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Abstract

Argentine ants (Linepithema humile) live in groups of nests connected by trails to each other and to stable food sources. In a
field study, we investigated whether some ants recruit directly from established, persistent trails to food sources, thus
accelerating food collection. Our results indicate that Argentine ants recruit nestmates to food directly from persistent trails,
and that the exponential increase in the arrival rate of ants at baits is faster than would be possible if recruited ants traveled
from distant nests. Once ants find a new food source, they walk back and forth between the bait and sometimes share food
by trophallaxis with nestmates on the trail. Recruiting ants from nearby persistent trails creates a dynamic circuit, like those
found in other distributed systems, which facilitates a quick response to changes in available resources.
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Introduction

Ant colonies operate without central control. The foraging
behavior of an ant colony is a collective process [1] with dynamics
that vary among species [2]. The dynamics that lead to the
formation and maintenance of trails determine how well the
colony selects and exploits available food sources [3].

Recruitment to food by ants has been studied for many decades
(see e.g. [4]). Early work on recruitment showed that ants
accumulate over time at food baits in response to direct and
indirect social cues [5,6] such as pheromone trails [7], tandem
running [8,9], and interactions among foragers, initiated by the
ants that first encountered the food source. Diversity in
recruitment strategies is probably related to the diverse ecological
conditions in which colonies search for and retrieve food.

The Argentine ant Linepithema humile is an invasive species that
has spread throughout the world [10-12], including northern
California [13-15]. Colonies are polydomous, occupying at least
two spatially distinct nests [16]. The network of separate nests,
connected by persistent trails [17-19], spans up to 200 m? in the
summer and contracts to a few large aggregations in the winter
[20]. As in many polydomous ant species [21], food [18,22] and
brood [10] are transported from one nest to another along the
trails [23]. Argentine ants explore using a search process that links
individual path shape to density [24], and lay pheromone trail as
they move [25]. Rapid recruitment to food sources appears to
provide Argentine ants with an ecological competitive advantage
in its exotic range, because native species tend to retreat from food
sources occupied by Argentine ants [26].
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Many ant species exhibit central place foraging [1,27], which
may incur substantial travel costs when the foraging area is large,
because each ant must travel back to a central nest [28]. Urban
road networks, like ant trails, form branching structures to move
individuals and resources. Cities often reduce per capita travel
distances by using distributed transportation networks between
dispersed locations without reliance on a single central transpor-
tation hub, reducing the costs of resource transport [29]. Similarly,
in Argentine ants, recruitment from the pool of workers on nearby
persistent trails could reduce travel costs, and increase the speed
with which ants accumulate at a new food source. Here we
investigate whether Argentine ants recruit nestmates directly from
nearby trails.

Our field trials test whether Argentine ants recruit workers to
new food sources from persistent trails. We observe the
recruitment behavior of ants at bait and examine whether
recruited ants come from the pool of workers already available
on a nearby persistent trail or from a nearby nest (Fig. 1).

Materials and Methods

We studied the foraging behavior of Argentine ants on the
Stanford University campus near Palo Alto, California, from May
16-26, 2011. In spring and summer, the mean distance between
Argentine ant nests linked by trails is about 15 m [20]. We
performed 13 baiting trials on two persistent trails, on opposite
sides of a building, with 5 trials for the trail on the West and 8 trials
for the trail on the East side of the building. The trails were
confined to tight spaces between concrete blocks and were never
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Figure 1. Experimental setup. The sketch represents our experi-
mental setup. The thick gray line represents the persistent trail. The
dotted line represents round trips taken by ants from the bait to the
nest. The dashed line represents round trips taken from the bait to the
trail. Marked ants that drank sugar water form the bait are shown with
red, striped abdomens. Note the marked ant on the trail that goes back
and forth recruiting nestmates.

doi:10.1371/journal.pone.0070888.g001

wider than 0.5 cm. Here we examine a) whether Argentine ants
recruit from the trail and b) demonstrate (quantitatively) how fast
this recruitment occurs.

Experimental setup

Trails were visible in the cracks between large paving stones.
For each trial, baits were placed for 90 minutes approximately
10 cm from a persistent trail (Fig. 1). The distance between trail
and baits was an experimental constraint imposed by the ants’
behavior. We observed that the ants do not reliably find a bait that
is more than 0.3 m away from the trail in less than a day. Thus, we
chose this distance because ants appeared at the baits at this
distance within 12 hours. We recorded all activity during this
period. The bait consisted of sugar water in a concentration of
25% sugar to water volume. We saturated a 2x2 cm? square piece
of cotton in sugar water and placed it on top of a paper towel of
approximately the same size. To mark the ants that visited the
bait, we added four drops of food coloring (Americolor Soft Gel
Paste) to the solution [as in 20].

We filmed the bait for the 90-min duration of each trial using a
JVC GZ-HM670 HD Everio Camcorder. An ant was considered
to have arrived at the bait when it started drinking from the cotton
or paper towel. When an Argentine ant ingests colored water its
abdomen swells, making the colored water visible between
abdominal segments. We distinguished between arrivals of
unmarked ants that had not yet ingested the bait, and arrivals of
ants with a colored abdomen that had previously ingested the bait
during that trial.

Data were recorded using an iPad app that we wrote called
EventLog.

Origin of new arrivals

To investigate whether recruitment occurred from the pool of
available workers on the persistent trail or from workers at the nest
we followed individual ants as they left the bait. We haphazardly
selected 27 ants in each trial that were ingesting the bait, and
observed the ants as they returned to the trail and then went back
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to the bait. Only few marked ants were present simultaneously in
the area between the bait and the trail, thus there was little chance
of confusing the identity of marked ants. We recorded the time it
took each ant to reach the trail, the time it spent at the trail, and
the time it took to return to the bait.

We defined a ‘bait-trail-bait’ round trip as the time for an ant to
go from the bait to the trail and back, and compared this time to
the ‘bait-nest-bait’ round trip, the time for an ant to go from the
bait to the nearest possible nest location and back to the bait
(Fig. 1). We obtained a direct measure of individual ‘bait-trail-bait’
round trip times by following individual ants as they walked from
the bait to the trail and back. We call this measure ‘observed’ bait-
trail-bait round trip time.

To calculate the ‘bait-nest-bait’ round trip time, we first
measured the speed of ants walking on the trail by selecting 2-6
ants during each trial and measuring the time it took each ant to
walk one meter. We estimated the mean time to the nest as
distance divided by velocity. To locate the nearest possible nest
location we followed trails until we found ants disappearing under
paving stones. The concrete was light colored, contrasting well
with the dark color of the ants, making it easy to see the ants. To
calculate a minimum time to return to and from the nest, we
considered the nearest point where the persistent trail disappeared
and the ants could have been entering a nest. Our ‘bait-nest-bait’
round trip times may be underestimated because a nest could have
been located further from the location where the ants disappeared
under the paving stones.

To test whether ants returned to the bait without first returning
to the nest, we compared bait-trail-bait round trip times with bait-
nest-bait round trip times using ANOVA. We additionally
measured the round trip time for the first marked ant that
returned in each trial and defined it as ‘estimated’ bait-trail-bait
round trip time. We compared that time to the ‘observed’ bait-
trail-bait time and to the bait-nest-bait time.

Recruitment

We tested for recruitment in two ways. First, following [30] and
[31], we measured the change in the number of ants at the bait
over time. To test whether arrival at the bait was due to
recruitment rather than to chance, we examined the relationship
of the flow of ants on the trail with the number of ants on the bait.
Second, to test whether the rate at which new ants arrived at the
bait increased, we used a regression. We tested whether the
increase in arrival rates was due to recruitment by comparing it
with the rate discovery by chance.

To determine if the number of ants at the bait increased over
time, we recorded the time of arrival of each ant at the bait, and
subsequently counted the number of ants on the cotton and the
paper towel throughout the trial, approximately every 5 minutes.

We measured the flow of ants on the trail by counting the
number of ants passing an invisible line on the trail, in both
directions, for one minute, 3-9 times for each trial. If ants arrive at
a bait alongside a persistent trail by chance alone, then the rate of
arrival of ants at the bait should be correlated with the rate of flow
of ants on the persistent trail; more ants moving along the
persistent trail would lead more ants to discover the bait. However,
if ants actively recruit nestmates from the trail, then the rate of
arrival at the bait would not necessarily be correlated with the rate
at which ants are moving along the persistent trail.

We examined the relationship between the number of ants at
the bait and the flow of ants on the persistent trail in several ways.
First we used a linear regression to directly compare the flow of
ants on the persistent trail as the dependent variable to the number
of ants at the bait as the independent variable. To allow for a
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comparison between the number of ants on the bait and the flow
of ants on the persistent trail, we used a one-dimensional data
interpolation to produce continuous data points for the flow
variable. We then examined how the relationship between the
number of ants on the bait and the flow of ants on the persistent
trail depended on time. We tested for positive slopes in the linear
regression of each of these two variables versus time. We then
normalized the number of ants on the bait by dividing it by the
flow on the persistent trail and calculated a linear regression of this
ratio against time. We used the False Discovery Rate (FDR) [32]
to correct for multiple testing.

We defined rate of arrival as the time between new arrivals to
the bait and the time to discover the bait by chance as the time it
took the first ant to discover the bait in each trial. We examined
increasing arrival rates by using an exponential regression with the
time between arrivals at the bait of new, unmarked ants, as the
dependent variable and the cumulative number of new ants that
had arrived at the bait as the independent variable. We used an
exponential regression instead of a linear regression because it
provided a better fit to the data when comparing the two models
using the Akaike Information Criterion (AIC) [33].

To test whether the rate of arrival at the bait was faster than
random discovery, we compared the time between arrivals at the
bait with the time it took for the first ant to discover the bait. We
expected recruitment to cause ants to arrive at the bait faster than
the time it took the first ant to discover the bait. We define
‘discovery time’ as the time it took the first unmarked ant to
discover the bait and used it to estimate how long it would take an
ant to arrive at the bait by chance. Recruitment should decrease
the time between successive arrivals of new ants at the bait.

All means are reported * standard deviations. Analysis was
conducted using Matlab (7.12.0.635 R2011a, Mathworks, MA)
and IBM SPSS Statistics (Version 20, NY).

Results

Ants are recruited from the persistent trail. Of the 47 ants
followed as they left the bait and returned to the trail, we observed
that 40% (19 ants: 5 of 15 followed on the East trail and 14 of 32
followed in the West trail) completed a second trip, returning from
the trail to the bait and back to the trail again. Once on the trail,
the recruiting ants spent 0.87%£0.67 minutes interacting with
nestmates. We observed these ants sharing sugar water with a few
of their nestmates on the persistent trail, via trophallaxis, before
returning to the bait. The mean round trip time from the bait to
the trail and back again for the 19 ants that were followed for the
entire round trip was 1.78*1.46 minutes (East trail: 1.38%=0.67,
West trail: 1.92%1.66 minutes). We lost visual contact with the
remaining ants (60%) once they arrived at the trail.

Recruitment from the persistent trail is faster than recruitment
from the nest. The minimum distance to the nest for the East trail
was 17.88 meters; and for the West trail, 12.19 meters. We
estimated the mean speed of ants on the trail as 1.07£0.45 meters
per minute for the East trail and 1.06+0.49 meters per minute for
the West trail. Thus, ants from the East trail required at least
30.52*+18.91 minutes to travel from the bait to the nest and back,
and ants from the West trail could complete this round trip in
18.91%£13.77 minutes. In all trials, observed and estimated bait-
trail-bait round trip times were significantly shorter than the mean
bait-nest-bait trip times (East trail ANOVA F=20.82 N=7,
$<<0.001; West trail ANOVA F=1848 N=17 p<<0.001) (Fig. 2).

The number of ants at the bait increased significantly over the
course of the trial. Ten of the thirteen trials showed a positive and
significant ($<<0.01) slope and three were not significant ($>0.05)
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Figure 2. Round trip ‘bait-trail-bait’ and ‘bait-nest-bait’ dura-
tions. The time to complete a round trip from the bait to the nest and
back is significantly longer (p<<0.001) than the observed and estimated
bait-trail-bait time for both East and West trails. Box plots represent the
duration for (A) seven measurements on the East trail, and (B)
seventeen measurements on the West trail. The central line on each
box is the median. The box edges are the 25th and 75th percentiles.
The whiskers extend to the most extreme data points that are not
considered outliers which are plotted individually as “+".
doi:10.1371/journal.pone.0070888.9g002

(Fig. 3, Table 1). Both trails exhibited an increase in the number of
ants at the bait over time. The slopes of linear regressions on
values from all trials were both significantly positive (0.13 East and
0.08 West, p<<0.05).

The increase in the number of ants on the bait appears to be the
result of active recruitment of nestmates from the persistent trail,
not random arrivals due to an increased flow on the persistent
trail. The flow of ants on the persistent trail did not change over
time, none of the regressions showed a significant relationship
between number of ants at the bait and flow on persistent trail
(Table 1). When we divided the number of ants at the bait by the
flow of ants on the persistent trail, 10 of 13 trials showed a
significant (p<<0.05) increase against time (Table 1).

Arrival at the bait provides positive feedback that leads to more
arrivals at the bait. As the number of new arrivals at the bait
increases, the time between successive arrivals decreases exponen-
tially (Fig. 4), SSE = 2299, R?=0.35, RMSE =1.26). In 8 of 13
trials, the time between arrivals of new ants at the bait decreases
significantly ($<<0.05) as the number of ants that visit the bait
increases (Table 1).

Arrival at the bait occurs more rapidly than it would if the bait
were discovered by chance (Fig. 2). The time between new arrivals
is substantially shorter than the time between bait placement and
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Figure 3. Number of ants on the bait over time. Each plot represents one trial. Ten of thirteen trials have a significant positive slope (first two
rows, Table 1). The regressions for the last three trials are not significant. Solid lines represent significant linear regressions (p<<0.01). Dashed lines

represent linear regressions that are not significant (p>0.05).
doi:10.1371/journal.pone.0070888.g003

first bait discovery (two sided Wilcoxon Signed Ranks Test,
7= 6097 Narrivals = 1467, Ndis(iov(:ri(:s = 137 p<0001)

Discussion

We found that Argentine ants recruit nestmates to food bait
from persistent trails. After locating a bait placed near a persistent
trail, recruiting ants returned to the trail, and some shared food
with nestmates on the trail. Activity at the bait, measured as the
number of ants and the rate of arrival at the bait, increased as a
result of recruitment, not as a result of an increase in the flow of
ants on the persistent trail.

We directly observed 40% of marked ants going from the bait to
the trail and back to the bait. This may be an underestimate
because we do not know what fraction of the ants we did not
directly follow went only to the trail or returned to the nest.
Further, the time it takes an ant to complete a round trip from the
bait to the nest and back is significantly longer than the durations
of round trips that we estimated for the first ants to appear at the
bait.

The increase in number of ants at the bait over time was not
due to an increase in the flow of ants on the persistent trail. The
time between arrivals at the bait decreased exponentially,
indicating positive feedback due to recruitment (Fig. 4). We found
that the intervals between the arrivals of subsequent foragers at the
bait were shorter than the time it took the first forager to discover
the bait initially, indicating that recruitment, rather than chance
discovery, accounts for the increase in number of ants at the bait.
Further work is needed to learn what determines the intervals
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between arrivals at the bait, and how these lead to non-linear
accumulations of ants at baits [34].

Our findings are based on observations of ants that take up
colored sugar water into their gaster. Previous work [22] showed
that 80% of Argentine ants that ingested colored dye remain
visibly marked after 14 days even though they engaged in
trophallaxis. Therefore, it seems unlikely that many marked ants
lost the color through transfer to nestmates in our 1.5-hour trials,
so the unmarked ants were probably new arrivals at the bait.

A high proportion (40%) of the ants that we followed, after they
found and fed from the bait, went back and forth from the trail to
the bait. These ants were probably depositing a pheromone trail,
but this remains to be demonstrated. Some species use different
pheromones to signal different types of trails. Nelson et al. [35]
discussed the possible use of different pheromones for main and
side trails in Paraponera clavata. Pheidole megacephala use two different
pheromones, a long-lasting pheromone to explore and a short-
lasting pheromone to recruit to a food source [36]. Similarly,
Anoploleprs gracilipes [37] and Paratrechina longicornis [38] use short-
and long-lasting pheromone signals. Aron et al. [25] showed that
Argentine ants lay a chemical trail as they walk. Additional work to
explore the use of multiple recruitment pheromones in Argentine
ants could determine whether these ants use different pheromones
for persistent versus ephemeral trails.

Further work is needed to determine which ants are more likely
to leave a persistent trail for a new food source, whether the small
trails formed by short-term recruitment later become larger, more
persistent trails [20], and how these dynamics are related to the
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Figure 4. Time between ant arrivals at the bait versus
cumulative number of new ants that have arrived at the bait.
The exponential regression shows a rapid decrease in time between
arrivals at the bait. As more ants arrive at the bait, the time between
arrivals decreases. Data for each trial are represented by a symbol of a
different color and shape. Exponential regression is shown as a thick
black line. The shaded area represents the 95% confidence interval.
doi:10.1371/journal.pone.0070888.g004

quality and duration of the food source. Forming branches from
persistent trails to exploit an ephemeral food source may expedite
foraging and increase colony efficiency in obtaining food. This
previously undescribed behavior, recruitment from a persistent
trail, uncouples information about the location of a food source
from the transport of the food to the nest. Further work is needed
to determine how often, and under what conditions, Argentine
ants employ recruitment from existing persistent trails. Addition-
ally, because our study was limited to two trails that were 50 m
from one another, close enough that they could conceivably have
belonged to the same colony, future studies should examine
differences in local recruitment behavior among multiple colonies
and ecological conditions.

The flexible recruiting system we describe, allowing new trails to
form from worker pools available in nearby persistent trails, may
help account for this species’ success as an invader [39,40].
Recruitment from nearby trails accelerates recruitment and food
collection by a factor of at least 9 (Fig. 2). Argentine ants are
successful in competing with native species in many areas of their
invasive range, in part because they arrive at food sources more
quickly than native species [22,26]. Similar dynamics can be found
in other mass recruiters. For example, the trail formation by
means of local recruitment can be compared to the exploratory
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dynamics of Monomorium pharaonis, whose workers interact through
the trail pheromone laid on the ground and lead to the emergence
of a network of exploratory trails from which scouts coming back
from a food source can recruit [41]. Lasius niger, use short-term
exploratory trails to guide workers towards rich food sources [42]
and Leptogenys ocellifera use permanent and ephemeral routes that
may change according to the food supply [43]. While flexible,
ephemeral trail formation has been observed in other species, the
novelty of our findings is that we demonstrate recruitment directly
from persistent trails rather than recruitment from the nest as in,
Paraponera clavata or from within a foraging area as in the Brazilian
ant Pheidole oxyops [44].

The Argentine ant strategy of recruitment from the trail suggests
a solution to a common engineering problem, that of collecting or
distributing resources in ‘“the last mile.” At the last mile,
infrastructure networks connect to individual consumers. The last
mile can be wired, such as cables that connect individual homes to
trunk lines, or wireless where a tower connects cell phones to a
high-speed backbone. In biological and engineered networks, the
dynamics in the last mile can set the pace of the entire system [43].
The last mile presents a challenge, because if a network delivers or
collects resources in a large area, the majority of the network wires
may be in the many short-distance low-capacity links that fill the
last mile.

Just as virtual networks like cell phone towers make coverage of
the last mile less difficult than constructing permanent wired
networks, the ephemeral recruitment trails that appear in response
to newly discovered food and connect to more established,
persistent trails provide an efficient way of routing resources in
Argentine ants. Ants that discover new food, and go to a persistent
trail to communicate that discovery to other ants, act as relays that
efficiently route ants to ephemeral food. Although trails between
nests are always needed for movement between nests, the
ephemeral relays to local baits provide a fast and flexible
mechanism for routing ants from persistent trails to ephemeral
food. The network exists only when it is needed, and when the
resource is exhausted, the network can disappear so that effort can
be invested elsewhere. Ants have evolved solutions to many
searching and communication problems [46,47] that mirror or
mspire approaches used by engineers. The ability of Argentine
ants to cover the last mile with ephemeral trails is yet another
example.
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