to, defense against nest 

invaders and size of available food items such as seeds and prey.  We conclude that 

soldier polymorphism may have evolved convergently in response to a similar 

broad-scale environment (overlapping geographical distribution), but the 

differences found among the soldier-polymorphic species suggest that the selective 

forces acting on small-scale environments have been very different. 
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Table 1 Comparisons of the allometric slopes of different worker castes within each of the four Pheidole species studied. For P. spadonia 

and P. tepicana, only slopes of soldiers and minors were compared because their soldier size distributions were not bimodal. The P-

values presented here are for the interaction term Caste Type*Ln(Thorax Length) from multiple regression analyses. The Bonferroni-

corrected threshold for significance is P=0.025 in all cases. 

 

Pheidole Species 
 

Worker 
Caste 

 

Log(HW) x Log(TL) Slope 
(Linear Regression) 

 

R2 
 

Slope Comparisons 
(Multiple Regression) 

 

P-value 

 

P. obtusospinosa 
 

Minors  
 

0.674 ± 0.07 
 

0.47 
 

Small Soldiers vs. Minors 
 

<0.0001 

 Small Soldiers 1.56 ± 0.11 0.40 Small Soldiers vs. Supersoldiers 0.1625 

 Supersoldiers 1.35 ± 0.10 0.62 Supersoldiers vs. Minors <0.0001 

      

P. rhea Minors 1.10 ± 0.04 0.77 Small Soldiers vs. Minors <0.0001 

 Small Soldiers 3.21 ± 0.06 0.80 Small Soldiers vs. Supersoldiers <0.0001 

 Supersoldiers 0.828 ± 0.06 0.45 Supersoldiers vs. Minors 0.0641 

      

P. tepicana Minors 0.858 ± 0.09 0.64 Soldiers vs. Minors <0.0001 

 Soldiers 2.010 ± 0.05 0.70   

      

P. spadonia Minors 0.815 ± 0.05 0.56 Soldiers vs. Minors 0.3188 

 Soldiers 0.728 ± 0.06 0.37   
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Table 2 Comparisons of the allometric slopes of different worker castes within lab colonies and two field colonies of Pheidole 

obtusospinosa. The P-values presented here are for the interaction term Caste Type*Ln(Thorax Length) from multiple regression 

analyses. The Bonferroni-corrected threshold for significance is P=0.025 in all cases. 

 

Colony Type 
 

 

Worker 
Caste 

 

Log(HW) x Log(TL) Slope 
 (Linear Regression) 

 

R2 
 

Slope Comparisons 
 (Multiple Regression) 

 

P-value 

 
Lab Colonies 

 
Minors  

 
0.674 ± 0.07 

 
0.47 

 
Small Soldiers vs. Minors 

 
<0.0001 

 Small Soldiers 1.56 ± 0.11 0.47 Small Soldiers vs. Supersoldiers 0.1625 

 Supersoldiers 1.35 ± 0.10 0.62 Supersoldiers vs. Minors <0.0001 

      
Sycamore Canyon 
Colony 

Minors 0.706 ± 0.14 0.47 Small Soldiers vs. Minors <0.0001 

 Small Soldiers 1.81 ± 0.12 0.77 Small Soldiers vs. Supersoldiers <0.0001 

 Supersoldiers 0.620 ± 0.10 0.40 Supersoldiers vs. Minors 0.7589 

      

Gardner Canyon 
Colony 

Minors 0.583 ± 0.08 0.36 Small Soldiers vs. Minors <0.0001 

 Small Soldiers 1.53 ± 0.09 0.51 Small Soldiers vs. Supersoldiers <0.0001 

 Supersoldiers 0.527 ± 0.08 0.25 Supersoldiers vs. Minors 0.7618 
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Table 3 Comparisons of the allometric slopes of lab colonies and two field colonies of 

Pheidole obtusospinosa. The P-values shown here are for the interaction term Colony 

Type*Ln(Thorax Length) from multiple regression analyses. Please see Table 2 for slope 

details. The Bonferroni-corrected threshold for significance is P=0.025 in all cases. 

Colony Type Comparisons 

 (Multiple Regression) 

Worker Caste 

Compared 

P-value 

Lab Colonies vs. Sycamore Canyon Colony Minors  0.8530 

 
Small Soldiers 0.1181 

 Supersoldiers <0.0001 

  

 

Lab Colonies vs. Gardner Canyon Colony Minors  0.4229 

 
Small Soldiers 0.8151 

 Supersoldiers <0.0001 

  

 

Sycamore Canyon Colony    vs. 

Gardner Canyon Colony 

Minors   0.5102                                                      

 
Small Soldiers 0.0796 

 Supersoldiers 0.5212 
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Fig. 1 Average head widths of soldiers of three Pheidole species examined throughout their 
colony ontogeny. Pooled data of up to 32 colonies for P. spadonia, five colonies for P. 
obtusospinosa, and five colonies for P. rhea were used to calculate the average head widths. 
The arrows indicate the point at which colony stasis (see Methods for definition) is reached 
for P. obtusospinosa and P. spadonia; P. rhea shows no clear signs of reaching this stage. 
Measurements of pupae and newly emerged callow soldiers were used for P. obtusospinosa 
and P. spadonia while only pupae were used for P. rhea. All data points shown after 14 
months were measurements of colonies that were not part of the set of colonies used for the 
time periods before 14 months. Standard deviation bars are shown at each time period. The 
total number of soldiers used for P. rhea, P. obtusospinosa, and P. spadonia are 2666, 2081, 
and 1734, respectively.  
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Fig. 2 Soldier size distributions over time for three Pheidole species. Data were pooled for 
five colonies of P. rhea (left), five colonies for P. obtusospinosa (middle), and up to 32 
colonies for P. spadonia (right). Measurements from pupae and newly emerged callows 
were used for P. obtusospinosa and P. spadonia while only pupae were used for P. rhea. 
Arrows indicate the presence of nanitic soldiers. 
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Fig. 3 Size frequency distributions for both adult minor workers (crosshatched) and 
soldiers (solid black) for four Pheidole species after colony stasis (see Methods for 
definition). The arrows indicate the point of separation between small soldiers and 
supersoldiers, as defined in this study, for each species. The size distribution for P. 
obtusospinosa was adapted from Huang (2010). [P. spadonia: six colonies, NSold = 222, NMin = 
173; P. tepicana: one colony, NSold = 822 (94% small soldiers and 6% supersoldiers), NMin = 
50; P. obtusospinosa: five colonies, NSold = 446 (75% small soldiers and 25% supersoldiers), 
NMin = 111; P. rhea: five colonies, NSold = 1030 (83% small soldiers and 17% supersoldiers), 
NMin = 250]. 
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Fig. 4 Bivariate plot of head width and thorax length of adult workers for four Pheidole 
species [P. spadonia (white diamonds): six colonies, NSold = 222, NMin = 173; P. tepicana (dark 
gray squares): one colony, NSold = 822, NMin = 50; P. obtusospinosa (light gray triangles): five 
colonies, NSold = 446, NMin = 111; P. rhea (white circles): five colonies, NSold = 1030, NMin = 
250]. The side panels show simplified line graphs of the scatter plots based on regression 
lines. 
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Fig. 5 Size frequency distributions (a.) and allometry (b.) of adult workers from two field 
colonies of Pheidole obtusospinosa: Sycamore Canyon, AZ (white) [NSold = 139; NMin = 30] and 
Gardner Canyon, AZ (gray) [NSold = 400; NMin = 89]. 
 
(a.) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b.) 
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Fig. 6 Size frequency distributions (a) and allometry (b) of Pheidole obtusospinosa adult 
workers sampled from lab colonies (NSold = 446; NMin = 111) compared to a field colony 
[NSold = 139; NMin = 30].  
 
 
(a.) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b.) 
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Fig. 7 Percentage biomass of adults in each worker caste for Pheidole obtusospinosa, P. rhea, 
P. tepicana, and P. spadonia.  
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Supplemental Table 1 Allometric slopes for lab colonies of five dimorphic Pheidole species: unidentified species B, P. 
portalensis, P. hyatti, P. bicarinata, and P. spadonia. Data for P. bicarinata are from Wheeler and Nijhout (1983) and are 
measurements of pupal head width and body length. Data for all other species are from our measurements of adult head width 
and thorax length. 

Pheidole Species 

 

Worker 
Caste 

Log(HW) x Log(TL or BL) Slope 

(Linear Regression) 

Y-intercept P-value R2 n 

sp. B Minors  0.68 ± 0.17 - 0.570 0.002 0.545 15 

 Soldiers 1.02 ± 0.31 - 0.085 0.006 0.455 15 

P. portalensis Minors 1.04 ± 0.23 - 0.773 0.001 0.618 15 

 Soldiers 1.21 ± 0.15 - 0.392 < 0.0001 0.826 15 

P. hyatti Minors 1.07 ± 0.11 - 0.794 < 0.0001 0.763 30 

 Soldiers 0.91 ± 0.12 - 0.217 < 0.0001 0.674 30 

P. bicarinata Minors 

Soldiers 

0.785 

0.757 

- 0.880 

- 0.632 

NA 

NA 

0.885 

0.826 

2077* 

 

P. spadonia Minors 0.815 ± 0.05 - 0.537 < 0.0001 0.565 173 

 Soldiers 0.728 ± 0.06 0.161 < 0.0001 0.366 222 

*Only information on total workers used (minors + soldiers) was available for P. bicarinata from Wheeler and Nijhout (1983).
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Supplemental Fig. 1 Plot of soldier to minor worker head width for 50 dimorphic Pheidole 
species, including P. spadonia, 37 species belonging to the “Pilifera” species group (Wilson 
2003) and 12 additional dimorphic species belonging to the same monophyletic clade as P. 
spadonia (Moreau 2008). All soldier and minor worker measurements plotted were taken 
from Wilson 2003. Pheidole militicida, P. virago, and P. titanis are outlier species. In a cluster 
are P. spadonia with P. adrianoi, P. agricola, P. anastasii, P. artemisia, P. aurea, P. azteca, P. 
bajaensis, P. barbata, P. bicarinata, P. bilimeki, P. calens, P. californica, P. carrolli, P. casta, P. 
cavigenis, P. cerebrosior, P. ceres, P. clementensis, P. clydei, P. coloradensis, P. creightoni, P. 
davisi, P. floridana, P. gilvescens, P. hoplitica, P. juniperae, P. littoralis, P. macrops, P. 
marcidula, P. micula, P. pacifica, P. paiute, P. pelor, P. pilifera, P. pinealis, P. psammophila, P. 
rugulosa, P. senex, P. setsukoae, P. soritis, P. torosa, P. tucsonica, P. tysoni, P. xerophila, P. 
yaqui, and P. yucatana. The gray dashed line represents a hypothetical 1:1 ratio. 
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ABSTRACT 

Division of labor among workers is a critical element of insect societies.  To maximize 

the effectiveness of task allocation, different worker castes often have specialized 

physical traits. Here, we compared different worker traits for three ant species with 

contrasting worker caste systems (Pheidole rhea, P. obtusospinosa, and P. spadonia) and 

used these characterizations to gain insights on their food processing roles. For all three 

species, worker mandibles generally became less serrated, less sharp, and broader as head 

size increased (minors < soldiers < supersoldiers). Worker head muscle volume and bite 

force also increased with an increase in head size. This combination of caste features 

suggested that minor workers would be better at fine-scale manipulations of food that 

require minimal strength while supersoldiers would be better at broad-scale 

manipulations that require maximum strength, with soldiers falling somewhere in 

between. Our test of this hypothesis showed that the above traits were well correlated 

with worker food processing roles for P. rhea, where the size of workers processing food 

outside the nest increased as the processing level required increased. However, P. 

obtusospinosa supersoldiers were rarely found outside the nest and P. spadonia soldiers 

helped process dead prey of all fragment sizes but were not involved at all in processing 

live prey. For these two latter species, the particular traits we examined may be better 

correlated with other tasks. Our findings help us better understand the diversity of 

caste functions of an ant genus that is highly species-rich and successful in a great 

variety of habitats.
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INTRODUCTION 

Division of labor in social insects has been proven to help increase the efficiency of 

colonies and is a major driving force in their ecological success (Wilson 1971; Oster and 

Wilson 1978).  The two main areas of task partitioning within a colony are between the 

reproductive queen(s) and her workers and among the workers themselves.  Division of 

labor within the workers can be in the form of temporal and/or morphological castes.  

Temporal worker castes consist of groups of individuals of similar ages performing 

similar tasks and generally progressing to new task as they increase in age; this caste 

system is predominantly found in monomorphic species such as honey bees (Michener 

1974).  Morphological castes consist of groups of individuals that differ in distinctive 

physical traits irrespective of age; this caste system is commonly found in termites 

(Wilson 1971) and ants (Hölldobler and Wilson 1990).  The different worker castes in 

both systems are believed to be more effective at performing different sets of tasks.   

 In ants, the colony functions of different morphological worker castes have been 

examined in a wide range of species, including those in the genera Solenopsis, Atta, 

Pheidologeton, Megaponera, and Azteca (Wilson 1978, 1980; Wheeler 1986; Moffett 

1987; Villet 1990).  Division of labor has also been studied in Pheidole ants (Wilson 

1984; Patel 1990; Sempo and Detrain 2004, 2010).  Using ethograms, these Pheidole 

studies showed that minors and soldiers (majors) perform a wide range of tasks at 

different frequencies.  Although the range of behaviors observed was broad, a majority of 

them were activities that take place inside the nest such as brood care, queen/larval 

feeding, grooming, and trophallaxis. Relative little is known about and measured on tasks 
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performed outside nests in such studies.  Frequency of foraging was measured in two 

studies (Wilson 1984; Patel 1990), but no further details about the organization of 

foraging effort, associated food handling and their partitioning between worker castes 

were determined.  In addition, a few Pheidole species have a soldier-polymorphic worker 

caste system (Huang and Wheeler 2011) and nothing is known about the different 

foraging-related tasks carried out by the different soldier forms.  With a wider set of 

worker sizes, colonies of soldier-polymorphic species may have more flexibility in using 

their workforce. Comparing caste functions in dimorphic versus soldier-polymorphic 

species will show how the different worker castes are deployed and may contribute to 

insights into the success of the genus Pheidole, which contains of over 1,000 species 

found worldwide (Wilson 2003; ANTWEB 2012). 

 Here, we examined the differences in food processing recruitment strategies of 

one Pheidole species with a narrow worker size range (P. spadonia) and two species that 

are highly worker polymorphic (P. obtusospinosa and P. rhea).  We specifically focused 

our studies on the soldier caste because a majority of the worker size variation occurs in 

soldiers rather than minor workers, regardless of species.  We also provided a detailed 

caste comparison of head features that are critical for effective food processing such as 

mandible morphology, head muscle volume, and mandible bite force.  Comparisons of 

these head traits served as complimentary evidence for differences in functional roles of 

soldiers of different sizes. 

     

METHODS 
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Collection and rearing of study organisms 

The three Pheidole species used in our study were P. rhea, P. obtusospinosa, and P. 

spadonia.  Colonies of all three species were reared in the lab from the founding stage 

until colony maturity.   All founding queens were collected shortly after the annual 

monsoon rains (July to August) either after their nuptial flights or as they were beginning 

to burrow into the ground.  Pheidole rhea queens were collected on hillsides in the 

Pajarita Mountains (Santa Cruz Co.: AZ); this habitat consisted of mostly open areas with 

sparse vegetative cover and ample large boulders.  Pheidole obtusospinosa queens were 

collected on the ground of a residential suburban area in the Foothills in Tucson, AZ; this 

habitat is surrounded by natural vegetative cover, leaf litter, and occasional running 

washes.  Pheidole spadonia queens were collected at blacklights in open lots within a 

completely urban area in Tucson, AZ.  All lab colonies were reared in constant darkness, 

humidity, and temperature (30°C).  They were fed a diet consisting of previously frozen 

insects (cockroaches, lepidopteran larvae, and crickets) and sunflower seeds two times a 

week.  Their diet was sometimes supplemented with a liquid mixture consisting of honey, 

water, Wesson salts, and Vanderzant vitamins (Sigma-Aldrich Corporation). 

 

Worker mandible morphology 

Several mandible traits of P. rhea, P. obtusospinosa, and P. spadonia workers were 

examined: (1) degree of serration, (2) primary tooth sharpness, and (3) overall mandible 

broadness (Fig. 1).  The purpose of these measurements was to determine, for each 

species, whether different worker castes possess different mandible morphology that may 
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help them be more efficient at executing particular tasks.  The degree of serration was 

defined as the number of teeth spanning the interior edge of the mandibles (see “A” in 

Fig. 1); the mandible becomes more serrated as the number of teeth increases.  The 

sharpness of the primary tooth was defined as the height of the tooth (α) divided by its 

width (φ) (see “B” in Fig. 1); the primary tooth becomes sharper as B increases.  The 

overall mandible broadness was defined as the width of the mandible (γ) divided by its 

height (σ) (see “C” in Fig. 1); the mandible becomes broader and more blunt-shaped as C 

becomes greater.  All measurements (mm) were made with an ocular micrometer.  

Callow (newly emerged) workers of each caste were randomly selected for mandible 

dissections.  Callows were used to eliminate the potential changes in mandible 

morphology due its normal wear and tear as the workers become older and perform more 

tasks.  The data of individual workers for each of the three mandible traits were grouped 

into their respective castes for statistical analysis based on their head width 

measurements, as defined in Huang and Wheeler (2011).  For the soldier-polymorphic P. 

rhea and P. obtusospinosa, the three caste categories included “minors”, “soldiers”, and 

“supersoldiers”.  For the dimorphic P. spadonia, the two caste categories included 

“minors” and “soldiers”.  A comparison of castes was made using a one-way analysis of 

variance followed by Tukey’s pairwise comparisons.  All statistical analyses here and 

from this point on were performed using the software JMP 8.0. 

 

Soldier head muscle volume 
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Dense bundles of muscle fibers originate from the inner surface of the head capsule of 

Pheidole workers forming the closer and opener muscles that attach to the mandibles 

(Fig. 4A).  Variations in the volume of such muscles may affect the speed and power at 

which an ant can open and close its mandibles (Paul and Gronenberg 1999).  Here, we 

determined if larger-sized workers in the supersoldier caste in soldier-polymorphic 

species have greater head muscle volume than small-sized workers in the soldier caste.  

To maximize the likelihood of finding such differences between castes, we chose to 

examine P. obtusospinosa, a species that had the most discrete separation in soldier and 

supersoldier size distributions out of all the known soldier-polymorphic species (Huang 

and Wheeler 2011).  Worker samples were taken to represent the peak of the size 

frequency distributions of the soldier and supersoldier castes, thus reflecting the most 

common worker size within each caste.  Head widths (mm) of collected workers were 

measured with an ocular micrometer.  Worker heads were separated from their bodies, 

fixed in 4% formaldehyde in phosphate buffer (pH=6.7), and stained with 1% osmium 

tetroxide.  Each sample was then embedded in Spurr’s plastic embedding medium (Spurr 

1969) and sectioned into 15μm slices using a sliding microtome.  Using a camera lucida 

attached to a microscope, we then traced every 3
rd

 or 4
th

 section until the entire head 

volume of each specimen was accounted for.  For each section, we traced the closer 

(adductor) and opener (abductor) muscles.  Drawings were then digitized using a flatbed 

scanner and the respective areas of were quantified using the computer software 

Photoshop 6.0 (Adobe).  Volume was calculated by multiplying the individual area 

values by the respective thickness that individual drawings represented (e.g., 45μm or 
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60μm) and adding all the traced layers together.  Based on head measurements, the data 

was categorized into one of the two castes: “Soldier” and “Supersoldier”, as defined in 

Huang and Wheeler (2011).  A two-sample t-test was used to compare the two castes.  

 

Mandible bite force of soldiers 

In order to determine the correlation between soldier bite force and head size, we built a 

device suited for measuring relatively small mandibular forces (see Supplemental Fig. 1).  

The device consisted of a lever attached to a semiconductor strain gauge (DLP-120-300; 

Kulite Semiconductor Products, Inc.; see “4” in Supplemental Fig. 1) and a Wheatstone 

bridge.  Changes in resistance resulting from mandible closure were directly measured 

using an oscilloscope and the system was calibrated daily by loading it with weights of 

known mass.  The soldier-polymorphic P. obtusospinosa was chosen as a representative 

species with a broad worker size range and the dimorphic P. spadonia represented a 

species with a relatively narrow worker size range.  Only soldiers were examined because 

minor workers were too small for the device to measure accurately.  Randomly chosen 

soldiers were secured in a plastic tube with wax so that their body and head were 

immobilized but their mandibles remained free to move.  Mandible contact with the tip of 

the measuring device resulted in a biting reflex.  The bite force of each individual worker 

was measured five times; the average of the five measurements was used for analysis.  

Samples covering the full soldier size range of each species were measured (head area: P. 

obtusospinosa = 1.2mm
2
 to 5.4mm

2
, P. spadonia = 1.7mm

2
 to 4.0mm

2
, based on Huang 

and Wheeler (2011) and unpublished data).  Head area was estimated as the product of 
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head width and head length.  Measurements were made using an ocular micrometer.  The 

bite force and head area values were log transformed for multivariate analysis to compare 

the regression lines of the two species. 

  

Soldier food processing roles 

We also determined the size of Pheidole soldiers recruited to process prey of different 

particle sizes.  Two soldier-polymorphic species (P. rhea and P. obtusospinosa) and one 

dimorphic species (P. spadonia) were examined.  Each experimental setup consisted of a 

nest box containing a fully established colony that was connected via tubing to three 

segregated foraging arenas.  A different orientation of the foraging arenas was used for 

each replicate colony to eliminate potential effects of directional bias.  Within each 

foraging arena, prey of one of the three following states was introduced: (1) live, (2) 

whole, and (3) cut.  “Live” prey were tethered with string in a way that would allow them 

to move freely within the foraging arena while preventing them from running into the 

nest box or the adjacent arenas.  “Whole” prey were freshly frozen and brought back up 

to room temperature for the experiments.  “Cut” prey were freshly frozen and cut into 

small (~3mm x 3mm) pieces.  Nymphs of the lobster cockroach (Nauphoeta cinerea) 

were used as the prey item.  Each prey item was placed on a small shallow feeding dish 

(1 inch diameter).  Roaches of a similar size were used for each of the three prey states 

above.  Larger-sized roaches (0.5 to 0.8g) were used for P. rhea while smaller roaches 

(0.3 to 0.5g) were used for P. obtusospinosa because P. rhea workers have a larger 

overall body size than P. obtusospinosa workers.  Before starting the experiment, we 
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trained the workers to each of the three foraging arenas by placing a series of small 

droplets of honey water along the paths to the arenas.  Prey items in the foraging arenas 

were covered with a petri dish (2 inch diameter) during the training sessions to prevent 

the ants from experiencing the food prematurely.  Once approximately equal numbers of 

workers were found in all three food arenas, the food items were exposed by lifting the 

petri dishes, thus initiating the experiment.  Each colony was allowed to forage for 

60min.  At the termination of that time period, we retrieved the entire food dish and 

collected all the soldiers present.  Soldiers found on food dishes were almost always 

observed processing food when they were collected.  Head widths (mm) of all soldiers 

collected were measured under the microscope using an ocular micrometer.  This process 

was repeated for three successive time periods for each colony; the head width data for 

these time periods were combined.  Fresh food items were used for each of the three runs.  

For each species, data from five colonies were pooled to form soldier size distributions 

for each prey state.  Each size distribution was then compared to a complete soldier size 

distribution for established colonies for each respective species (see Huang and Wheeler 

(2011)).  The size distributions of the three prey states were also compared to each other.  

A Mann-Whitney/Kruskal-Wallis test was used to compare medians and a Levene test 

was used to compare variance.  Minor workers were not included in our analysis because 

they have a much narrower size range relative to soldiers and were equally numerous at 

all prey states for all three species examined. 

 

RESULTS 
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Worker mandible morphology 

The mandible morphology was overall significantly different between castes for all three 

Pheidole species examined (Fig. 2, Fig. 3).  For P. obtusospinosa, significant differences 

between castes were evident in mandible serration, primary tooth sharpness, and overall 

mandible broadness (One-way ANOVA, F2,27=199.7, F2,27=164.9, F2,27=85.42, 

respectively, all P <0.0001).  Pair-wise comparisons of the minor (smallest size), soldier 

(medium size), and supersoldier (largest size) castes showed that the mandible tended to 

be less serrated, its primary tooth became less sharp, and its overall shape became more 

broad as the size of the worker increased (Fig. 3, left)(Tukey-Kramer HSD, all P <0.002).  

An exception to this trend was that P. obtusospinosa soldiers and supersoldiers were not 

significantly different in mandible broadness (Tukey-Kramer HSD, P=0.377).  For P. 

rhea, significant differences between castes were also evident in all three mandible traits 

(One-way ANOVA, F2,27=17.03, F2,27=234, F2,27=178.3, respectively, all P < 0.0001).  

Pair-wise comparisons of the three P. rhea worker castes showed that the mandible also 

became less serrated, its primary tooth became less sharp, and its overall shape became 

broader as the size of the worker increased (Fig. 3, middle)(Tukey-Kramer HSD, all P 

<0.007).  An exception to this trend was that P. rhea soldiers and supersoldiers were not 

significantly different in mandible serration (Tukey-Kramer HSD, P=0.051).  For P. 

spadonia, significant differences in all three mandible traits were observed between 

minor workers and soldiers, following trends that were similar to P. rhea and P. 

obtusospinosa (Fig. 3, right)(One-way ANOVA, F1,18=121.3, F1,18=278.9, F1,18=339, 

respectively, all P < 0.0001).  A few outliers were present for each of the three species 
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examined (P. obtusospinosa = 3, P. rhea = 2, P. spadonia = 5)(see Fig. 3).  However, the 

exclusion of those individuals from the dataset did not change the significance levels of 

any of the statistical tests above. 

  

Mandible bite force and head muscle volume of soldiers 

The absolute head muscle volume of P. obtusospinosa soldiers was significantly different 

from that of their supersoldiers (Fig. 4B); this was the case when comparing their closer 

(Two-sample t-test, Avg.SOLD = 0.51±0.04 mm
3
 (standard error), Avg.SUP = 1.2 ± 0.17 

mm
3
, t=4.15, df=6, P=0.006), opener (Two-sample t-test, Avg.SOLD = 0.03 ± 0.001 mm

3
, 

Avg.SUP = 0.08 ± 0.012 mm
3
, t=3.57, df=6, P=0.012), and total (Two-sample t-test, 

Avg.SOLD = 0.54 ± 0.04 mm
3
, Avg.SUP = 1.3 ± 0.18 mm

3
, t=4.24 , df=6, P=0.005) muscle 

volumes.  This data was collected to give an approximation of how head muscle volume 

differs between workers of different sizes for all Pheidole species and can be used to 

interpret differences in bite force between castes.  

Soldiers of P. obtusospinosa and P. spadonia were selected for bite force 

measurements to represent the full soldier size range for each species.  Both P. 

obtusospinosa and P. spadonia soldiers showed a significant linear increase in bite force 

as soldier head area increased (Fig. 5) (Linear Regression, Log transformed, P. 

obtusospinosa: R
2
=82%, P<0.0001, P. spadonia: R

2
=95%, P<0.0001).  The slope of the 

regression line for P. obtusospinosa was approximately 1.7 times less steep than that of 

P. spadonia (Multiple Regression, Pheidole Species*Ln(Head Area), P= 0.0008).  As a 

result, P. spadonia soldiers are able to achieve a maximum bite force (171mN) that is 
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similar to that of P. obtusospinosa (176mN) despite their smaller maximum head size and 

narrower range (see Fig. 5). 

 

Soldier food processing roles 

For the soldier-polymorphic P. obtusospinosa, the soldiers involved in processing live, 

whole, and cut prey items did not differ in either median size or size variance (Table 1; 

Fig. 6A).  However, the median soldier sizes of all three prey states were significantly 

smaller than that of its colony demographics distribution.  The size variance of soldiers 

found on whole and cut prey was also significantly less than that of its colony 

demographics distribution (Table 1).  Also, there was a lower percentage of supersoldiers 

present on all food types (Fig. 6A).  Recruitment for food processing for P. rhea differed 

from that of P. obtusospinosa.  The P. rhea soldiers involved in processing live, whole, 

and cut prey items differed significantly in median size but not in size variance (Table 1; 

Fig. 6B).  The median soldier size found on live prey was significantly larger than that of 

the colony demographics distribution and subsequently decreased as the amount of food 

processing required decreased (processing level of live > whole > cut) (Fig. 6B).  Also, 

the percentage of supersoldiers found on live and whole prey was similar to that of the 

colony demographics distribution.  The soldier food processing roles of the dimorphic P. 

spadonia were compared to that of soldier-polymorphic species.  First, unlike both P. 

obtusospinosa and P. rhea, no P. spadonia soldiers were ever found attacking or 

processing live prey (Fig. 6C); only minor workers were involved.  Second, the median 

soldier size found processing whole and cut food outside of the nest was consistently 
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smaller than that for its colony demographics distribution (Table 1), which was similar to 

the trend observed in P. obtusospinosa.  Third, the size variation of soldiers found in both 

prey types was very similar to that found in its colony demographics distribution, which 

was similar to the trend found in P. rhea.  

 

DISCUSSION 

Here, we compared the mandible morphology, head musculature, and bite strength of 

different worker sizes for three Pheidole ant species that have contrasting worker caste 

systems: P. spadonia (minors and monomorphic soldiers) and P. obtusospinosa and P. 

rhea (minors and polymorphic soldiers).  We then examined the differences in the food 

processing roles of different worker sizes for each species.  We discuss below the 

possible contribution of the three head traits to the differences in worker roles observed. 

 

Mandible morphology, head musculature, and bite force 

Trends in mandible morphological traits in relation to worker size were generally similar 

among Pheidole species regardless of whether they were dimorphic or soldier-

polymorphic species.  That is, as worker size increased (minors < soldiers < 

supersoldiers), the degree of serration decreased, sharpness of the first tooth decreased, 

and the overall mandible shape became broader (Fig. 2 and Fig. 3).  Despite these 

similarities in general trends, there were specific notable differences between the two 

soldier-polymorphic species.  Specifically, serration and tooth sharpness differed between 

mandibles of soldiers and supersoldiers in P. obtusopinosus, but broadness did not.  In P. 
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rhea, tooth sharpness and broadness differed between the two soldier castes but serration 

did not.  Differences between these two species should confer different capabilities for 

defense and food processing. 

Mandibles that are highly serrated, have a sharp first tooth (see “B” in Fig. 1), and 

are elongated are generally better for cutting, slicing, and finer processing of food items.  

In contrast, mandibles that have a smooth edge, dull first tooth, and broad shape are 

particularly well suited for crushing and crude dismantling of food, provided that 

crushing mandibles can generate higher forces than cutting mandibles.  The link between 

various mandible morphologies and an organism’s particular food-processing method has 

been studied in grasshoppers that are grass feeders and non-grass feeders (Bernays et al. 

1991).  Grass feeders tend to have mandibles that are shorter and less serrated than non-

grass feeders since grass contains silica and tough internal fibers that are more efficiently 

broken down by grinding than shearing (Isley 1944; Chapman 1964; Patterson 1984).  It 

is possible that the differences in mandible morphology observed between small, 

medium, and large sized Pheidole workers are related to the different roles that they have 

in food processing and/or colony defense.  In social insects, distinct variations in 

mandible morphology between worker castes have been reported in Megaponera ants 

(Villet 1990), Dorylus driver ants (Gotwald 1978), and Eciton army ants (Feener et al. 

1988).    

 Here, we found that Pheidole obtusospinosa workers with larger heads 

(supersoldiers) have greater absolute head muscle volume than those with smaller heads 

(soldiers), regardless of muscle type.  This result is consistent with studies on the positive 
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correlation between head size and muscle volume in other insects such as caterpillars 

(Bernays 1986) and grasshoppers (Bernays and Hamai 1987).  Therefore, it is expected 

that this general correlation will apply to other Pheidole species.  If so, the head muscle 

volume for both dimorphic and soldier-polymorphic Pheidole should increase 

proportionally with an increase in head area. 

 What does the greater head muscle volume of larger workers suggest about their 

relative mandible strength compared to that of smaller workers?  Our findings showed a 

positive correlation between head size and bite force for both P. obtusospinosa and P. 

spadonia.  However, the largest soldiers of both species can generate similar bite forces 

despite the fact that P. obtusospinosa has a maximum head area (head width x length) 

that is 1.4 times greater than that of P. spadonia.  This unexpected finding is possibly a 

result of other differences in the mandibular apparatus such as joint geometry or muscle 

fiber morphology, mechanics, and physiology.  Depending on the muscle attachment 

points, which result in differences in mandible leverage, muscles can generate different 

mandible forces and velocities.  In addition, P. obtusospinosa could be dedicating the 

additional muscle volume to maximizing mandible closing/opening speed and/or muscle 

endurance in addition to mandible force.  Unlike P. spadonia soldier heads which are 

elongated, P. obtusospinosa soldier heads are much broader than long (MH Huang, 

unpublished data).  Ants with broad heads generally have proportionally more short 

muscle fibers that are specialized for maximizing mandible force but have a slower 

velocity (Paul and Gronenberg 1999).  Consequently, the additional head muscle volume 

in the broad-headed P. obtusospinosa is more likely to be enhancing muscle endurance 
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than muscle speed.  Ant mandible muscles require much energy to maintain a contracted 

state while the mandible holds onto a load for an extended period of time (Paul and 

Gronenberg 1999).  Since P. obtusospinosa soldiers may have to carry or clamp down on 

prey items or natural enemies over long periods of time, they may use their “excess” 

mandible muscles for protecting against untimely muscle fiber fatigue.  For examples, P. 

obtusospinosa soldiers have been shown to actively use their mandibles to aggressively 

attack invading army ants (Huang 2010).  

  

Soldier food processing roles 

Here, we specifically tested whether soldiers of different sizes were recruited to break 

down prey items that require different levels of processing outside of the nest.  Although 

the worker caste morphologies of these three species were broadly similar, they differed 

significantly in the way they use soldiers of different sizes (Fig. 6).  In contrast to the 

other two species, P. rhea most clearly uses the full range of soldier sizes available inside 

the colony for food processing outside the nest.  They were also able to adjust the size 

distribution of recruited soldiers according to the level of food processing required.  Such 

flexibility of the P. rhea worker caste system may allow this species to find, secure, and 

process a greater diversity of food than other ants living in the same habitat.  In the 

worker polymorphic Eciton army ants, there is some evidence that species with a greater 

worker morphological diversity are able to transport a broader range of prey sizes than 

species with a less diverse worker caste (Powell and Franks 2006).  Although P. 

obtusospinosa also had a wide range of soldier sizes available inside the colony, 
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supersoldiers were noticeably scarce outside the nest regardless of the type of food.  It is 

possible that P. obtusospinosa supersoldiers are involved in other primary task(s) that 

were not tested in this experiment.  For example, field observations have revealed that P. 

obtusospinosa supersoldiers are active in nest defense during army ant attacks (Huang 

2010).  Supersoldiers of P. obtusospinosa may also be specifically used for food 

processing inside the nest.  A similar phenomenon has been shown in Solenopsis 

geminata where the largest-sized workers were not observed performing any brood care, 

foraging, or food processing tasks except seed milling within the nest (Wilson 1978).  

Notably, P. spadonia was the only species that had a complete absence of soldiers at the 

foraging area with live prey even though that food type required the highest level of 

processing.  It is unclear why soldiers are not involved in processing live prey when they 

are likely more functionally apt at breaking down such food items because of their greater 

head muscle volume and bite strength relative to minor workers.  

  

Concluding remarks 

In summary, we now know that there are significant differences between Pheidole 

species in their use of soldiers for food processing.  Relevant traits such as mandible 

morphology, head muscle volume, and bite force are well correlated with external food 

processing roles of different worker castes for some but not all species.  For species 

where these traits are not correlated with food processing outside the nest, the specific 

traits examined here may be better correlated with other colony tasks.  In order to better 

understand worker caste roles in Pheidole, more behavioral studies presenting a variety 
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of opportunities to perform tasks related to foraging, food processing, and defense are 

needed.  Such studies would reveal the activation thresholds for different tasks as well as 

determine the relevance of morphological differences between castes.  These additional 

studies along with the information gained on worker traits and food processing roles from 

our findings may shed light on why the Pheidole genus is so species rich and successful 

in such a great diversity of habitats worldwide.    
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Table 1. Statistical comparisons of the colony demographics of soldiers in established 
colonies to the soldier size distributions found processing prey items of different states for 
three Pheidole species. Distribution medians were compared using the Mann-
Whitney/Kruskal-Wallis Test and distribution size variances were compared using the 
Levene Test. 
 

Pheidole  
Species 

Comparisons N df 
Distribution 

Median 
Distribution 

Size Variance 

P. obtusospinosa Colony Dem.  
Vs. Live Prey 

467 1 P <0.001* P = 0.16 

      

 
Colony Dem. 
Vs. Whole Prey 

471 1 P <0.001* P <0.001* 

       

  
Colony Dem. 
Vs. Cut Prey 

544 1 P <0.001* P <0.001* 

       
 Live Vs. Whole 

Vs. Cut Prey 
144 2 P = 0.06 P = 0.16 

  
    

P. rhea Colony Dem.  
Vs. Live Prey 

1069 1 P = 0.05* P = 0.12 

      

 
Colony Dem. 
Vs. Whole Prey 

1060 1 P = 0.92 P = 0.005* 

       

  
Colony Dem.  
Vs. Cut Prey 

1054 1 P = 0.03* P = 0.27 

       
 Live Vs. Whole 

Vs. Cut Prey 
93 2 P = 0.005* P = 0.40 

 
 

    

P. spadonia Colony Dem.  
Vs. Live Prey 

NA NA No Soldiers No Soldiers 

      

  
Colony Dem.  
Vs. Whole Prey 

230 1 P = 0.006* P = 0.06 

       

  
Colony Dem.  
Vs. Cut Prey 

247 1 P <0.001* P = 0.14 

       

  

Whole 
Vs. Cut Prey 

33 1 P = 0.16 P = 0.06 
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Fig. 1.  Mandible morphology of workers of Pheidole ants (ventral view), including (A) 
serration, (B) sharpness of tooth #1, and (C) overall broadness. Each of these three traits 
was quantified using the formulas shown. 
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Fig. 2.  Variation in mandible morphology of different worker sizes for Pheidole rhea 
(upper), P. obtusospinosa (middle), and P. spadonia (lower). Head width (HW) 
measurements are shown under each mandible picture. All the pictures within each panel 
for each species were taken at the same magnification. In the whole-body panels, all scale 
bars equal 1mm. 
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Fig. 3.  Comparison of mandible morphology between different worker castes in P. 
obtusospinosa (left), P. rhea (middle), and P. spadonia (right). Three mandible traits were 
examined for each species: serration, primary tooth sharpness, and overall broadness (as 
defined in Fig. 1). The median, standard deviation, and outliers are shown for each of the 
boxplots. Significant differences between castes are designated with the letters “a”, “b”, and 
“c”. Ten workers per caste were measured: P. obtusospinosa and P. rhea (minors, soldiers, 
and supersoldiers) and P. spadonia (minors and soldiers).  
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Fig. 4.  Comparison of muscle volume between different soldier castes of P. obtusospinosa. 
(A) Photomicrographs (photomontages of two horizontal sections each) of the head cavity 
of a young P. obtusospinosa worker taken at two different depths from the frontal head 
surface (250mm (left) and 600mm (right)). Shown are the mandible abductor (opener) 
muscle (ab), mandible adductor (closer) muscle (ad), brain (br), compound eye (ey), and 
mandible (md). Absolute muscle volumes for soldiers and supersoldiers are shown in (B); 
closer and opener muscles were quantified separately. Four workers per caste were 
measured. Standard error bars are shown. Asterisks indicate a significant difference 
between castes when comparing each type of muscle. 
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Fig. 5.  Bite force of soldiers of P. obtusospinosa (n=32) (open circles) versus P. spadonia 
(n=16) (solid triangles). The data displayed represent the bite forces of the full range of 
soldier sizes for each species, with the maximum bite force emphasized. Regression lines for 
P. obtusospinosa (dashed line) and P. spadonia (solid line) are shown. 
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Fig. 6.  Foraging recruitment of Pheidole soldiers of different sizes to prey items of three 
states: (1) live, (2) dead and whole, or (3) cut into pieces. Size distributions for each prey 
state were compared to the size demographics of fully established colonies for (A) P. 
obtusospinosa, (B) P. rhea, and (C) P. spadonia (colony demographics data were from Huang 
and Wheeler (2011)). Distributions for soldiers are shown in grey and supersoldiers in 
black. Vertical dashed lines represent the median for the distribution graphs. The 
percentages displayed represent the proportion of supersoldiers relative to the total 
number of soldiers found at each of the three prey states; the same proportion is shown for 
colony demographics. Five colonies were used for each species. Minor workers were not 
included in the graphs because they have a much narrower size range than soldiers and 
were always found in similar numbers on all prey types for all three species. 
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Supplemental Figure 1: Experimental setup for measuring bite force of ants. (A) The 
device used consists of the (1) tip that is presented to the ant, (2) flexible upper arm, (3) 
fixed lower arm, (4) strain gauge that produces a change in electrical current when bent, 
and (5) knob for adjusting the gap between the tip of upper and lower arm. As the device is 
slowly moved into position between the mandibles of the immobilized ant, its mandibles 
close down onto the tip of the device (B). This action bends the upper arm downwards 
causing the bending of the strain gauge. The amount of force applied to the arm was 
measured as an electrical signal. 
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MULTI-PHASE DEFENSE BY THE BIG-HEADED ANT PHEIDOLE OBTUSOSPINOSA 
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ABSTRACT 

Army ants are well known for their destructive raids of other ant colonies.  Some 

known defensive strategies include nest evacuation, modification of nest 

architecture, blockade of nest entrances using rocks or debris, and direct combat 

outside the nest.  Since army ants highly prefer Pheidole ants as prey in desert 

habitats, there may be strong selective pressure on Pheidole to evolve defensive 

strategies to better survive raids.  In the case of P. obtusospinosa, the worker caste 

system includes super majors in addition to smaller majors and minor workers.  

Interestingly, P. obtusospinosa and the only six other New World Pheidole species 

described to have polymorphic major workers are all found in the desert southwest 

and adjacent regions of Mexico, all co-occurring with various species of 

Neivamyrmex army ants.  Here, we show that the ant Pheidole obtusospinosa uses a 

multi-phase defensive strategy against army ant raids that involves their largest 

major workers.  During army ant attacks, these super majors are involved in 

blocking the nest entrance with their enlarged heads.  This is the first description of 

defensive head-blocking by an ant species that lacks highly modified head 

morphology such as a truncated or disc-shaped head.  As a result, P. obtusospinosa 

super majors can switch effectively between passive head-blocking at the nest 

entrance and aggressive combat outside the nest.  If this multi-phase strategy is 

proven to be used by other Pheidole species with polymorphic majors in future 

studies, it is possible that selective pressure by army ant raids may have been 

partially responsible for the convergent evolution of this extra worker caste.  
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INTRODUCTION 

Army ants are notorious for their raids of ant colonies of other species (Schneirla 

1971; Mirenda et al. 1980; Gotwald 1995).  During raids, army ant trails are often 

very direct, with a strong column trail at the base and network of trails at the swarm 

front (Rettenmeyer 1963; Burton and Franks 1985).  The front line of these trails 

can span a width of 5m to 20m, depending on the army ant species (Schneirla 1971; 

Gotwald 1995).  Captured prey is immediately dismembered while ones that get 

away are usually so weakened that they become susceptible to parasitism or 

secondary predation (Gotwald 1995).  Some army ants are generalists while others 

such as species in the genus Neivamyrmex are specialists, preying primarily on ant 

larvae, pupae, and/or adult workers (Gotwald 1995, p.131).  Thus, there is strong 

selective pressure on prey to evolve effective defensive strategies against army ants 

raids. 

When under attack by army ants, some social wasps such as Protopolybia 

exigua and Angiopolybia pallens exhibit vibrational alarm calls that eventually lead 

to synchronized nest evacuation (Chadab 1979; Chadab-Crepet and Rettenmeyer 

1982).  Other social wasps build nests on long, thin pedicels that are laced with ant-

repellent chemicals or build nests that are completely enveloped except for a small 
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nest entrance where guards are present (Jeanne 1970, 1975).  There are also 

instances where social wasps construct nests in trees that are occupied by ants that 

aggressively protect the tree from invading ants (Chadab-Crepet and Rettenmeyer 

1982).  Other social insects, such as termites, employ highly specialized soldier 

workers with large, biting mandibles or head nozzles that spray a glue-like 

substance in response to ant raids (Wilson 1971).  However, under more intense 

raids by army ants, Macrotermes termites construct makeshift chambers that help 

wall off the termite king and queen from attacks (Darlington 1985). 

Pheidole ants are particularly favored by army ants in desert-grasslands in 

southwestern United States because they are highly abundant in these habitats and 

most species have a relatively small body size and/or lack specific defensive 

strategies for army ants (Mirenda et al. 1980).  In contrast, army ants tend to be 

deterred from invading Pogonomyrmex, Myrmecocystus, and Forelius ant colonies 

because of the large worker body size, physical strength, and/or defensive 

secretions of these species (Mirenda et al. 1980).  Other ants such as Stenamma 

expolitum and S. alas build elevated nest entrances to minimize detection by army 

ants, build adjacent, normally unoccupied, chambers for hiding after evacuations, 

and close off entrances with a single round pebble (Longino 2005).  Army ant raids 

on Camponotus festinatus and Novomessor (=Aphaenogaster) albisetosus often lead 

to nest evacuation (LaMon and Topoff 1981; McDonald and Topoff 1986).  In 

contrast, Atta leaf-cutting ants have a minor worker caste and multiple major 

worker size castes (Fowler 1983).  One of the defensive strategies Atta uses against 
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raiding army ants is to deploy separate teams of large major workers (primary 

combatants) and smaller workers (assistant combatants) to counter-attack army 

ants outside their nest (Powell and Clark 2004).  The use of large major workers as 

the primary defenders shows the importance of having an extra caste size.  

Occasionally, Atta leaf-cutting ants will also use soil and organic debris to plug their 

entrances in response to army ant attacks (Powell and Clark 2004).   

The genus Pheidole is characterized by its dimorphic worker caste system 

consisting of minor workers and major workers (Wilson 2003).  Pheidole major 

workers, in general, have a disproportionately greater head size than minor 

workers (MH Huang and DE Wheeler, in prep).  The worker caste system of P. 

obtusospinosa is unusual in this genus because major workers vary considerably in 

head size.  Super majors of P. obtusospinosa have a greater absolute head size than 

smaller majors but both have a similar head size to body size ratio (MH Huang and 

DE Wheeler, in prep).  P. obtusospinosa and six other New World Pheidole species 

with a similar worker caste system are all found primarily in U.S. southwestern 

deserts and Mexico (Wilson 2003).  Interestingly, army ants in the genus 

Neivamyrmex have an overlapping geographical distribution (Gotwald 1995) and 

are frequently found within the vicinity of various Pheidole species (MH Huang, 

personal observation).  Interactions between army ants and Pheidole species with 

polymorphic major workers have not been previously documented.  

Here, I first characterize the head size distribution of workers of P. 

obtusospinosa to clearly define the size ranges that represent the different worker 
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subcastes.  The difference in head morphology of different worker castes often 

correlates with the ability to perform various tasks.  For example, smaller workers 

of some ant species are more efficient at feeding brood while larger workers are 

more effective defenders (Hölldobler and Wilson 1990).  After defining the different 

worker castes of P. obtusospinosa, I then report on field observations of a successful 

multi-phase nest defense strategy used by these ants against the army ant, 

Neivamyrmex texanus.  In this system, only workers with the largest head size are 

involved in head-blocking at the nest entrance while workers of all sizes participate 

in aggressive combat outside the nest.  

 

MATERIALS AND METHODS 

Worker colony demographics 

A total of five Pheidole obtusospinosa colonies were reared in the lab from founding 

queens collected in Tucson, Arizona in mid-July 2004.  All colonies were kept in 

constant darkness, humidity, and temperature (30°C).  They were sampled for major 

workers once in either March or April 2005, well after worker size distributions had 

stabilized [~8 to 9 months after colony founding (Huang and Wheeler, 

unpublished)].  For each colony, all major workers were isolated into a large petri-

dish and a sample of that subpopulation was taken by randomly placing a smaller 

petri-dish upside-down into the larger petri-dish.  All majors lying within the small 

petri-dish were collected and measured.  The number of majors collected for each 

colony ranged from 76 to 111 individuals.  Minor workers from each colony were 
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sampled on different dates from major workers; three colonies were sampled for 

minors in February 2005 while two colonies were sampled in both February and 

May 2005.  During each sampling date, 15 to 16 minors were randomly collected 

directly from each colony.  A total of 446 majors and 111 minors were measured for 

the five colonies sampled.  Head width measurements were made on both minor 

and major workers by using a microscope reticle.  Head width was obtained by 

measuring the distance between the two most widely separated points on the two 

sides of the head, as seen from its frontal view.  A cluster analysis was performed on 

the worker size distribution (with the assumption that there are two modes) to 

determine where the cutoff of the large and small major worker ranges were.  The 

statistical package JMP 5.1 was used.  

 

Field observations 

Observations were made between 1430 and 1530 hours MST on July 2, 2006 in an 

oak, sycamore, and juniper forest in Gardner Canyon in Tucson, Arizona 

(31º42.56’N and 110º42.58’W; Elevation: 1618 meters).  The P. obtusospinosa 

colony observed nested at the base of a living oak tree and had a triangular-shaped 

nest entrance (base ~ 12mm, height ~ 9mm) partially bordered by hard tree bark 

and the softer soil ground surface.  The head sizes of the Pheidole major workers 

involved in head-blocking were estimated using measurements of army ant 

specimens collected in the vicinity of the head-blocking event for calibration of the 

photographs taken.  The army ant specimens were measured using a microscope 
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reticle.  The thorax length of the army ants collected ranged from 1.6mm to 1.85mm 

(mean =1.72mm, S.D. = 0.096, n=11).  Army ant thorax length (i.e., anterior margin 

of pronotum down to the beginning of the first petiole) was used because this body 

dimension varies the least between individuals and was the most visible in the 

photographs.  The estimated size of the P. obtusospinosa nest entrance in the 

photographs was also used to confirm the head sizes of Pheidole major workers 

performing head-blocking.  The nest entrance size was roughly measured using the 

dimensions of my fingernails.  The average thorax length of the army ant specimens 

and the estimated dimensions of the nest entrance were used together to create the 

scale bar (3mm) at the bottom right corner of the photographs shown in Figure 2.  

This scale bar was ultimately used to estimate the head sizes of the Pheidole majors. 

 

RESULTS 

Worker colony demographics 

Minor workers of Pheidole obtusospinosa have an extremely narrow size range 

(head width = 0.5mm to 0.7mm) and are discretely separated from major workers 

(Figure 1a).  The major worker head width distribution was bimodal and ranged 

from 1.1mm to 2.4mm with smaller major workers present in colonies 

approximately three times as frequently as larger major workers.  Results of the 

cluster analysis (assuming two modes) suggest that small majors range from 1.1mm 

to 1.7mm in head width while larger majors range from 1.7mm to 2.4mm.  Figure 1b 

shows that there is no major change in overall head shape when comparing small 
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and larger majors despite an increase in absolute head size.  Here, the larger majors 

will be referred to as super majors.  

 

Field observations 

At the field site, I saw a strong column of army ants (Neivamyrmex texanus) running 

across a dirt path heading towards a P. obtusospinosa colony at the base of a large 

oak tree.  Initially, the army ants focused their attacks on the P. obtusospinosa 

majors of all sizes outside the nest entrance.  Groups of 4-6 army ants attacked the P. 

obtusospinosa majors by biting and stinging them.  The P. obtusospinosa majors bit 

back with their thick, crushing mandibles.  Most of the attempts by individual 

majors at defending themselves were futile because they were clearly outnumbered.  

Meanwhile, groups of P. obtusospinosa minor workers tried to assist majors by 

stretching out the legs of individual army ants to hold them down.   

As the army ants attacked the P. obtusospinosa major workers outside the 

nest, the super majors guarding the entrance retreated into the nest and began to 

form a blockade using their enlarged heads (Figure 2a); these super majors had 

head widths between 2mm to 3mm.  The heads were packed tightly together with 

little space between them.  Super majors forming the blockade remained motionless 

despite continuous biting and stinging attempts by army ants.  Minor workers and 

small majors played no role in implementing the head blockade. 

After failing to penetrate the nest entrance of the P. obtusospinosa colony, 

some of the army ants turned away and swarmed around the base of the oak tree, 
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possibly trying to find another entrance into the colony.  As the number of army ants 

at the nest entrance dwindled, the P. obtusospinosa super majors broke their head-

blockade formation (Figure 2b) and stormed out of the nest.  One group of P. 

obtusospinosa majors (large and small) attacked the army ants circling around the 

tree base from behind while another group attacked the front line of the incoming 

army ant reinforcements by heading straight into the army ant foraging trail, 

occasionally dragging their abdomens on the ground.  The actions of this second 

group of P. obtusospinosa majors resulted in the disorientation of army ant 

reinforcements at the front end of the army ant trail.  The major sign of army ant 

disorientation was when they started moving around in various random directions 

rather than traveling in the initial straight and direct path.   

Without reinforcements, the group of army ants circling around the tree 

trunk was left behind.  As this isolated group of army ants began to turn their 

attention towards the original nest entrance again, both groups of P. obtusospinosa 

majors retreated into their nest and the super majors resumed their head-blockade 

formation of the entrance (Figure 2a).  Even after the P. obtusospinosa majors had 

abandoned the front line of the army ant trail, army ant reinforcements continued to 

show signs of disorientation.  After 30 to 45 min of switching at least three times 

between the defensive head-blockade formation and the dual offensive attacks, the 

P. obtusospinosa colony was able to drive away the raiding army ants. 

 

DISCUSSION 
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This study shows that Pheidole obtusospinosa uses a multi-phase defensive strategy 

against invading army ants that is distinct from ones implemented by other ants.  

Similar to Atta leaf-cutting ants, P. obtusospinosa also has multiple major worker 

castes in addition to their minor worker caste (Figure 1a, b).  The Pheidole super 

majors in my study played a critical role in defending the nest because they blocked 

nest entrances with their large heads as well as assisted in combating the army ants 

outside of the nest.  In contrast, large major workers of Atta leaf-cutting ants have 

never been shown to use head-blocking (Powell and Clark 2004).  Unlike P. 

obtusospinosa, a majority of Pheidole species only have a minor worker caste and a 

single major worker caste with a narrow size range (i.e., dimorphic) [Wilson 2003].  

Without majors with extra large heads, these species may not be able to form 

effective blockades.  For example, P. desertorum and P. hyatti (both have dimorphic 

worker caste systems) immediately evacuate their nest in response to army ant 

attacks (Droual and Topoff 1981; Droual 1983). 

Ants such as Colobopsis nipponicus (Szabó-Patay 1928, cited in Wilson 1971; 

Hasegawa 1993) and Cephalotes (De Andrade and Baroni Urbani 1999) also use 

major workers for blocking nest entrances.  Blocking of a nest entrance with the 

body is also known as phragmosis.  In the case of Colobopsis and Cephalotes, 

however, the majors have extreme modifications in head morphology for 

phragmosis, such as a disc-shaped or truncated head.  Also, neither Colobopsis nor 

Cephalotes exhibit aggressive combat outside of the nest. 
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Head-blocking has been suggested as a defense mechanism in other ants, 

such as those above, but this study is the first account of head-blocking in an ant 

species with super majors that have a noticeably enlarged head that is neither disc-

shaped nor truncated.  Therefore, extreme head modifications are not necessary for 

implementing head-blocking.  Having a more generalized head shape may allow P. 

obtusospinosa super majors to perform other tasks efficiently.  Such tasks 

potentially include processing large food items, transporting large objects, and 

dismantling large enemies, in addition to head-blocking; the P. obtusospinosa super 

major’s ability to perform these additional tasks needs to be further investigated.  In 

the case of Cephalotes (= Zacryptocerus = Cryptocerus), the disc-shaped heads of 

major workers are so morphologically specialized for head-blocking that their 

mandibles are relatively reduced in size (De Andrade and Baroni Urbani 1999).  As a 

result, they are less competent at predation, processing intact prey, and 

transporting large items (Wilson 1976a; Cole 1980).  In addition, Powell (2008) has 

shown that different Cephalotes species have an increasingly specialized head shape 

as the size of the nest entrance and the number of workers involved in head-

blocking decreases.  If this trend is consistent in other ant genera, it makes sense 

that P. obtusospinosa super majors would maintain a relatively non-specialized head 

shape given the relatively large size of the nest entrance observed here and the 

numerous super majors involved in head-blocking. 

Head-blocking, however, may be a more consistently effective strategy for 

ants such as Cephalotes because they nest in dried hardwood, with the nest entrance 
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completely surrounded by a hard substrate (Creighton and Nutting 1965; De 

Andrade and Baroni Urbani 1999).  On the other hand, P. obtusospinosa has nest 

entrances that are partially surrounded by both a hard substrate such as boulder or 

wood and a softer substrate such as variably loose soil.  As a result, reliance on 

head-blocking alone in P. obtusospinosa may not always be effective since intruders 

may eventually dig through the soil.  This may explain why the P. obtusospinosa 

colony observed in this study exhibited a multi-phase strategy consisting of both 

defensive and offensive tactics. 

The behavioral specialization of P. obtusospinosa super majors observed here 

is consistent with the predictions stemming from the findings of Pie and Traniello 

(2007).  By comparing allometric measurements of workers across various Pheidole 

species, they predict that major workers are more behaviorally specialized than 

minor workers since there is a partial dissociation in head morphology between the 

two subcastes.  Although they only examined minors and majors, evidence from 

observations here suggests that this trend may be extended to comparisons 

between small major workers and super majors in species with polymorphic 

majors.  Here, I find that only the major workers with head widths in the largest size 

range (Figure 1) are involved in the specialized task of head-blocking.  

One aspect of the multi-phase strategy used by P. obtusospinosa that needs 

further study is how their major workers were able to cause disorientation of army 

ant reinforcements at the front line of the army ant trail.  Since Pheidole majors were 

seen dragging their abdomens on the ground surface in the vicinity of the army ant 
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trail, Pheidole majors may have altered the trail by physical or chemical 

manipulation.  Work by Couzin and Franks (2003) has shown that the initial trail-

following stage of the army ant Eciton burchellii is disordered.  However, these army 

ant foragers are eventually able to collectively decide on a common raid direction by 

assessing the relative position of nest mates along the swarm trail.  Assuming that 

Neivamyrmex army ants have similar microdynamic properties in trail following, 

manipulations of the front line of the army ant trail by P. obtusospinosa majors may 

have disrupted the interactions between individual army ant foragers, thus 

contributing to the overall disorientation of army ants observed here.  

Since the observations here were only based on one invasion event on one 

colony, behavioral experiments with more field or lab colonies of P. obtusospinosa 

are needed to determine how frequently head-blocking is implemented by P. 

obtusospinosa against army ants.  In addition, the stimuli involved in coordinating 

the initiation and termination of head-blocking by super majors must be further 

examined; this defensive phase may only be implemented when the army ant raid is 

very intense and direct.  Pheidole dentata, for example, can go through a sequence of 

up to three defensive phases against invading fire ants depending on the intensity of 

the invasion (Wilson 1976b).  Nevertheless, this study shows strong evidence that 

head-blocking by super majors at the nest entrance in combination with aggressive 

combat outside the nest can be an effective defensive strategy, at least for the one P. 

obtusospinosa colony observed.  This strategy is successful even though P. 

obtusospinosa super majors do not have extremely modified head morphology 
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specialized for head-blocking.  Although evidence is yet to be provided, it is possible 

that this multi-phase defensive strategy can be used effectively by other P. 

obtusospinosa colonies as well as other Pheidole species with polymorphic majors 

for the following reasons.  First, there is strong selective pressure from army ant 

species that have a high preference for them as prey (Mirenda et al. 1980).  Second, 

the only seven described Pheidole species with super majors have a geographical 

distribution that completely overlaps with various army ant species (Gotwald 1995; 

Wilson 2003).  This coexistence further increases the selective pressure on Pheidole 

ants to evolve defensive strategies against army ant raids since the likelihood and 

frequency of raids most likely increases with the number of predator-prey 

encounters.  If the above is proven to be true, the observations in this study can help 

partially explain why Pheidole species with polymorphic major workers have 

evolved convergently in multiple occasions (Moreau 2008).  
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Figure 1: Size range and relative frequency of head width (mm) for P. obtusospinosa [5 
colonies (Nminor =111; Nmajor =446)] are shown in (a). Each lab colony was sampled once, 
after worker sizes have stabilized. Minor workers (cross-hatched) and major workers (solid 
black) were sampled separately. Representative photographs of minor workers, small 
majors, and super majors (left to right) are shown in (b). The scale bar above each 
photograph is equivalent to 1mm. 
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Figure 2: Stages of the multi-phase defensive strategy of Pheidole obtusospinosa against an 
army ant invasion: (a) head-blocking behavior of Pheidole super majors at the nest entrance 
to prevent infiltration and (b) aggressive attack of Pheidole major workers on army ants 
outside the nest. The scale bar at the bottom right corner of each photo equals 3mm. Photos 
by Alex Yelich. 
 

(a.)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(b.) 
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ABSTRACT 

The efficiency of social groups is generally optimized by a division of labor, achieved 

through behavioral or morphological diversity of members. In social insects, 

colonies may increase the morphological diversity of workers by recruiting standing 

genetic variance for size and shape via multiply-mated queens (polyandry) or 

multiple breeding queens (polygyny). However, greater worker diversity in multi-

lineage species may also have evolved due to mutual worker policing if there is 

worker reproduction. Such policing reduces the pressure on workers to maintain 

reproductive morphologies, allowing the evolution of greater developmental 

plasticity and the maintenance of more genetic variance for worker size and shape 

in populations. Pheidole ants vary greatly in the diversity of worker castes. Also, 

their workers lack ovaries and are thus invariably sterile regardless of the queen 

mating frequency and numbers of queens per colony. This allowed us to perform an 

across-species study examining the genetic effects of recruiting more patrilines on 

the developmental diversity of workers in the absence of confounding effects from 

worker policing. Using highly variable microsatellite markers, we found that the 

effective mating frequency of the soldier-polymorphic P. rhea (avg. meN=2.65) was 

significantly higher than that of the dimorphic P. spadonia (avg. meN=1.06), despite a 

significant paternity skew in P. rhea (avg. B=0.10). Our findings support the idea 

that mating strategies of queens may co-evolve with selection to increase the 

diversity of workers. We also detected patriline bias in the production of different 
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worker sizes, which provides direct evidence for a genetic component to worker 

polymorphism. 

KEYWORDS: Mating system · Paternity · Patriline bias · Polyandry · Social 

insects · Worker size 

 

 

INTRODUCTION 

A key characteristic of societies is the division of labor between members (Bourke & 

Franks 1995).  For example, when social Dictyostelium slime molds experience 

starvation, some cells altruistically form a non-reproductive stalk bearing 

multicellular fruiting bodies (Strassmann et al. 2000), while naked mole rats show a 

division of labor between colony members with some foraging and others 

reproducing (O’Riain et al. 2000).  One of the best known examples of such a 

reproductive division of labor is the social Hymenoptera (ants, many bees, and 

wasps) where some females (queens) are devoted to reproduction while helper 

females (workers) carry out nest work, foraging and defense (Wilson 1971).  In 

some species, division of labor goes beyond reproduction and involves a subdivision 

of worker roles with subcastes that show distinct morphologies and/or behaviors 

(Oster & Wilson 1978; Hölldobler & Wilson 1990; Bourke & Franks 1995).  

Reproductive division of labor imposes a differential selection on individuals and 

results in some colony members having a greater individual fitness through their 

own fecundity and others deriving indirect fitness mainly or exclusively by rearing 
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reproductive sisters with which they share genes.  In contrast, a subdivision of non-

reproductive roles affects the selection on colonies, where colonies with a better 

partitioning of labor enjoy a higher fitness (Oster & Wilson 1978).  These two levels 

of selection can work in opposite directions, leading to conflicts and the evolution of 

mechanisms to resolve them.  The iconic example of resolution of conflict between 

levels of selection is in the process of meiosis, which fairly partitions maternal and 

paternal chromosomes during gametogenesis (Smith & Szathmáry 1995).   

 Increased diversity of social insect workers due to selection for a better 

division of non-reproductive labor can come about in two ways: (1) through 

modification of development to produce a greater variety of worker sizes and 

shapes and (2) through an increase in a colony’s genetic diversity by queens having 

more mates or colonies containing more queens, assuming that genetic variance for 

worker size and shape occurs in the population (Wheeler 1986, 1991; Fjerdingstad 

& Crozier 2006).  Increased genetic diversity has a strong impact on the balance 

between selection at the individual and colony levels.  Workers in colonies with 

singly mated queens (monandry) share the father’s single haploid set of genes, so 

relatedness among them is high, and workers benefit from focusing on rearing the 

queen’s offspring (Bourke & Franks 1995).  In contrast, workers in colonies with 

multiply mated queens (polyandry) have a lower relatedness.  Low relatedness can 

tip the scales to the point that there is a greater payoff from direct worker 

reproduction.  Near the tipping point, worker reproduction can disrupt the 

integrated functioning of colonies and reduce colony fitness.  The conflict can be 



 115 

resolved and colony level efficiency restored by worker policing, that is the 

destruction of eggs laid by other workers (Ratnieks 1988; Crozier & Pamilo 1996).  

Without worker fecundity, variation in worker size and shape may benefit colonies, 

and selection may further increase the genetic variance for worker caste diversity in 

populations (Fuchs & Moritz 1999).  Workers, however, do retain ovaries in a large 

number of worker polymorphic species (Dijkstra & Boomsma 2006; Fjerdingstad & 

Crozier 2006; Dijkstra & Boomsma 2007; Smith et al. 2007; Kronauer et al. 2010).  

In these species, it is difficult to determine whether worker policing allows a release 

of developmental plasticity in workers through weaker stabilizing selection on 

worker morphology, or whether direct benefits of recruiting genetic variance for 

size and shape alone explains the greater worker diversity seen in species with 

polyandry and polygyny (Fjerdingstad & Crozier 2006). 

One way to overcome this problem is to study whether the numbers of mates 

per queen or the numbers of breeding queens per colony are greater in caste-

diverse species where worker policing does not occur.  Policing is absent when 

there is no worker reproduction due to the complete lack of ovaries in workers.  In 

this case, selection acting on genetic variance and developmental plasticity for 

worker size and shape in colonies would be unaffected by either worker 

reproduction or policing.  Pheidole ants are a suitable taxon for such tests because 

workers have no functional ovaries (Hölldobler & Wilson 1990; Khila & Abouheif 

2010).  Moreover, although nearly all Pheidole ants are dimorphic, with two 

monomorphic castes (minor workers and soldiers), several species have 
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polymorphic soldiers with a wide range of sizes (Wilson 2003; Huang & Wheeler 

2011; see Table 1).  Although the ecology and division of labor of this genus has 

been well studied (Hölldobler & Wilson 1990), their mating strategies have been 

studied for only a few dimorphic species (Helms 1999; Fournier et al. 2002; Tripet 

et al. 2006; Fournier et al. 2009).  

Here, we use microsatellite DNA analyses of worker offspring from 

monogynous laboratory colonies to test whether the degree of polyandry is higher 

in Pheidole species with a wider range of worker sizes and whether different males 

contribute differentially to worker sizes, providing direct evidence for genetic 

influence over worker morphological diversity.  Specifically, we study P. rhea, one of 

the most basal lineages in the Pheidole genus, and P. spadonia, a more derived 

lineage (Moreau 2008).  These two species show a great contrast in the 

morphological diversity of workers: P. rhea has one of the broadest worker size 

ranges in its genus with a particularly great diversity of soldiers (majors and 

supermajors), while the dimorphic P. spadonia has a typically narrow size range 

(Huang & Wheeler 2011). 

MATERIALS AND METHODS 

Queen collection & colony rearing 

All Pheidole rhea workers used in this study were sampled from 15 mature lab colonies 

reared from founding queens collected on the same hillside in the Pajarita Mountains 

(Santa Cruz Co.: AZ).  Four cohorts of queens were collected in July of the following 

consecutive years: 2006 (6 queens), 2007 (2 queens), 2008 (6 queens), and 2009 (1 
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queen).  All P. spadonia workers used were sampled from 15 lab colonies reared from 

founding queens collected at blacklights in Tucson, AZ within an area of 1 mile x 1 mile.  

Four queen cohorts were collected in July of the following successive years: 2004 (5 

queens), 2005 (3 queens), 2007 (2 queens), and 2008 (5 queens).  Since the focus of our 

study is on possible polyandry, each founding queen was forced to establish a lab colony 

on her own to eliminate potential confounding effects linked to polygyny that may occur 

in field colonies.  All lab colonies were also reared in constant darkness, humidity, and 

temperature (30°C).  The colonies were fed twice a week with a diet consisting of frozen 

insects (cockroaches, lepidopteran larvae, and crickets) and sunflower seeds.  This rich 

diet was supplemented with drops of a liquid solution consisting of honey, water, 

Wesson salts, and Vanderzant vitamins (Sigma-Aldrich Corporation). 

 

Sampling protocol & storage 

All workers were randomly sampled from the colonies within a four month period.  

Equal numbers of workers were collected to represent each of the worker castes for 

the two Pheidole species: P. spadonia (minors and soldiers) and P. rhea (minors, 

small soldiers, and supersoldiers), as described by Huang & Wheeler (2011).  Only 

adult workers were used for this study.  Individual tubes for each sample were 

placed in a -20°C freezer for temporary storage.  All frozen specimens were 

extracted for DNA within a week of collection. 

 

DNA analyses 
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Whole-body extractions were performed on individual ants using the DNeasy Blood 

and Tissue kit (Qiagen Inc.) and their insect protocol to obtain genomic DNA.  A 

motorized pestle was used to mechanically grind the samples in their respective 

tubes.  All DNA extractions were stored in a -20°C freezer.  For the paternity 

analyses we initially extracted 21 workers for each of our 15 P. rhea colonies and 20 

workers for each of our 15 P. spadonia colonies, but added 21 workers more for 

each P. rhea colony after analyses showed the presence of multiple patrilines in all P. 

rhea colonies.  Also, for population genetics tests on the resolution power of our 

markers (see below) we extracted DNA from one worker per colony for an 

additional 15 colonies per species, bringing the total dataset for these tests to 30 

colonies for each species.  These additional workers were collected from other 

available lab colonies and field colonies.  

Next, we performed PCR amplification of two dinucleotide-repeat 

microsatellite loci, using the primers set Ppal77 and Myrt3, previously developed 

for P. pallidula (Fournier et al. 2002) and Myrmica tahoensis ants (Evans 1993), 

respectively.  These primer sets were optimized for cross-priming in P. rhea and P. 

spadonia (PCR protocol details below).  The forward primer of Ppal77 was 

fluorescently labeled with 6-FAM (Eurofins MWG Operon) while that of Myrt3 was 

labeled with NED (Applied Biosystems Inc.).  The two loci were amplified together 

(multiplexed).  The following PCR mix was used for a 1x reaction: 5μl of 5X Taq 

Master PCR Enhancer, 2.5μl of 10X buffer containing 1.5 mM MgCl2, 0.5μl of 10mM 

dNTP, 0.6μl of 10μM Myrt3 primer (F and R), 0.4μl of 10μM Ppal77 primer (F and 
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R), 0.25μl of 5U/μl Taq DNA Polymerase, 2μl of DNA template, and ultra purified 

water to a total reaction volume of 25 μl.  All PCR components were included in a kit 

purchased from 5-Prime, except for the dNTP that was purchased from Fermentas.  

PCR amplification was performed on a MJ Research PTC-200 Peltier Thermal Cycler 

using the following protocol: (a) 3min initial denaturing step at 94ºC, (b) followed 

by a 30sec denaturing step at 94ºC, touchdown annealing sequence from 58ºC to 

51ºC (decrease of 0.5ºC/cycle at 30sec/temperature hold), 30sec elongation step at 

72ºC (repeated for 15 cycles), (c) then 30sec denaturing step at 94ºC, 25 cycles of 

annealing at 50ºC for 30sec, and 30sec of elongation at 72ºC (repeated for 25 

cycles), (d) ending with a 10min elongation at 72ºC.  

After PCR, the products (one tube per individual ant) were diluted by 

transferring aliquots of 8μl from each tube to a new tube and mixing with 72μl of 

sterilized distilled water and then sent to the Nevada Genomics Center 

(http://www.cabnr.unr.edu/genomics/) for fragment analysis on an ABI3730 DNA 

Analyzer, to permit separation and sizing of alleles.  From the peak diagrams 

produced, we designated alleles using Genemarker 1.70 (SoftGenetics Corp.).  At the 

end of peak diagram analyses, all alleles were cross-checked across colonies for our 

entire dataset, to ensure that calling errors would not affect subsequent estimates of 

the relatedness of nestmates relative to the background population (see below). 

 

Population genetics 
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For these analyses we selected one worker per colony among the colonies used for 

paternity studies using the random number generator at http://www.random.org/ 

and added the workers genotyped for field colonies (see above).  This gave us a total 

of 30 individual worker genotypes per species representing 30 colonies.  Using 

these data we estimated allelic richness and heterozygosity and tested whether 

genotype distributions deviated from those expected under random mating and 

specifically whether there was any evidence of inbreeding (deficit of heterozygotes).  

These analyses were done using the software Genepop version 4.0 (Raymond & 

Rousset 1995).  Next, we used the same software to test for evidence of null alleles 

that could confound the population genetics analyses (leading to an excess of 

apparent homozygotes).  Additionally, we calculated the so-called non-detection 

error which represents the risk that unrelated males carry the same two-locus 

genotype and so cannot be distinguished in a pedigree analysis (Pamilo 1993).  

Pamilo’s (1993) non-detection error estimation relies on the assumptions of (i) no 

linkage between marker loci, (ii) random mating, and (iii) no relatedness between 

males mated to the same queen.  We verified the first assumption (no linkage) 

through χ2 tests on the segregation of alleles of inferred heterozygous queens in 

their offspring (see below), the second was verified as described above, and the 

third assumption was verified through regression relatedness analyses on inferred 

mate genotypes for colonies determined to have multiple fathers through pedigree 

analyses (see below).  Relatedness analyses were performed using the software 

Relatedness 5.0.8 (Queller & Goodnight 1988; Goodnight 1992). 

http://www.random.org/
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Queen mating frequency and nestmate relatedness 

We here used the dataset of 15 colonies per species, comprising 42 workers per 

colony for P. rhea and 20 workers per colony for P. spadonia.  For each colony we 

inferred the parental genotypes and estimated the numbers of mates per queen as 

in Fjerdingstad et al. (1998, 2002) and Corley & Fjerdingstad (2010).  This was 

facilitated by the fact that our laboratory colonies were monogynous (one queen per 

colony) and by the male-haploid sex determination system of ants (Crozier & Pamilo 

1996).  Male ants thus carry only one allele at each locus and pass it to all their 

offspring.  We next verified that worker genotypes were consistent with Mendelian 

segregation of alleles in queens inferred to be heterozygous (exact binomial tests for 

each locus and species, no tests significant after False Discovery Rate control 

(Verhoeven et al. 2005)). 

The genetic effects of multiple mating depend also on the degree to which 

siring success of the different mates of a given queen is skewed.  We directly 

estimated the genetically effective paternity (meped) (Boomsma & Ratnieks 1996) 

from the number of offspring sired by each father for each colony.  Additionally, we 

applied Nielsen et al.’s (2003) correction to our calculated effective paternities to 

achieve sample-size unbiased estimators for each colony of each species.  Finally, we 

calculated the expected nestmate relatedness of workers in each colony (rped) based 

on the Nielsen-corrected effective paternity (meN) and taking into account the male-

haploidy of ants (Crozier & Pamilo 1996).  Lastly, we obtained independent 
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estimates of the genetic diversity of colonies through regression relatedness 

analyses that directly examine the genetic similarity of nestmate workers relative to 

the background population (Queller & Goodnight 1988).  We also used these 

nestmate relatedness data to reverse-infer the effective paternity for each colony. 

 

Patriline bias in worker size 

Patriline bias in the production of different worker sizes was only determined for P. 

rhea, a species that showed consistent multiple matings by queens.  Fifteen colonies 

were used in this analysis, with 42 workers sampled for each colony.  All workers 

were randomly selected to represent the full size range (including minors, soldiers, 

and supersoldiers) for P. rhea.  The head width of each individual sampled was 

measured according to methods of Huang & Wheeler (2011).  The identity of the 

patriline siring each individual sampled was inferred based on pedigree analysis, as 

was done in our mating frequency study above.  Head measurements were log 

transformed to normalize our data before running our statistical analysis.  Since the 

worker caste sizes for P. rhea were not discretely separated between soldiers and 

supersoldiers (see Huang and Wheeler (2011)), a statistical model that analyzes 

continuous data was used.  To determine whether there was a significant difference 

in the sizes of workers produced by different patrilines, we used a nested ANOVA 

test, with the Patriline factor nested within Colony (both factors were designated as 

random effects in the model).  Patrilines that sired three or fewer total offspring 

were excluded from the test because they had low statistical power.  The exclusion 
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of these patrilines only sacrificed approximately 3% of the total data collected.  Also, 

the significance level of the statistical analysis did not change by much when these 

patrilines were included.     

 

RESULTS 

Population genetics 

The dataset of one worker per colony for 30 colonies per species allowed us to 

determine that our two microsatellite loci were highly polymorphic in both species 

with 16 and 13 alleles at Myrt3, and 13 and 17 alleles at Ppal77 for P. rhea and P. 

spadonia, respectively (Table 2).  In consequence, the observed heterozygosities 

were high for both loci in both species (83-87%)(Table 2).  Using a dataset 

consisting of one worker per colony for 30 colonies, we found no evidence for null 

alleles at MYRT3 in P. rhea or P. spadonia.  However, null alleles at Ppal77 were 

significant for both species (estimated frequencies: P. rhea = 0.08, 95% c.i. = (0.02; 

0.18); P. spadonia = 0.11, 95% c.i. = (0.04; 0.21)).  The presence of null alleles may 

lead to an overestimation of the number of mates, if the queen is heterozygous at a 

given locus and one of her mates carries a null allele.   

A detailed scrutiny, however, showed that none of our pedigree estimates are 

likely to have overestimated polyandry.  We had across-locus confirmation for 

inferred patrilines and their allele designation for most of the colonies where some 

workers appeared homozygous for a queen allele.  This suggests they were not 

carrying a paternal null allele and that a male sharing a queen allele did exist.  Also, 
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in almost all cases the paternal allele shared with the queen (i.e., A) was associated 

with both of the queen’s alleles (i.e., AA and AB offspring were observed).  This again 

proves a correct allele designation for the male and makes null alleles unlikely.  In 

one case, the queen was inferred to homozygous and only one mate was deduced, 

though he may have carried a null allele.  Lastly, no cases of heterozygous queens 

(AB) with both AA and BB offspring were found, though this would have been 

expected had such a queen mated with a mate carrying a null allele. 

The great allelic diversity at our two genetic marker loci meant that the risk 

of unrelated males carrying the same two-locus genotype (Pamilo 1993) was very 

low in both species (<1.3%)(Table 2).  The assumptions for Pamilo’s (1993) non-

detection error (no linkage between marker loci, random mating, and no 

relatedness between males mated to the same queen) were all upheld.  First, χ2 tests 

showed that the segregation of alleles of the inferred queens did not deviate from 

expectations under free diallelic Mendelian segregation (all tests non-significant, 

results not shown).  Direct tests for linkage disequilibrium using the dataset of one 

worker per colony and the software Genepop version 4.0 (Raymond & Rousset 1995) 

were not possible as most two-locus genotypes were detected only once (a 

consequence of the high allelic diversity of our microsatellite markers).  Secondly, 

genotype distributions did not deviate from those expected under random mating 

(Hardy-Weinberg proportions) in P. rhea (Table 2).  Though the single-locus test for 

Ppal77 was significant for P. spadonia (Table 2), this did not hold when controlling 

for multiple tests using False Discovery Rate Control.  Also, no deviations from 
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Hardy-Weinberg proportions were found for either species in a two-locus test (P. 

rhea: χ2 = 1.5, df = 4, P = 0.83, P. spadonia: χ2 = 1.2, df = 4, P = 0.88).  For both species, 

also, there was no evidence for a deficit of heterozygotes in single-locus tests (Table 

2)(Fis was here estimated using the method of Weir & Cockerham (1984) and tests 

done using 20 batches of 5000 iterations) and this held when calculating two-locus 

estimates (P. rhea: P = 0.73; P. spadonia: P = 0.43, using Genepop version 4.0 

(Raymond & Rousset 1995)).  This suggested that queens and their mates are not 

related in any of our study species, and we confirmed this in independent analyses 

estimating the regression relatedness among inferred queen and paternal genotypes 

using Relatedness 5.0.8 (Goodnight 1992).  The estimated relatedness among queens 

and their mates did not deviate significantly from zero in either P. rhea or P. 

spadonia (Table 3).  Also, the average queen-mate relatedness for P. rhea (based on 

inferred genotypes from the pedigree analyses) was not significantly different from 

that found in P. spadonia (Mann-Whitney Test, W = 191, nRHEA = 15, nSPAD = 15, P = 

0.09).   

Finally, males mated to the same queen were unrelated in both P. rhea and P. 

spadonia, as shown by regression relatedness analyses on inferred paternal 

genotypes for each colony (Table 3).  Note, however, that only two colonies were 

polyandrous for the mainly monandrous P. spadonia.  As a result, the uncertainty in 

our estimate of mate-mate relatedness for this species would likely be great, and we 

could not statistically test whether it was greater than zero.  As a note of caution, 

brothers on average will carry a two-locus type that is identical by descent in 25% 
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of the cases and so be genetically indistinguishable in our pedigree analyses.  

Nevertheless, our results suggest that any relatedness among mates of the same 

queen is likely low for both species.  

 

Queen mating frequency and nestmate relatedness 

Our results showed that the species with a broader worker size range (P. rhea) has a 

significantly greater number of mates per queen (mabs) than the species with a 

narrower worker size range (P. spadonia)(Mann-Whitney Test, median numbers of 

mates, mabs, RHEA = 3, mabs, SPAD = 1, nRHEA = 15, nSPAD = 15, P<0.0001)(Fig. 1, Table 4).  

Effective mating frequency (meN) estimates the genetic effect of multiple paternity 

in systems where each patriline does not sire an equal proportion of offspring.  For 

the highly polyandrous P. rhea, the slope of effective versus observed mating 

frequency was significantly less steep than 1:1 (t-test, slope = 0.345, t = -29.4, df = 

13, P<0.00001) (Fig. 2).  Using Skew Calculator to calculate the B skew index 

(Nonacs 2000, 2003), we found that 10 out of 15 P. rhea colonies showed significant 

paternity skew (P<0.03 for all tests) with a mean B = 0.104 (range: 0.039 – 0.20).  

However, the effective mating frequency remained high (Avg. meN = 2.65, range: 

1.53 – 3.95) and was significantly higher than that found for P spadonia (Avg. meN = 

1.06, range: 1.00 – 1.79)(Table 4)(Mann-Whitney Test, median numbers of mates, 

mabs, RHEA = 2.67, mabs, SPAD = 1.00, nRHEA = 15, nSPAD = 15, P<0.0001).  Finally, the 

average relatedness between nestmates in P. rhea colonies (0.42 ± 0.038 (Standard 
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Error)) was significantly lower than in P. spadonia colonies (0.72 ± 0.001)(Mann-

Whitney Test, W = 339, nRHEA = 15, nSPAD = 15, P <0.0001)(Fig. 3).  

Generally, the estimates of nestmate relatedness derived from pedigree 

inferences were similar to those based on regression relatedness analyses (Table 4).  

However, the greater uncertainty of regression relatedness estimates due to the 

chance occurrences of alleles shared by queens and their mates, or between mates, 

sometimes made these values different from the relatedness values obtained via 

pedigree analyses (Table 4).  In turn, this caused estimates of effective paternity 

obtained from regression relatedness analyses to show greater variation among 

colonies than those based on pedigree analyses (Table 4).  

Although some founding queens were collected in different years, we pooled 

the samples across years.  This was done for the observed number of matings for 

both species (Table 4) because it did not differ significantly between yearly cohorts 

for either species (Kruskal-Wallis Test, P. rhea: na = 6, nb = 2, nc = 6, nd = 1, P = 0.728; 

P. spadonia: na = 5, nb = 3, nc = 2, nd = 5, P = 0.749).  This was also done for the 

effective mating frequency for the polyandrous P. rhea because there was no 

significant difference between queens collected during different years (Kruskal-

Wallis Test, na = 6, nb = 2, nc = 6, nd = 1, P = 0.80).   

 

Patriline bias in worker size 

There were significant differences in the sizes of the workers produced by different 

patrilines after accounting for colony effects (Nested Multi-Factor ANOVA, log 
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transformed, F25,571 = 2.159, P=0.001)(Fig. 4).  In our statistical model, patriline A 

and B from colony RH2, patriline A from RH8, patriline B from RH10, patriline A 

from RH13, and patriline A in RH14 were the most different from the other 

patrilines in worker sizes sired (P=0.014, 0.007, 0.012, 0.032, respectively); note 

that the same letters between colonies do not represent the same patrilines. 

 

DISCUSSION 

Our comparison of mating systems showed that Pheidole rhea, which has a broad 

worker size range with two soldier castes, has significantly more mates per queen 

than P. spadonia, which is characterized by a narrow worker size range and only one 

soldier caste.  These findings are consistent with the idea that mating systems and 

worker caste diversity co-evolve in social insects.  Pheidole ants are invariably 

sterile (no functional ovaries) (Hölldobler & Wilson 1990; Khila & Abouheif 2010), 

and therefore our findings cannot result from worker policing differentially 

affecting the expression of developmental plasticity or the standing genetic variance 

of worker morphology in the two species.  Instead, our results fit with the idea that 

multiple mating by queens may evolve in species when greater worker diversity 

brings benefits to colonies.  Selection for such benefits will protect against the loss 

of existing genetic variance for size and shape in populations through genetic drift 

and result in an increase in the standing genetic variance for worker size diversity.  

Once multiple mating is installed in a species, this selection process may favor the 
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evolution of lineages specializing in the production of even greater worker diversity 

(Fuchs & Moritz 1999; Fjerdingstad & Crozier 2006). 

Our findings that the more worker diverse P. rhea has more mates per queen 

cannot be an artifact related to our genetic markers.  Specifically, the results cannot 

arise from differences among species in the power to detect multiple paternity 

through offspring genotype analyses.   For both species the number of alleles at our 

two microsatellite DNA loci was high (≥13), observed heterozygosities were all 

greater than 80%, and non-detection errors (Pamilo 1993) were low (~1%).  For P. 

spadonia, the sample size of 20 genotyped workers per colony was adequate for 

detecting double-matings even in species with a high paternity skew (Pedersen & 

Boomsma 1999).  The robustness of the sampling method was also supported by the 

fact that applying Nielsen et al.’s (2003) correction for sample size bias did not 

change the effective paternity estimates for P. spadonia (Table 4).  The finding that 

P. spadonia is almost exclusively monandrous is therefore reliable.  It is equally well-

substantiated that P. rhea is highly polyandrous.  Observed and effective paternities 

as well as sample size bias-corrected values (following Nielsen et al. 2003) were 

very similar (Table 4), showing that our sample sizes of 42 workers per colony were 

suitable.  Finally, nestmate relatedness based on pedigree inferences were generally 

close to the values based on regression relatedness in both species.  This held 

although the latter showed a bit more variance, which is expected as they are 

affected by chance sharing of alleles between queens and their mates.  Hence, the 
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two independent ways of assessing the genetic structure of colonies gave consistent 

results, confirming the soundness of our findings. 

 

Worker polymorphism and polyandry 

Polyandry, and the genetic diversity it confers, is linked to worker polymorphism in 

Pheidole ants at two levels.  First, higher mating frequency is associated with 

increased soldier size diversity.  Such a relationship was apparent when we 

compare P. spadonia (one soldier morph, narrow worker caste size distribution) 

versus the highly polymorphic P. rhea, which is consistent with the pattern found in 

other ants (Fjerdingstad & Crozier 2006).  For example, army ants (Eciton 

burchelli)(Jaffé et al. 2007) and leafcutter ants (Acromyrmex echinatior)(Hughes et 

al. 2003) each have a broad range of worker sizes and have multiple matri- or 

patrilines (Fjerdingstad & Crozier 2006).  Second, the effect of increased genetic 

diversity on worker polymorphism is reflected in different patrilines contributing 

unequally to different worker sizes.  For the polyandrous P. rhea, this patriline bias 

is exhibited by some but not all colonies and many of the patrilines produced a 

broad range of worker sizes (Fig. 4), which suggests that this trait is plastic.  

Patriline bias in worker production has also been detected in other highly 

polymorphic ants in the genera Acromyrmex (Hughes et al. 2003), Atta (Evison & 

Hughes 2011), Eciton (Jaffé et al. 2007), and Pogonomyrmex (Rheindt et al. 2005).  

The presence of patriline bias in worker production may help highly polymorphic 
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species effectively maintain the broad range of worker caste sizes present in 

colonies. 

The degree of polyandry found in P. rhea (2-6 mates per queen, obligate 

polyandry) is similar to that of other ants with polymorphic workers (Atta 

colombica = 2-5 mates, avg.= 3 (Fjerdingstad et al. 1998); Acromyrmex octospinosus 

= 4-10 mates, avg.= 6 (Feener et al. 1988; Boomsma et al. 1999; Wetterer 1999)).  

There are also extreme cases where highly polymorphic species have up to 17 mates 

per queen (avg.= 13) (Eciton burchellii (Franks 1985; Kronauer et al. 2006)) or up to 

27 mates per queen (avg.= 11) (Pogonomyrmex badius (Tschinkel 1998; Rheindt et 

al. 2004)).   Collecting mating system data on additional soldier-polymorphic 

Pheidole species (P. obtusospinosa, P. tepicana, and P. polymorpha) would also be 

valuable.  This is particularly the case as these other soldier-polymorphic species do 

not form a monophyletic clade (Moreau 2008), which permits testing whether 

polyandry consistently evolves in this genus whenever high worker caste diversity 

occurs.  

The genetic diversity resulting from polyandry can be related to benefits 

other than increasing worker polymorphism, such as reduced diploid male 

production and improved colony immunity (Crozier & Page 1985; Tarpy & Page 

2002).  It is possible that these benefits contribute additively to the fitness 

advantage provided by polyandry.  Also, in species that produce split sex ratios, the 

queen can increase her fitness by mating multiply.  Lower relatedness between 

nestmates due to polyandry removes the inclusive fitness advantage to workers for 
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producing new gynes instead of males (Ratnieks & Boomsma 1995).  In the case of 

our two Pheidole species, correlation between split sex ratios and mating number is 

unlikely since it has been shown that Pheidole desertorum has split sex ratios 

regardless of whether queens have mated once or twice (Helms 1999). 

Monandry seems to be dominant in the dimorphic Pheidole species studied to 

date (percentage monandrous: P. pallidula = 100% (Fournier et al. 2002), P. 

desertorum = 99% (Helms 1999), P. megacephala = 87% (Fournier et al. 2009), and 

P. spadonia = 100% (this study))(see Table 1).  It is unlikely that this link between 

monandry and low worker phenotypic diversity observed in the four dimorphic 

species above is due to phylogenetic constraints since they are distantly related on 

the Pheidole phylogeny (Moreau 2008).  Polyandry has only been tentatively shown 

so far to occur in one dimorphic Pheidole species (P. xerophila) (Tripet et al. 2006), 

but the evidence is confounded by the potential co-occurrence of polygyny.   This 

strong association between dimorphic species and monandry, however, does not 

imply that low genetic diversity in colonies is always associated with low worker 

diversity in species with sterile helpers.  This is because a few of these species 

possess multiple breeding queens per colony (P. pallidula and P. megacephala) 

though this increase in genetic diversity via polygyny is apparently not linked to an 

increase in worker diversity (Fournier et al. 2002, 2009; see Table 1).  No data are 

available thus far on the gyny-level for the dimorphic P. spadonia studied here.  If P. 

spadonia should be found to be polygynous, it will not invalidate the idea that 

multiple mating evolves to recruit more genetic variance for worker size and shape 
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into colonies (Fjerdingstad & Crozier 2006).  Instead it would support that taxa 

where workers do not need to be particularly diverse are monandrous and may be 

selected to exhibit polygyny for other reasons.  Many such reasons have in fact been 

proposed and corroborated in studies (e.g. patchiness of resources, risks of queen 

loss during colony migration, sex ratio conflicts between queens and workers 

(Keller 1993)).  Although we found strong evidence for polyandry in the soldier-

polymorphic P. rhea, which have high worker diversity, it is not yet certain whether 

polygyny also plays a role in increasing their colony genetic diversity.  On one hand, 

polyandry and polygyny generally trade-off in social insects, as shown by 

comparative analyses (Hughes et al. 2008), which suggests that polygyny is less 

likely to occur in P. rhea.  On the other hand, the presence of queen clusters of up to 

five individuals during early founding and the maintenance of numerous satellite 

colonies have been noted in the field (MH Huang, personal observation), which 

suggests that at least primary polygyny exists.  Pedigree analyses of P. rhea field 

colonies need to be performed to determine how much of a role polygyny plays, if 

any, on colony genetic diversity and worker diversity.  We are currently completing 

a genetic study on matriline and patriline effects on both P. rhea and P. spadonia 

field colonies (Huang & Fjerdingstad, in prep.). 

 

Conclusions 

In summary, the increase in genetic variance derived from multiple paternity cannot 

be tied to selection to enforce worker policing due to lack of worker ovaries in 
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Pheidole species. For the same reason, the greater morphological diversity of 

workers in the polyandrous species cannot result from a release from selection to 

retain a reproductive morphology.  Therefore, the increase in genetic and 

morphological diversity must be due to colony level selection on benefits derived 

directly from having workers of multiple patrilines whose diversity enhances 

division of labor.  Our detection of bias in the sizes of workers sired by different 

patrilines provides direct evidence that the increase in accumulation of colony 

genetic diversity via polyandry contributes to the diversity of worker castes.  

Comparative analyses that control for phylogenetic effects will permit further 

testing of how mating systems co-evolve with ecological characteristics likely to 

select for greater genetic and morphological diversity in colonies. 
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Table 1. A review of life history traits of some of the most well-studied Pheidole species. We determined the caste size range 

and worker coefficient of variation (CV) for P. desertorum, P. megacephala, P. xerophila, P. pallidula, P. morrisi, and P. dentata from 

measurements of museum and donated specimens (n= 10 to 20 per caste for these six species).  Please note that polyandry in P. 

xerophila is uncertain because of confounding effects of polygyny in the analyses of Tripet et al. (2006). 

 

Pheidole 

species 

Worker 

Diversity 

Caste Ratio 

(Min1, Sold2, 

Sup3) 

Size Range4 

(with Median(M)) 
Worker CV5 

Mating & Breeding 

System 
Paper Citations 

 

P. 

obtusospinosa 

 

Soldier-

polymorphic 

 

Min = 84% 

 

Sold = 12% 

 

Sup = 4% 

 

Min = 0.6 to 0.7 

(M = 0.60) 

Sold = 1.2 to 1.6 

(M = 1.5) 

Sup = 1.7 to 2.4 

(M = 1.9) 

 

 

Min = 4.43 

 

Sold = 16.7 

     & 

   Sup 

 

 

--------- 

 

--------- 

 

Wilson (2003);  

Huang & Wheeler 

(2011) 

P. rhea Soldier-

polymorphic 

Min = 98.5% 

 

Sold = 1.2% 

 

Sup = 0.3% 

Min = 0.6 to 0.9 

(M = 0.80) 

Sold = 1.1 to 2.7 

(M = 2.1) 

Sup = 2.8 to 3.5 

(M = 3.0) 

 

Min = 6.49 

 

Sold = 22.6 

     & 

   Sup 

Polyandry 

 

--------- 

Wilson (2003);  

Huang & Wheeler 

(2011) 
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P. tepicana Soldier-

polymorphic 

Min = 85.4% 

 

Sold = 13.7% 

 

Sup = 0.9% 

Min = 0.5 to 0.6 

(M = 0.53) 

Sold = 0.8 to 1.2 

(M = 1.1) 

Sup = 1.3 to 1.7 

(M = 1.4) 

 

Min = 4.70 

 

Sold = 11.4 

     & 

   Sup 

 

--------- 

 

--------- 

Wilson (2003);  

Huang & Wheeler 

(2011) 

P. dentata Dimorphic Min = 91% 

 

Sold = 9% 

Min= 0.5 to 0.65 

(M = 0.6) 

Sold = 1.1 to 1.4 

(M = 1.2) 

 

Min = 6.41 

 

Sold = 6.84 

 

--------- 

 

--------- 

Wilson (1984, 

2003);  

Moreau (2008) 

P. desertorum Dimorphic Min = 83% 

 

Sold = 17% 

Min=0.55 to 0.65 

(M = 0.6) 

Sold = 1.3 to 1.5 

(M =1.4) 

 

Min = 4.61 

 

Sold = 5.44 

Monandry 

 

Monogyny 

Droual (1983);  

Helms (1999);  

Wilson (2003);  

Moreau (2008) 

P. 

megacephala 

Dimorphic Min = 93% 

 

Sold = 7% 

Min = 0.5 to 0.55 

(M = 0.5) 

Sold = 0.9 to 1.4 

(M = 1.2) 

 

Min = 4.49 

 

Sold = 12.1 

Monandry 

 

Polygyny 

Wilson (1984, 

2003);  

Fournier et al. 

(2009) 

P. morrisi Dimorphic Min = 88% 

 

Sold = 12% 

Min= 0.55 to 0.6 

(M = 0.6) 

Sold = 1.1 to 1.3 

(M = 1.2) 

 

Min = 3.17 

 

Sold = 4.17 

 

--------- 

 

--------- 

Wilson (2003);  

Yang et al. (2004);  

Moreau (2008) 
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P. pallidula Dimorphic Min = 89% 

 

Sold = 11% 

Min = 0.54 to 0.64 

(M = 0.6) 

Sold = 1.2 to 1.4 

(M = 1.4) 

Min = 5.69 

 

Sold = 4.84 

Monandry 

 

Mono/Polygyny  

Fournier et al. 

(2002);  

Wilson (2003); 

Sempo & Detrain 

(2004); Moreau 

(2008) 

P. spadonia Dimorphic Min = 91% 

 

Sold = 9% 

Min = 0.5 to 0.6 

(M = 0.55) 

Sold = 1.3 to 1.8 

(M = 1.6) 

 

Min = 4.72 

 

Sold = 5.08 

Monandry 

 

--------- 

Wilson (2003);  

Moreau (2008);  

Huang & Wheeler 

(2011)  

P. xerophila Dimorphic  

--------- 

 

--------- 

Min= 0.5 to 0.65 

(M = 0.55) 

Sold = 1.4 to 1.6 

(M = 1.6) 

 

Min = 7.58 

 

Sold = 5.41 

Mono/Polyandry(?) 

 

Polygyny(?) 

Wilson (2003);  

Tripet et al. 

(2006);  

Moreau (2008) 

 

1Min = minors 
2Sold = soldiers 
3Sup = supersoldiers 
4Size Range = minimum and maximum size range (head width, mm) for each caste, with their respective median (M) shown in 

parentheses 
5CV = Coefficient of Variation (head width in mm) 
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Table 2. Variability at the two microsatellite DNA marker loci for the two Pheidole species, 

and the resulting non-detection error (risk that two unrelated males carry the same two-

locus genotype and so cannot be distinguished in our pedigree analyses, as defined in 

Pamilo (1993)). Significant P value given in bold. 

 

  

nalleles1 

 

Hobs1 

 

Hexp1 

 

PHWE 

 

Fis 

 

PHet-def 

 

Non-detection error2 

P. rhea        

   Ppal773 13 0.87 0.92 0.12 0.056 0.25 
1.03% 

   Myrt34 16 0.87 0.91 0.41 0.048 0.37 

 

P. spadonia 

       

   Ppal773 17 0.83 0.94 0.02 -0.01 0.13 
1.24% 

   Myrt34 13 0.87 0.86 1.00 0.11 0.56 
 

1Based on a sample size of one worker from each of 30 colonies for each species  
2 Calculated following Pamilo (1993) 
3 Primers developed for P. pallidula by Fournier et al. (2002) 
4 Primers developed for Myrmica tahoensis by Evans (1993) 
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Table 3. Regression relatedness among queens and their mates (rQ-M) and among males 

mated to the same queen (rM-M), obtained using Relatedness 5.0.8 (Goodnight 1992) on the 

genotypes inferred for queens and their mates through pedigree analyses. Standard errors 

(SE) on relatedness estimates were obtained by jackknifing over colonies. A one-sided t-test 

was used to determine whether relatedness values were significantly different from zero 

within each species (n = 15 colonies for both species).  

 

  

rQ-M 

 

SE 

 

Df 

 

tdf 

 

P 

 

rM-M 

 

SE 

 

df 

 

tdf 

 

P 

P. rhea -0.024 0.06 14 0.40 0.70 0.04 0.05 14 0.82 0.43 

P. spadonia -0.064 0.10 14 0.64 0.53  0.18 0.29 1 - - 
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Table 4. Results of paternity analyses on P. rhea and P. spadonia.  

 mabs meped meN rped rregr meregr 

P. rhea       

  RH1 4 2.91 3.05 0.41 0.32 6.73 

  RH2 3 2.58 2.62 0.44 0.33 6.39 

  RH3 3 2.93 3.07 0.41 0.30 10.14 

  RH4 3 2.57 2.67 0.44 0.58 1.50 

  RH5 6 3.12 3.28 0.40 0.50 2.01 

  RH6 5 2.36 2.44 0.45 0.39 3.69 

  RH7 2 1.51 1.53 0.58 0.49 2.11 

  RH8 3 2.65 2.75 0.43 0.33 6.21 

  RH9 2 2.00 2.04 0.50 0.64 1.28 

  RH10 3 2.57 2.67 0.44 0.37 4.09 

  RH11 4 2.59 2.69 0.44 0.47 2.30 

  RH12 3 2.82 2.94 0.42 0.39 3.63 

  RH13 6 3.71 3.95 0.38 0.34 5.76 

  RH14 2 1.96 2.00 0.50 0.38 4.00 

  RH15 3 2.00 2.05 0.49 0.48 2.17 

P. spadonia       

  SP1 1 1 1 0.75 0.90 0.76 

  SP2 1 1 1 0.75 0.70 1.11 

  SP3 1 1 1 0.75 0.64 1.27 

  SP4 1 1 1 0.75 0.84 0.85 

  SP5 1 1 1 0.75 0.67 1.19 
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  SP6 2 1.10 1.11 0.70 0.80 0.91 

  SP7 1 1 1 0.75 0.68 1.15 

  SP8 2 1.72 1.79 0.53 0.45 2.56 

  SP9 1 1 1 0.75 0.71 1.09 

  SP10 1 1 1 0.75 0.69 1.13 

  SP11 1 1 1 0.75 0.79 0.93 

  SP12 1 1 1 0.75 0.67 1.18 

  SP13 1 1 1 0.75 0.69 1.15 

  SP14 1 1 1 0.75 0.69 1.14 

  SP15 1 1 1 0.75 0.67 1.20 

 

mabs= observed number of matings 

meped= effective number of matings based on pedigree analysis 

meN= Nielsen-adjusted effective number of matings based on pedigree analysis 

rped= Nestmate relatedness based on pedigree analysis 

rregr= Nestmate relatedness based on regression analysis 

meregr= effective number of matings based on regression analysis 

Fig. 1 (a) Size frequency distributions of adult minor workers and soldiers for P. spadonia 
(white) and P. rhea (black)(adapted from Huang & Wheeler (2011)). (b) Observed queen 
mating frequencies of P. spadonia (white)(n= 15 colonies; 300 workers) and P. rhea 
(black)(n=15 colonies; 630 workers).  
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Fig. 2 Effective and observed mating frequencies were positively correlated for P. rhea. A 
dashed line representing a perfect 1:1 relationship was shown for slope comparisons. The 
effective paternity used here was corrected for sample-size bias following Nielsen et al. 
(2003).   
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Fig. 3 Average nestmate relatedness for P. spadonia (left)(15 colonies; 300 workers) and P. rhea (right)(15 colonies; 630 
workers), with standard error bars (Jackknife/loci).  
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Fig. 4 Patriline contributions to different worker sizes for 15 colonies of Pheidole rhea (42 
workers per colony)(non-transformed data are displayed). The average worker size is 
displayed as a horizontal line within each box plot for each patriline, which are noted as 
letters A to E. Note that the same letters between colonies do not represent the same 
patrilines. Also, patrilines that sired 3 or less total offspring are not displayed here because 
they are excluded in the statistical analysis due to low statistical power. Values within the 
gray box of the box plot represent the interquartile range (IQR, 25th to 75th percentile) and 
the whiskers represent 1.5 times IQR of the upper and lower quartiles. No outliers were 
present. A nested ANOVA test (Patriline nested within Colony) on log-transformed data 
show that there are significant differences between the patrilines in the sizes of workers 
they sired when colony effects are accounted for (P=0.001). 
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constituting separate and independent works in themselves, are assembled into a collective whole. 

A work that constitutes a Collective Work will not be considered a Derivative Work (as defined 

below) for the purposes of this License. 

b. "Derivative Work" means a work based upon the Work or upon the Work and other pre-existing 

works, such as a translation, musical arrangement, dramatization, fictionalization, motion picture 

version, sound recording, art reproduction, abridgment, condensation, or any other form in which 

the Work may be recast, transformed, or adapted, except that a work that constitutes a Collective 

Work will not be considered a Derivative Work for the purpose of this License. For the avoidance 

of doubt, where the Work is a musical composition or sound recording, the synchronization of the 

Work in timed-relation with a moving image ("synching") will be considered a Derivative Work 

for the purpose of this License. 

c. "Licensor" means the individual, individuals, entity or entities that offer(s) the Work under the 

terms of this License. 

d. "Original Author" means the individual, individuals, entity or entities who created the Work. 

e. "Work" means the copyrightable work of authorship offered under the terms of this License. 

f. "You" means an individual or entity exercising rights under this License who has not previously 

violated the terms of this License with respect to the Work, or who has received express 

permission from the Licensor to exercise rights under this License despite a previous violation. 

g. "License Elements" means the following high-level license attributes as selected by Licensor and 

indicated in the title of this License: Attribution, Noncommercial, ShareAlike. 

2. Fair Use Rights. Nothing in this license is intended to reduce, limit, or restrict any rights arising from 

fair use, first sale or other limitations on the exclusive rights of the copyright owner under copyright law or 

other applicable laws. 

http://creativecommons.org/
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3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants You a 

worldwide, royalty-free, non-exclusive, perpetual (for the duration of the applicable copyright) license to 

exercise the rights in the Work as stated below: 

a. to reproduce the Work, to incorporate the Work into one or more Collective Works, and to 

reproduce the Work as incorporated in the Collective Works; 

b. to create and reproduce Derivative Works provided that any such Derivative Work, including any 

translation in any medium, takes reasonable steps to clearly label, demarcate or otherwise identify 

that changes were made to the original Work. For example, a translation could be marked "The 

original work was translated from English to Spanish," or a modification could indicate "The 

original work has been modified."; 

c. to distribute copies or phonorecords of, display publicly, perform publicly, and perform publicly 

by means of a digital audio transmission the Work including as incorporated in Collective Works; 

d. to distribute copies or phonorecords of, display publicly, perform publicly, and perform publicly 

by means of a digital audio transmission Derivative Works; 

The above rights may be exercised in all media and formats whether now known or hereafter devised. The 

above rights include the right to make such modifications as are technically necessary to exercise the rights 

in other media and formats. All rights not expressly granted by Licensor are hereby reserved, including but 

not limited to the rights set forth in Sections 4(e) and 4(f). 

4. Restrictions. The license granted in Section 3 above is expressly made subject to and limited by the 

following restrictions: 

a. You may distribute, publicly display, publicly perform, or publicly digitally perform the Work 

only under the terms of this License, and You must include a copy of, or the Uniform Resource 

Identifier for, this License with every copy or phonorecord of the Work You distribute, publicly 

display, publicly perform, or publicly digitally perform. You may not offer or impose any terms 

on the Work that restrict the terms of this License or the ability of a recipient of the Work to 

exercise the rights granted to that recipient under the terms of the License. You may not sublicense 

the Work. You must keep intact all notices that refer to this License and to the disclaimer of 

warranties. When You distribute, publicly display, publicly perform, or publicly digitally perform 

the Work, You may not impose any technological measures on the Work that restrict the ability of 

a recipient of the Work from You to exercise the rights granted to that recipient under the terms of 

the License. This Section 4(a) applies to the Work as incorporated in a Collective Work, but this 

does not require the Collective Work apart from the Work itself to be made subject to the terms of 

this License. If You create a Collective Work, upon notice from any Licensor You must, to the 

extent practicable, remove from the Collective Work any credit as required by Section 4(d), as 

requested. If You create a Derivative Work, upon notice from any Licensor You must, to the 

extent practicable, remove from the Derivative Work any credit as required by Section 4(d), as 

requested. 

b. You may distribute, publicly display, publicly perform, or publicly digitally perform a Derivative 

Work only under: (i) the terms of this License; (ii) a later version of this License with the same 

License Elements as this License; or, (iii) either the unported Creative Commons license or a 

Creative Commons license for another jurisdiction (either this or a later license version) that 

contains the same License Elements as this License (e.g. Attribution-NonCommercial-ShareAlike 

3.0 (Unported)) ("the Applicable License"). You must include a copy of, or the Uniform Resource 

Identifier for, the Applicable License with every copy or phonorecord of each Derivative Work 

You distribute, publicly display, publicly perform, or publicly digitally perform. You may not 

offer or impose any terms on the Derivative Works that restrict the terms of the Applicable 

License or the ability of a recipient of the Work to exercise the rights granted to that recipient 

under the terms of the Applicable License. You must keep intact all notices that refer to the 

Applicable License and to the disclaimer of warranties. When You distribute, publicly display, 

publicly perform, or publicly digitally perform the Derivative Work, You may not impose any 

technological measures on the Derivative Work that restrict the ability of a recipient of the 
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Derivative Work from You to exercise the rights granted to that recipient under the terms of the 

Applicable License. This Section 4(b) applies to the Derivative Work as incorporated in a 

Collective Work, but this does not require the Collective Work apart from the Derivative Work 

itself to be made subject to the terms of the Applicable License. 

c. You may not exercise any of the rights granted to You in Section 3 above in any manner that is 

primarily intended for or directed toward commercial advantage or private monetary 

compensation. The exchange of the Work for other copyrighted works by means of digital file-

sharing or otherwise shall not be considered to be intended for or directed toward commercial 

advantage or private monetary compensation, provided there is no payment of any monetary 

compensation in connection with the exchange of copyrighted works. 

d. If You distribute, publicly display, publicly perform, or publicly digitally perform the Work (as 

defined in Section 1 above) or any Derivative Works (as defined in Section 1 above) or Collective 

Works (as defined in Section 1 above), You must, unless a request has been made pursuant to 

Section 4(a), keep intact all copyright notices for the Work and provide, reasonable to the medium 

or means You are utilizing: (i) the name of the Original Author (or pseudonym, if applicable) if 

supplied, and/or (ii) if the Original Author and/or Licensor designate another party or parties (e.g. 

a sponsor institute, publishing entity, journal) for attribution ("Attribution Parties") in Licensor's 

copyright notice, terms of service or by other reasonable means, the name of such party or parties; 

the title of the Work if supplied; to the extent reasonably practicable, the Uniform Resource 

Identifier, if any, that Licensor specifies to be associated with the Work, unless such URI does not 

refer to the copyright notice or licensing information for the Work; and, consistent with Section 

3(b) in the case of a Derivative Work, a credit identifying the use of the Work in the Derivative 

Work (e.g., "French translation of the Work by Original Author," or "Screenplay based on original 

Work by Original Author"). The credit required by this Section 4(d) may be implemented in any 

reasonable manner; provided, however, that in the case of a Derivative Work or Collective Work, 

at a minimum such credit will appear, if a credit for all contributing authors of the Derivative 

Work or Collective Work appears, then as part of these credits and in a manner at least as 

prominent as the credits for the other contributing authors. For the avoidance of doubt, You may 

only use the credit required by this Section for the purpose of attribution in the manner set out 

above and, by exercising Your rights under this License, You may not implicitly or explicitly 

assert or imply any connection with, sponsorship or endorsement by the Original Author, Licensor 

and/or Attribution Parties, as appropriate, of You or Your use of the Work, without the separate, 

express prior written permission of the Original Author, Licensor and/or Attribution Parties. 

e. For the avoidance of doubt, where the Work is a musical composition: 

i. Performance Royalties Under Blanket Licenses. Licensor reserves the exclusive right 

to collect whether individually or, in the event that Licensor is a member of a 

performance rights society (e.g. ASCAP, BMI, SESAC), via that society, royalties for the 

public performance or public digital performance (e.g. webcast) of the Work if that 

performance is primarily intended for or directed toward commercial advantage or 

private monetary compensation. 

ii. Mechanical Rights and Statutory Royalties. Licensor reserves the exclusive right to 

collect, whether individually or via a music rights agency or designated agent (e.g. Harry 

Fox Agency), royalties for any phonorecord You create from the Work ("cover version") 

and distribute, subject to the compulsory license created by 17 USC Section 115 of the 

US Copyright Act (or the equivalent in other jurisdictions), if Your distribution of such 

cover version is primarily intended for or directed toward commercial advantage or 

private monetary compensation. 

f. Webcasting Rights and Statutory Royalties. For the avoidance of doubt, where the Work is a 

sound recording, Licensor reserves the exclusive right to collect, whether individually or via a 

performance-rights society (e.g. SoundExchange), royalties for the public digital performance (e.g. 

webcast) of the Work, subject to the compulsory license created by 17 USC Section 114 of the US 

Copyright Act (or the equivalent in other jurisdictions), if Your public digital performance is 
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primarily intended for or directed toward commercial advantage or private monetary 

compensation. 

5. Representations, Warranties and Disclaimer 

UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIES IN WRITING, LICENSOR 

OFFERS THE WORK AS-IS AND ONLY TO THE EXTENT OF ANY RIGHTS HELD IN THE 

LICENSED WORK BY THE LICENSOR. THE LICENSOR MAKES NO REPRESENTATIONS OR 

WARRANTIES OF ANY KIND CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTORY OR 

OTHERWISE, INCLUDING, WITHOUT LIMITATION, WARRANTIES OF TITLE, 

MARKETABILITY, MERCHANTIBILITY, FITNESS FOR A PARTICULAR PURPOSE, 

NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER DEFECTS, ACCURACY, OR 

THE PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT DISCOVERABLE. SOME 

JURISDICTIONS DO NOT ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, SO SUCH 

EXCLUSION MAY NOT APPLY TO YOU. 

6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO 

EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL, 

INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF 

THIS LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE 

POSSIBILITY OF SUCH DAMAGES. 

7. Termination 

a. This License and the rights granted hereunder will terminate automatically upon any breach by 

You of the terms of this License. Individuals or entities who have received Derivative Works (as 

defined in Section 1 above) or Collective Works (as defined in Section 1 above) from You under 

this License, however, will not have their licenses terminated provided such individuals or entities 

remain in full compliance with those licenses. Sections 1, 2, 5, 6, 7, and 8 will survive any 

termination of this License. 

b. Subject to the above terms and conditions, the license granted here is perpetual (for the duration of 

the applicable copyright in the Work). Notwithstanding the above, Licensor reserves the right to 

release the Work under different license terms or to stop distributing the Work at any time; 

provided, however that any such election will not serve to withdraw this License (or any other 

license that has been, or is required to be, granted under the terms of this License), and this 

License will continue in full force and effect unless terminated as stated above. 

8. Miscellaneous 

a. Each time You distribute or publicly digitally perform the Work (as defined in Section 1 above) or 

a Collective Work (as defined in Section 1 above), the Licensor offers to the recipient a license to 

the Work on the same terms and conditions as the license granted to You under this License. 

b. Each time You distribute or publicly digitally perform a Derivative Work, Licensor offers to the 

recipient a license to the original Work on the same terms and conditions as the license granted to 

You under this License. 

c. If any provision of this License is invalid or unenforceable under applicable law, it shall not affect 

the validity or enforceability of the remainder of the terms of this License, and without further 

action by the parties to this agreement, such provision shall be reformed to the minimum extent 

necessary to make such provision valid and enforceable. 

d. No term or provision of this License shall be deemed waived and no breach consented to unless 

such waiver or consent shall be in writing and signed by the party to be charged with such waiver 

or consent. 

e. This License constitutes the entire agreement between the parties with respect to the Work 

licensed here. There are no understandings, agreements or representations with respect to the 

Work not specified here. Licensor shall not be bound by any additional provisions that may appear 

in any communication from You. This License may not be modified without the mutual written 

agreement of the Licensor and You. 
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Creative Commons Notice 
Creative Commons is not a party to this License, and makes no warranty whatsoever in connection with the 

Work. Creative Commons will not be liable to You or any party on any legal theory for any damages 

whatsoever, including without limitation any general, special, incidental or consequential damages arising 

in connection to this license. Notwithstanding the foregoing two (2) sentences, if Creative Commons has 

expressly identified itself as the Licensor hereunder, it shall have all rights and obligations of Licensor. 

Except for the limited purpose of indicating to the public that the Work is licensed under the CCPL, 

Creative Commons does not authorize the use by either party of the trademark "Creative Commons" or any 

related trademark or logo of Creative Commons without the prior written consent of Creative Commons. 

Any permitted use will be in compliance with Creative Commons' then-current trademark usage guidelines, 

as may be published on its website or otherwise made available upon request from time to time. For the 

avoidance of doubt, this trademark restriction does not form part of this License. 

Creative Commons may be contacted at http://creativecommons.org/. 
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