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Abstract Messor bouvieri is a seed-harvesting ant species
in which workers forage in trails from the nest to a search
area. A previous observation of seed transfer events
between workers returning to the nest suggested potential
task partitioning. In this study, we describe seed transpor-
tation and analyze the role of task partitioning in the
foraging strategy of this species in terms of seed intake
efficiency in relation to costs and benefits based on
transport speed and task reliability. We assess the harvest-
ing efficiency of task partitioning by comparing cooperative
seed transport (CST) and individual seed transport (IST)
events. Our results show task partitioning in the form of a
sequence of transfer events among workers going from the
search area to the nest. Importantly, and despite the weak
worker polymorphism of this species, this sequence
involved workers of different sizes, with seeds usually
being passed along from smaller to larger workers. In
addition, we show that small workers are better at finding
seeds (spend less time finding a seed), and large workers
are better at transporting them (were faster when walking

back to the nest and lost fewer seeds). However, we failed
to demonstrate that workers of different sizes are special-
ized in performing the task in which they excel. Overall,
sequential CST in M. bouvieri results in a greater seed
intake because seed search time decreases and task
reliability increases, compared to IST. The determinants
and adaptive benefits of CST are discussed.

Keywords Cooperation . Foraging efficiency .Messor
bouvieri . Task partitioning . Task reliability .Worker size

Introduction

Colony work organization has long been a major topic in
social insect studies (Oster and Wilson 1978). Workers of
social species perform a variety of tasks, such as foraging,
brood care, and nest construction (Gordon 1996). Social
organization enables division of labor and task partitioning.
The term “task division” usually refers to the distribution of
different tasks among workers within the colony (Beshers
and Fewell 2001), while the term “task partitioning” is
normally used when a particular task is conducted by
different individuals with a high degree of cooperation and
coordination between them (Ratnieks and Anderson 1999).
It has been proposed that task partitioning greatly enhances
task performance efficiency (Oster and Wilson 1978;
Jeanne 1986; Ratnieks and Anderson 1999; Anderson and
McShea 2001), understood as the direct balance between
costs and benefits related to this mechanism.

With regard to foraging, ants have developed extremely
diverse and often highly complex foraging strategies
(Traniello 1989; López et al. 1994; Reyes and Fernández
Haeger 1999), which are the result of different ways of
improving colony foraging efficiency. Foraging can be
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understood as a group of behavioral actions or strategies
that lead organisms to find and use energy and nutrient
sources for survival (Krebs and Davies 1987). During the
complex process of foraging in social species, individuals
interact for substrate loading determination, seeking max-
imum productivity income for the colony (Roces and
Hölldobler 1994). Consequently, the analysis of the
efficiency of different foraging strategies is considered to
be one of the main issues in optimal central place foraging
theory (Hölldobler and Wilson 1990). Species have
traditionally been categorized as either individual or
cooperative foragers (Traniello 1989; Hölldobler and
Wilson 1990). In individual foraging, workers search for
and collect food independently of one another, while
cooperative foraging involves recruitment and group
retrieval of prey. Most studies on task partitioning in ants
are based on the foraging task of group retrieval species
(Ratnieks and Anderson 1999; Anderson and Jadin 2001;
Hart et al. 2002; Röschard and Roces 2003a, b), given that
this strategy allows direct interaction between nestmates.

In seed-harvesting ants, there are two levels of organization
involved in foraging strategy. First, a colony-level organiza-
tion, in which the colony organizes column retrieval foraging
(foragers leave the nest along relatively stable trunk routes, at
the end of which they disperse on individual foraging
excursions) or individual foraging (foragers leave the nest
individually and disperse in all directions). The most common
foraging strategy in seed-harvesting ants involves a combina-
tion of both strategies (Hahn and Maschwitz 1985; Hölldobler
and Wilson 1990), although usually one prevails over the
other, depending on the species (Hölldobler and Wilson 1990;
Arnan et al. 2010a). There is also an individual-level
organization, where, as part of column retrieval foraging,
individual workers can transport the prey on their own from
the place of collection to the nest (individual strategy) or
cooperate by means of chain transfer behavior back to the
nest. Moreover, task partitioning in foraging can occur during
both seed collection and transportation, and also during the
transportation stage itself (Reyes and Fernández Haeger
1999). Although task partitioning is considered a very
important component of work organization in seed-
harvesting ants, studies on the efficiency of cooperative
transportation are scarce (Reyes and Fernández Haeger 1999).

Task partitioning is widespread among a wide range of
species, but it has been suggested that it is most likely to
occur when the worker population is polymorphic, i.e., in
complex societies (Anderson and McShea 2001). Then,
task partitioning can be coupled with a size-based division
of labor to ensure that each subtask is performed by
appropriate sized foragers for the overall benefit of the
colony. This specialization would be reflected in different
physical castes (Oster and Wilson 1978; Hölldobler and
Wilson 1990). Since larger workers display a lower load

ratio (Retana and Cerdá 1994; Reyes-López and Fernández-
Haeger 2001), they are expected to be faster at transportation
(Reyes and Fernández Haeger 1999). On the other hand,
smaller workers are likely to be more effective at finding
seeds, as their small size facilitates movement within the
vegetation.

However, there may also be costs associated to task
partitioning. In animals with low locomotion costs in relation
to energetic rewards, as is the case of seed-harvesting ants,
time costs are more important than direct energy costs in
influencing foraging decisions (Fewell 1988; Weier and
Feener 1995). For this reason, energy costs have been
strongly recommended to be ignored. In polymorphic seed-
harvesting ants, time costs could thus be related to the time
that a worker of a particular size engages in the foraging
process. Moreover, transfer delays (the time spent transfer-
ring the material between workers) are costs related to task
partitioning. At any rate, task reliability (the probability of
successfully completing the task) should be considered when
assessing the costs and benefits of task partitioning (Ratnieks
and Anderson 1999). Various studies have shown that some
seeds transported by harvesting ants are dropped (Reyes and
Fernández Haeger 1999; Detrain and Tasse 2000; Reyes-
López and Fernández-Haeger 2001; Retana et al. 2004;
Arnan et al. 2010a, b). Seed drops could be directly related
to the seed transfer process, which involves precisely
coordinated movements between two workers (Reyes and
Fernández Haeger 1999). An alternative possibility is that, if
the seed is transferred from a good searcher but bad
transporter to a better transporter, seed transfer actually
decreases seed drop rate. Whatever hypothesis is correct, the
analysis of the costs and benefits involved in task partitioning
is necessary to elucidate the conditions under which task
partitioning is advantageous over other forms of organization.

The aim of this study is to describe and assess the
efficiency of task partitioning in the foraging strategy of the
seed-harvesting ant Messor bouvieri (Bond.). This is a
column retrieval foraging species, and previous observations
indicated that seed transfer was not uncommon in this
species, suggesting two ways in which seeds were carried to
the nest: individual seed transport (IST) (when a worker
collects a seed and moves the seed to the nest by itself) and
cooperative seed transport (CST) (when there is at least one
seed transfer between workers from the moment the seed is
collected until it reaches the nest, resulting in a seed transport
chain). First, we analyze what factors determine M. bouvieri
workers’ engagement in IST or CST. Second, we hypothe-
size that the CST in M. bouvieri results from a high level of
task specialization, with some workers specializing in seed
collection and others in seed transportation, and this
specialization is related to worker size. Lastly, we hypoth-
esize, that, overall, CST results in increased seed foraging
efficiency. To result in more efficient foraging, task
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partitioning should be related to an overall time reduction
(i.e., higher speed rate) and/or a decrease in seed drop rate
compared to IST, as an improved balance between costs and
benefits. Specifically, we test the following hypotheses: (1)
there is a seed transport chain from smaller to larger workers;
thus, loaded workers close to the nest are larger than those at
the end of the trunk trail, (2) smaller workers spend less time
locating a seed than larger ones, (3) larger workers transport
seeds faster and have lower seed drop rates than smaller
ones, (4) seed transportation to the nest is more efficient
when the seed is cooperatively transported than when it is
individually transported. Finally, we discuss the possible
adaptive benefits of task partitioning in the foraging strategy
of M. bouvieri in terms of a more efficient colony seed
intake.

Material and methods

Study area

The study was carried out during the springs of 2009 and
2010 in Castellbell i el Vilar, Barcelona (northeast Spain,
1°51′, 41°39′), at 260 m above sea level. The climate is
typically Mediterranean, with a mean annual temperature
of 14.5°C and a mean annual precipitation of 565 mm. The
vegetation of the study area is open scrubland character-
ized by an alternation of bare soil, grassland dominated by
Brachypodium phoenicoides and Aphyllantes monspelien-
sis, and shrubby areas (Pistacea lentiscus, Rosmarinus
officinalis, Dorycnium pentaphyllum, Thymus vulgaris,
Coronilla minima).

Natural history of M. bouvieri

M. bouvieri is a seed-harvesting ant found in open, sunny
environments, and coastal areas of the western Mediterranean
and northern Africa (Bernard 1968, 1983). Its diet is mainly
composed of seeds and, to a much lesser extent, other plant
and animal remains (Cerdá and Retana 1994; Willott et al.
2000; Azcárate et al. 2005). M. bouvieri colonies form
temporary foraging columns that rotate around the nest,
depending on seed availability (Cerdá and Retana 1994).
Colonies are active throughout the year, although from
December to early April only occasional workers are found
outside the nests (Cerdá and Retana 1994). The curve of
daily foraging activity is unimodal in spring and autumn,
whereas summer foraging activity ceases around midday. M.
bouvieri has a weak worker caste polymorphism (Arnan et
al. 2010a; Fig. 1). This species was chosen among other
harvester ants (M. barbarus and M. capitatus) found in the
study area becauseM. bouvieri is the species with the highest
levels of CST (Xavier Arnan, unpublished data).

Sampling

M. bouvieri workers leaving the nest usually walk in
columns along well-defined trails, at the end of which they
disperse to engage in individual search for seeds (Fig. 2).
The length of the trails in which we conducted our
measures was 6.3±0.6 (mean±SE) (range, 2–16 m). This
is the usual trail length of M. bouvieri in the study area
(Arnan et al. 2010a). In a habitat characterization following
a gradient of increasing vegetation density, most trails were
located in open rather than dense habitats (Arnan 2006).
However, the proportion of open and dense habitats was
more or less constant along a given trail (Xavier Arnan,
unpublished data; for more details see Appendix). Once a
worker collects a seed, it goes to the end of the trail and
follows the trail in the direction of the nest. This allows for
direct interaction between workers going to the search area
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Fig. 1 Frequency distribution of worker size categories involved in seed
transport from the search area to the nest. Within each bar is the
frequency distribution of worker size depending on whether they develop
CST or IST and the fate of the seed (taken to the nest or dropped). Bars
from left to right indicate worker size categories from smaller to larger
measured as maximum head width: 1, ≤1.13 mm; 2, >1.13–1.33 mm; 3,
>1.33–1.52 mm; 4, >1.52–1.72 mm; 5, >1.72–1.91 mm;
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Fig. 2 Diagram of areas covered by workers when foraging for seeds.
Nest location, beginning and end of foraging trail, and search area are
included. The direction followed by loaded and unloaded ants is
indicated. The length (mean±SE) of the trails in which we conducted
the measures is shown
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and loaded workers returning to the nest, which may result
in seed transfer events. When a seed is transferred, the
donor ant goes back to the search area, while the receiver
ant follows the trail to the nest. Thus, in M. bouvieri, seed
transportation to the nest may take place individually (IST)
or in cooperation (CST).

We followed a threefold approach to determine task
partitioning and efficiency related to worker size between
initial seed collecting and seed transport stages, and within the
seed transport stage, as well as to compare the efficiency of the
two types of seed transport:

Sampling 1. We simultaneously collected ten loaded
workers at the end of the ant trail (workers that had
recently collected a seed) and ten loaded workers close
to the nest entrance (workers that were coming back to
the nest with a seed). This procedure was repeated for
5 days in each of ten colonies. Collected ants were
taken to the laboratory. Their maximum head width
was measured under a stereomicroscope (×2.5), and
this is the measure of worker size used in this study.
Sampling 2. In the search area of each of the five
colonies, we scattered 20–30 D. pentaphyllum Scop.
(Fabaceae) seeds (1.5×2.3 mm; 3.2 mg), and watched
them until found by a M. bouvieri worker. Workers that
found a seed and 60–70 other workers simultaneously
found in the search area were collected and taken to the
laboratory to measure their head width (as a measurement
of worker size). This sampling was conducted in one ant
trail for each colony.
Sampling 3. We observed 206 seed transport events
(from eight colonies) from the moment a seed was
collected until it reached the nest or was dropped. The
observations were conducted in different ant trails for
each colony. To account for the fact that load and worker
size are usually matched (Retana and Cerdá 1994), the
study was standardized by seed size. Thus, we only
considered transport events with D. pentaphyllum. For
the most part, these seeds were spontaneously found by
M. bouvieri workers, but sometimes they were deposited
in the proximity of a foraging worker by the observer.
For every seed transport event, we measured: the
number of seed transfers, overall and partial travel
times, overall and partial traveled distance, and the fate
of the seed (taken to the nest or dropped). We also
recorded the ground temperature, as this variable has
been shown to strongly affect ant activity (Hölldobler
and Wilson 1990; López et al. 1992; Detrain et al.
2000). All workers involved in each seed transport event
were caught and carried to the laboratory, where their
head width was measured as a measurement of worker
size. The speed of the overall and partial transportation
events was calculated from the travel distance and time.

Our final interest was to compare the foraging efficiency
of M. bouvieri for the two strategies (IST and CST). Since
we standardized for a particular seed size, all transported
seeds accounted for similar weights, and the number of
seeds reaching the nest per unit time was used as a
surrogate of foraging efficiency (Detrain et al. 2000). Seed
transport speed (related to time costs) and seed drop rate
(related to task reliability) determine the number of seeds
that reach the nest in a particular time, and so they were
used as indirect measures of foraging efficiency resulting
from the balance between costs and benefits. A common
measure of foraging efficiency used extensively in the
literature is prey delivery rate (PDR=prey weight×transport
velocity) (e.g., Traniello and Beshers 1991; Cerdá and
Retana 1997; Cerdá et al. 2009). However, as seed weight
is constant in our case, PDR would be directly proportional
to transport velocity (a measure that, together with task
reliability, we use to calculate the balance between costs
and benefits).

Statistical analyses

To analyze what factors enhance IST or CST, we conducted
a generalized linear mixed model (GLMM) with a binomial
distribution error and Logit link function to test the effect of
the size of the worker that collected the seed (first ant
involved in the transport chain), the ground temperature
and the distance between the nest and the location in which
the seed was found. Transport type (IST or CST) was
included in the model as a dependent variable. Worker size,
ground temperature, and distance to the nest were included
as covariates. The nest was included as a random factor to
account for the independence problem generated by
multiple measures taken of the same nest. This test was
conducted from data obtained from sampling 3.

Hypothesis 1: seed transfer from smaller to larger workers

To demonstrate that seed transfer occurred mostly from
smaller to larger workers, we followed three different
approaches. First, we compared the size of loaded workers
collected at the end and at the beginning of the trail (data
from sampling 1). Differences in worker size were analyzed
with a general linear mixed model with nested random
effects. The size was included in the model as a dependent
variable, and location (beginning and end of the trail) as a
fixed factor. The nest was again included as a random
factor, and the paired samples (ants collected for each nest
at the end and beginning of the trail at the same time) were
nested within the nest. Second, we compared the size of the
first and last workers involved in a seed transport chain and
also the size of paired donor and receiver workers in all
cooperative seed transports using general linear mixed
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models with nested random effects (data from sampling 3).
Size was included as a dependent variable and location
(first and last worker or donor and receiver) as a fixed
factor. The nest was included as a random factor, and the
paired samples were nested within the nest.

Hypothesis 2: seed-collecting ability in relation to worker
size

To determine whether seed-collecting ability was related to
body size, we compared the size distributions of workers in
the search area (Fig. 2) that found seeds and workers that
were also searching in the search area but had not yet found
seeds using a Kolmogorov–Smirnov test (data from
sampling 2). In order to determine highly specialized task
partitioning in relation to worker size, we also compared
the size distribution of workers that were searching for
seeds in the search area and workers that were transporting
seeds along the ant trail with a Kolmogorov–Smirnov test
(data from samplings 2 and 3).

Hypothesis 3: seed transportation efficiency in relation
to worker size

A general linear mixed model was used to test the effect of
worker size on seed transportation speed. The speed of
workers (including both workers involved in IST and CST
events) was included in the model as a dependent variable.
Worker speed was square root-transformed to achieve a
normal distribution of residuals. The effect of worker size
on seed drop was tested with a GLMM with a binomial
distribution error and logit link function. For this analysis,
we only used individual transport events. Seed fate
(dropped or not dropped) was included in the model as a
dependent variable. Ant worker size was analyzed in the
two models as a covariate, and the nest was included as a
random factor. The ground temperature and distance to the
nest could potentially confound the relationship between
worker size, transportation speed, and seed drops. Thus, we
also run the two models with these two confounding factors
as covariates. These tests were conducted using data
obtained from sampling 3.

Hypothesis 4: efficiency of CST versus IST

To test the effect of transportation type on transport speed,
we fitted a general linear mixed model. The speed (distance
traveled divided by time invested) of every transport event
was included in the model as a dependent variable. Seed
transport type (IST or CST) was included as a fixed factor,
and nest was included as a random factor. Again, we also
ran the model including ground temperature and distance to
the nest as covariates. Transport speed was square root-

transformed to match homoscedastic assumptions of normal
distribution. To analyze the effect of transport type on seed
drop, we compared the number of IST and CST events
resulting in seed drop. Differences in seed drop frequency
depending on transportation type were tested with a chi-
squared test. These tests were conducted from data obtained
from sampling 3.

In order to test the trade-off between transport speed and
task reliability of the overall foraging process related to ISTand
CST events, and thus to determine overall foraging efficiency
of each transport type measured as the balance between costs
and benefits, we estimated the number of seeds that reaches the
nest when workers develop one or another strategy. This was
estimated for a fixed time and trail distance, and considering
that only one transport event of each type could be conducted
at the same time. Thus, the number of seeds (Ns) reaching a
nest in 1 h (Tp) with a trail of 200 cm (D) was estimated as:
Ns=Nt×(1−SDp), where Nt is the number of travels
conducted within this period of time and distance, SDp is
the seed drop probability, and Nt=Tp/Tt, where the time
spent in a travel (Tt) is calculated by dividing D and travel
speed. This computation did not take into account the time
spent in finding seeds, since this was not measured as such.

All analyses were conducted using R software (R Devel-
opment Core Team 2005). In order to correct for multiple
analysis on a population, a test application was considered
using Bonferroni step-down (Holm) correction.

Results

We followed 206 D. pentaphyllum seeds from the moment
they were collected by a worker until they reached the nest
or were dropped. Of these, 129 (63%) were cooperatively
transported and 77 (37%) were individually transported
(Fig. 1). Only 132 seeds (64%) reached their destination
nest. The rest were dropped. CST events included one to
eight transfers (mean±SE, 2.4±0.2), and the number of
transfers did not depend on the distance to the nest
(Spearman’s rho=0.04, P=0.673, n=124).

Transportation type was conditioned by the size of the
worker that collected the seed (GLMM, estimate=−3.49±
0.79, t=−4.4, df=153, P<0.0001), but not by ground
temperature (GLMM, t=−0.0, P=0.908) or distance to the
nest (GLMM, t=2.6, P=0.064). Thus, the probability to
engage in CST only increased as the size of the worker that
collected the seed decreased.

Hypothesis 1: seed transfer from smaller to larger workers

The general linearmixedmodels showed that the size of loaded
workers arriving to the nest (mean±SE, 1.46±0.01 mm) was
greater than that of workers with a recently collected seed at the
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end of the trail (1.36±0.01 mm) (estimate=−0.10±0.02,
t=−6.9, df=926, P<0.0001). In a given seed transfer event,
the receiver worker was larger than the donor (mean±SE
difference in head width, 0.07±0.02 mm) (estimate=0.07±
0.02, t=3.5, df=286, P=0.006). Accordingly, the size of the
last worker (1.67±0.08 mm) in a seed transport chain was
larger than that of the first (1.44±0.02 mm) (estimate=0.16±
0.03, t=5.4, df=129, P<0.0001).

Hypothesis 2: seed-collecting ability in relation to worker
size

The size distributions of workers that found seeds and workers
that were searching in the same area but had not yet found
seeds were significantly different (Kolmogorov–Smirnov test,
Z=2.28, P<0.001; Fig. 3), so that the former was more
skewed towards smaller sizes. However, the size distribution
of workers searching for seeds in the search area was not
significantly different than the size distribution of workers
transporting seeds along the trails (Kolmogorov–Smirnov
test, Z=1.06, P=0.211).

Hypothesis 3: seed transportation efficiency in relation
to worker size

The general linear mixed model showed that seed transpor-
tation speed was positively related to worker size (estimate=
0.80±0.07, t=12.1, df=486, P<0.0001). Thus, the larger the
worker, the faster it transported the seed (Fig. 4). This effect
was maintained even when we included ground temperature
and distance to the nest in the model (Table 1). Although
distance to the nest had no effect on speed, temperature was
a good predictor of speed, with a positive relationship
between these two continuous variables (Table 1). The
GLMM with a binomial distribution revealed a significant

effect of worker size on seed drop (estimate=−4.18±1.15,
z=−3.6, df=68, P=0.006), even when potential confounding
factors were included in the model (Table 1). Thus, larger
workers were less likely to lose seeds than small ones
(Fig. 1). There were no effects of ground temperature and
distance to the nest on seed drop (Table 1).

Hypothesis 4: efficiency of CST versus IST

The general linear mixed model showed that seed transpor-
tation type had an effect on the speed of the seed transport
event (estimate=−0.17±0.06, t=−3.0, df=117, P=0.022).
That is, individually transported seeds (1.7±0.2 cm/s, n=39)
reached the nest faster than cooperatively transported seeds
(1.2±0.1 cm/s, n=87). This effect was maintained even
when ground temperature and distance were included in the
model (Table 1). Seed transportation speed was again
positively related to ground temperature, but not to distance
to the nest (Table 1). On the other hand, seed drop frequency
differed between the two transportation types (χ2=9.6, P=
0.0152, df=1). Individually transported seeds had a 50%
probability of being dropped, compared to 28% in cooper-
atively transported seeds.

The overall efficiency of the different transport types was
evaluated by estimating the trade-off between transport speed
and task reliability to using IST and CST. Thus, seeds
transported with IST or CST were moved at a speed of 1.7
and 1.2 cm/s respectively, but 50% and 28% of seeds were
dropped before reaching the nest with IST and CST,
respectively. Setting a trail length of 200 cm and 1 h of time,
and considering that only one seedwas transported at the same
time, the estimated number of seeds reaching the nest was
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similar between the two transport types (1.53 and 1.55 seeds
for IST and CST, respectively).

Discussion

A task is partitioned when it is split into two or more
sequential stages and material is passed from one worker to
another (Hart et al. 2002). In this paper, we demonstrate
that task partitioning takes place in the foraging strategy of
the seed-harvesting ant M. bouvieri, which is reflected in a
sequential CST between workers from the search area to the
nest. As hypothesized, our results show that seeds are
passed along from smaller to larger workers, despite the
weak worker polymorphism of this species (Fig. 1). More
importantly, we show that small workers are faster at
finding D. pentaphyllum seeds, while large workers are
better at transporting the seeds. Although not tested, the
superior ability of small workers to collect seeds could be
due to a greater ability to overcome obstacles in the
vegetation, and therefore explore the search area. On the
other hand, the greater ability of large workers at trans-
porting seeds can be explained in terms of their ability to
walk faster when carrying a seed (Fig. 3) and their lower
seed drop (Fig. 1). A likely explanation for increased
transportation ability in larger workers is based on size
matching between worker and load. Larger workers have
lower load ratios than smaller workers (Retana and Cerdá
1994; Reyes-López and Fernández-Haeger 2001), which
allows large workers to get a better hold of the seed, and
consequently transport it more quickly and effectively
(Reyes and Fernández Haeger 1999). In this way, a seed
transportation chain from small to large workers is

developed until the best size matching is reached. Transport
chains have already been described in another species of
seed-harvesting ants (Reyes and Fernández Haeger 1999),
and in scavenger and leaf-cutting ants (López et al. 2000;
Röschard and Roces 2003a, b). However, only a few
studies go beyond task partitioning at the transportation
stage and account for task completion when evaluating
costs and benefits (López et al. 2000; Anderson et al.
2002). Our study does follow the transport process until the
end, and by empirically demonstrating that smaller workers
are better at finding but worse at transporting seeds,
provides a potential adaptive explanation for chain trans-
portation. Although there are other examples of size-based
task partitioning in the ant literature related to foraging
strategies (Wilson 1971; Fowler and Robinson 1979;
Hölldobler 1984; Vasconcelos and Cherrett 1996), these
studies did not demonstrate that workers of certain sizes are
better at performing particular tasks. However, we failed to
demonstrate that different sized ants are specialized in tasks
at which they are better. Therefore, task partitioning in M.
bouvieri only occurs during the seed transportation stage, but
not between the seed collection and transportation stages.

To fully understand the importance of task partitioning in
M. bouvieri, it is necessary to assess the relative efficiencies
of partitioned and nonpartitioned organization in seed
foraging in relation to costs and benefits based on transport
speed and task reliability. First, time costs related to
transport are not reduced but rather increased with CST.
This could be a consequence of delays incurred during seed
transfer (i.e., time spent transferring the seed between
workers) (Ratnieks and Anderson 1999; Hart et al. 2002).
Our results are in agreement with studies on leaf-cutting ants
(Röschard and Roces 2003a) and Anoplolepis gracilipes (Hsu

General linear mixed model. Dependent variable: ant speed (hypothesis 3)

Variable Parameter SE t P df

Ant size 0.80 0.07 11.74 <0.0001 440

Ground temperature 0.02 0.01 3.26 0.011

Distance to the nest −0.00 0.01 −0.31 0.999

Generalized linear mixed model with binomial distribution. Dependent variable: seed drops (hypothesis 3)

Variable Parameter SE t P df

Ant size −7.83 1.83 −4.29 0.0013 56

Ground temperature 0.10 0.09 1.09 0.838

Distance to the nest 0.55 0.21 2.60 0.056

General linear mixed model. Dependent variable: journey speed (hypothesis 4)

Variable Parameter SE t P df

Transport type −0.19 0.05 −3.58 0.0055 115

Ground temperature 0.03 0.01 4.68 <0.0001

Distance to the nest 0.02 0.01 2.32 0.0876

Table 1 Output of the statistical
models where we included po-
tential confounding factors such
as ground temperature and dis-
tance to the nest
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et al. 2006), which also display a high frequency of transfers.
Reyes and Fernández Haeger (1999) found opposite results,
in another seed-harvesting ant (Messor barbarus), but the
number of seed transfers in the chain is low in this species
(Xavier Arnan, unpublished data). At the same time, most
IST events involve large workers which are faster transporters,
and then contribute to overall faster transportation in IST
events. Second, the comparison of IST versus CST indicates
that the latter reduces the probability of seed loss, that is, task
reliability increases. Thus, there is a clear trade-off between
transport speed and seed drop rate: ISTallows a higher transport
speed but involves a higher seed drop rate, while CST involves
a slower transport speed but a lower rate of seed drops. This
suggests that CST slows the process, but even considering that
time costs are crucial when evaluating foraging efficiency
(Fewell 1988; Weier and Feener 1995; Ratnieks and Anderson
1999), it seems that in this case they are not really important,
and what is relevant is to ensure that most seeds reach the
nest. Thus, CST could be interpreted as an adaptation so as to
reduce seed drop rates (i.e., to increase task reliability).
Moreover, the number of estimated seeds that reached the nest
with one or another strategy in a particular time and space was
very similar, which places even greater emphasis on the role
of CST as a mechanism to ensure that the process is suc-
cessful, rather than doing it quickly. This fact suggests that
CST might be an adaptive mechanism to ensure successful
foraging for ant species that inhabit resource-limited areas,
which tallies with the important presence of seed-harvesting
ant species in low nutrient and dry environments (Morton
1985; Beattie and Hughes 2002) and also in the youngest
stages of successional gradients (Wolff and Debussche 1999).
Consequently, task reliability should be considered even more
in studies when evaluating foraging efficiency (Ratnieks and
Anderson 1999), at least as much as time costs have been
considered thus far (Fewell 1988; Weier and Feener 1995).
Further, the computation of the estimate of seeds that reach the
nest only considered the transport phase, and as mentioned
before, workers involved in IST are mainly the larger ones,
which have important time costs in relation to seed searching.
Consequently, although the number of estimated seeds that
reached the nest per unit time and space is similar between the
two transport types, the addition of time costs related to seed
searching implies that more seeds would reach the nest with
CST. Thus, specialized task partitioning is associated with
improved efficiency through time saved to collect seeds, as
well as through increased reliability, compared with species
that have not developed a CST strategy.

CST is a common component of the foraging strategy of
M. bouvieri, since it occurs in 63% of seed transportation
events, but how does a worker collecting a seed make the
decision as to the best transport type to carry out? Despite other
studies that found that environmental conditions affect the
decision by workers to develop an individual or a collective

strategy (Lopes et al. 2003; Röschard and Roces 2003a; Cerdá
et al. 2009), we found evidence that, rather than the
environment, it is the size of the seed-collecting ant that
determines one or another strategy because the probability of
engaging in a CST increases when the worker collecting the
seed is smaller. Hence, the higher proportion of CST events
might be due to the fact that smaller workers are better at
finding seeds, and thus most seeds are collected by smaller
ants (Fig. 3). Further, we did not find evidence that the ant
that collects a seed takes a decision to engage in a particular
strategy, but it might be a colony-level mechanism to ensure
more successful transport. That is because, during seed
transfers, the loaded worker tends to offer resistance to
relinquishing its load (Anselm Rodrigo, personal observation).
So then, seed transfer involves a certain degree of struggle
between workers. This may be a mechanism to ensure that the
seed is transferred to a larger worker, able to overcome this
resistance (Reyes and Fernández Haeger 1999; but see
Anderson et al. 2002). On the one hand, if a large ant collects
the seed, any other ant offers resistance to its advancing along
the trail, which is the best strategy to develop because this ant
is already a good transporter (large ants are faster and have a
low seed drop rate). On the other hand, if a small ant collects
the seed and it follows the trail back to the nest on its own, it
would be an unsuccessful strategy because smaller ants are
bad transporters (small ants are slower and have a higher
probability of seed drop). However, in such a case this species
has a mechanism for improving transport efficiency. Its
foraging strategy with foraging column trails of ants, which
allows direct interaction between workers, can be understood
as a mechanism to ensure that seeds carried by small and bad
transporters are “stolen” by larger ants that are better
transporters, thus making the foraging strategy more efficient.

This is the first time that task partitioning in the overall
foraging strategy of seed-harvesting ants has been described.
Sequential CST inM. bouvieri allows for greater seed intake
because searching time decreases, and task reliability
increases in relation to IST. Thus, seed transfer is likely to
be adaptive in terms of energy intake rate to the colony
(Anderson and Jadin 2001; Hart et al. 2002). A colony that
collects and transports seeds more efficiently than neighbor-
ing colonies may have a crucial competitive edge (Gordon
1999). However, we failed to demonstrate highly specialized
task partitioning since workers of different sizes have not
specialized in doing the task for which they are the best,
which would make an even more efficient mechanism
(Jeanne 1986; Hölldobler and Wilson 1990). This suggests
that this species is still subject to the pressure forces of
natural selection in terms of this mechanism, accordingly to
one of the assumptions inherent in optimal foraging theory
that states that “The foraging behavior that is exhibited by
present-day animals is the one that has been favored by natural
selection in the past but also most enhances an animal’s fitness
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at present” (Begon et al. 2006, p. 282). This also seems to be
in accordance with the fact that this adaptive advantage does
not result in a clear polymorphism in M. bouvieri (Arnan et
al. 2010a), unlike other Mediterranean seed-harvesting ant
species. Irrespective of differences between species in the
percentage of CST events, the probability that a smaller
worker transfers a seed to a larger worker should be higher in
highly polymorphic species. Thus, size matching between
worker and load are expected to be achieved with fewer
transfers in highly polymorphic species. The weak polymor-
phism found in M. bouvieri may explain the high number of
seed transfers per transportation event in this species. In M.
barbarus, which displays a clear worker polymorphism
(Arnan et al. 2010a), seed transfers during each CST event
are much rarer (Reyes and Fernández Haeger 1999; Xavier
Arnan, unpublished data). This potential relationship between
degree of worker polymorphism and the number of suitable
seed transfers for achieving improved colony efficiency in
seed-harvesting ants should be explored in future studies.
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Appendix

Frequency of habitat types with increasing vegetation density
crossed by trails ofM. bouvieri in the study area (from Arnan
2006). Habitat types: (1) bare soil, with hardly any plants; (2)
low sparse vegetation, plants shorter than 40 cm interspersed
with bare soil; and (3) dense vegetation, with low and high
dense vegetation. Measurements were taken at 25-cm
intervals along 73 trails (11 colonies, with four to 18 different
trails each). For more details see Arnan et al. (2010a, b).
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