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Abstract Solitary foragers can balance demands for food
and safety by varying their relative use of foraging patches
and their level of vigilance. Here, we investigate whether
colonies of the ant, Formica perpilosa, can balance these
demands by dividing labor among workers. We show that
foragers collecting nectar in vegetation near their nest are
smaller than are those collecting nectar at sites away from
the nest. We then use performance tests to show that smaller
workers are more likely to succumb to attack from con-
specifics but feed on nectar more efficiently than larger
workers, suggesting a size-related trade-off between risk
susceptibility and harvesting ability. Because foragers that
travel away from the nest are probably more likely to en-
counter ants from neighboring colonies, this trade-off could
explain the benefits of dividing foraging labor among work-
ers. In a laboratory experiment, we show that contact with
aggressive workers results in an increase in the mean size
of recruits to a foraging site: this increase was not the re-
sult of more large recruits, but rather because fewer smaller
ants traveled to the site. These results suggest that workers
particularly susceptible to risk avoid dangerous sites, and
suggest that variation in worker size can allow colonies
to exploit profitably both hazardous and resource-poor
patches.
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Introduction

Animals often risk their safety when visiting foraging ar-
eas (Lima and Dill 1990). Compromises between safety
and feeding are likely to be common because predators
and dangerous competitors will often concentrate their ef-
forts in areas where a forager’s resources are abundant
(Iwasa 1982, van Baalen and Sabelis 1999; Lima 2002).
Understanding how foragers mediate these compromises
has been a central focus in behavioral ecology over the past
20 years (Lima 1998). This work has demonstrated that
animals have two general strategies for balancing food and
safety requirements: they can vary the time they spend in
patches that differ in food abundance and potential risk, and
they can modify the level of vigilance they employ while
feeding in any particular place (Lima and Dill 1990; Brown
1999). In this study, we investigate whether eusocial organ-
isms can use division of labor among colony members as
an additional tool for balancing these demands.

Division of labor among workers is thought to have been
a key factor behind the evolutionary success of social in-
sects (Wilson 1985; Bourke and Franks 1995; Beshers and
Fewell 2001). If workers differ in traits that impinge on task
performance, division of labor can in theory increase colony
productivity and reproductive success (Oster and Wilson
1978; Tofilski 2002). Relevant traits include morpholog-
ical characteristics that influence the energetic and mate-
rial costs and benefits of activities (Wilson 1980; Franks
1985), life expectancy, which affects the cost of worker
loss (O’Donnell and Jeanne 1995), and prior experience
that improves task performance (Julian and Cahan 1999).
Productivity can increase for colonies with variation in
these traits if workers tend to engage in tasks at which they
are more efficient relative to their colony mates.

Division of labor could mediate conflicts between food
gain and safety if a worker characteristic such as size re-
lates differently to harvesting ability and risk susceptibility.
Worker size can be correlated with many aspects of food
harvesting, including capture rates, foraging speed, load
carriage potential, and activity costs (Wilson 1980; Rissing
1982; Lighton et al. 1987; Fewell 1988); although larger
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workers can harvest bigger items more quickly, colonies
probably benefit when smaller workers perform tasks that
do not require the mass and energy requirements of larger
ants (Reyes Lopez 1987; Franks et al. 2001). At the same
time, size can also affect mortality risk for workers. Forag-
ing ant workers face threats from predators, parasitoids, and
especially from other ants (Hölldobler and Wilson 1990).
Size may often influence a worker’s susceptibility to these
threats: larger workers may be preyed upon preferentially
(Feener 1981; Orr 1992), but may less frequently succumb
to attack, particularly in fights with other ants (Franks and
Partridge 1993). If a worker’s size affects its relative ability
to forage and avoid risk, then colony productivity could
increase if different-sized workers can concentrate on tasks
that differ predictably in potential yield and danger. We call
this the risk management hypothesis.

In this study, we investigate worker performance and di-
vision of labor in the desert ant, Formica perpilosa. Studies
linking size-related performance to division of labor have
mostly focused on species with physically distinct worker
groups or castes (Wilson 1980; Franks 1985). There are
no physical castes in F. perpilosa workers and worker size
varies only modestly within colonies (Brandão 1978). How-
ever, there is potential for division of foraging labor in this
species. At our study site, F. perpilosa colonies nest at the
base of mesquite (Prosopis juliflora) or white-thorned aca-
cia (Acacia constricta). Workers forage for extrafloral nec-
tar and insect exudates in these and nearby plants; they also
scavenge for dead invertebrates on the ground (Schumacher
and Whitford 1974). In several other Formica species, nec-
tar foragers that travel away from the nest are larger than
those foraging near the nest (McIver and Loomis 1993;
Wright et al. 2000; Nonacs 2002). To explain this rela-
tionship between worker size and foraging distance, hy-
potheses have focused on the importance of energetic and
water costs, orientation challenges, and territorial defense
requirements (Rosengren and Sundström 1987; Wright et
al. 2000). Here, we explore the importance of an additional
factor: the risk incurred by encountering foreign ants.

Ants compete primarily with other ants (Hölldobler
and Wilson 1990), and competitive interactions often in-
volve fights between workers (Gordon and Kulig 1996;
McGlynn 2000). Fighting commonly occurs in some
species of Formica (Mabelis 1979; reviewed in Hölldobler
and Wilson 1990, p. 413), and we have observed fight-
ing among F. perpilosa workers under natural conditions
and after workers were experimentally introduced to nest
plants (see below). Because only one F. perpilosa colony
nests beneath a given plant and plants are separated spa-
tially, workers that forage in nest plants should be much
less likely to encounter and face potential fights with for-
eign ants than are foragers that travel away from the nest.
In addition, unlike workers on the nest plant, foragers that
travel away from the colony are rarely in close proximity
to nestmates. Thus, they are probably more likely to face
dangerous situations without assistance from other work-
ers and, as a result, their susceptibility to risk may depend
strongly on their own characteristics. If larger workers are
less likely to succumb to attacks from foreign ants, then

the allocation of larger workers to sites of potential conflict
would reduce worker mortality rates and, all else equal,
increase the profitability of foraging for a colony.

We used a combination of laboratory and field investiga-
tions to explore the relationship between risk, size-related
task performance, and division of labor in F. perpilosa.
First, we measured size-based division of labor in field
colonies. Then, we used fighting assays in the laboratory to
investigate whether size differences influence the outcomes
of contests between workers. We also measured the rela-
tionship between worker size and nectar feeding efficiency
to test for a possible trade-off with risk resistance. We then
conducted a field experiment to determine whether contact
with conspecific workers introduced to the nest plant of a
F. perpilosa colony would increase the mean size of for-
agers there. Contrary to our prediction, these introductions
did not change mean forager size (see below), possibly
because introduced workers did not initiate fights and thus
may not have posed much of a risk. To test how size-related
recruitment patterns change when colonies encounter dan-
gerous conspecifics, we conducted a final experiment that
encouraged recruitment to sites aggressively defended by
workers from another colony.

Methods

We conducted fieldwork near the Southwestern Research
Station in Portal during August 2001. We conducted lab-
oratory studies in April–May 2001 and November 2001–
February 2002. For these studies, we used colonies reared
from foundresses collected near Portal, Ariz., USA in July
1998. Colonies were reared on a 12 h:12 h light:dark sched-
ule at 24◦C. We used different colonies for each part of the
study. Each colony contained 2,000–6,000 workers.

Division of labor in the field

We measured size-based division of foraging labor in the
field by comparing the sizes of foragers in three categories:
(1) near plant foragers—ants that were walking along
branches or tending insects in the plant under which the
colony was nesting, (2) far plant foragers—ants that were
walking along branches or tending insects in a plant 1–4 m
away from the nest, and (3) ground foragers—foragers that
moved directly toward the nest for 1 m along the ground.
We inferred the nest affiliation of far plant foragers prior
to collection by following at least five ants returning home
from the plant. We only collected ground foragers whose
return path clearly indicated that they were not returning
from a plant. From four colonies, we collected 10–15 work-
ers in each category; for some colonies, 10–15 workers was
a substantial fraction of the foragers in a category that could
be captured during a single sampling period. We sampled
colonies only once to minimize disruption of future for-
aging. We measured the maximum head widths (HWs) of
collected foragers (which is tightly correlated with mass,
see below) to the nearest 0.0125 mm using an ocular mi-
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crometer, then analyzed results using a two-way ANOVA
with foraging category and colony as factors.

Fighting performance

We tested whether worker size affects risk susceptibility by
staging one-on-one interactions between workers of two
laboratory colonies. Prior to the experiment, we marked all
ants from one colony: working in small batches, we cooled
ants to immobilize them and then marked their gasters with
Merkel brand paint. Colonies were housed in glass tubes
half-filled with water trapped in with a cotton plug. We
kept these nests in plastic containers, which were connected
with tubing to a large foraging arena by way of a smaller
(4 cm×8 cm×3 cm) container (Fig. 1a). To begin a trial, we
introduced a single worker from one colony into the small
container of the other colony. The small arena contained
1–4 workers when we introduced the foreign ant. Fights
almost always ensued after the introduced ant (intruder)
contacted an ant from the focal colony (home ant) for the
first time; we defined a fight as an encounter in which at
least one ant clutched the other with its mandibles for at
least 10 s. To keep other home ants from joining the fray,
we removed all other ants from the arena with an aspirator
once a fight started, then we sealed with clips the tubing
leading to the container. For each fight, we noted the ant
that initiated the encounter, the outcome of the fight, and
the amount of time until an outcome occurred. There were
three outcomes: (1) a win, when one ant controlled the
movement of the other ant and transported it into one of
the connecting tubes, (2) a draw, when both ants had some
control over the movement of the dyad after 15 min, and
(3) disengagement, when opponents separated and did not
reengage after two subsequent encounters. After an out-
come, we collected both ants and measured their HWs. We
compared whether the relative sizes of the ants affected the
outcome of an encounter using an ANOVA with outcome
as a factor. Each colony was the focal colony for 9 out of
the 18 trials that we conducted.

Nectar feeding performance

We used three laboratory colonies to determine nectar feed-
ing rates of workers. We housed these colonies in fluon-
lined plastic containers, which were connected with tubing
to a foraging arena. We maintained colonies on more than
enough egg-honey agar, mealworms, and houseflies.

To measure nectar feeding rate, we compared mass gain
to time spent feeding on nectar using linear regression.
To encourage nectar feeding, we starved colonies for
3 days prior to a trial and then provided them with a
rich (20% mass/mass) sucrose solution that all workers
readily accepted. We placed drops of the solution in a
foraging arena, and allowed a colony to recruit to the
drops. After at least one worker had visited a drop and
returned to the nest, we randomly chose recruits (ants that
traveled from the nest entrance directly to the drops) and
measured the amount of time they kept their mandibles
in a drop. We then aspirated them and placed them on
ice until we could determine their mass to the nearest
0.01 mg.

To determine mass gain while feeding on nectar, we com-
pared the mass of a worker after feeding to a morphologi-
cally based estimate of its mass prior to feeding. This esti-
mate was derived from a worker’s HW and a standard curve
relating HW to mass in unladen workers. For the standard
curve, we starved each colony for 3 days, then allowed them
to recruit workers to drops of a 20% (mass/mass) sucrose
solution. For each colony, we collected 13–15 recruits be-
fore they reached the drops. We measured their masses to
the nearest 0.01 mg and their HWs, and then compared the
log10-transformed values of these measurements using lin-
ear regression. The slopes and intercepts of the relationship
did not differ among colonies, so we combined the data into
a single comparison [log fresh mass (mg)=log HW (mm)
× 3.29+0.38, r2=0.965, n=42]. We made measurements
for the standard curve at least 1 week before collecting data
on nectar feeding. We used this indirect approach because
collecting and weighing workers would have made them
subsequently less likely to drink freely from experimental
solutions.

Fig. 1a, b Diagrams of
laboratory experiments. a
Design for the one-on-one
fighting assays. b Design for the
laboratory foraging
experiments. Foraging arena 1
(the competitive arena) was
connected to a conspecific
colony (the “competitor”).
Foraging arenas 2 and 3 were
respectively the novel
environment and the familiar
environment for focal colony 1
(reversed for focal colony 2).
See text for details
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Field introduction experiment

In the field, we investigated whether colonies recruit larger
ants to sites of encounters with conspecific workers by
introducing foreign ants to the nest plants of experimental
colonies. We chose eight colonies that had at least 15 work-
ers tending insects on their nest plant, and we randomly
divided these colonies into a control and an experimen-
tal group. For both control and experimental colonies, we
measured the sizes of tenders on two consecutive days. We
aspirated 10–17 workers located at 3–5 different sites on
the nest plant, and placed these ants on ice until we could
measure their HWs in the laboratory. After allowing the
ants to revive at room temperature, we returned them to the
field and placed them on the branches from which we had
collected them. The entire process took less than 3 h and
over 95% of the ants survived the process without obvious
ill effect.

One day after measuring the sizes of tenders, we intro-
duced ants from a neighboring colony to tending sites on the
nest plant of an experimental colony. For the introductions,
we first aspirated 35–50 ants from the nearest conspecific
colony: we collected these ants from the nest plant and on
the ground within 1.5 m of the colony. After immobilizing
these ants by placing them on ice, we marked them on their
gaster with paint. We returned them to the ice for 10 min
while the mark dried, and then allowed them to revive for
at least 30 min before introducing them onto the nest plant
of the focal colony.

We introduced ants to the nest plant of an experimental
colony every 1–2 min over the course of 45 min. We gently
placed these ants at the end of branches on which workers
from the focal colony were tending insects. Introduced ants
usually traveled down the branch until they encountered an
ant from the focal colony. We placed large plastic contain-
ers under the branch at each introduction site to prevent
fights from occurring on the ground when introduced ants
fell. Five min after the introductions were completed, we
aspirated 10–17 workers from the focal colony at the sites
of the introductions and measured their HWs. We deter-
mined the effect of the introductions on the mean HW of
tenders using the day × treatment interaction in a split-plot
ANOVA. Introductions took time, so we worked on only
one control colony and one experimental colony during a
2-day period; the identity of the 2-day period had no effect
on the mean HW of tenders and was not included in the
subsequent analysis.

Laboratory foraging experiment

Results from the fighting assays and the introduction ex-
periment suggested that workers were not aggressive after
we introduced them to a location (see below). Thus, to test
whether division of labor is affected by differences in risk,
we lured ants from experimental colonies to areas that ants
from a neighboring colony would defend.

We created such encounters using colonies in the lab-
oratory. We first connected the nests of two experimen-

tal colonies to foraging areas. Nests were tunnels in Hy-
drostone molded into a wood frame and two pieces of
polyurethane. We provided these colonies with water by
packing tunnels at the bottom of the Hydrostone with cot-
ton and adding water to this area through plastic tubing that
extended through the wood frame. Foraging areas were bor-
dered by 3-cm-high walls of polyurethane that we sealed
to the floor with modeling clay. We coated the inside of
these walls with fluon and tanglefoot to prevent ants from
escaping. We covered the floor in the foraging areas with
a thin layer of soil, which substantially increased foraging
activity. Foraging areas consisted of a 1.8-m-long corri-
dor and a short offshoot near the nest entrance (Fig. 1b).
The long corridor split at its distal end into three sections,
each of which connected to a separate 70-cm2 arena. Re-
movable polyurethane doors allowed a colony access to
only one arena at any one time. Each arena contained an
artificial “plant” constructed from dowels. Dowel plants
consisted of a major trunk (25 mm in diameter, 1 m high)
with 12 branches each containing six smaller branches. We
glued inverted caps of 0.65-ml microcentrifuge contain-
ers at the end of each of these smaller branches to create
a level platform. When providing liquid food, we added
20% (mass/mass) sucrose solution to microcentrifuge caps
placed on each platform. At the end of the short offshoot
was a small arena in which we provided the colonies with
more than enough solid food (mealworms, house flies, and
fruit flies) both before and during the experiments.

The arenas were used to create different foraging envi-
ronments: a familiar environment (familiar arena), a novel
environment with competition (competitive arena), and a
novel environment without competition (novel arena). At
first, an experimental colony only had access to the control
arena: we allowed colonies to become familiar with this
arena by providing them with sucrose solution there each
day for at least 2 weeks before the experiment began. At
the same time, the nest container of another F. perpilosa
colony (the “competitor”) was connected to the competi-
tion arena. The competitor was given sucrose solution in
this arena each day for at least 2 weeks; it had no access to
the other arenas or the rest of the foraging area.

In separate trials, we measured the size of ants recruited
to an arena. To measure the sizes of ants without disturb-
ing them, we separated all workers in the experimental
colonies into six HW classes before the experiment. HW
classes were <0.84 mm, 0.84–0.94 mm, 0.94–1.04 mm,
1.04–1.14 mm, 1.14–1.24 mm, and >1.24 mm. Figure 2
provides a frequency distribution of HWs for each colony.
To separate ants by HW, we first chilled ants to immobilize
them. Then, working in a cold room, we used an ocular
micrometer to find ants at the border of each HW class.
We then sorted the rest of the ants without a microscope
by comparing their HWs to those of ants at the borders.
We measured the HWs of a number of these visually sorted
ants, and found that we sorted them accurately 86% of the
time (=195/226), and never erred by more than one size
class. We marked ants with paint on their gaster, using a
different color for each size class. We cooled, sorted, and
marked ants in small batches over the course of 2 weeks: in
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Fig. 2 Frequency distribution of worker head widths for colonies
used in the laboratory foraging experiment. Head width groupings
correspond to the six size classes created for this experiment

total, we processed 8,168 ants. Prior to each trial, we stan-
dardized the nutritional state of an experimental colony by
providing it with only insects (no sugar water) for 3 days.
For a trial, we placed drops of sugar water on each branch
of a plant. After five ants had collected sugar water and
returned to the nest, we waited 5 min and then determined
the number and sizes of recruits during 5-min intervals. We
considered a recruit to be any ant that traveled directly to-
ward the food source across a 40-cm section of the corridor
that was 1 m from the nest entrance. We counted ants that
had lost their paint marks, but excluded them from analy-
ses of recruit sizes. The vast majority of ants retained their
mark (1,126/1,256=89.6% of recruits counted). At the end
of each 5-min interval, we surveyed the number and paint
marks of ants that were feeding from the nectar cups. In
preliminary work, we found that workers fed from nectar
cups for 69±2 s (mean ±SE, n=46), thus, it is unlikely
that we measured the same drinking episode in multiple
sampling periods. Moreover, travel time to and from forag-
ing arenas (each way, 290±21 s, n=5), combined with the
time spent feeding on nectar, exceeded 5 min (the length of
a sampling interval), so it is unlikely that we counted the
same recruit more than once during a single interval. We
counted recruits and censused nectar feeders every 10 min
for 60 min.

After recruitment to the control arena was measured, we
conducted trials in the novel arena and the competition
arena, with at least a 1-week interval between trials. One
day before a trial, we used polyurethane doors to channel
ants out of the familiar arena. Two hours before the treat-
ment, we sealed the door, collected all ants in the arena,

and placed them in the foraging area near the nest entrance.
To begin the trial, we placed sugar water on caps glued to a
small wood block placed in front of the door to the experi-
mental arena. After five ants had collected this sugar water
and returned to the nest, we removed the block and the
door to the arena, allowing ants access to the dowel-plant.
After five ants had collected sugar water from the plant
and returned to the nest, we waited 5 min and then mea-
sured the sizes of recruits and nectar feeders as described
above for the trial in the familiar arena. We removed all
ants from the experimental arenas immediately after a trial
and reconnected the colony to the familiar arena.

We compared the size and total number of recruits to each
arena using Kruskal-Wallis tests. We analyzed data for each
colony separately. We used Mann-Whitney U-tests for post
hoc pairwise comparisons and adjusted P values using a
sequential Bonferroni correction (Rice 1989).

Results

Division of labor in the field

In field colonies, there was significant size-based division
of foraging labor (Fig. 3; F(2,148)=45.83, P<0.001). For-
agers in nest plants were significantly smaller than were
foragers in plants away from the nest (P<0.001), and work-
ers in both plant foraging categories were smaller than
ground foragers were (near plant vs ground, P<0.001,
far plant vs ground, P=0.028). Forager size also dif-
fered among colonies (F(3, 148)=56.81, P<0.001), and there
was a significant colony × foraging location interaction
(F(6, 148)=4.75, P<0.001).

Fighting performance

In the laboratory fighting assays, both nest affiliation and
the relative sizes of the combatants affected the outcome

Fig. 3 Size differences among foragers in the field. Columns repre-
sent mean head widths of 10–15 foragers +SE. Foragers were col-
lected from the plant under which a colony was nesting (near plant),
collected on plants 1–4 m from the nest (far plant), or returning along
the ground (ground)
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Fig. 4 The relationship between the relative size of opponents and
the outcome of 1-on-1 fights. Head width (HW) was used to estimate
worker size. Relative sizes are means ±SE. Of 24 fights, 10 ended
with the ant from the focal colony dragging its opponent out of the
arena (home win), 7 lasted for at least 15 min (draw), and 7 ended
when the ants disengaged (break up). See text for details on the
definition of outcomes. Points with different letters were significantly
different, P≤0.05 (Tukey HSD test)

of an encounter. Fights always ensued after an introduced
ant (intruder) encountered an ant from the focal colony
(home ant): in 23 of 24 trials, a home ant initiated a fight
(X2=20.17, df=1, P<0.001) by lunging at and grabbing
onto the intruder with its mandibles. Home ants initiated
fights even when they were substantially smaller than the
intruder. The relative sizes of opponents had a significant
effect on the outcome of a fight (Fig. 4; F(2,21)=10.88,
P=0.001): when one ant “won” an encounter, the size dif-
ference among the opponents was significantly larger than
when the encounter ended in a draw or when the opponents
disengaged. In addition, when there was a clear winner, the
winning ant was always the one from the focal colony: in
these trials, the home ant carried or dragged the intruder
into the connecting tube leading to the nest.

Nectar feeding performance

Nectar feeding efficiency was negatively correlated with
worker mass (Fig. 5). Relative to their mass, smaller work-
ers collected heavier nectar loads, and collected loads at
a faster rate than larger workers. Time spent feeding at
nectar drops was not correlated with worker mass (n=40,
r2=0.064, P=0.116).

Field introduction experiment

Contrary to our prediction, the mean size of workers on the
nest plant did not increase in response to the introduction
of conspecific workers (i.e., there was no significant in-

Fig. 5 Allometry of nectar load and nectar feeding rate. Worker
mass without a load was estimated from the head width of a
laden worker and the relationship between head width and mass
in unladen workers. Nectar load and nectar feeding rate are re-
ported as a percentage of the estimate of worker mass without a
load

teraction between day and colony nested within treatment;
Fig. 6, Table 1). Upon encounter, introduced ants were at-
tacked by ants from the focal colony or they dropped to
the ground; introduced ants did not appear to initiate fights.
Attacked ants were dragged down the branch towards the
nest by one or more workers from the focal colony.

Laboratory foraging experiment

In the laboratory foraging experiment, recruitment was af-
fected by the presence of competitors but not by the nov-
elty of the setting. The size of recruits differed significantly
among treatments for both experimental colonies (colony
1: X2=16.61, df=2, P<0.001; colony 2: X2=24.3, df=2,
P<0.001). In each case, recruits to the arena with competi-
tors were significantly larger than were recruits to the fa-
miliar and novel arenas (Fig. 7). Numerous fights occurred
after colonies were given access to the competitive arena,
but some recruits were still able to forage from the dowel
plants. For both colonies, the size of ants feeding from nec-
tar cups differed among treatments (colony 1: X2=7.35,
df=2, P=0.025; colony 2: X2=9.92, df=2, P=0.007), as
ants feeding on nectar in the competitive treatment were
significantly larger than were nectar feeders during the fa-
miliar treatment (Fig. 7).
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Fig. 6 Results of the
conspecific introduction
experiment. Columns are mean
head widths +SE of 10–17
workers from focal colonies.
Conspecific workers were
introduced to nest plants of
experimental colonies on day 2,
45 min before size
measurements were made.
These results indicate
introductions had no significant
effect on the size of workers
present the following day

Table 1 Results from the field introduction experiment

Source of
variation

df F-ratio P

Treatment 1, 191 5.770 0.017
Day 1, 191 0.017 0.897
Treatment ×
day

1, 191 0.620 0.432

Colony
(treatment)

6, 191 7.449 <0.001

Day × colony
(treatment)

6, 191 0.875 0.514

The mean size of recruits to the competitive arena was
higher not because more large workers traveled to the site
of conflict, but because fewer small ants traveled there
(Fig. 8). Comparing the two most populous size classes
in each colony, the number of recruits from the larger
size class did not differ among the treatments (colony
1, X2=0.31, df=2, P=0.858, colony 2, X2=0.07, df=2,
P=0.968), but the number of recruits from the smaller
size class was significantly lower in the competitive treat-
ment than it was in the familiar treatment (Fig. 8; colony
1, overall X2=19.18, df=2, P<0.005, colony 2, overall
X2=21.24, df=2, P<0.001). Together, ants in these size
classes comprised 79.3% and 80.2% of the recruits identi-
fied respectively for colony 1 and colony 2. Overall recruit-
ment differed significantly among treatments for colony 2
(X2=9.04, df=2, P=0.011): there were fewer ants travel-
ing to the competitive arena (n=167) than to the familiar
arena (n=244; X2=7.47, df=1, P=0.006) or novel arena
(n=238; X2=6.26, df=1, P=0.012). For colony 1, overall

recruitment was lower to the competitive arena (n=139)
than to the familiar arena (n=197) or novel arena (n=151),
but the difference among treatments was only marginally
significant (X2=5.71, df=2, P=0.058).

Discussion

Our results suggest that size-based polyethism may allow
ant colonies to mediate a trade-off between safety and
nectar gain (the risk management hypothesis). In our
laboratory foraging experiment, the presence of aggressive
conspecifics led to a reduction in the number of smaller
workers recruited to a foraging site but had no effect on
the number of larger recruits (Fig. 8). Because smaller ants
are more likely to be overwhelmed in conflicts (Fig. 4),
this recruitment pattern may benefit colonies by reducing
worker mortality. However, it also has costs. Not only does
less recruitment reduce foraging activity, but an increase in
the mean size of recruits to nectar sources may also lower
the profitability of foraging because larger workers feed
on nectar less efficiently than smaller workers do (Fig. 5).

Although our results suggest the possibility that division
of labor mediates a trade-off between safety and resource
gain, two caveats are in order. First, the importance of
risk for structuring foraging patterns in the field depends
critically on the extent of the threat from foreign ants. In our
field introduction experiment, the aggressive response of
tending ants suggests that risk upon encounter is high when
workers forage for nectar near a neighboring colony (and
thus away from the nest). Likewise, the lack of aggression
shown by introduced workers in this experiment suggests

Fig. 7 Mean head width +SE
of total number of recruits and
of ants collecting liquid (nectar
feeders) when colonies were
given access to a familiar, a
novel, or a competitive
environment. For this
presentation, workers were
assigned the median head
widths for their size class. For
each colony, different letters
over bars indicate significant
differences in post hoc
comparisons
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Fig. 8 Recruitment in the laboratory foraging experiment. Bar
heights represent the number of ants in each class traveling to a
foraging arena during a 5-min interval. Bars from two principal size

classes are highlighted to contrast the lower recruitment of small
workers to competetive arenas versus the consistent recruitment of
larger workers in all three treatments

that tending ants near the nest may face low risk upon
encounter. However, a rigorous test of the risk management
hypothesis will require information on the frequency of
lethal encounters with foreign ants, how the potential for
lethal encounters varies across foraging locations, and the
extent to which foraging behavior in the field is altered by
the threat of such encounters.

Second, nectar feeding efficiency is only one factor
determining the fitness consequences of a foraging trip.
Changes in mass-specific metabolic rate and net transport
cost, which may decrease with worker size (Lighton et al.
1987), and changes in running speed, which may increase
with worker size (Rissing 1982), could offset the effect
of nectar feeding efficiency. Thus, potential fitness surro-
gates, such as the efficiency or net rate of energy gain, may
not necessarily decrease with worker mass on a per trip
basis. However, the fitness gains from foraging also de-
pend on predation costs, which likely often increase with
worker mass. Although difficult to quantify, the cost of
predation includes the resources and time needed to con-
struct a replacement worker and the opportunities lost due
to early worker death. Larger workers require more mate-
rial for construction, and their loss entails greater opportu-
nity costs if potential longevity increases with worker size.
Thus, attack from spiders, horned lizards, foreign ants, or
other mortality sources in this system are more costly to
colonies if they are successfully directed at larger work-
ers. Because loss of larger workers is more costly, smaller

workers may yield greater foraging profits in the absence
of size-dependent resistance to these risk factors.

Many studies have focused on the central role that large
workers play in dealing with dangerous adversaries (e.g.,
Detrain and Pasteels 1992). In many polymorphic ant
species, large workers are called soldiers because they spe-
cialize in defense of nest and food, usually against attack
from other ants. Colonies may respond to risk by producing
more soldiers (Passera et al. 1996) or, in the shorter term,
by recruiting soldiers to sites to discourage intrusion by
competitors and predators (Hölldobler and Wilson 1990,
p. 398). Our results showed a similar short-term response:
larger F. perpilosa workers were more effective fighters,
and threat increased the mean size of recruits to a foraging
site. However, the increase in mean recruit size resulted
from a decrease in foraging by small workers, presumably
because small workers were more at risk in conflicts with
aggressive conspecifics. Thus, rather than recruiting more
large workers to reduce the threat of attack, these colonies
reduced the cost of the threat by recruiting fewer suscepti-
ble workers.

The mechanisms that generated this recruitment pattern
are not known. Ants can modulate recruitment in response
to risk (Nonacs and Dill 1988), and information about risk
can be communicated among nestmates (Nonacs 1990).
However, it is not clear how such information can generate
division of labor. One possibility is that potential recruits
have an internal threshold for responding to information
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about risk, and this threshold varies with worker size. Vari-
ation in responsiveness of potential recruits to information
about food quality from successful foragers can organize
division of foraging labor in social insects (Pankiw and
Page 2000), and an analogous mechanism could explain
size-related recruitment differences in the face of risk. Al-
ternatively, returning workers may have transmitted differ-
ent information (e.g., using tactile signals) to small and
large potential recruits. In addition, individual experience
could have affected our results because roundtrip times for
foragers were likely less than the length of our experimental
period.

Other studies on Formica species have found that for-
agers traveling farther from the nest are generally larger
than those making shorter trips (Rosengren and Sundström
1987; McIver and Loomis 1993; Wright et al. 2000; Nonacs
2002). Hypotheses for explaining this pattern have fo-
cused on the importance of territorial defense, energetic
efficiency, water relations, and navigational constraints.
Rosengren and Sundström (1987) suggested that a size–
distance relationship could improve territorial defense if
larger workers more effectively repel incursion at territorial
borders. Improved territorial defense is an unlikely expla-
nation at least for the size–distance pattern in F. perpilosa
because this species does not maintain absolute territories
at the perimeter of foraging areas (A. Kay, personal obser-
vation). The risk management hypothesis also predicts that
conflicts with neighbors produce a size–distance relation-
ship, but the benefit to the colony stems from a reduction
in worker mortality rather than from better territorial de-
fense. Rosengren and Sundström (1987) also suggested that
a size–distance relationship could increase net energy gain
at the colony level because larger workers can carry larger
loads and travel at higher speeds, the benefits from which
compensate for the cost of travel to distant sites (see also
Wright et al. 2000). Wright et al. (2000) also found that
same-sized F. rufa workers collected larger nectar loads
when foraging in more distant sites, a result supporting the
energetic gain hypothesis. However, our result demonstrat-
ing that nectar feeding efficiency decreases with worker
mass challenges this hypothesis. Future work should de-
termine how nectar foraging efficiency scales with worker
mass in other Formica species exhibiting a size–distance
relationship among nectar collectors. Wright et al. (2000)
also suggested that smaller workers may make shorter
trips because their high surface area:volume ratio makes
them more susceptible to desiccation and heat stress. These
challenges are likely important to desert ants (Lighton et
al. 1994) like F. perpilosa. In addition, a size–distance
relationship could potentially benefit Formica colonies
because larger workers have better orientation abilities
(Bernstein and Bernstein 1969). The risk management hy-
pothesis can incorporate water stress and orientation chal-
lenges as additional risk factors. This more general version
thus predicts that colonies sacrifice harvesting ability for
tissue preservation by allocating larger workers to any chal-
lenging situation in which size reduces mortality risk. Addi-
tional quantitative studies are needed to determine how the
energetic and material consequences of foraging scale with

worker size under relevant ecological conditions, and how
any performance differences relate to size-based division
of labor.

Our results suggest that division of labor in ants can
mediate the nonlethal effects of foraging risk. Although
the consequences of lethal attacks are clear, predators (and
dangerous competitors) can also alter the foraging deci-
sions of a consumer, which in turn can reduce its resource
intake, growth, and reproduction (Lima 1998). Social in-
sects, like solitary organisms, can balance demands for food
and for safety by modifying time spent in patches that dif-
fer in risk and food quality (Nonacs and Dill 1990; Dukas
2001). Nonacs and Dill (1990) suggested that the ability of
social insects to respond simultaneously to mortality risk
and patch fertility should result in a substantial competitive
advantage relative to solitary foragers. Our results suggest
that division of labor among workers that differ in risk
susceptibility and harvesting ability can increase this ad-
vantage. Moreover, when risk susceptibility and harvesting
ability vary differently with worker size, size polymor-
phism should allow colonies to exploit profitably a greater
range of patches that differ in safety and food quality.
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