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Abstract Colony size is a fundamental attribute of insect
societies that appears to play an important role in their
organization of work. In the harvester ant Pogonomyrmex
californicus, division of labor increases with colony size
during colony ontogeny and among unmanipulated colonies
of the same age. However, the mechanism(s) integrating
individual task specialization and colony size is unknown.
To test whether the scaling of division of labor is an emer-
gent epiphenomenon, as predicted by self-organizational
models of task performance, we manipulated colony size
in P. californicus and quantified short-term behavioral res-
ponses of individuals and colonies. Variation in colony size
failed to elicit a change in division of labor, suggesting that
colony-size effects on task specialization are mediated by
slower developmental processes and/or correlates of colony
size that were missing from our experiment. In contrast, the
proportional allocation of workers to tasks shifted with
colony size, suggesting that task needs or priorities depend,
in part, on colony size alone. Finally, although task alloca-
tion was flexible, colony members differed consistently in
task performance and spatial tendency across colony size
treatments. Sources of interindividual behavioral variability
include worker age and genotype (matriline).
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Introduction

The outstanding ecological success of eusocial insects can
be partly attributed to their efficient organization of work
(Oster and Wilson, 1978). A prominent pattern of colony
organization is division of labor, expressed not only between
reproductive and worker castes, but also among workers that
specialize on different tasks (Wilson, 1971; Michener, 1974;
Holldobler and Wilson, 1990, 2009). Non-reproductive divi-
sion of labor, or polyethism, is thought to enhance colony
performance and ultimately fitness (Oster and Wilson, 1978;
Chittka and Muller, 2009; but see Dornhaus, 2008). However,
colonies must balance the putative benefits of task speciali
zation with the flexibility to reallocate workers in response to
changes in task demand, which depends on variable internal
and external conditions (Calabi and Traniello, 1989; Seeley,
1995; Gordon, 1996). This study aims to elucidate how indi-
vidual task decisions are integrated with a fundamental colony
attribute: colony size.

In eusocial insect colonies, interindividual variation in
task performance is linked with differences in worker age,
experience, morphology, physiology, genotype, and gene
expression (reviewed by Oster and Wilson, 1978; Holldobler
and Wilson, 1990, 2009; Robinson, 1992; Beshers and Fe-
well, 2001; Smith et al., 2008a; Robinson, 2009). A leading
phenomenological model of division of labor—the response
threshold model—proposes that these intrinsic factors affect
individual responsiveness to extrinsic, task-related stimuli
(Robinson and Page, 1989; Bonabeau et al., 1996; Page and
Mitchell, 1998; Theraulaz et al., 1998; Beshers and Fewell,
2001). If workers vary in their response thresholds for
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different tasks, and if the performance of a task reduces the
intensity of an associated stimulus, then a division of labor
can emerge (self-organize) in which workers with the lowest
thresholds for a given task become specialists for that task.
The response threshold model also offers an explanation for
how workers can be allocated to meet colony needs without
central control. When a change in the social or physical
environment increases demand for a task, its stimulus level
should exceed the thresholds of additional workers, recrui-
ting a broader subset of the colony to perform the task. This
prediction has been supported by experimental manipula-
tions of task demand in colonies of ants and bees (Detrain and
Pasteels, 1991, 1992; Fewell and Page, 1993; O’Donnell and
Foster, 2001; Weidenmuller, 2004).

Worker behavior may also be modulated by colony state
parameters such as colony size, demography, nutritional
status, and developmental phase (Oster and Wilson, 1978;
Wilson, 1985; Robinson, 1992; Schmid-Hempel et al., 1993;
Anderson and McShea, 2001). Variation in colony size,
which typically increases during colony ontogeny and can
be abruptly diminished by predation, disturbance, disease,
or reproductive events (Wilson, 1971), has been theoreti-
cally and empirically associated with patterns of task
allocation (Pacala et al., 1996; Anderson and McShea, 2001;
Dornhaus et al., 2012); in particular, the degree to which
workers specialize on tasks is positively correlated with
colony size and/or age within several species of ants and
wasps (Jeanne, 1986; Gordon, 1989; Thomas and Elgar,
2003; Holbrook et al., 2011; but see Dornhaus et al., 2009).
Yet, the mechanism(s) of integration between individual
task specialization and colony size remains unknown.

The scaling of division of labor may simply be an epi-
phenomenon of self-organized task performance. Simula-
tions of a basic response threshold model, in which indi-
vidual thresholds are fixed over time, suggest that division
of labor can increase automatically as an emergent conse-
quence of increased colony size (Jeanson et al., 2007). This
‘null” hypothesis is consistent with findings from artificially
established groups of normally solitary ant foundresses
(Jeanson and Fewell, 2008) and sweat bees (Holbrook,
2011). In more complex, functionally integrated colonies,
however, colony-size effects on task specialization and
division of labor may be mediated by slower developmental
processes. For example, self-reinforcement of response
thresholds could cause workers in larger colonies to grad-
ually become more specialized over time (Theraulaz et al.,
1998; Gautrais et al., 2002; Merkle and Middendorf, 2004).
Or, if the scaling of division of labor is an evolved response
(Bonner, 2004; Holbrook et al., 2011), it may be adaptively
regulated by colony-level control mechanisms that are tuned
to colony size (Wilson, 1985; Beshers et al., 1999). Moreover,
task needs may covary with colony size, triggering shifts in the
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proportional allocation of workers to tasks and possibly
altering the opportunity for task specialization (Schmid-
Hempel et al., 1993; Thomas and Elgar, 2003; Tschinkel,
2006; Holbrook et al., 2011).

In undisturbed colonies of the harvester ant Pogono-
myrmex californicus, division of labor scales positively with
colony size during colony ontogeny and independently of
colony age (Holbrook et al., 2011). To distinguish among
potential proximate causes, we experimentally manipulated
colony size in P. californicus while controlling for other
sources of between-colony variation. Specifically, we asked
whether a scaling relationship can emerge from short-term
interactions among flexible workers (Jeanson et al., 2007), as
opposed to requiring longer-term size differentiation and
ensuing developmental changes. We observed the same
workers in both small and large colonies so that colony-level
responses could be explained in terms of underlying indi-
vidual behavior. We simultaneously tested for effects of
worker age and genotype (matriline), two intrinsic factors
known to influence task performance in social insects
(Holldobler and Wilson, 1990; Oldroyd and Fewell, 2007,
Smith et al., 2008a).

Methods
Source colonies

Newly mated P. californicus foundresses were collected on
4 July 2008 in Pine Valley, San Diego Co., California
(32°49'20"N, 116°31’43"W, 1,136 m elevation). Because
queens of that population are pleometrotic (found colonies
cooperatively), laboratory colonies were initiated with two
queens each. Colonies were reared at 30 °C in plastic nest
containers supplied with water (in test tubes plugged with
cotton) and ad libitum Kentucky bluegrass seeds and pieces
of frozen crickets or mealworms. At the start of the exper-
iment, source colonies were 21 months old and contained
two queens and between 355 and 835 monomorphic work-
ers each (average £ SD = 599 £ 147 workers).

Experimental procedure

To test for short-term effects of colony size on the organi-
zation of work, we manipulated colony size and quantified
task performance over a span of several days. Ten source
colonies were subjected to sequential size manipulations of
50 workers (‘small colony’) versus 300 workers (‘large
colony’). In five randomly assigned source colonies, we
applied the small colony size treatment first, followed by the
large colony size treatment; the other five source colonies
were tested in reverse order (from large to small). This paired
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design controlled for potentially confounding sources of
between-colony variation (e.g., genetic, demographic, etc.).

Two days before a colony was tested, we individually
marked 36 workers with a unique color combination on the
head, mesosoma, and gaster using Sharpie® oil-based paint
markers. Darker, ‘mature’ workers and more lightly pig-
mented, ‘callow’ workers were sampled in proportion to
their composition of the source colony (average + SD =
10 £ 4 % callow); within each of the two broadly defined
age cohorts, focal individuals were haphazardly selected
from a holding container with care taken to avoid bias (e.g.,
body size, activity). Callow workers were approximately
3-10 days old; mature workers had lived from 2 weeks up
to several months. One hour after marking workers, we
established an experimental colony with one queen, either
50 or 300 workers including all marked workers, and brood,
all drawn from the same source colony. The proportion of
callow workers and the ratios of pupae-mass-to-worker-
number and larvae-mass-to-worker-number in each exper-
imental colony were set to match the composition of the
respective source colony (average &= SD = 0.5 & 0.2 mg
pupae/worker; 0.6 & 0.2 mg larvae/worker). Unmarked
workers and brood were haphazardly selected from holding
containers. To standardize nestmate density (0.4 workers/
cm?), small and large experimental colonies were housed
in different-sized, plastic observation nests (small = 11 x
11 x 3.5 cm; large = 31 x 23 x 10 cm; ants could not
climb walls). Each nest opened, via a 0.6-cm diameter
entrance, into a 55 x 36-cm foraging arena provisioned
with water (in a test tube plugged with cotton) and ad libi-
tum Kentucky bluegrass seeds. Nest containers were lined
with plaster and enclosed to retain moisture, while foraging
arenas were open to the air. Foraging arena size was con-
stant across treatments, minimizing bias in outside-nest
behavioral observations (e.g., foragers travelled the same
distance in small vs. large colonies and were equally likely
to be observed), but not controlling for worker density or
frequency of worker—worker interactions. At the beginning
of each day of observation, seeds were supplemented with
~ 1 frozen fruit fly per ten workers to stimulate foraging.
Observation nests were maintained at 28-30 °C under
ambient light.

Behavioral observations were initiated after an approxi-
mately 36-h acclimation period; colonies qualitatively
resumed pre-disturbance behavior within several hours. We
conducted 50 scan samples per colony, separated by at least
20-min intervals, between 0700 and 1900 h for 2 days (25
samples per day). During each sample, we systematically
scanned from one corner of the nest to the far end of the
foraging arena, recording the behavioral state and location
of each marked worker at the instance when she was first
identified; after this initial sweep, we searched for specific
individuals that had been overlooked. A minority of indi-

viduals was not found during all 50 scan samples, but each
worker was observed at least 41 times (average = 49.7
observations per individual).

Behavioral acts were grouped into five major tasks, fol-
lowing Holbrook et al. (2011):

Allogrooming Grooming another worker or queen

Brood care Antennating, grooming, manipulating,
or carrying egg, larva, or pupa;
feeding larva

Food processing Antennating, manipulating, or carrying
seed or fly in nest

Foraging Antennating, manipulating, or carrying

seed or fly in foraging arena
Antennating, manipulating, or carrying
refuse or dead worker.

Waste management

Foraging and waste management were likely underesti-
mated because our definitions of those tasks conservatively
excluded workers that were walking in the foraging arena
but not contacting food or waste. Thus, we also noted
whether each focal individual was located inside or outside
of the nest, the latter indicating higher potential to perform
outside-nest tasks.

Immediately following the observation period, unmarked
workers and brood from the experimental colony were
recombined with the source colony, and a smaller (50
workers) or larger (300 workers) experimental colony was
formed using the same marked workers and queen and
following the procedure described above. New experimen-
tal colonies were allowed to acclimate for approximately
36 h before we conducted another set of 50 scan samples
across 2 days. At the end of the experiment, workers and
queens were preserved in 95 % EtOH and stored at —80 °C.

Genotyping

To test for effects of matriline (two per colony) on task
performance, genomic DNA was obtained from focal
workers and queens using a modified Chelex® (Bio-Rad,
Inc., Hercules, CA, USA) extraction protocol. With the
gaster removed, individuals were homogenized in 150 pl of
5 % Chelex® solution in TE pH 8.0 and 1 pl of Proteinase K
in 1.7 ml Eppendorf tubes. Samples were incubated in a
57 °C water bath for 1-24 h, heated at 95 °C for 5 min, and
vortexed at 14,000 rpm for 10 min, after which the super-
natants were transferred to new tubes. Supernatant contai-
ning template DNA was stored at —15 °C.

We used four microsatellite primer sets to assign workers
to matrilines: Pb5, Pb6 (Volny and Gordon, 2002), Ppro2
(Pol et al., 2008), and BJO4 (Gadau et al., unpubl.). Loci
were amplified in a 12-pl reaction volume containing 6.4 pl
of ultrapure water, 2.5 ul of 5x Go Tag buffer (with
1.5 mM MgCl), 0.5 pl of dNTPs, 0.5 pl of 50 mM MgCl,
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0.5 pl of 10x forward primer, 0.5 pl of 10x reverse primer,
0.125 pl of Tag polymerase, and 1 pl of DNA template. The
following PCR profile was employed using Eppendorf
thermocyclers: an initial 95 °C for 5 min, followed by 30
cycles of 95 °C for 1 min, 55 °C for 1 min, and 72 °C for
1 min, and finally 72 °C for 10 min. The products were then
diluted to 10x with ultrapure water and their lengths were
measured on a 4300 DNA Analyzer (LI-COR, Inc., Lincoln,
NE, USA). We scored alleles using Saga Generation 2
software (LI-COR) and assigned individuals to matrilines
using queens’ and workers’ multilocus genotypes. Due to
shared queen alleles in colony C, only four workers could be
assigned to a matriline; in the remaining nine colonies, we
were able to unambiguously deduce the matrilines of
between 23 and 35 workers per colony.

Morphometrics

To test for an association between matriline and worker
body size, we measured head width, a standard estimate of
body size in ants. Heads were removed and photographed
in full frontal view using a SPOT Insight QE digital camera
mounted on a Leica MZ 125 stereomicroscope. We then
used the program ImageJ (National Institutes of Health;
http://rsb.info.nih.gov/ij/) to measure maximum head
width (excluding eyes) from the images, which included
a 1-mm scale for calibration. Head width was normally dis-
tributed within colonies (confirmed by normal probability
plots).

Data analysis

Division of labor was quantified using the DOL;,giy-tasks
index, representing the extent to which individuals spe-
cialize on a subset of tasks, or in information theory terms,
the degree to which knowing the identity of an individual
predicts the task it performs (Gorelick et al., 2004; Jeanson
et al., 2007; Dornhaus et al., 2009; Holbrook et al., 2011).
For each colony, we generated a normalized matrix of task
performance using the proportions of observations during
which each individual was engaged in each of the five tasks:
allogrooming, brood care, food processing, foraging, or
waste management. DOL;,qiv-tasks Was calculated as mutual
entropy between individuals and tasks (/j,giy.tasks) divided
by Shannon’s index or marginal entropy of tasks (Hisks)-
For details, see Gorelick et al. (2004) and Holbrook et al.
(2011). Because our direct measurement of foraging and
waste management was conservative (see above), and those
tasks occurred predominantly in the foraging arena, we also
calculated a DOL;,giy-10c index using locations (inside vs.
outside of nest) instead of tasks.

We tested for an effect of colony size on each DOL;,4;y
index (across tasks and across locations) using repeated
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measures ANOVA, with colonies as subjects and colony
size as a within-subject fixed factor. We used similar
rmANOVA models to test for colony-size effects on colony-
level task allocation (the proportion of worker-observations
allocated to each task, out of all observations and relative to
total task performance) and on the proportion of observa-
tions during which workers were located outside of the nest.
Moreover, when colony size had a significant effect on the
collective performance of a specific task, we further tested
whether the response resulted from differences in the
numbers of workers performing the task (colony-level
rmANOVA as above) and/or in the frequency of perfor-
mance by workers that engaged in the task across colony
size treatments (rmANOVA with individuals as subjects,
colony as a between-subject blocking factor, and colony
size as a within-subject fixed factor; response variables were
arcsine-transformed proportions of observations).

To determine whether individuals differed consistently in
task performance and location across colony size treatments,
we calculated Spearman rank correlations by colony. Ranks
were based on the proportion of observations during which
each individual was engaged in each task or located outside
of the nest. We then tested for effects of worker age and
genotype (matriline). First, we performed Chi-squared tests
to determine whether worker age (callow vs. mature) was
associated with likelihood of performing each task or exiting
the nest at least once (2 x 2 contingency tables); because
the sample size of callow workers per colony was small,
individuals were pooled across colonies (Mcaiow = 34,
Nmawre = 281). Next, we tested for within-colony differ-
ences between matrilines in their overall distributions of task
performance using G tests (log-likelihood ratio; 2 x 5
contingency tables), based on the total number of observed
task performances by mature workers (callows were exclu-
ded to control for confounding effects of worker age) under
each colony size treatment and pooled across colony sizes;
we excluded colonies C (only four workers assigned to any
matriline) and G (one matriline represented by only one
worker). To examine differences in each task separately, we
subdivided contingency tables by collapsing all but one task
into a single column and performed additional G tests.
Finally, we tested for effects of matriline on total task per-
formance and head width using nested ANOVAs, with
matriline nested within colony.

Within each series of related tests, we controlled for
the false discovery rate following the Benjamini—Yekutieli
(B-Y) method, which is more powerful than Bonferroni
corrections for familywise error rate and does not assume
that tests are independent (Benjamini and Yekutieli, 2001;
Nakagawa, 2004; Narum, 2006). Individuals that died or
lost their paint marks in either colony size treatment were
excluded from all tests. Data analysis was performed using
STATISTICA (StatSoft, Inc.).
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Results
Effects of colony size

There were no consistent effects of colony size on DOL;, giy-
taskss the degree to which individuals specialized on tasks
(rmANOVA: Fy g = 0.73, P = 0.41), or on DOL;,,giv-10c, the
degree to which individuals exhibited spatial fidelity inside
versus outside of the nest (F; 9 = 0.19, P = 0.67). DOL;giy-
wsks varied from 0.24 to 0.36, falling within the range of
values previously observed in unmanipulated, 1-year-old
P. californicus colonies of 30-390 workers (Holbrook et al.,
2011).

Colony-level task allocation, however, shifted in res-
ponse to experimental colony size variation (Table 1). Out
of all observations, large colonies performed proportionally
less brood care but more food processing and waste man-
agement, such that total task performance per worker
increased with colony size. Colony size did not affect per
capita performance of allogrooming or foraging, or the
proportion of workers located outside of the nest. Similar
effects were found when each task was analyzed as a pro-
portion of the colony’s total task performance, thus
controlling for variation in overall activity; large colonies
allocated relatively more labor to food processing (F; o =
9.43, P =0.01) and waste management (F;q = 10.73,
P = 0.01), and relatively less to brood care (F; 9 = 32.30,
P < 0.001), with no significant differences in allogrooming
(F10 = 240, P = 0.16) or foraging (F; o = 4.05, P = 0.08;
B-Y adjusted oo = 0.02).

Underlying the collective shifts in brood care and waste
management were corresponding changes in the number of
engaged workers (brood care: F; g = 6.10, P = 0.04; waste
management: F;o = 11.61, P = 0.008) and in individual
effort, as measured by the frequency of performance by
engaged workers (brood care: F 149 = 17.29, P < 0.001;
waste management: F; 7; = 15.29, P < 0.001). Food pro-

cessing was performed by all but one focal individual in
both small and large colonies, but individuals performed the
task more frequently in large colonies (F;303 = 44.93,
P < 0.001).

Interindividual behavioral consistency

While individuals and colonies exhibited plasticity in
response to colony size, there was also significant between-
individual consistency within source colonies; i.e., indi-
viduals that performed a given task more frequently in small
colonies also performed it more frequently in large colonies,
maintaining their rank order (Table 2). In all colonies,
workers exhibited consistent differences in brood care,
waste management, total task performance, and outside-nest
activity. The rank order of food processors was maintained
in just two out of ten colonies, whereas there were no sig-
nificant intracolonial correlations for allogrooming.

Effects of worker age

One intrinsic factor associated with individual task perfor-
mance was worker age. Across colony size treatments, callow
workers were more likely than mature workers to perform
brood care (x% = 9.91, P = 0.002) and less likely to forage
(Xf = 2192, P <0.001) or perform waste management
(3 = 37.87, P < 0.001; B-Y adjusted o = 0.02; Fig. 1). In
agreement with these differences in task performance, callow
workers were less likely to exit the nest into the foraging
arena, where foraging and the majority of waste management
occurred (X% = 123.69, P < 0.001). Worker age was not
associated with likelihood of allogrooming (y} = 2.14,
P = 0.14) or food processing (performed by all workers).
Overall, mature workers performed a larger repertoire of tasks
than callow workers (Mann—Whitney U test: U = 2151.5,
Nmatre = 281, Neanow = 34, P < 0.001; Fig. 1). The results
did not change when small and large colonies were analyzed

Table 1 Effects of colony size on colony-level task allocation and worker location in P. californicus

Proportion of observations Fio P

Small colonies Large colonies
Allogrooming 0.034 £+ 0.002 0.032 £+ 0.003 0.27 0.61
Brood care 0.122 4+ 0.007 0.100 £ 0.009 12.45 0.006*
Food processing 0.184 + 0.013 0.232 £+ 0.008 12.13 0.007*
Foraging 0.008 + 0.001 0.007 £ 0.001 1.22 0.30
Waste management 0.017 £ 0.003 0.036 £+ 0.004 15.15 0.004*
Total tasks 0.365 + 0.013 0.407 £+ 0.012 8.27 0.018*
Outside of nest 0.230 + 0.012 0.231 £ 0.016 0.008 0.93

Values are mean £ SE proportion of observations during which workers were engaged in each task or located outside of the nest (n = 10 colonies;
315 focal individuals; 15,741 total observations of small colonies; 15,555 total observations of large colonies). ‘Total tasks’ is sum of five tasks. F'is
from rmANOVA (with colonies as subjects). False discovery rate B-Y adjusted oo = 0.019 (7 tests; * denotes significance)
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Table 2 Between-individual consistency in task performance and location across colony size treatments

Colony n Spearman rank correlation coefficient (r)

Allogrooming Brood care Food processing Foraging Waste management Total tasks Outside of nest
A 30 0.34 0.797%%% 0.03 0.61%##%* 0.62%%* 0.61 %% 0.827%5#*
B 34 0.05 0.62%%%* 0.14 0.28 0.62%%% 0.54%##% (.84
C 31 0.19 0.90%%*%* —0.19 0.53%%* 0.43% 0.807%** 0.95%%%*
D 29 0.25 0.83%%* 0.13 0.53%%* 0.60%** 0.70%%%* (0.837#%*
E 35 0.36 0.66%** 0.46%* 0.15 0.56%%* (0.837#%* (0.88##*
F 31 0.12 0.917%%* 0.41 0.38 0.65%%%* 0.65%#%* (.84
G 31 0.20 0.78%%* 0.497%* 0.527%%* 0.48%* 0.48%%* (0.897##*
H 33 0.20 0.73%%* —0.04 0.24 0.43%* 0.43%* 0.827%#%
1 27 0.40 0.86%%* 0.15 0.597%#* 0.59%%* 0.50%%* 0.77%#%%
J 34 0.34 0.83%%* 0.002 —0.06 0.68%#3#* 0.51%:* 0.90%**

Spearman rank correlations were calculated between proportions of observations during which each individual was engaged in each task (or located
outside of the nest) in small versus large experimental colonies. Measures of foraging and waste management were conservative (see text); ‘Outside
of nest’ is loosely associated with those tasks. False discovery rate B-Y adjusted o = 0.019 (7 tests per colony; * P < 0.019; ** P < 0.01;

% P < 0.001)

n number of observed workers
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Fig. 1 Effects of worker age on task performance and spatial tendency
in P. californicus. Gray bars represent callow workers; black bars
represent mature workers. AG allogrooming; BC brood care; FP food
processing; For foraging; WM waste management; Outside outside of
nest. Values are percentages of workers in each age class that
performed each task or exited the nest at least once, under either colony
size treatment. Workers were pooled across colonies (fcyiow = 34,
Nmawre = 281). False discovery rate B—Y adjusted oo = 0.02 (6 Chi-
squared tests; **P < 0.01, ***P < 0.001)

separately. Callow workers constituted just 5—-16 % of colo-
nies; when DOL;, giv-asks Was calculated using only mature
workers, it was still not affected by colony size (rmANOVA:
Fi9 = 0.64, P = 0.45). Excluding callow workers changed
the outcome of seven between-individual behavioral corre-
lations: interindividual consistency in food processing became
significant in one colony and non-significant in another, while
the rank orders of waste management and total task perfor-
mance were no longer maintained in two and three colonies,
respectively.
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Effects of genotype

Mature workers from the two matrilines differed in their
overall patterns of task performance in every case except for
three small colonies (Table 3; Fig. 2). Task-specific G tests
revealed significant matrilineal differences in brood care
(6 out of 8 colonies), food processing (5 colonies), foraging
(1 colony), and waste management (7 colonies). In four col-
onies (A, E, H, I), workers from one matriline were more
likely to perform brood care, while the other matriline was
more likely to perform waste management; colonies D and J
exhibited non-significant trends in the same direction. We did
not detect any other consistent patterns of covariance across
tasks; because greater than 50 % of task performances were
food processing in most colonies, inverse relationships
between food processing and other tasks may simply reflect
time tradeoffs. Total task performance did not differ between
matrilines within colonies (nested ANOVA: Fg 97, = 1.34,
P = 0.22), although it did vary among colonies (F7 197 =
2.18, P = 0.04). Matriline effects could not be explained by
differences in body size; head width varied among colonies
(nested ANOVA: F7 195 = 3.85, P = 0.001), but not between
matrilines within colonies (Fg 195 = 1.47, P = 0.17).

Discussion
Colony size and division of labor
Holbrook et al. (2011) demonstrated that division of labor

increases with colony size during early colony ontogeny and
among unmanipulated, same-aged colonies of P. californicus.
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Table 3 Differences between matrilines in overall distribution of task
performance

Colony  n n,  Colony size  No. tasks Gy P
A 19 7 Small 488 43.50  <0.001%*
Large 552 39.70  <0.001%*
Pooled 1,040 59.24  <0.001*
B 14 16  Small 441 7.59 0.11
Large 521 25.37  <0.001*
Pooled 962 30.80  <0.001%*
D 4 17 Small 352 7.98 0.093
Large 353 11.51 0.021°%*
Pooled 705 19.07 0.001*
E 17 16  Small 405 29.69  <0.001*
Large 578 10.97 0.027%*
Pooled 983 3495  <0.001*
F 9 17 Small 452 3148 <0.001%*
Large 567 24.09  <0.001*
Pooled 1,019 48.86  <0.001°*
H 16 15  Small 598 12.64 0.013*
Large 533 27.78  <0.001*
Pooled 1,131 23.85 <0.001*
1 16 8 Small 441 27.74  <0.001*
Large 434 11.85 0.019*
Pooled 875 2774  <0.001*
J 10 12 Small 368 10.35 0.035
Large 438 23.09 <0.001*
Pooled 806 3148 <0.001%*

G tests are from contingency tables of 2 matrilines versus 5 tasks. False
discovery rate B-Y adjusted oo = 0.027 (3 tests per colony; * denotes
significance)

n number of mature workers per matriline

Here, however, experimental variation in colony size over a
short time period failed to elicit a consistent change in division
of labor. Together, these findings suggest that the scaling of
division of labor in P. californicus is not an emergent epi-
phenomenon produced by transitory behavioral responses
(Jeanson et al., 2007), but instead results from longer-term
effects of colony size on individual and collective task
performance.

How might task specialization and division of labor be
mechanistically integrated with colony size? Extended
response threshold models propose that workers’ task pro-
pensities are self-reinforced, or modified by task-related
experience; for instance, the act of performing a task may
reduce an individual’s corresponding threshold, increasing
the probability of future performance (Theraulaz et al.,
1998; Weidenmuller, 2004; Ravary et al., 2007). Model
simulations incorporating self-reinforcement predict that
colony growth can indirectly promote task specialization
over time (Gautrais et al., 2002; Merkle and Middendorf,

2004). Alternatively, if the scaling of division of labor is
adaptive (Bonner, 2004; Holbrook et al., 2011), it may be
functionally regulated by control mechanisms operating at
the level of the colony. For example, the distribution of
response thresholds across workers and tasks could be
developmentally modulated by colony size, in a process
analogous to the social regulation of physical and temporal
worker subcastes in other eusocial systems (Wheeler and
Nijhout, 1984; Wilson, 1985; Beshers et al., 1999; Huang
and Robinson, 1999). In either scenario, size-related chan-
ges in task specialization are likely mediated by physio-
logical changes that delay individual responses and might
even require worker turnover to substantially reorganize the
colony’s labor force (Robinson, 1992; Huang and Robinson,
1999; Robinson, 2009).

The scaling of division of labor may also be associated
with covariates that were disrupted by our controlled
experiment, which attempted to isolate the effect of colony
size. Attributes such as age and caste structure, task demand,
and interaction networks may change and interact with
colony size to influence individual task decisions (Pacala
et al., 1996; Anderson and McShea, 2001; Dornhaus et al.,
2012). Few other studies have manipulated social insect
colony size to test for causal effects on social organization
(reviewed by Dornhaus et al., 2012), and to our knowledge
none has quantified division of labor per se (a colony-level
property whereby different individuals perform different
tasks; Michener, 1974). When Wilson (1983) reduced col-
onies of Atta cephalotes leafcutter ants from about 10,000 to
236 workers, the body size distribution of newly produced
workers reverted to that of an incipient colony; worker size
was loosely associated with task performance. However, in
another polymorphic ant, Pheidole morrisi, the behavioral
repertoire of major workers was not affected by short-term
changes in colony size alone (Brown and Traniello, 1998).
Individual and colony responses may also depend on the
degree of colony size variation; for example, honey bee
(Apis mellifera) workers began foraging at younger ages
following major reductions in colony size (Winston and
Fergusson, 1985), but their temporal caste schedules did not
shift in response to moderate size decreases (Kolmes and
Winston, 1988). As in Holbrook et al. (2011), we tested a
relatively small range of P. californicus colony sizes, which
can reach several thousand workers in nature (Johnson,
2000).

Size effects on colony-level task allocation

In addition to dividing labor among workers and tasks,
social insect colonies face the challenge of allocating their
workforces to satisfy changing colony needs (Calabi and
Traniello, 1989; Seeley, 1995; Gordon, 1996). We found
variation in colony size to cause a shift in the overall pattern
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of task allocation. On a per capita basis, large colonies
performed less brood care, more food processing, and more
waste management than small colonies. In contrast, colony
size did not affect the proportional allocation of workers to
allogrooming, foraging, or total outside-nest activity.
Changes in collective task performance can occur in two
ways: through variation in the numbers of workers engaged
in specific tasks and/or through changes in individual task
effort (Fewell and Winston, 1992; Schmid-Hempel et al.,
1993). Both mechanisms were utilized by P. californicus. In
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large colonies, fewer individuals performed brood care, and
those that did performed it less frequently (i.e., lower
individual effort) than in small colonies. The inverse was
true for waste management: more workers performed the
task more frequently in large colonies. Food processing was
performed by nearly all individuals in both small and large
colonies, but individual effort was higher in large colonies.
Across all tasks, workers were more active (i.e., performed
tasks more often) in larger colonies. These results are only
partially consistent with those from unmanipulated P. cali-
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fornicus colonies under similar laboratory conditions (Holbrook
et al.,, 2011). In that study, workers also performed more
brood care in younger, smaller colonies, and there was a
weak trend toward increased waste management in older,
larger colonies; however, total task performance per worker
did not change with colony age, and there was no relationship
between colony size and task allocation among same-aged
colonies that varied naturally in size. This discrepancy may
be explained, in part, by confounding sources of variation
between unmanipulated colonies, such as demographic or
genetic differences.

It is unclear why changes in colony size alone affected
the proportional allocation of workers across tasks. Accor-
ding to the response threshold model, shifts in task alloca-
tion are driven by individual responses to local, task-specific
stimuli (Beshers and Fewell, 2001). But we controlled the
social and physical environment, other than colony size.
The brood-to-worker ratio and nestmate density were held
constant, and dispersion of brood within the nests of large
colonies reduced potential crowding among brood care
workers. Moreover, food was unlimited and individual
foraging activity was independent of colony size. Therefore,
the observed differences in brood care and food processing
cannot easily be attributed to simple stimulus—response
relationships. Waste management may have been stimu-
lated by a higher rate of food processing in large colonies, if
the latter generated more refuse per worker. An alternative
explanation is that workers in large colonies did not actually
process more food, but held onto their food items for longer
periods of time before unloading them to larvae.

In tightly integrated, eusocial colonies, however, work-
ers’ task decisions are not based solely on independent res-
ponses to the environment, but can be coordinated through
communication and social feedback (Holldobler and Wilson,
1990, 2009; Seeley, 1995; Gordon, 1996). Thus, task needs
or priorities may be calibrated by information on colony
state (Schmid-Hempel et al., 1993; Tschinkel, 2006). Per-
haps younger and/or smaller colonies are selected to invest
relatively more effort to tasks promoting growth, if
increased size enhances colony survival and reproduction
(Wilson, 1971; Kolmes and Winston, 1988; Schmid-Hem-
peletal., 1993; Kaspari and Vargo, 1995; Holway and Case,
2001). This could explain why proportional allocation to
brood care is inversely related to colony size among size-
manipulated colonies and during colony ontogeny in P. cali-
fornicus (Holbrook et al., 2011).

Interindividual behavioral variability: intrinsic effects

While workers flexibly shifted their task performance in
response to changes in colony size, they also exhibited
consistent within-colony differences. The rank orders of
brood care and waste management workers, in particular,

were maintained across colony sizes, and individuals that
spent more time outside of the nest in small colonies also
ventured outside more often in large colonies. This behav-
ioral consistency indicates that colony members vary
intrinsically in task propensity. Such variation is a pre-
requisite for the response threshold model and may be
caused by a number of factors, including worker age and
genotype (Robinson, 1992; Beshers and Fewell, 2001).

Eusocial insects often exhibit age-related division of
labor, or temporal polyethism; as workers mature, they
typically progress from performing inside-nest tasks such as
brood care to performing outside-nest tasks such as foraging
(Holldobler and Wilson, 1990; Traniello and Rosengaus,
1997). Individual behavioral development is associated
with physiological changes, which may modulate workers’
response thresholds for various tasks (Robinson, 1992;
Robinson, 2009; Dolezal et al., 2012). Although we only
crudely estimated worker age from cuticle pigmentation, we
found clear differences in task performance and spatial
tendency that meet the general expectation; compared to
mature workers, callow workers were more likely to per-
form brood care and less likely to forage, perform waste
management, or exit the nest. Furthermore, our results are
consistent with the pattern of temporal repertoire expansion
observed in the ant Pheidole dentata (Seid and Traniello,
2006); older P. californicus workers had larger behavioral
repertoires that included inside- and outside-nest tasks. It
should be noted, however, that temporal polyethism is quite
variable in ants and can also depend on extrinsic factors
such as nest architecture and colony needs (Traniello and
Rosengaus, 1997; Gordon et al., 2005).

When colonies contain multiple queens (polygyny) and/
or queens mate with multiple males (polyandry), the
resulting genotypic diversity can contribute to behavioral
variability (reviewed by Oldroyd and Fewell, 2007; Smith
et al., 2008a). Both sources of variation are present in pop-
ulations of P. californicus (Overson, 2011). Our laboratory
colonies contained two queens each, and in eight out of ten
colonies, we identified multiple workers per matriline.
Within those colonies, mature workers from the two matri-
lines differed in their patterns of task performance, but not in
total activity. There was a tendency (significant in four
colonies) for one matriline to perform a greater amount of
brood care while the other performed relatively more waste
management. Negative covariance between inside- and
outside-nest tasks has been found in other polygynous ants
as well (Snyder, 1992; Carlin et al., 1993; Julian and Fewell,
2004). Like Snyder (1992), our experimental design con-
trolled for variation in rearing and posteclosion environ-
ment, suggesting that the observed matrilineal differences
reflect genetic variation. However, other maternal effects
cannot be ruled out, nor can the possible confounding
influence of worker age, if queens lay eggs in asynchronous
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bouts. Genotype is also known to influence workers’ tem-
poral polyethism schedules, which we did not quantify
(Robinson, 1992; Julian and Fewell, 2004). Moreover, sample
sizes were insufficient to analyze callow workers or to test for
effects of patrilineal diversity within matrilines (Hughes et al.,
2003; Jones et al., 2004; Smith et al., 2008b); therefore, the
importance of intracolonial genetic variability for task orga-
nization in P. californicus may be underestimated.

Worker age, genotype, and other intrinsic properties are
known to influence individual task decisions, yet we under-
stand relatively little about how these factors interact with
colony state parameters, including colony size, to organize the
collective labor of eusocial colonies (Wilson, 1985; Robinson,
1992; Schmid-Hempel et al., 1993). Thus, Wilson’s (1971,
p- 227) “central problem” of insect sociobiology persists:
explaining how the behaviors of individual colony members
are integrated into a functional whole.
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