Biological Journal of the Linnean Society, 2016, 118, 472–485. With 5 figures.

Subcaste-specific evolution of head size in the ant genus
Pheidole
JO-ANNE C. HOLLEY1*, CORRIE S. MOREAU2, JOSEPH G. LAIRD3 and
ANDREW V. SUAREZ1,4
1

Department of Entomology, University of Illinois, 320 Morrill Hall, 505 S. Goodwin Ave, Urbana, IL,
61801, USA
2
Department of Science and Education, Center for Integrative Research, Field Museum of Natural
History, 1400 South Lake Shore Drive, Chicago, IL, 60605, USA
3
Department of Biochemistry, University of Iowa, 4-403 BSB, Iowa City, IA, 52242, USA
4
Department of Animal Biology, University of Illinois, 515 Morrill Hall, 505 S. Goodwin Ave, Urbana,
IL, 61801, USA
Received 15 July 2015; revised 1 December 2015; accepted for publication 2 December 2015

An organism’s morphology is constrained by its evolutionary history and the need to meet a variety of potentially
competing functions. The ant genus Pheidole is the most species-rich ant genus and almost every species has a
dimorphic worker caste (a few are trimorphic). This separation of workers into two developmentally distinct
subcastes (smaller minors and larger majors with distinctively large heads) may partially release individuals
from functional constraints on morphology, making Pheidole an ideal genus for addressing questions on the
evolution of morphology in relation to ecological specialization. Major workers can perform a variety of tasks,
although they are usually specialized for defence, as well as food retrieval and processing. Pheidole species vary
in their diet, although many species gather seeds. The major workers mill the seeds using large jaws powered by
mandible closer muscles that occupy a large proportion of the head cavity. In the present study, we examined the
relationship between seed-harvesting and morphology in Pheidole, hypothesizing that majors of seed-harvesting
species would have larger heads relative to non-seed-harvesters to accommodate the powerful mandibular
muscles needed to mill seeds. By taking a phylogenetically controlled comparative approach, we found that
majors of seed-associated Pheidole did not have larger heads (width and length) than majors of non-seedharvesting species. However, the head length of minors (and to a lesser extent head width) was smaller in seedharvesters. Additionally, we found the difference in head size between majors and minors was greater in seedharvesting species. These morphological differences in diet, however, were not related to changes in the rate of
evolution in either seed-harvesting or non-seed-harvesting lineages. These findings suggest that the morphologies
of worker subcastes can evolve independently of each other, allowing colonies with polymorphic workers to
specialize on new resources or tasks in ways not possible in monomorphic species. © 2016 The Linnean Society of
London, Biological Journal of the Linnean Society, 2016, 118, 472–485.
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INTRODUCTION
An organism’s morphology dictates how it interacts
with the abiotic and biotic environment. The size
and shape of the head, for example, and its associ-
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ated feeding structures can have a strong influence
on diet (Miles & Ricklefs, 1984; Wainwright &
Richard, 1995; Clifton & Motta, 1998; Grant, 1999;
Aguirre et al., 2002; Hulsey & Wainwright, 2002;
Marshall et al., 2012), and subsequently influence
community structure (Karr & James, 1975; Grant,
1999). Cichlid fish, for example, underwent a recent,
rapid adaptive radiation largely as a result of ecological specialization on feeding guilds driven by morphological adaptation of the jaws and teeth (McConnell &
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Lowe-McConnell, 1987; Kocher, 2004). Comparative
studies on morphology often reveal a strong phylogenetic signal suggestive of conservation of form and
function among related taxa. Historical constraints
can limit both the amount of variation and the tempo
of morphological evolution in lineages (Harvey &
Pagel, 1991; Garland, Harvey & Ives, 1992) and, in
turn, drive patterns of coexistence and diversification
among taxa (Ricklefs & Travis, 1980; Wainwright &
Reilly, 1994; Losos et al., 1998).
In most animals, morphological variation is constrained by the need to meet a variety of functions,
including feeding, mating, and dispersal. Insects,
however, have circumvented these constraints in several ways. Holometabolous insects undergo complete
metamorphosis, thus allowing selection to optimize
two separate morphologies. For example, larvae may
be specialized for feeding, whereas the adult form
may be specialized for mating and dispersal. Similarly, a reproductive division of labour makes social
insects a compelling group to use for testing hypotheses about the evolution of eco-morphology (Powell,
2009; Keller, Peeters & Beldade, 2014). Having distinct reproductive and nonreproductive castes may
eliminate some morphological constraints or tradeoffs faced by solitary organisms. In the majority of
ant species, colony reproduction is the primary role
of queens, a dedicated reproductive caste. Queens
have large abdomens housing developed ovaries for
egg production, as well as wings and developed wing
muscles for dispersing (Peeters, 1997). The nonreproductive worker caste is flightless and in many cases
completely sterile. The worker caste can further specialize into morphological subcastes that differ in
size and shape depending on their behavioural roles
in the colony. Approximately 13% of ant species possess morphologically variable worker subcastes (Wilson, 1953; Oster & Wilson, 1978). This size variation
among workers can manifest itself in a variety of
ways. For example, workers can be dimorphic, with
body size fitting a bimodal distribution and with each
peak representing a discrete worker subcaste [e.g.
most species of Pheidole (Wilson, 1953), the tropical
fire ant Solenopsis geminata (Wilson, 1978; Tschinkel, 2013)]. Worker morphology in a colony can also
be continuously variable or polymorphic [e.g. the
leaf-cutter ant genus Atta (Wilson, 1980) or the red
imported fire ant Solenopsis invicta (Wilson, 1978)].
The evolution of worker polymorphism in ants has
been hypothesized to be associated with specialization of foraging and prey capture (Wilson, 1984; H€
olldobler & Wilson, 1990; Powell & Franks, 2005, 2006;
Ferster, Pie & Traniello, 2006), defence (Rettenmeyer, 1963; H€
olldobler & Wilson, 1990; Powell,
2008), food storage (Wilson, 1974; Tsuji, 1990;
Lachaud et al., 1992) or task efficiency (Oster &
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Wilson, 1978; Bourke & Franks, 1995; Powell &
Franks, 2005; Mertl & Traniello, 2009).
Although most ants are generalist omnivores and
scavengers, there are many examples of dietary specialization in ants, including preying on specific
insect taxa (Peeters & Crewe, 1987; H€
olldobler &
Wilson, 1990; Brand~
ao, Diniz & Tomotake, 1991;
Leal & Oliveira, 1995; Dejean & Evraerts, 1997; Larabee & Suarez, 2014), rearing fungus as food (Mueller et al., 2001), and harvesting seeds (Wheeler,
1910; Davidson, 1977; Brown, Reichman & Davidson,
1979). Seed-harvesting is commonly seen in desert
ecosystems where food availability is seasonal
(Wheeler, 1910; Brown et al., 1979). Seeds are collected by foraging workers and taken to the nest
where seed chaff is removed and the seeds are stored
in dedicated nest galleries called granaries. Many
seed-harvesting ants have polymorphic workers and
worker size is positively correlated with the size of
seeds collected and dispersed by ants (Davidson,
1977; Wilson, 1978; Traniello & Beshers, 1991; Kaspari, 1996; Ness et al., 2004; but see also Rissing,
1981; Willott, Compton & Incoll, 2000). Worker
dimorphism in particular often occurs in seed-harvesting species (H€
olldobler & Wilson, 1990) and it
has been suggested that species with bimodal distributions of head shape have evolved a specialized
major subcaste to process seeds for food (e.g. the
genus Pheidole, some Pogonomyrmex, and Solenopsis
geminata: Wilson, 1978; H€
olldobler & Wilson, 1990;
Tschinkel, 1998; Ferster et al., 2006).
The genus Pheidole is ideal for examining questions related to the evolution of eco-morphology for a
number of reasons. First, Pheidole ranks among the
most species-rich of the 324 described ant genera,
with over 1000 described species (Wilson, 2003;
http://antcat.org). Second, although most Pheidole
are generalist scavengers and insectivores, seed-harvesting has evolved multiple times in this genus
(Moreau, 2008) and many are important seed predators. For example, in a Chihuahuan desert ecosystem, Pheidole species remove an estimated
108 seeds ha 1 year 1, which is 10 times the amount
removed by other seed-harvesting ants (Whitford
et al., 1981). Finally, the genus is characterized by a
dimorphic worker caste consisting of small ‘minors’
and larger ‘majors’, often referred to as ‘soldiers’. A
few species, however, possess a third worker subcaste called a ‘supermajor’, an additional ‘soldier’
subcaste engaging largely in defence and some processing of dead prey objects (Huang & Wheeler,
2011; Huang, 2012). Major and minor workers vary
markedly in the size and shape of the head (Fig. 1).
Major workers have enlarged heads compared to
minor workers, a trait that has earned this genus
the common name of ‘big-headed’ ants. Pheidole
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majors often specialize in defence, food-handling (including seed husking and milling), and food storage
(Whitford et al., 1981; Wilson, 1984; Tsuji, 1990;
Detrain & Pasteels, 1992; Lachaud et al., 1992;
Dejean et al., 2005; Huang, 2010; Mertl, Sorenson &
Traniello, 2010). By contrast, minor workers have a
more extensive behavioural repertoire that includes
brood care, food collection, storage and distribution,
and nest maintenance (Wilson, 1976a, b, 1984;
Brown & Traniello, 1998). Major task repertoire varies depending on the ratio of minors to majors, with
majors performing most tasks occasionally (especially
when minors are experimentally removed), and
repertoires vary extensively among species (Wilson,
1984; Mertl et al., 2010; Sempo & Detrain, 2010;
McGlynn, Diamond & Dunn, 2012).
Previous research into the relationships between
morphological characters of Pheidole has demonstrated that morphological variation in majors and
minor can be attributed mainly to shifts in size (Pie
& Traniello, 2007). There was little dissociation
between morphological features indicating strong
constraints on morphological evolution, despite Pheidole species occupying diverse niches (Pie & Traniello, 2007). The head morphology of majors did
display some dissociation from that of minors, however, which was attributed to specialization in tasks
such as seed-milling or defence (Pie & Traniello,
2007). In majors with specialized roles, head morphology may be driven, at least partially, by the size
of the mandible closer muscle. The mandibular closer
muscle is responsible for generating bite force and
its size and function correlates with external head

morphology, particularly the width of the head (Paul
& Gronenberg, 1999; Paul, 2001; Huang, 2012).
In the present study, we examined the eco-morphology of minor and major workers of New World
species in the genus Pheidole. We took advantage of
a recently published phylogeny of 140 Pheidole species (Moreau, 2008) to investigate how major and
minor worker head size and shape have evolved in
relation to each other and to diet. Given that worker
polymorphism has been associated with seed-harvesting in some genera, we hypothesized that seedharvesting species of Pheidole will have a more pronounced size difference between major and minor
workers. Furthermore, if the major subcaste is specialized for seed-milling, we predicted greater differences in the shapes of the head between majors and
minors of seed-harvesting species. This would concur
with the previous finding that majors and minors
have different head allometry, and the dissociation
could be attributed to task specialization of majors
(Pie & Traniello, 2007). Furthermore, we predicted
that a dedicated major subcaste specialized to mill
seeds will require more strength to break seeds compared to a major worker not specialized to mill.
Therefore seed-harvesting majors should have musculature optimized for force production and correspondingly wider heads, relative to head length.
Finally, because a switch in diet to seed-harvesting
is considered adaptive in habitats where food availability is unpredictable (Wheeler, 1910), we hypothesized that seed-harvesting lineages will display
faster rates of evolutionary change and increased
diversification permitted by leveraging a new and
abundant food source.

MATERIAL AND METHODS
S PECIES

SELECTION, SEED-HARVESTING, AND
MORPHOMETRICS

Figure 1. Pheidole metallescens, a non-seed-harvesting
species, major worker (left) and minor worker (right). (c)
2013, Alexander Wild, reused with permission.

We mapped head width and head length measurements of majors and minors onto a phylogeny for 60
species of Pheidole and examined patterns of change
related to foraging preferences. Species were chosen
because they met three criteria: (1) they were
included in the phylogeny of Moreau (2008) and so
their evolutionary relationships to other species were
known; (2) data were available on dietary preferences (seed-harvesting presence/absence); and (3)
morphometric data were available from Wilson’s
(2003) revision of New World Pheidole. Of the 60
species included in our analyses, 31 species are primarily seed-harvesters and the other 29 species are
insectivorous or generally omnivorous. We excluded
the two species with a trimorphic worker because
the presence of a super-major may influence the
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morphology of majors and minors in ways unrelated
to diet. Seed-harvesting data were taken from Moreau
(2008), by S. P. Cover (pers. comm.), H€olldobler &
Wilson (1990), Johnson (2000), and Wilson (2003).
We used three linear morphometric measurements:
two that provide information on head size and shape
[head width (HW) and head length (HL)], as well as
pronotal width (PW), which is the best single predictor of total mass for ants in the subfamily Myrmicinae (r2 = 0.96; Kaspari & Weiser, 1999). HW, HL,
and PW measurements were log-transformed for all
analyses. The difference between major and minor
HW and HL (DiffHW, DiffHL) was calculated by subtracting the minor head size from the major head
size and log-transforming the result. We also calculated a head shape index by dividing untransformed
HL by HW. Ants with a head shape index of 0 have
square-shaped heads, < 0 indicates heads that are
longer than broad, and > 0 indicates ant heads that
are broader than long.

P HYLOGENY
The phylogenetic tree used in the comparative analyses is a maximum likelihood chronogram adapted
from Moreau (2008). The molecular phylogeny was
inferred in GARLI, version 0.94 (Zwickl, 2006). This
tree pruned of all species without seed-harvesting
data using MESQUITE, version 2.75 (Madison &
Madison, 2011). This pruned maximum likelihood
chronogram contains 60 species.

S TATISTICAL

ANALYSIS

We hypothesized that the major subcaste of seed-harvesting Pheidole species will have wider heads than
generalist species and the difference in head size
between subcastes would be greater in seed-harvesting
species. Associations between HL and HW for each subcaste were examined with allometric analysis implemented in R, version 2.15.2 (R Development Core
Team) using the standardized major axis estimation
function from the smatr package (Falster et al., 2006;
Warton et al., 2006). We also investigated the relationship between PW and seed-harvesting. If head size
variation between seed-harvesters and non-seed-harvesters is representative of overall body size, then PW
variation should display the same patterns as HW and
HL for majors, minors, and the difference between
majors and minors. If, however, the patterns of PW
variation differ from HW and HL then it is likely that
head morphology is evolving relative a selective pressure (such as diet) independent of overall body size.
Therefore, we also compared regression slopes of PW to
majors and minor HW and HL, and between seed-harvesting and non-seed-harvesting species.
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To further test whether differences in head size
are associated with seed-harvesting, we calculated
phylogenetic independent contrasts (PICs) (Felsenstein, 1985; Harvey & Pagel, 1991). This aimed to
compare differences in head shape between the two
diet groups, at the same time as accounting for the
phylogenetic relationships between the species
(which is not accounted for in the standardized major
axis estimation). In all cases, HL, HW, and the head
shape index were compared with respect to whether
species do (or do not) harvest seeds. These data met
the requirements of the PICs; the Brownian motion
model of evolution best fits the data and the contrasts were standardized using the branch length
method of Nee (Garland et al., 1992; Purvis, 1995).
This was a conservative transformation; no PICs produced unique statistically significant results with
this branch transformation, and the results were
replicated using alternative branch transformations
(not shown). We hypothesized that a change in diet
is associated with a larger change in HW, HL, Diff
HW, and Diff HL. Because the contrast data violated
requirements for parametric tests, we used a Mann–
Whitney U-test to compare the contrasts where there
was a switch in diets to contrasts when species did
not switch diets to test this hypothesis.
To conduct the analyses in a phylogenetic context,
we first tested that the head size measurements of
closely related species were morphologically more
similar to each other. This was carried out using
Pagel’s lambda (Pagel, 1999) to infer the amount of
phylogenetic signal in all head size characters. If
there is phylogenetic signal on these characters, then
a change in head size associated with diet is an indication of selection acting on head size. If there is no
phylogenetic signal, then changes in head size cannot be attributed to adaptation to diet. The lambda
parameter (k) ranges from 0 to 1, with values close
to 0 representing no phylogenetic signal of trait distributions and increasing phylogenetic signal in
traits as k approaches 1. We performed three k
transformations of the phylogenetic tree (k = 0, 0.5,
1) and then fit the character data to the three trees.
The best model was inferred by a difference in corrected Akaike information criterion of 4 or more
(Burnham & Anderson, 2002), and is demonstrated
by the highest Akaike weight of the three tests. The
evolution of head size was explored by modelling rate
shifts across the phylogeny using all six measurements for head size (major and minor HW, major
and minor HL, Diff HW, and Diff HL). This hypothesis was modelled using the transformPhylo.ML function of the R package MotMot (Thomas &
Freckleton, 2011). We analyzed the data with two
rate shift models (tm1 and tm2), and both identified
eight identical relative rate estimates. All statistical
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analyses were performed using R, version 2.15.2 (R
Development Core Team), with the exception of the
PICs and branch transformations, which were conducted in MESQUITE, version 2.75 (Madison &
Madison, 2011).

RESULTS
S TANDARDIZED

MAJOR AXIS ESTIMATION

We used standardized major axis estimation to determine whether head width and length differed
between seed-harvesting species and non-harvesting
species (Fig. 2; measurements in Table 1). The head
width and head length of majors showed tight allometric relationships for both seed-harvesters
P < 0.0001)
and
non-harvesters
(r2 = 0.952,
(r2 = 0.954, P < 0.0001) and there was no difference
between the regression slopes of these groups based
on diet (Fig. 2A, SAM, likelihood ratio statistic = 0.0143, d.f. = 1, P = 0.905). Minor head width
and head length also had strong allometric relationships for seed-harvesters (r2 = 0.861, P < 0.0001) and
non-harvesters (r2 = 0.7995, P < 0.0001), although
less variation was explained by the model. There
was a difference between the regression slopes for
minor subcaste head characters based on diet
(Fig. 2B, SAM, likelihood ratio statistic = 4.027,
d.f. = 1, P = 0.0448); the head length of minor workers from seed-harvesting species did not increase at
the same rate as the head length of non-harvesters.
We investigated pronotal width, a correlate of body
mass, to identify whether differences in head size
reflect changes in overall body size. In all regression
analyses, there was no difference between seed-har-

vesters and non-harvesters when comparing pronotal
width with head length and width of majors and
minors (Fig. 3, Table 2). Therefore, the differences in
minor head length based on diet are not simply a
reflection of changes in overall worker body size.

P ICS
We conducted PICs to determine whether head size
diverged more greatly between related species that
exhibited a diet shift to seed-harvesting. There was
no significant relationship between head size and
diet for HW or HL for either caste (majorHW
r2 = 0.0151,
P = 0.342;
majorHL:
r2 = 0.042,
2
P = 0.111; minorHW r = 0.0128, P = 0.931; minorHL r2 = 0.0011, P = 0.794) (Fig. 4), indicating that
related species do not undergo a rapid change in
head morphology with a diet shift. By contrast, the
differences between major and minor head width and
head length did show a relationship with change in
diet (DiffHW r2 = 0.0139, P = 0.013; DiffHL
r2 = 0.0858, P = 0.021).
We conducted Mann–Whitney U-tests to determine
whether independent contrasts between related species that had undergone a diet switch statistically
differed from related species that shared diet preferences. These results supported the PICs (Table 3). A
change in diet is associated with a larger difference
in head size between castes, although major and
minor head size individually did not change size
when species change diets.
We also predicted that seed-harvesters should
have broader heads, as manifested by a size index
> 1. A PIC of majors revealed no relationship
between head shape and diet (r2 = 0.0021, P = 0.72)

Figure 2. Standardized major axis estimation regressions of worker head width and head length and length for majors
(triangles) and minors (circles). A, major head width vs. major head length. B, minor head width vs. minor head length.
Grey markers indicate seed-harvesting species; black markers indicate non-seed-harvesting species.
© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 118, 472–485
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Table 1. Mean head size (mm)  standard error of the mean (SEM) for each species of Pheidole based on diet. Head
measurements for each species were log transformed prior to calculating the mean
Seed-harvesters
Mean  SEM (mm)
Major HW
Major HL
Minor HW
Minor HL
Diff HW
Diff HL
Major PW
Minor PW
Diff PW
Major head Shape index
Minor head Shape index

1.33
1.65
0.51
0.55
0.82
1.1
0.64
0.33
0.31
1.10
1.10













0.12
0.19
0.03
0.03
0.09
0.15
0.05
0.02
0.03
0.01
0.02

Non-harvesters
Log mean  SEM (mm)
0.09
0.15
0.27
0.24
0.13
0.09
0.21
0.47
0.58











0.03
0.02
0.02
0.02
0.03
0.03
0.02
0.02
0.04

Mean  SEM (mm)
1.25
1.35
0.59
0.72
0.67
0.63
0.64
0.40
0.24
1.08
1.21













0.07
0.07
0.02
0.03
0.05
0.05
0.03
0.02
0.02
0.01
0.03

Log mean  SEM (mm)
0.08
0.12
0.24
0.16
0.21
0.23
0.21
0.41
0.66











0.02
0.02
0.02
0.02
0.03
0.03
0.02
0.02
0.03

HW, head width; HL, head length; PW, pronotal width.

and the same applied to minor worker head shape
(r2 = 0.0344, P = 0.15) (see Supporting information,
Fig. S1).

H EAD

main finding but does not drive it. There was no
overall relationship between diet and rate of evolution; rate shifts did not occur as Pheidole species
switched to or from seed-harvesting.

SIZE RATE SHIFTS

All Pheidole head size characters best fit the k = 1
transformed tree (see Supporting information,
Table S1). This indicates that the inferred phylogeny
predicts trait distributions and there is strong phylogenetic signal in the head morphology. The phylogeny was used to estimate evolutionary rate shifts
(Fig. 5), and all rate shifts were faster than the modelled background rate of change, with one exception,
Pheidole nitella (node 6, ML rate = 1 9 10 8). Node
1 therefore indicates a rate shift at a node including
almost all taxa, which is likely to account for the
slow rate of change of P. nitella. Several species
showed a slower rate of change than most species
(but faster than the baseline rate of change): the
Pheidole tristicula and Pheidole rhinoceros clade
(node 3, ML rate = 10.76). Two individual species
showed accelerated rates of change: the seed-harvester Pheidole pilifera (node 5, ML rate = 1000) and
the non-seed-harvesting Pheidole astur (node 2, ML
rate = 1000), and two clades stand out as evolving
faster. These are denoted by node 4 (ML
rate = 558.9), a group of seed-harvesters and nonharvesters, and node 7, a clade of three desert seedharvesters (ML rate = 762.6). The clade indicated at
node 7 includes Pheidole barbata, Pheidole militicida, and Pheidole psamophilla, all possessing workers with a particularly large difference in the head
size of majors and minors. We repeated the PICs
without this clade and obtained the same results
(not presented), and so this clade contributes to our

DISCUSSION
Understanding how size and shape evolves among
related taxa, and how those changes may be driven
by foraging ecology, has been a longstanding goal of
evolutionary ecologists (Wainwright & Richard,
1995; Wainwright & Reilly, 1994; Grant, 1999; Richmond & Price, 2002; Dumont et al., 2012). Eusocial
insects are a particularly interesting group for such
analysis because individuals in the group are divided
into morphologically distinct castes. In approximately 13% of ant species, workers are further subdivided into morphologically variable subcastes
(Wilson, 1953; Oster & Wilson, 1978), although this
is rare among other eusocial Hymenoptera. The evolution of distinct subcastes allows form and function
to diverge among sisters in the same colony (Powell,
2009).
We mapped characters related to head size, head
shape, pronotal width (a surrogate for body size),
and diet onto a phylogeny of the dimorphic ant genus
Pheidole aiming to understand how shape evolves in
relation to specialization for seed-harvesting in a
genus with two distinct worker castes. We found that
head width and length of major and minor workers
show a strong phylogenetic signal, and that the difference in head size between the subcastes is related
to diet. Specifically, seed-harvesting species have a
more pronounced size difference in head size
between the major and minor workers. By contrast
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Figure 3. Standardized major axis estimation regressions of worker pronotal width and head width and length for
majors (triangles) and minors (circles). A, pronotal width vs. major head width. B, pronotal width vs. major head length.
C, pronotal width vs. minor head width. D, pronotal width vs. minor head length. Grey markers indicate seed-harvesting species; black markers indicate non-seed-harvesting species.
Table 2. Results of the standardized major axis estimations of pronotal width regressed against head width and
length for majors and minors (Fig. S1). The fit of the
regressions for head size variables are listed for seed
harvesters and non-harvesters separately

Head
character

Seedharvesters
(r2)

Nonharvesters
(r2)

Loglikelihood
ratio

P-value

Major HW
Major HL
Minor HW
Major HL

0.935
0.907
0.832
0.743

0.933
0.917
0.927
0.853

0.0078
0.027
1.984
0.6237

0.929
0.87
0.159
0.4297

HW, head width; HL, head length; PW, pronotal width.
Significant values are bolded.

to our predictions, head sizes of majors did not
increase in seed-harvesting lineages, and minor
workers of seed-harvesters have smaller, wider
heads than minors of non-seed-harvesters. However,
this result was only observed when the phylogenetic
relationships were not accounted for, indicating that
wide heads on seed-harvesting minors may be
restricted to a group of related species. We also
examined whether related species that differed in
diet had a larger difference in head-size compared to
related species that do not differ in dietary habits.
We did not see a positive slope in the PICs, although
there was a positive relationship between diet shifts
and the difference in head size between castes.
We expected seed-harvesting species to have
majors with wider heads than non-seed-harvesting
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Figure 4. Phylogenetic independent contrast (PIC) regressions of worker head size and diet (seed-harvesting or not).
When change in diet is > 0, this indicates a switch to or from seed-harvesting; when 0, this indicates related species
remained as seed-harvesters or non-seed-harvesters. A, major head width. B, minor head width. C, major head length.
D, minor head length. E, the difference between major and minor head width. F, the difference between major and
minor head length. White markers indicate contrasts where related species changed diet; gray markers indicate no diet
change. Triangles represent head width contrasts; circles represent head length contrasts.

species. This prediction arose from several observations. First, majors have been reported to be a
specialized seed-milling caste in some Pheidole
(Wheeler, 1910). Second, mandibular force production is controlled by parallel muscle fibres attached
to the apodeme by filaments in the head capsule,
and is correlated with the broadness of the head
(Paul & Gronenberg, 1999). Finally, head size mor-

phology varies between major and minor Pheidole
workers, whereas other characters appear to be constrained (Pie & Traniello, 2007). We predicted that
the differences between seed-harvesting and nonharvesting majors would be sufficient to produce larger mandible closer muscles and wider heads,
despite constraints on morphological evolution in
subcastes (Pie & Traniello, 2007). By contrast,
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Table 3. Results of the Mann-Whitney U test comparing
independent contrasts of related species that do have a
diet switch compared to those that do not have a diet
switch (data from Fig. 4)
Head size character

Mann–Whitney U-value

P-value

Major HW
Major HL
Minor HW
Minor HL
Diff HW
Diff HL

515.5
536
374
371
259
272

0.105
0.0533
0.5802
0.549
0.0199*
0.0339*

HW, head width; HL, head length; PW, pronotal width.
* denote a significant difference between the two diet
groups.

Wheeler (1910) argued that the head morphology of
seed-harvesting ants is similar to insectivorous species because the musculature required for crushing
seeds was also needed for carving up insect exoskeletons. The finding of no relationship between head
shape of majors and seed-harvesting (Figs 2, 3) concurs with the conclusions of Wheeler (1910) and Pie
& Traniello (2007). Pie & Traniello (2007) found that
worker morphology varies predominantly in size
alone, even though Pheidole inhabit broad ecological
niches. Our finding thus supports their conclusion
that size, represented by differences between majors
and minors, is the primary way species vary morphologically, not shape. We investigated head width and
length, however, and so it remains possible that differences between seed-harvesters and generalists lay
in other properties such as mandible size and shape.
Further research is required not only on both the
head morphology of Pheidole, but also their seed processing behaviour. The present study was limited to
two characters, head length and width, and so a more
detailed examination of head shape may reveal that
seed-milling majors have a different head shape compared to related non-milling species in more subtle
ways (Ferster et al., 2006). The unrelated seed-harvesting ants Pogonomyrmex badius and Solenopsis
geminata both have larger occipital regions of the
head (above the eyes), and larger head width, when
compared allometrically with seven other head and
body measurements (Ferster et al., 2006; Tschinkel,
2013). Additionally, the seed-harvesting/non-harvesting dichotomy used in the present study is likely oversimplified. Pheidole species may put seeds to different
uses; perhaps not all supposed ‘seed-harvesting’ Pheidole majors are milling seeds; instead, workers may
collect them for the lipid-rich elaiosomes exploited by
many ant species (Sernander, 1906). Seed-harvesting
species, however, are concentrated in regions without
rich diversity of eliaosome producing trees (Lengyel

et al., 2009), suggesting the eliaosomes are not driving
seed collection (Beattie, 1985), although it not known
how Pheidole process the eliaosome-bearing seeds
they collect (Hughes, Westoby & Jurado, 1994; Cuautle, Rico-Gray & Diaz-Castelazo, 2005). Thus, further
studies on seed use in Pheidole will require direct
observation of seed collection and milling.
The difference in head size between major and
minor workers was greater in seed-harvesting species
of Pheidole (Figs 2, 4). Dimorphic worker subcastes
have been associated with a dietary switch to seedharvesting in P. badius and S. geminata because
their non-harvesting relatives are monomorphic (Ferster et al., 2006). In these species, the major subcaste
specializes on seed-milling to supplement other food
sources collected by the minor workers (H€
olldobler &
Wilson, 1990; Ferster et al., 2006). There was also a
faster relative rate of head size evolution in a clade of
seed-harvesting, desert-dwelling Pheidole, all of
which possess particularly large majors and small
minors (Fig. 4: clade 6: P. barbata, P. militicida, and
P. psammophila). These findings may indicate a more
pronounced division of labour between seed-milling
majors and minors. An alternative explanation for
our findings is that selection is acting on the size of
minors as a result of their role in territorial defence
(Langen, Tripet & Nonacs, 2000), or that nesting
habitat, which coincides with diet, drives head size
differences (i.e. seed-harvesting occurs among soil-living species). Twig-nesting and canopy species may
have difficulty producing dry chambers to store seeds.
A large difference in body size between majors and
minors was also observed in ground dwelling Pheidole
species in the tropics (Mertl et al., 2010), which was
suggested to be associated with defence.
Among the ants, several genera display subcaste
variation as an adaptation to food processing. Attine
leaf-cutting ants have continuously polymorphic
workers that cut or masticate leaf fragments based
on size (Wilson, 1980). Powell & Franks (2006)
demonstrated that the submajor worker subcaste
was present in three army ant species known to handle ‘awkwardly shaped’ prey. Dimorphic worker subcastes are present in seven ant genera (Oster &
Wilson, 1978) and are often associated with nest
defence (e.g. Colobopsis and Cephalotes; Powell,
2008). Using a phylogeny spanning almost all ant
genera (Moreau et al., 2006), Pie & Tsch
a (2013)
found that size evolves much more quickly than
shape among ant genera. By contrast to our findings,
within the genus Pheidole, they concluded that there
was a decelerating rate of change in body size in
major workers of the seed-harvesting desert-dwelling
clade (Pie & Tsch
a, 2013). We found that relative
rate of head size change was faster than the baseline
rate of change in all taxa but one (P. nitella).
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Figure 5. Head size rate shifts in Pheidole. Branch lengths are scaled to the maximum likelihood relative rate estimates for change in head size (rates listed in the inset table). Node numbers denote where the seven rate shifts were
observed. Red names indicate seed-harvesting species.
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The rate of head size evolution was not associated
with diet; head size of seed-harvesting species had
the same estimated rate of change as non-harvesting
species in most cases. This suggests that diet switching does not lead to an increased rate of morphological change and refutes the hypothesis that
switching to seed-harvesting allowed Pheidole species
to diversify rapidly with access to a new food source.
Pie & Traniello (2007) found that morphological variation among Pheidole species was driven largely by
differences in size (size explained up to 83% and
78% of the variation among majors and minors,
respectively, in a principal component analysis) and
not by large changes in shape. Within species, the
strongest differences between castes were associated
with variation in head width, head length, and thorax length (Pie & Traniello, 2007). A recent study of
global Pheidole demonstrated that body size variation was similar in Old and New World species, and
that Pheidole communities repeatedly evolve similar
size distributions despite inhabiting a range of
biomes (Economo et al., 2015). These results also
imply strong constraints on body size evolution.
Future work at community scales is still needed to
determine whether Pheidole species assemblages
show divergence in morphology with respect to diet
partitioning (e.g. to escape competition).
The production of the major subcaste results from
differences in larval nutrition and juvenile hormone
levels during development (Wheeler & Nijhout, 1981;
Wheeler, 1986). Moreover, the ability to produce ‘supermajors’, a third worker subcaste (Huang, 2012),
appears to be a conserved trait among Pheidole species, although it is rarely expressed (Rajakumar
et al., 2012). Supermajor development can be elicited
in majors with the application of a juvenile hormone
analogue at the appropriate developmental window
(Rajakumar et al., 2012). Taking an Eco-Evo-Devo
approach (Fave et al., 2015) combining an examination of the developmental basis of traits with an
understanding of the ecological factors and why they
arise will be paramount for understanding the evolutionary basis of worker variation in ants. Moreover,
examining polymorphism in morphology in castes
other than workers [e.g. queens (Bespalova & Helms,
2014; Fave et al., 2015) and males (Heinze & H€
olldobler, 1993)] will provide further insight into its origin and function.
The reason for the hyperdiversity of Pheidole is
unknown, although Wilson (2003) suggested that it
may result from having a dimorphic worker subcaste.
In particular, the ubiquitous big-headed major allowed
Pheidole species to become ecologically dominant;
their head morphology enables species to fill a variety
of specialized roles such as defence, guarding, and
food-gathering, whereas the minor caste retains a gen-

eralized function, resisting morphological change (Wilson, 2003; Pie & Traniello, 2007; Mertl & Traniello,
2009; Mertl et al., 2010). Alternately, Pheidole may
have adapted behaviourally rather than morphologically, leading to niche differentiation and subsequent
speciation with little morphological change (Mertl
et al., 2010). Furthermore, the proportion of major
workers to minors varies from species to species, seasonally, and in response to resource availability, adding yet another means of restructuring the worker
force (McGlynn et al., 2012). Essentially, Pheidole
may meet new ecological challenges by drawing
from existing castes or altering their relative representation. These characteristics allow the genus to
maintain a flexible worker force that can adjust to
different habitats and food sources quickly, without
relying on conspicuous morphological evolution.
These results indicate that Pheidole morphology
evolves more readily by size but not shape. It also
highlights the importance of size differences
between worker subcastes, which may vary according to diet and potentially other factors. Although
this does not explain Pheidole’s hyperdiversity, it
lends further support for why a major subcaste may
contribute to the ecological success of this genus.

ACKNOWLEDGEMENTS
We thank May Berenbaum, Jonathon Marcot, Gene
Robinson, James Whitfield, James Traniello, and
two anonymous reviewers for their helpful feedback
and valuable comments on the manuscript. We
especially thank Alex Wild for allowing the use of
his image (Fig. 1).

REFERENCES
Aguirre LF, Herrel A, van Damme R, Matthysen E.
2002. Ecomorphological analysis of trophic niche partitioning in a tropical savannah bat community. Proceedings of
the Royal Society of London Series B, Biological Sciences
269: 1271–1278.
Beattie AJ. 1985. The evolutionary ecology of ant–plant
mutualisms. Cambridge: Cambridge University Press.
Bespalova I, Helms KR. 2014. Social selection and the evolution of a female weapon in queens of the ant Messor pergandei (Hymenoptera: Formicidae). Biological Journal of
the Linnean Society 113: 1011–1020.
Bourke AGF, Franks NR. 1995. Social evolution in ants.
Princeton, NJ: Princeton University Press.
Brand~
ao CRF, Diniz JLM, Tomotake EM. 1991. Thaumatomyrmex strips millipedes for prey: a novel predatory
behaviour in ants, and the first case of sympatry in the
genus (Hymenoptera: Formicidae). Insectes Sociaux 38:
335–344.

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 118, 472–485

EVOLUTION OF HEAD SIZE IN PHEIDOLE ANTS
Brown JJ, Traniello JFA. 1998. Regulation of brood care
in the dimorphic castes of the ant Pheidole morrisi (Hymenoptera: Formicidae): effects of caste ratio, colony size and
colony needs. Journal of Insect Behaviour 11: 209–219.
Brown JH, Reichman OJ, Davidson DW. 1979. Granivory
in desert ecosystems. Annual Review of Ecology and Systematics 10: 201–227.
Burnham KP, Anderson D. 2002. Model selection and multi-model inference: a practical information-theoretic
approach. New York, NY: Springer-Verlag.
Clifton KB, Motta PJ. 1998. Feeding morphology, diet and
ecomorphological relationships among five Caribbean Labrids (Teleosti, Labirdae). Copeia 4: 953–966.
Cuautle M, Rico-Gray V, Diaz-Castelazo C. 2005. Effects
of ant behaviour and presence of extrafloral nectaries on
seed dispersal of the Neotropical myrmecochore Turnera
ulmifolia L. (Turneraceae). Biological Journal of the Linnean Society 86: 67–77.
Davidson DW. 1977. Foraging ecology and community
organization in desert seed-eating ants. Ecology 58: 725–
737.
Dejean A, Evraerts C. 1997. Predatory behaviour in the
genus Leptogenys: a comparative study. Journal of Insect
Behaviour 10: 177–191.
Dejean A, Le Breton J, Suzzoni JP, Orivell J, SauxMoreau C. 2005. Influence of interspecific competition on
the recruitment behaviour and liquid food transport in the
tramp species Pheidole megacephala. Naturwissenschaften
92: 324–327.
Detrain C, Pasteels JM. 1992. Caste polyethism and collective defense in the ant, Pheidole pallidula: the outcome of
quantitative differences in recruitment. Behavioural Ecology and Sociobiology 29: 405–412.
Dumont ER, D
avalos LM, Goldberg A, Santana SE, Rex
K, Voigt CC. 2012. Morphological innovation, diversification and invasion of a new adaptive zone. Proceedings of
the Royal Society of London Series B, Biological Sciences
279: 1797–1805.
Economo EP, Klimov P, Sarnat EM, Gu
enard B, Weiser
MD, Lecroq B, Knowles LL. 2015. Global phylogenetic
structure of the hyperdiverse ant genus Pheidole reveals
the repeated evolution of macroecological patterns. Proceedings of the Royal Society of London Series B, Biological
Sciences 282: 20141416.
Falster DS, Warton DI, Wright IJ 2006. SMATR: standardised major axis tests and routines, Version 2.0. Available at: http://www.bio.mq.edu.au/ecology/SMATR/
Felsenstein J. 1985. Phylogenies and the comparative
method. The American Naturalist 125: 1–15.
Fave MJ, Johnson JA, Cover S, Handschuh S, Metscher
BD, Muller GB, Goplan S, Abouheif E. 2015. Past climate change on Sky Islands drives novelty in a core developmental gene network and its phenotype. BMC
Evolutionary Biology 15: 183.
Ferster B, Pie MR, Traniello JFA. 2006. Morphometric
variation in North American Pogonomyrmex and Solenopsis
ants: caste evolution through ecological release or dietary
change? Ethology, Ecology and Evolution 18: 19–32.

483

Garland T Jr, Harvey PH, Ives AR. 1992. Procedures or
the analysis of comparative data using phylogenetically
independent contrasts. Systematic Biology 41: 18–32.
Grant PR. 1999. Ecology and evolution of Darwin’s finches.
Princeton, NJ: Princeton University Press.
Harvey PH, Pagel MD. 1991. The comparative method in
evolutionary biology. Oxford: Oxford University Press.
Heinze J, H€
olldobler B. 1993. Fighting for a harem of
queens: physiology of reproduction in Cardiocondyla male
ants. Proceedings of the National Academy of Sciences of
the United States of America 90: 8412–8414.
H€
olldobler B, Wilson EO. 1990. The ants. Cambridge, MA:
Belknap Press, Harvard University Press.
Huang MH. 2010. Multi-phase defense by the big-headed
ant, Pheidole obtusospinosa, against raiding army ants.
Journal of Insect Science 10: 1–10.
Huang MH. 2012. Extreme worker polymorphism in the bigheaded Pheidole ants. DPhil Thesis, Univeristy of Arizona.
Available at: http://hdl.handle.net/10150/247257
Huang MH, Wheeler DE. 2011. Colony demographics of
rare soldier-polymorphic worker caste systems in Pheidole
ants (Hymenoptera: Formicidae). Insectes Sociaux 58: 539–
549.
Hughes L, Westoby M, Jurado E. 1994. Convergence of
elaiosomes and insect prey: evidence from ant foraging
behavior and fatty acid composition. Functional Ecology 8:
358–365.
Hulsey CD, Wainwright PC. 2002. Projecting mechanics
into morphospace: disparity in the feeding system of labrid
fishes. Proceedings of the Royal Society of London Series B,
Biological Sciences 269: 317–326.
Johnson RA. 2000. Seed harvesting ants (Hymenoptera:
Formicidae) of North America: an overview of ecology and
biogeography. Sociobiology 36: 89–122.
Karr JR, James FC. 1975. Eco-morphological configurations
and convergent evolution in species and communities. In:
Cody ML, Diamond JM, eds. Ecology and evolution of communities. Cambridge, MA: Harvard University Press, 258–
291.
Kaspari M. 1996. Worker size and seed size selection by harvester ants in a Neotropical forest. Oecologia 10: 397–404.
Kaspari M, Weiser M. 1999. Interspecific scaling in ants:
the size-grain hypothesis. Functional Ecology 13: 530–538.
Keller RA, Peeters C, Beldade P. 2014. Evolution of thorax architecture in ant castes highlights trade-off between
flight and ground behaviours. eLife 3: e01539.
Kocher TD. 2004. Adaptive evolution and explosive speciation: the cichlid fish model. Nature Reviews Genetics 5:
288–298.
Lachaud JP, Passera L, Grimal A, Detrain C, Beugnon
G. 1992. Lipid storage by major workers and starvation
resistance in the ant Pheidole pallidula (Hymenoptera:
Formicidae). In: Billen J, ed. Biology and evolution of social
insects. Leuven: Leuven University Press, 153–160.
Langen TA, Tripet F, Nonacs P. 2000. The red and the
black: habituation and the dear enemy phenomenon in two
desert Phiedole ants. Behavioral Ecology and Sociobiology
48: 285–292.

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 118, 472–485

484

J. C. HOLLEY ET AL.

Larabee FJ, Suarez AV. 2014. The evolution and functional
morphology of trap-jaw ants. Myrmecological News 20: 25–36.
Leal IR, Oliveira PS. 1995. Behavioural ecology of the
neotropical termite-hunting ant Pachycondyla marginata:
colony founding, group-raiding and migratory patterns.
Behavioural Ecology and Sociobiology 37: 373–383.
Lengyel S, Gove AD, Latimer AM, Majer JD, Dunn RR.
2009. Ants sow the seeds of global diversification in flowering plants. PLoS ONE 4: e5480.
Losos JB, Jackman TR, Larson A, de Queiroz K,
Rodrıguez-Shettino L. 1998. Historical contingency and
determinism in replicated adaptive radiations of island
lizards. Science 279: 2115–2118.
Madison WP, Madison DR. 2011. Mesquite: a modular system for evolutionary analysis. Version 2.7. Available at:
http://mesquiteproject.org
Marshall CD, Guzman A, Narazaki T, Sato K, Kane EA,
Sterba-Boatwright BD. 2012. The ontogenetic scaling of
bite force and head size in loggerhead sea turtles (Caretta
caretta): implication for durophagy in neritic, benthic habitats. Journal of Experimental Biology 215: 4166–4174.
McConnell R, Lowe-McConnell RH. 1987. Ecological studies in tropical fish communities. Cambridge: Cambridge
University Press.
McGlynn TP, Diamond SE, Dunn RR. 2012. Tradeoffs in
the evolution of caste and body size in the hyperdiverse ant
genus Pheidole. PLoS ONE 7: e48202.
Mertl AL, Traniello JFA. 2009. Behavioural variation in
the major worker subcaste of twig-nesting Pheidole (Hymenoptera: Formicidae): does morphological specialization
influence task plasticity? Behavioural Ecology and Sociobiology 63: 1411–1426.
Mertl AL, Sorenson MD, Traniello JFA. 2010. Community-level interactions and functional ecology of major workers
in
hyperdiverse
ground-foraging
Pheidole
(Hymenoptera, Formicidae) of Amazonian Ecuador. Insect
Sociaux 57: 441–452.
Miles DB, Ricklefs RE. 1984. The correlation between ecology and morphology in deciduous forest passerine birds.
Ecology 6: 1629–1640.
Moreau CS. 2008. Unraveling the evolutionary history of
the hyperdiverse ant genus Pheidole (Hymenoptera: Formicidae). Molecular Phylogenetics and Evolution 48: 224–239.
Moreau CS, Bell CD, Vila R, Archibald SB, Pierce NE.
2006. Phylogeny of the ants: diversification in the age of
angiosperms. Science 312: 101–104.
Mueller UG, Schultz TR, Currie CR, Adams RMM, Malloch D. 2001. The orgin of the attine ant–fungus mutualism. Quarterly Review of Biology 76: 169–197.
Ness JH, Bronstein JL, Andersen AN, Holland JN.
2004. Ant body size predicts dispersal distance of antadapted seeds: implications of small-ant invasions. Ecology
85: 1244–1250.
Oster GF, Wilson EO. 1978. Caste and ecology in the social
insects. Princeton, NJ: Princeton University Press.
Pagel M. 1999. The maximum likelikhood approach to reconstructing character states of discrete characters on phylogenies. Systematic Biology 48: 612–622.

Paul J. 2001. Mandible movements in ants. Comparative
Biochemistry and Physiology Part A 131: 7–20.
Paul J, Gronenberg W. 1999. Optimizing force and velocity: mandible muscle fibre attachment in ants. Journal of
Experimental Biology 202: 797–808.
Peeters C. 1997. Morphologically ‘primitive’ ants: comparative review of social characters, and the importance of
queen-worker dimorphism. In: Choe JC, Crespi BJ, eds.
The evolution of social behavior in insects and arachnids.
Cambridge: Cambridge University Press, 372–391.
Peeters C, Crewe R. 1987. Foraging and recruitment patterns in Ponerine ants: solitary hunting in the queenless
Opthalmopone berthoudi (Hymenoptera: Formicidae). Psyche 94: 201–214.
Pie MR, Traniello JFA. 2007. Morphological evolution in a
hyperdiverse clade: the ant genus Pheidole. Journal of
Zoology 271: 99–109.
Pie MR, Tsch
a MK. 2013. Size and shape in the evolution
of ant worker morphology. PeerJ 1: e205.
Powell S. 2008. Ecological specialization and the evolution
of a specialised caste in Cephalotes ants. Functional Ecology
22: 902–911.
Powell S. 2009. How ecology shapes caste evolution: linking
resource use, morphology, performance and fitness in a
superorganism. Journal of Evolutionary Biology 22: 1004–
1013.
Powell S, Franks NR. 2005. Caste evolution and ecology: a
special worker for novel prey. Proceedings of the Royal Society of London Series B, Biological Sciences 272: 2173–2180.
Powell S, Franks NR. 2006. Ecology and the evolution of
worker morphological diversity: a comparative analysis
with Eciton army ants. Functional Ecology 20: 1105–1114.
Purvis A. 1995. A composite estimate of primate phylogeny.
Philosophical Transactions of the Royal Society of London
B: Biological Sciences 348: 405–421.
Rajakumar R, Mauro DS, Dijkstra MB, Huang MH,
Wheeler DE, Hiou-Tim F, Khila A, Cournovea M,
Abouheif E. 2012. Ancestral developmental potential facilitates parallel evolution in ants. Science 335: 79–82.
Rettenmeyer CW. 1963. Behavioural studies of army ants.
University of Kansas Sciences Bulletin 44: 281–465.
Richmond AD, Price T. 2002. Evolution of ecological differences in the Old World leaf warblers. Nature 355: 817–821.
Ricklefs RE, Travis J. 1980. A morphological approach to
the study of avian community organization. Auk 97: 321–
338.
Rissing SW. 1981. Foraging specializations of individual
seed-harvester ants. Behavioural Ecology and Sociobiology
9: 149–152.
Sempo G, Detrain C. 2010. Task regulation in the dimorphic ant, Pheidole pallidula: the influence of caste ratio.
Journal of Insect Science 10: 3.
Sernander R. 1906. Entwurf einer Monographie der
europ€
aischen Myrmekochoren. Uppsala: Almqvist & Wiksells Boktryckeri AB.
Thomas GH, Freckleton RP. 2011. MOTMOT: models of
trait macroevolution on tree. Methods in Ecology and Evolution 3: 145–151.

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 118, 472–485

EVOLUTION OF HEAD SIZE IN PHEIDOLE ANTS
Traniello JFA, Beshers SN. 1991. Polymorphism and sizepairing in the harvester ant Pogonomyrmex badius: a test
of the ecological release hypothesis. Insectes Sociaux 38:
121–127.
Tschinkel WR. 1998. Sociometry and sociogenesis of colonies of the harvester ant, Pogonomyrmex badius: worker
characteristics in relation to colony size and season. Insect
Sociaux 45: 385–410.
Tschinkel WR. 2013. The morphometry of Solenopsis fire
ants. PLoS ONE 8: e79559.
Tsuji K. 1990. Nutrient storage in the major workers of
Pheidole ryukyuensis (Hymenoptera: Formicidae). Applied
Entomology and Zoology 25: 283–287.
Wainwright PC, Reilly SM. 1994. Ecological morphology:
integrative organismal biology. Chicago, IL: University of
Chicago Press.
Wainwright PC, Richard BA. 1995. Predicting patterns of
prey from morphology with fishes. Environmental Biology
of Fishes 44: 97–113.
Warton DI, Wright IJ, Falster FS, Westoby M. 2006. A
review of bivariate line-fitting methods for allometry. Biological Reviews 81: 259–291.
Wheeler WM. 1910. Ants: their structure, development and
behavior. New York, NY: Columbia University Press.
Wheeler DE. 1986. Developmental and physiological determinants of caste in social Hymenoptera: evolutionary implications. American Naturalist 128: 13–34.
Wheeler DE, Nijhout HF. 1981. Soldier determination in
ants: new role for juvenile hormone. Science 213: 361–363.
Whitford WG, Depree DJ, Hamilton P, Ettershank G.
1981. Foraging ecology of seed-harvesting ants, Pheidole

485

spp. in a Chihuahuan desert ecosystem. American Midland
Naturalist 150: 159–167.
Willott SJ, Compton SG, Incoll LD. 2000. Foraging, food
selection and worker size in the seed harvesting ant Messor
bouvieri. Oecologia 125: 35–44.
Wilson EO. 1953. The origin and evolution of polymorphism in ants. The Quarterly Review of Biology 28: 136–
156.
Wilson EO. 1974. The soldier of the ant Componotus (Colobopsis) flaxinicola as a trophic caste. Psyche 81: 182–188.
Wilson EO. 1976a. The organization of colony defense in the
ant Pheidole dentana Mayr (Hymenoptera: Formicidae).
Behavioural Ecology and Sociobiology 1: 63–81.
Wilson EO. 1976b. Behavioural discretization and the number of castes in an ant species. Behavioural Ecology and
Sociobiology 1: 141–154.
Wilson EO. 1978. Division of labor in fire ants based on
physical castes (Hymenoptera: Formicidae: Solenopsis).
Journal of the Kansas Entomological Society 51: 615–636.
Wilson EO. 1980. Caste and division of labor in leaf-cutter
ants (Hymenoptera: Formicidae: Atta). Behavioral Ecology
and Sociobiology 7: 157–175.
Wilson EO. 1984. The relation between caste ratios and division of labor in the ant genus Pheidole (Hymenoptera: Formicidae). Behavioural Ecology and Sociobiology 16: 89–98.
Wilson EO. 2003. Pheidole in the New World. Cambridge,
MA: Harvard University Press.
Zwickl DJ. 2006. Genetic algorithm approaches for the phylogenetic analysis of large biological sequence datasets
under the maximum likelihood criterion. DPhil Thesis, The
University of Texas at Austin.

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the supporting information tab for this article:
Figure S1. Phylogenetic independent contrast (PIC) regressions of worker head shape and diet (seed-harvesting or not).
Table S1. Fit of lambda (k) transformed phylogenetic trees to Pheidole head size characters and the difference
between majors and minors (Pagel, 1999).

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 118, 472–485

