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Abstract
The distribution of food resources in space and time is likely to be an important factor governing the type of foraging
strategy used by ants. However, no previous systematic attempt has been made to determine whether spatiotemporal resource distribution is in fact correlated with foraging strategy across the ants. In this analysis, I present data compiled from
the literature on the foraging strategy and food resource use of 402 species of ants from across the phylogenetic tree.
By categorizing the distribution of resources reported in these studies in terms of size relative to colony size, spatial
distribution relative to colony foraging range, frequency of occurrence in time relative to worker life span, and depletability (i.e., whether the colony can cause a change in resource frequency), I demonstrate that different foraging strategies
are indeed associated with specific spatiotemporal resource attributes. The general patterns I describe here can therefore be
used as a framework to inform predictions in future studies of ant foraging behavior. No differences were found between
resources collected via short-term recruitment strategies (group recruitment, short-term trails, and volatile recruitment),
whereas different resource distributions were associated with solitary foraging, trunk trails, long-term trail networks, group
raiding, and raiding. In many cases, ant species use a combination of different foraging strategies to collect diverse resources. It is useful to consider these foraging strategies not as separate options but as modular parts of the total foraging
effort of a colony.
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Introduction
Myrmecologists have long recognized that the distribution
of food resources in time and space are important determinants of the foraging strategy used by ants (OSTER &
W ILSON 1978, HÖLLDOBLER & LUMSDEN 1980, TRANIELLO 1989, HÖLLDOBLER & WILSON 1990). In particular,
we expect that ants will use different recruitment strategies
depending on whether resources are patchily distributed,
dispersed, temporally stable or ephemeral (DORNHAUS &
POWELL 2009, GORDON 2012), and make predictions about
foraging based on these expectations (e.g., TRANIELLO &
LEVINGS 1986, SUNDSTROM 1993). We intuitively expect,
for instance, that solitary foraging will occur in species that
collect small, randomly dispersed, and quickly replenished
resources (PLOWES & al. 2013), whereas we expect raiding
and nomadism to occur in species that utilize spatiotemporally unpredictable and depletable resources (KRONAUER
2009). Yet, despite these expectations, no systematic attempt
has been made to determine whether spatiotemporal resource distribution is in fact correlated with foraging strategy across the ants. Here for the first time, I have compiled data on the reported diet and foraging behavior for a
large number of species across the ant phylogenetic tree.
With these data, I explore whether resource type and foraging strategy are indeed correlated, and determine the spa-

tiotemporal signature of resources associated with each foraging type.
Data set
Is foraging strategy correlated with resource distribution
across the ants? In order to find out, I compiled as many
references as possible that describe either the diet or foraging strategy of ants. In both the Web of Science and Google
Scholar databases, I systematically searched for every extant genus of ants listed in the Bolton world catalog (BOLTON & al. 2007), as well as for newly described genera and
common older synonyms of each genus (listed on AntWeb,
(ANTWEB 2002) and the Hymenoptera Name Server (JOHNSON 2007)). To find papers that did not include genus names
in the title, abstract, or key words, I also systematically
searched for the terms "ant" and "forage", "foraging", "trail",
"raid", and various other terms in both databases. Lastly,
to find older references lacking abstracts and key words, I
looked at cited references in more recent works and searched
for prolific authors by name.
Because this analysis deals with the foraging strategies
of free-living ants, I excluded all papers on myrmecophytic
ants (FONSECA & GANADE 1996), which feed exclusively
on a plant species they occupy (but included cases in which

Box 1: Foraging strategies of ants.
No recruitment
Solitary foraging: Workers leave the nest, search for food, and return alone. No information about the location of resources is communicated, although the return of successful workers may stimulate other foragers to leave the nest.
Recruitment of groups
Social carrying: A scout ant discovers a resource and returns to the nest, where she physically picks up a nestmate and carries her
to the resource. This recruitment behavior was originally described for nest moving, but can occur during foraging (MÖGLICH &
HÖLLDOBLER 1974, LIEFKE & al. 2001). Only one worker is recruited at a time.
Tandem running: Upon discovering a food source, the scout ant returns to the nest and recruits a follower. The scout leads the
follower to the food source in a tandem pair, such that the antennae of the follower frequently touch the gaster of the leader
(WILSON 1959). Only one worker is recruited at a time, proceeding at a slower pace than a single ant can run, and pausing if the
pair loses contact. Both mechanical and chemical signals may be used during tandem running (LIEFKE & al. 2001).
Group recruitment: A scout ant discovers the food source and usually lays a chemical trail back to the nest. However, the chemical
signal alone does not cause workers to follow it. For recruitment to occur the scout must engage in a recruitment motor display inside the nest, activating recruits that then must follow the leading scout along the trail back to the food (HÖLLDOBLER 1971). Small
numbers of workers are recruited, typically between two and a few dozen.
Group raids: A scout discovers a food source and lays a chemical trail back to the nest, where she then leads a group of recruits
in a manner similar to group recruitment. However, instead of just a few ants, a large proportion of the forager population can be recruited. Group raids can look similar to true raiding columns in the field, but the difference is that a scout is necessary to discover
the food source beforehand and lead the column (MILL 1984).
Chemical mass recruitment (WILSON 1962)
Short-term trails: A scout discovers the food and lays a chemical trail back to the nest. Other foragers begin following the trail,
and if they are successful in finding food, they add pheromone to reinforce the trail as they return. The greater the amount of
pheromone on the trail, the more likely individuals are to follow it. Unsuccessful foragers do not add to the trail and recruitment
ceases once the resource has been depleted and the pheromone dissipates (WILSON 1962). Dissipation can occur rapidly once the
trail is no longer being enhanced (JEANSON & al. 2003). Mechanical recruitment by the scout in the nest may or may not occur,
but is not necessary for workers to begin following the trail (WILSON 1962).
A similar method of recruitment, termed "leader-independent trail communication", is described by LIEFKE & al. (2001). This
method differs from short-term trail recruitment only in that mechanical recruitment by the scout within the nest is necessary to
induce trail-following by workers. Because most literature sources do not differentiate between these two types of foraging, I have
categorized them both as short-term trail recruitment for analysis.
Volatile alarm recruitment: A worker discovering a food source releases a volatile chemical signal that attracts nearby workers.
Volatile alarm recruitment draws recruits from the population of nearby foragers, rather than from the pool of potential foragers
inside the nest.
Trunk trails, foraging columns, and fans: Trunk trails are long-lasting trails that persist for months or years, radiating outward from
the nest in a dendritic pattern. At the end of the trail, ants search individually. Trunk trails are typically cleared of debris or obstacles,
and sometimes can be partially underground (FOWLER 1985). As they proceed outward from the nest, trunk trails can branch, and
the location of the terminal branches are more variable over time (HÖLLDOBLER 1976, PLOWES & al. 2013). Colonies can have one
or multiple trunk trails, but may not use them all at the same time (PLOWES & al. 2013). Trunk trails are frequently defended as part of
the colony territory (HÖLLDOBLER & LUMSDEN 1980).
Foraging columns also radiate outward from the nest, but are shorter-lived than trunk trails, can lack cleared paths, and last hours or
days. Ants follow the foraging column trail to its end, then fan out and engage in individual search (PLOWES & al. 2013). Foraging
columns may proceed in different directions over time, and areas searched by columns can overlap with areas searched by neighboring colonies.
Foraging fans or plumes are similar to column foraging, but instead of first following a trail workers fan out directly from the nest
entrance in a particular direction. Trunk trails, foraging columns, and fans are similar in that they radiate outward from a central
point and cover a large search area, and may occur in both polydomous and monodomous colonies.
The exact form and duration of trunk trails and columns can vary considerably between ant genera (e.g., Messor and Pogonomyrmex),
and future research may enable us to further refine these categories. However, due to lack of detail in many reports and the interchangeable use of "trunk trail" and "column" in the literature, I have grouped these three foraging strategies for some of the analyses.
Long-term trail networks: Long-term trail networks persist for months or years, but lack the dendritic pattern of trunk trails. Instead, they take the form of a network, linking polydomous nests and temporally persistent food sources. Long-term trail networks
can be relatively simple (e.g., VAN WILGENBURG & ELGAR 2007) or extremely large and complex (e.g., WAY & KHOO 1991) and are a
hallmark of many highly polydomous or unicolonial ant species. Despite these differences, many previous authors have used the
terms "trunk trail" and "column" to describe long-term trail networks (see text).
Column and swarm raids: Raids are similar to trunk trails, foraging columns, and fans, in that they radiate outward from a
central point in a particular direction and cover a large search area. However, raids last for a short period of time, rarely cover the
same area twice, and are typically performed by nomadic species that frequently move in order to cover new foraging areas. Column
raids are dendritic in form, branching into narrower columns as groups of workers search for food (e.g., Eciton hamatum (FABRICIUS, 1782)). Swarm raids (SCHNEIRLA 1934) begin with a dense carpet of ants sweeping into an area, forming a column behind
that connects back to the bivouac (e.g., Eciton burchellii (WESTWOOD, 1842)). Swarm and column raids are not discrete categories,
with many army ant species exhibiting intermediate forms of raiding (KRONAUER 2009).
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Fig. 1: Foraging strategies of ants.
the plant provides only housing and ants forage beyond the
plant), parasitic ants, and slave-making ants. Overall, I
found 1252 papers that met these criteria and reported on
some aspect of ant foraging behavior. Table S1 (Appendix, as digital supplementary material to this article, at the
journal's web pages) provided in the Digital Supplementary Material includes the diets, foraging strategies, and
498 associated citations for 402 species of ants. Although

this data set is large, it represents only approximately 4%
of the described ant species in the world (ANTWEB 2002,
BOLTON & al. 2007). I provide these data in the hope that
other myrmecologists will use and contribute to the list, and
that researchers will be motivated to consistently report
natural history observations such as diet and foraging in
their future publications.
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Fig. 2: Long trunk trails of the seed harvesting ant Pheidole xerophila WHEELER, 1908. Trunk trails radiating out
from the nest on the small hill in the background are traced
out on the ground with fluorescent orange flagging. This
colony harvests seeds in the highly patchy environment at
the edge of the Willcox playa in Arizona (USA), crossing
areas of salt flats to reach patches of grass. Photo by M.
Lanan.
Foraging strategies of ants
In Box 1 and Figure 1, I categorize the variety of foraging
strategies used by ants, including solitary foraging, recruitment of groups, and chemical mass recruitment. I use the
term "foraging strategy" herein to refer to colony-level
patterns of foraging behavior. Because literature sources
vary in both the terminology used and the ways in which
authors classified foraging behavior, I was careful to match
the description of the actual behavior in the paper against
my own categories in Box 1. For instance, in order for an
observed behavior to be listed as "group recruitment" in
this review, the authors must have observed a scout leading
a group of workers to a previously discovered food source,
and preferably should have tested whether the recruits
could proceed when the scout was removed. In some cases
uncertainties or additional information is noted alongside
the citation in the Supplementary Information tables.
The categories of foraging I list in Box 1 are similar to
those used by previous authors (HÖLLDOBLER & WILSON
1990, DORNHAUS & POWELL 2009), with one important
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Fig. 3: The distribution of food types and foraging strategies
across the phylogeny of the ants. The genus-level phylogeny is drawn to reflect the current understanding of the ant
phylogenetic tree based on recently published molecular
studies (BRADY & al. 2006, MOREAU & al. 2006, LAPOLLA
& al. 2010, MEHDIABADI & SCHULTZ 2010, WARD & al.
2010, SCHMIDT 2013). Use of each food type within a genus is indicated with colored rectangles, while occurrence
of foraging strategies within a genus are indicated with
solid circles. Possible, but uncertain occurrence of a foraging strategy is indicated with open circles. References for
the diet and foraging data are provided in Table S1. In addition, Figure S1 in the Supplemental Information presents a
more detailed, larger version of this phylogeny with taxa
names.
exception. Previous authors have grouped all long-term trail
systems together as "trunk trails", defined as "long-term
routes which are marked with persistent trail" (LEVINGS &
TRANIELLO 1981). Just as the properties of networks vary
depending upon whether they are centralized or distributed
in structure (BARRAT & al. 2004), the properties of longterm trails vary depending upon whether they are dendritic in form like the trunk trails of Pheidole xerophila
WHEELER, 1908 (Fig. 2) or distributed like the long-term
trail networks of Dolichoderus mapped by WAY & KHOO
(1991). I have classified long-term trails that branch out in
a dendritic manner to cover an area as "trunk trails", and
distributed trail networks that connect many points as
"long-term trail networks" (Fig. 1). These are not discrete
categories and some ant species exhibit long-term trails
that are intermediate in structure or that vary from dendritic to network form depending on resource distribution
(e.g., ZAKHAROV 1980). In order to categorize cases of
long-term trail foraging, I either placed species in the category they were most similar to using the available maps
and description, or listed them as having long-term trails

of uncertain type. Although long-term trail networks are
more commonly associated with polydomous nest structures, they can also occur with monodomous nesting habits,
just as trunk trails can co-occur with both monodomy and
polydomy (ACOSTA & al. 1995).
The terms "trunk trails" and "columns" have also frequently been used interchangeably in the literature, and a
great deal of variation within each category may also occur between species. Many papers do not provide enough
information to accurately distinguish between trunk trails
and columns or between different varieties of trunk trails.
For this reason, I have grouped all dendritic long-term trails
together for several analyses (described below).
Food resources collected by ants
In order of the number of ant species reported to use them,
the most common food resources collected by ants are small
prey (202), honeydew (110), small and large dead insects
(106), seeds (86), extrafloral nectar (EFN) (50), large prey
(33), honeydew from trophobionts (defined here as honeydew-secreting insects housed within the nest) (29), leaves
as fungal substrate (28), ant or termite colonies (20), fruit
or fruit juice (14), vertebrate carrion or very large invertebrate carrion (13), floral nectar (13), elaiosomes (10), groups
of small prey, typically termites (9), vertebrate droppings
(6), other sugary plant secretions such as sap (6), detritus
as fungal substrate (5), assorted plant material (2), flower
parts (2), mushrooms (2), pollen (1), and starchy roots (1)
(Tab. S1). I excluded baits and human garbage from the
list of food resources. This list reflects not only the frequency at which ants collect different food resources, but

the biases of researchers towards studying certain groups of
ants. For instance, a disproportionate amount of research
has focused on the seed-harvesting ants, whereas relatively
few studies have reported the diets of non-myrmecophytic ants in the Pseudomyrmecinae. Some resources such as
elaiosomes (lipid-rich bodies attached to seeds of certain
plants) are also likely to be underrepresented in this list because researchers studying ant-mediated seed dispersal often
did not determine the identity of the ants collecting them
to species.
These data on food type and foraging strategy are placed
in a phylogenetic context in Figure 3. Many of the foods
collected by ants can be grouped into two broad categories, carbohydrate foods and protein foods. Common sources
of protein include prey and dead arthropods, and use of
these foods occurs across the ant phylogenetic tree (yellow, light orange, orange, and brown rectangles in Fig. 3).
Carbohydrates are mainly collected in liquid form, including floral nectar, extrafloral nectar, and honeydew. Use of
these sugary liquids (light blue, teal, blue, and dark blue
rectangles in Fig. 3) is concentrated in the Formicoid clade,
particularly the Dolichoderinae, Formicinae, and some of
the Myrmicinae. Associations between specific food types
and foraging strategies, as well as other phylogenetic patterns are discussed in more detail below.
Is foraging strategy correlated with resource distribution in space and time?
To answer this question I first identified four components
of spatiotemporal resource distribution (Tab. 1). "Size of
the resource unit relative to colony size" ranges from small
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Tab. 1: Categories used to classify the spatiotemporal characteristics of food resources in this review. Numbers for each
category correspond to the axes of the graphs in Figure 4. Classifications for each data point and associated citations and
justifications are listed in Table S2.
Size of resource unit relative to colony size
1 The resource occurs as a small unit that one ant can retrieve without help.
2 The resource is medium-sized, and several ants are necessary to either subdue, process, protect, or transport it.
3 The resource is large, and a significant portion of the forager workforce is needed to subdue, process, protect, or transport it.
Spatial distribution of the resource (patchy or dispersed) relative to colony foraging range
1 After the resource is depleted, it could next occur anywhere within the foraging range with equal likelihood (dispersed, or random
distribution).
2 After the resource is depleted, it will most likely be found next in the same general area, and does not occur throughout the foraging range with equal likelihood (patchy).
3 After the resource is depleted, it will most likely reoccur in the exact same location (very predictable patch).
Frequency of resource occurrence in time relative to worker lifespan
1 The resource is quickly and continuously replenished or extremely common, and can definitely be encountered during a worker's
next foraging bout.
2 The resource is moderately common, and a new, similar item is likely to be found again in future foraging bouts within the current foraging range, within the lifespan of a forager. However, the next foraging bout may or may not be successful.
3 The resource is uncommon, and a new, similar item is unlikely to be found again within the current foraging range, within the
lifespan of a forager.
Depletability – whether the colony can cause a change in the frequency of resource occurrence
1 Foraging by the colony will not cause a decrease in the frequency at which the resource will be encountered in future foraging bouts.
2 Concerted foraging effort by the colony can temporarily cause a decrease in the frequency at which the resource occurs.
3 Concerted foraging effort by the colony can cause the resource to be depleted in the entire foraging range for a while.

items that a single ant can retrieve, to large items that require most of the forager workforce to collect. "Spatial distribution of the resource relative to colony foraging range"
varies from dispersed to extremely patchy or clumped. "Frequency of resource occurrence in time relative to worker
life span" ranges from items that are continuously replenished and found on every foraging bout, to those that are
infrequently encountered during foraging bouts. The fourth
component, "depletability", refers to the ability of a colony
to cause a change in the frequency of resource occurrence.
Although an individual item is always depleted once it
has been collected, I considered only whether foraging
by the colony could cause a change in the frequency at
which the next similar item might be encountered. Thus
this measure is relative to colony foraging effort, and a resource that is non-depletable for one species may be depletable for another.
Using the categories listed in Table 1, I classified each
reported instance of foraging that I found in the literature.
Enough information was provided in the literature to include data for 149 ant species in this analysis (data, references, and detailed justifications for every data point are
provided in Tab. S2). I considered the spatiotemporal availability of each resource only during the season in which it
is present. For instance, ripe Opuntia (prickly pear) fruit
occur during approximately two months of the year in the
Sonoran Desert, USA, during which time the fruits are a
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medium-sized, patchy, moderately common, non-depletable
resource collected by Aphaenogaster cockerelli ANDRÉ,
1893 (Tab. S2).
For each case, I compared the description in the paper
against my own three levels for each category in Table 1.
For each data point that I was able to categorize, I recorded my justification and relevant citation in Table S2.
Although some bias is unavoidable in an analysis of this
type, I attempted to base my categorizations only on the
information in the paper and on very basic assumptions
(e.g., if an item is retrieved by a solitary forager, it must be
a small unit that one ant can retrieve without help, and if
ants repeatedly visit the same clump of aphids over time,
the standing crop of honeydew is likely being replenished
by those aphids). Some data points are based on actual measurements of resource distribution, while others are based
simply on statements by the authors (e.g., they describe
food distribution in the habitat as "patchy" but do not provide actual data). Notes accompanying the data in Table S2
describe whether each point comes from a qualitative or
quantitative source. In many cases, I was able to assign a
category for only two or three of the four categories based
on the available information. Multiple instances of foraging were included in the data set for some species, when
multiple foraging strategies or foods were used. For instance, Camponotus socius ROGER, 1863 uses a long-term
trail network to visit aggregations of honeydew-secreting

Fig. 4: The spatiotemporal distribution of food resources collected by a) solitary foraging, b) group recruitment, c) shortterm trails, d) volatile recruitment, e) group raiding, f) raiding, g) trunk trails, h) long-term trail networks, i) polydomy,
and j) nomadism. Axes of the graphs are explained in Table 1, with the fourth axis, size, represented by color. Spheres
represent the mean and standard deviation of the data for each axis. Small black points on the walls of the graph represent individual data points for which data on two dimensions was available. Data sources are listed in Table S2.
insects, but uses group recruitment to retrieve dead insects
on the ground (HÖLLDOBLER 1971). If two food types were
collected using the same foraging strategy by the same
species, those data were averaged. Some references provided enough information to include only some of the
reported food types or foraging strategies in the analysis.
To determine whether different foraging strategies are
associated with unique spatiotemporal resource distributions, I plotted the data using the four aspects of spatiotemporal resource availability listed in Table 1 as axes of
resource space. Because most data points were available for
only a subset of the four spatiotemporal categories, I calculated the mean and standard deviation in order to represent the data as spheres in resource space. Figure 4 shows
these data in four dimensions (with the first axis, size, represented with color) for eight foraging strategies for which
there were enough data, as well as for polydomy and no-

madism. In addition, instances for which at least two axes
were categorized are plotted as black dots on the walls of
the graphs. A small amount of scatter was added to points
that overlapped in order to make them more apparent in
the figure.
Several general patterns are apparent from this analysis.
For instance, strategies for recruitment of small groups including group recruitment, short-term trails, and volatile
recruitment appear to have similar spatiotemporal resource
distributions, as do group raiding, raiding, and nomadism.
Solitary foraging and trunk trails are somewhat similar to
one another, as are trail networks and polydomy (Fig. 4).
Using this analysis we can identify common features most
associated with certain foraging strategies, such as small
resources with trunk trails, clumped resources with trail
networks and polydomy, and more depletable resources associated with group raiding, raiding, and nomadism. Al-
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Solitary foraging

Fig. 5: The types of food collected by a) solitary foraging,
b) group recruitment, c) short-term trails, d) volatile recruitment, e) group raiding, f) raiding, g) columns and fans,
h) trunk trails, and i) long-term trail networks. Only data
for which a particular food type was described as being
gathered with a particular foraging strategy were included.
Prey are defined as large if they require more than one ant
to retrieve.
though it would be possible to determine which spatiotemporal distributions differ from one another significantly
using this data set, I did not feel that a statistical analysis
would be appropriate based on the subjective nature of the
data itself. Rather, the purpose of this analysis is to present
the general patterns of spatiotemporal resource distribution
as a framework on which we can base hypotheses for future investigations.
In addition to being associated with different spatiotemporal resource distributions, the different foraging strategies were also associated with different types of resources
(Fig. 5). Data used in the analysis shown in Figure 5 include every report in which a specific foraging strategy was
used to collect a specific resource (All data in Tab. S2,
plus some cases from Tab. S1). The types of resources collected using group recruitment, short-term trails, and volatile recruitment (Fig. 5 b - d) do not differ from each other
significantly (Pearson χ2 18,48 = 19.27, p = 0.38), whereas
solitary foraging, group raiding, raiding, trunk trails, and
long-term trail networks were all associated with unique
types of resources (Fig. 5 a, e - i, p < 0.05 for all pairs).
Below, I discuss the relationship between spatiotemporal
resource distribution, food type, and different foraging strategies in greater detail.
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Solitary foragers typically collect small, fairly common resources that are distributed unpredictably in space and that
are not depleted by colony foraging effort (Fig. 4). Solitary
foraging occurs across the ant phylogenetic tree, with examples occurring in nearly every group of ants (Fig. 3),
and it frequently co-occurs with other foraging strategies
within species (Tab. S1). Small arthropod prey (prey that
can be captured and retrieved by a single ant) are the most
common resource collected by solitary foragers (Fig. 5),
often by species that live and hunt in forest leaf litter (Tab.
S2). Small prey can be either dispersed or clumped in distribution, for instance dispersed throughout the leaf litter
(RAIMUNDO & al. 2009) or clustered in humid patches (DUROU & al. 2001). In most cases, small prey are also quickly replenished in time relative to the lifespan of a worker,
because prey are abundant in the area relative to the abundance of ants, because prey quickly reproduce, or because
prey are mobile and continuously dispersing into the colony foraging area. Ants collect a wide variety of small
prey, including larval and adult insects, earthworms, isopods, Collembola, millipedes, centipedes, spiders, and diplurans. Some ants that specialize in a particular type of
small prey may have related morphology, such as species
in the genus Leptogenys that capture oniscoid isopods with
their unusually curved mandibles (DEJEAN & EVRAERTS
1997). Morphological adaptations of such specialized hunters are reviewed by DORNHAUS & POWELL (2009).
Small dead insects are the second most common resource collected by solitary foragers (Fig. 6a). Similar to
small prey, dead insects are typically a dispersed resource
that can be encountered anywhere in the foraging range
of a colony, and are quickly replenished. Some ant species
rely almost entirely on dead insects as a food source. The
best-known examples are found in the North African desert
ant genus Cataglyphis, which rely almost entirely on dead
insects that have succumbed to the heat and have blown
into the featureless salt-pan habitat of the ants (SEIDL &
WEHNER 2006). Due to their solitary foraging habits and
simple habitat, Cataglyphis have become a model system
for studying animal navigation (reviewed in WEHNER 2009).
The desert genera Melophorus and Ocymyrmex are also
solitarily foraging specialists on dead insects (MARSH 1984,
MUSER & al. 2005). Most generalist ant species will also
take dead insects when they encounter them.
Seeds are the third most common resource collected
by solitary foragers, and are also typically small, fairly common, and either distributed or patchy in space. However,
seeds are also one of the most commonly collected resources by species that use trunk trail and column foraging
(Fig. 5). Colony size appears to be the main determining
factor in whether species use solitary foraging or trunk
trail foraging to collect seeds (BECKERS & al. 1989). Large
colonies are more likely to temporarily deplete patches,
and trunk trail or column foraging enables the colony to
shift foraging effort elsewhere in response to depletion
(GOSS & DENEUBOURG 1989, BRENER & SIERRA 1993).
However, recent work by FLANAGAN & al. (2012) has shown
that large Pogonomyrmex colonies that use trunk trails are
no more efficient at exploiting clumped resources than are
small solitarily foraging colonies, when foraging range and
forager number are accounted for.

Fig. 6: a) A solitary forager of Dorymyrmex bicolor WHEELER, 1906 retrieves a dead insect from a dry riverbed near
Tucson, Arizona (USA). b) Multiple Crematogaster sp. workers tend a group of aphids on a grass stem at Reddington
Pass, Arizona (USA). Photos by M. Lanan.

Short-term recruitment strategies
Social carrying, tandem running, group recruitment, shortterm trails, and volatile recruitment are all strategies that
mobilize groups of workers for a short period of time. These
strategies vary in the size of the mobilization, from one
additional worker for social carrying and tandem running
to hundreds or thousands of workers for short-term trails
(HÖLLDOBLER & W ILSON 1990). They also vary in the
speed of recruitment, from relatively slow tandem running
to rapid volatile recruitment. However, these strategies are
all used to collect similar types of resources with similar
spatiotemporal distributions (Figs. 4, 5). Short-term recruitment strategies are typically used to retrieve medium sized
resources that require more than one ant to handle and that
are not predictable in space. These resources often occur
relatively frequently and are non-depletable, although shortterm recruitment can also be used to retrieve uncommon
items like vertebrate carrion. The main difference between
resources collected by solitary foraging and those collected
via short-term recruitment strategies is the size of the food
item (Fig. 4), as recruitment is necessary only for items
too large for one ant to handle.
Large arthropod prey and dead insects or carrion are the
most common resources collected via short-term recruitment strategies, followed by groups of small prey such as
aggregations of foraging termites (Fig. 5). Like solitary
foraging, short-term recruitment strategies occur in ant genera across the phylogenetic tree (Fig. 3) and frequently cooccur with other foraging strategies within species (Tab.
S1). Group recruitment is particularly common in the poneroids, Formicinae, and Myrmicinae. Although short-term
trail recruitment does occur in the poneroids, it is most
common in the Dolichoderinae, Formicinae, and Myrmicinae.

The mechanics of short-term trail recruitment have been
extensively studied in the laboratory and with modeling
approaches. Lasius niger (LINNAEUS, 1758) has been the
species of choice for many studies of short-term trail recruitment. Work on this ant includes studies of the interaction between the use of pheromones and route memory
in navigation (EVISON & al. 2008, CZACZKES & al. 2011,
GRÜTER & al. 2011, CZACZKES & al. 2013a), the effect of
numerous factors on pheromone deposition and recruitment
including individual variation (MAILLEUX & al. 2005),
crowding (CZACZKES & al. 2013b), substrate (DETRAIN &
al. 2001), food type, quality, or quantity (BECKERS & al.
1993, MAILLEUX & al. 2000, DETRAIN & al. 2010), and
colony nutritional needs (PORTHA & al. 2002, 2004, MAILLEUX & al. 2006, 2010, 2011), the effects of bottlenecks
(DUSSUTOUR & al. 2005), u-turning (BECKERS & al. 1992,
DEVIGNE & DETRAIN 2006), and crowding (DUSSUTOUR
& al. 2006) on the temporal organization of trail traffic,
and use of multiple signals in regulating trail recruitment,
including home range marking (DEVIGNE & al. 2004) and
negative feedback (GRÜTER & al. 2012). It is ironic then,
that very little information about the behavior and natural
history of this ant in the field has been reported in the
literature.
Why do some ant species rely on one short-term recruitment strategy rather than another? In particular, the resources
collected via group recruitment and short-term trail recruitment are spatiotemporally similar, and in many cases both
strategies occur within the same phylogenetic clade (Fig. 3).
It is possible that the two strategies are functionally equivalent, or that there are advantages and disadvantages to
each that are not apparent in this analysis. Teasing apart
the proximate and ultimate causes of variation among species in short-term recruitment strategy may be a rich area
for future research.
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Trunk trails and columns
Trunk trails and columns, which direct the foraging effort
of a colony to a patch within its foraging range, are most
commonly used to collect resources that are small, fairly
common, and either patchy or dispersed in space (Fig. 4).
Unlike resources collected via solitary foraging or shortterm recruitment strategies, resources collected by trunk
trails can be temporarily depletable. For instance, leaf fragments collected by fungus-gardening ants can be clumped
or dispersed depending on the distribution of plants and the
selectiveness of the colony (Tab. S2). A patch of leaves on
a particular plant might be temporarily depleted by a large
leaf-cutting ant colony, replenished only when the plant
grows new leaves.
Similarly, harvester ants gathering seeds on the ground
are collecting a small resource that can sometimes be temporarily depleted by larger colonies. In some cases, for
instance when seeds have fallen from an isolated fruiting
plant or when seed-producing plants are clumped, the resource can be patchily distributed within the foraging range
of the colony (W ILBY & SHACHAK 2000). However, in
many cases seed harvesters are collecting dispersed seeds
that are continuously turned out of the soil seed bank (GORDON 1993). A patch of soil that is temporarily depleted
through concerted foraging effort will be replenished as
seeds are turned out of the ground by abiotic factors like
wind and rain, or as new seeds fall.
Foraging columns and fans rotate or move from day
to day, focusing colony foraging effort in different areas
in response to changing resource abundance (PLOWES &
al. 2013). Although trunk trails are more permanent structures, colonies may not use the same trunk trail from day
to day (GORDON 1991), and the location of trunk trails may
change over a longer time scale (SILVA & al. 2013). This
movement allows time for depleted resources to become
replenished before foraging effort again focuses in that area.
Two of the most studied ant genera, Atta and Pogonomyrmex, use trunk trail foraging. Research on Atta has included studies of forager size polymorphism (STRADLING
1978, WETTERER 1999, CLARK 2006, EVISON & RATNIEKS 2007) including the relationship between load size and
body size (RUDOLPH & LOUDON 1986, WETTERER 1990a,
b, 1991, VANBREDA & STRADLING 1994, WETTERER 1994,
BURD 1995, 2000b, 2001, BURD & HOWARD 2005, LIMA
& al. 2006, HELANTERÄ & RATNIEKS 2008), locomotion
and the energetics of load carrying (LIGHTON & al. 1987,
BURD 1996, 2000a, ROSCHARD & ROCES 2002, LEWIS &
al. 2008, MOLL & al. 2010, 2012, 2013), and body size and
foraging distance (SHUTLER & MULLIE 1991). In addition,
much research has focused on fungal substrate selection and
preference (CHERRETT 1968, 1972, BERISH 1986, NICHOLSORIANS & SCHULTZ 1989, NICHOLSORIANS 1992, FOLGARAIT & al. 1996, VASCONCELOS & CHERRETT 1996, VASCONCELOS 1997, MEYER & al. 2006, MUNDIM & al. 2009,
SAVERSCHEK & al. 2010, SILVA & VASCONCELOS 2011,
VITORIO & al. 2011, NETO & al. 2012) and the response
of the trunk trail system to resource distribution (FOWLER &
ROBINSON 1979, SHEPHERD 1982, 1985, KOST & al. 2005,
SOUSA-SOUTO & al. 2008). Studies have also examined the
role of head-on encounters along the trail in information
flow (BURD & ARANWELA 2003, FARJI-BRENER & al. 2010)
and the effect of branching, trail widths (BRUCE & BURD
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2012, FARJI-BRENER & al. 2012), speed, and crowding
(BURD & al. 2002, DUSSUTOUR & al. 2007, 2009a, FARJIBRENER & al. 2011) on traffic flow.
Pogonomyrmex has also become perhaps the best-understood model system for detailed mechanistic investigations of foraging behavior (e.g., HÖLLDOBLER 1976, GORDON 1983, 1986, 1991, 2002, GORDON & al. 2005, SCHAFER & al. 2006, GREENE & GORDON 2007a, b, GORDON
& al. 2008). Work on Pogonomyrmex has also included
studies of size matching and load carrying (GOLLEY 1964,
TRANIELLO & BESHERS 1991, FERSTER & TRANIELLO
1995), as well as food preference (FEWELL & HARRISON
1991, CRIST & MACMAHON 1992, JOHNSON & al. 1994) and
interspecific and intraspecific competition (GORDON 1988,
GORDON & KULIG 1996, BARTON & al. 2002).
A small number of predatory ants also use trunk trails
to forage for small prey. Arboreal colonies of Gnamptogenys moelleri (FOREL, 1912) use trunk trails to lead workers to foraging areas and help returning workers find the
nest (GOBIN & al. 1998), and colonies of Pachycondyla
(Brachyponera) sennaarensis (MAYR, 1862) use underground tunnels as trunk trails that radiate outward from
the nest and deliver foragers to different hunting areas
(DEJEAN & LACHAUD 1994). Honeydew is also sometimes
collected using trunk trails that radiate outward from the
nest (QUINET & al. 1997).
Long-term trail networks
Just as the interstate highway system links cities in the
United States, long-term trail networks guide ant traffic
between fixed locations within ant colony territories. These
networks typically link multiple nests and spatiotemporally stable food sources such as aggregations of honeydewsecreting insects. They may be simple in structure, linking
only several locations, or large and highly complex (e.g.,
GREENSLADE & HALLIDAY 1983). Most studied examples
are above-ground, but many ants also use underground tunnel networks to forage (e.g., ZAKHAROV & TOMPSON 1998,
KENNE & DEJEAN 1999, BUCZKOWSKI 2012). The most
common resource collected via long-term trail networks
is honeydew from either free-living aggregations of hemipteran insects or from trophobionts housed within the nest
itself. Considered as a unit, an aggregation of honeydewproducing insects is a medium-sized resource that usually
requires at least several ants to collect liquid, tend the insects, and defend the patch (Fig. 6b). Honeydew is continuously produced by phloem-feeding insects, and is thus
quickly replenished (NESS & al. 2009). Hemipteran aggregations do not typically move, and may persist in the same
location for months (HENDERSON & JEANNE 1992), even
occurring on the same trees year after year (CSATA & al.
2012). Trophobionts are even more spatially and temporally stable, as colonies will move groups or build structures
in order to accommodate their foraging needs (MALSCH &
al. 2001, ROHE & MASCHWITZ 2003).
Although extrafloral nectaries (glands on non-floral plant
parts that secrete sugary liquids) can be small and dispersed
in vegetation, certain plants produce clusters of them that
are more similar to honeydew in spatiotemporal availability. For instance, the Sonoran Desert barrel cactus Ferocactus wislizeni (BRITTON & ROSE, 1922) secretes nectar
continuously from a large cluster of nectaries at the crown
of the plant over the course of many years (MORRIS & al.

2005). The ants that collect this resource maintain large,
territorial, polydomous colonies linked by a long-term trail
network, and will even build shelters covering the nectaries
on the plants (LANAN & BRONSTEIN 2013). Both honeydew and extrafloral nectar are resources that ants obtain via
mutualism with insect or plant partners, and thus long-term
trail networks and polydomy can be viewed as colonylevel ant traits associated with mutualism. Ant participation
in mutualisms has recently been analyzed in a phylogenetic context by OLIVER & al. (2008).
Compared with trunk trail foraging, relatively little research has focused on the use of long-term trail networks
in ants. However, many if not most species that use longterm trail networks are territorial. A number of studies have
used these ants to investigate intraspecific and interspecific competition (e.g., ETTERSHANK & ETTERSHANK 1982,
SAVOLAINEN 1990, TANNER & ADLER 2009, TANAKA &
al. 2012, RIBEIRO & al. 2013) and ant mosaics (ADAMS
1994, DEJEAN & al. 1994, ARMBRECHT & al. 2001). The
best-known examples of territorial, polydomous ants that
use long-term trail networks are found in the arboreal genus
Oecophylla (e.g., HÖLLDOBLER & WILSON 1977, DEJEAN
& BEUGNON 1991, WAY & KHOO 1991) and the moundbuilding Formica (e.g., CHERIX 1980, MCIVER & al. 1997,
SORVARI & HAKKARAINEN 2004). Multiple pheromones
may be used by trail network foraging ants, with both longlasting trail marking signals and short-term recruitment
signals (DUSSUTOUR & al. 2009b).
By distributing the work force among multiple nests,
polydomous long-term trail network foraging species can
improve foraging efficiency via dispersed central place foraging (MCIVER 1991, HOLWAY & CASE 2000, BUCZKOWSKI & BENNETT 2006). The dispersed central place forager Camponotus gigas (LATREILLE, 1802) exhibits division
of labor among foragers, with one specialized caste carrying liquid food between nests (PFEIFFER & LINSENMAIR
1998). Similarly, the largest workers of Camponotus modoc
WHEELER, 1910 are also tasked with transporting liquid
foods on the between-nest trails (TILLES & WOOD 1986).
In network foraging ants, nests are often built or moved to
be closer to food sites (SHATTUCK & MCMILLAN 1998, HOLWAY & CASE 2000). Outstations that house only workers
may be built near food as well (MCIVER & STEEN 1994,
LANAN & al. 2011). Surprisingly, with the exception of
BUHL & al. (2009), no studies have directly investigated the
shape and efficiency of long-term trail networks in response
to resource distribution.
Many of the most problematic invasive ant species are
polydomous and use long-term trail networks, including
Linepithema humile (MAYR, 1868), Pheidole megacephala
(FABRICIUS, 1793), and Monomorium pharaonis (LINNAEUS, 1758). The ability of these ants to exploit liquid food
sources like honeydew is thought to be an important factor
in their invasive success (HELMS 2013). "Crazy ants" in the
genera Paratrechina, Nylanderia, and Anoplolepis also include many invasive or potentially invasive species, and
deserve greater attention to their foraging biology. These
ants are also highly polydomous and can use long-term
trails and multiple pheromone signals (LIZON A L'ALLEMAND
& WITTE 2010). However, they are most notable for their
habit of running in large numbers at high tempo (LOHR 1992,
ABBOTT 2005, KENNE & al. 2005, KUATE & al. 2008, ANONYMOUS 2010). For the invasive yellow crazy ant Anoplo-

lepis gracilipes (SMITH, 1857), densities of up to 7000 ants
per m2 have been reported to engage in apparently random
search on the ground (ABBOTT 2005). Crazy ant foraging
trails are frequently described as "loose" (MEYERS 2008,
ANONYMOUS 2010) with Anoplolepis custodiens (SMITH,
1858) exhibiting traffic of up to 1180 ants per minute (WAY
1953). Curiously, crazy ant trails may take a form that is
difficult to classify as either trunk trails or trail networks
(see map in WAY 1953), although data on trail structure are
lacking for most species. More research is needed to understand whether crazy ant foraging can be described as longterm trail networks and polydomy combined with particularly dense solitary foraging and volatile recruitment (KENNE
& al. 2005) or whether it should be considered as a unique
foraging strategy.
Raiding and group raids
Raiding species generally collect spatially unpredictable,
depletable resources that can be either common or relatively rare (Fig. 4), and social insect nests are the most
commonly reported resource collected by raids (Fig. 5).
Raiding typically, although not always, co-occurs with nomadism (Tab. S1). An ant nest is usually a medium or large
resource relative to the raiding colony, and a large number
of workers may be needed to overpower colony defenses
and transport captured brood and adults (SWARTZ 1998).
Following a raid, ant nests in an area can be depleted (BERGHOFF & al. 2003), presumably until they have a chance to
recover and produce more brood. If the raided nests do not
survive, the space is entirely depleted until new colonies
can become established. Small and large prey are also frequently collected by raiding ant species (Fig. 5). Raids can
cause temporary depletion of prey populations in an area
(SCHÖNING & al. 2010, KASPARI & al. 2011), however,
some raid foraging ants may collect prey in a sustainable
manner (BERGHOFF & al. 2002). The depletability of resources collected by raiding species is hypothesized to be
the major determining factor in the evolution of nomadism
(FRANKS & FLETCHER 1983, KRONAUER 2009), but more
work is needed to determine how commonly resource depletion co-occurs with nomadism.
True raiding occurs mostly within the clade of new and
old world army ants (the AenEcDo clade in KRONAUER
2009, the dorylomorphs in Fig. 3), although several genera
within the poneroid clade also use raiding, as do and two
species of Pheidologeton in the Myrmicinae, studied by
MOFFETT (1988a, b). Group raiding is a second behavior
that often appears similar to true raiding and also functions
to bring a large number of ants to an area at once. The difference, however, is that a scout is necessary to discover
the food source and lead the recruits during group raiding.
This behavior is often used to attack groups of termites, and
occurs in the poneroids, the dorylomorph clade (especially
in Cerapachys; e.g., HÖLLDOBLER 1982, RAVARY & al.
2006), Formicinae, and Myrmicinae. Pheidole titanis WHEELER, 1903 uses group raiding to attack termites (FEENER
1988), and slave-raiding Polyergus use group raids to collect brood and pupae from nearby nests (MORI & al. 2001).
Although the overwhelming majority of raiding and
group raiding ant species are predatory, two species collect unusual types of spatially unpredictable, depletable
resources. The nomadic formicine Euprenolepis procera
(EMERY, 1900) uses columns that may be similar to either
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Fig. 7: Two examples of unusual combinations of foraging strategies used by ants. a) Forelius pruinosus (ROGER, 1863)
uses a long-term trail network linking multiple nests where workers tend root coccids, and workers also search for dead
insects along fans and columns that radiate outward from the network. A short-term trail is also used to collect vertebrate
carrion (a dead baby bird) (M. Lanan, unpubl.). b) Pheidologeton diversus (JERDON, 1851) uses a combination of trunk
trails, short-term trails, and swarm raids (redrawn from MOFFETT 1988b; reproduced with permission from publisher).
raids or group raids to collect its sole food source, mushrooms, in tropical forest (WITTE & MASCHWITZ 2008). Dorylus orientalis WESTWOOD, 1835, although it belongs to
the genus of Old World driver ants, apparently feeds exclusively on plant roots and can be a major pest of crops such
as potatoes and peanuts (NIU & al. 2010). More research
on these two unusual ant species may be helpful for understanding the evolution of raiding and nomadism.
A number of studies have investigated various aspects
of army ant behavior, recently reviewed by KRONAUER
(2009). Due to the inaccessibility of subterranean army
ants, much more is currently known about epigaeic army
ant behavior. Due to differences in resource distributions
below ground, subterranean army ants may move less frequently than epigaeic army ants and may combine raiding with longer-term trunk trails (BERGHOFF & al. 2002).
Multiple foraging strategies for multiple food types
Many ant species use multiple foraging strategies, often
in order to collect different types of resources (Tab. S1).
Solitary foraging is a necessary component of many other
foraging strategies, serving as the first step in all short-term
recruitment strategies. Workers also engage in solitary search
at the end point of trunk trails, columns, and fans. Many of
the species reported to use long-term trail networks also
have a subset of foragers that leave the nests or trails solitarily to search for live prey or dead insects (e.g., GREAVES
& HUGHES 1974, MABELIS 1979, TRANIELLO 1980, 1983,
MCIVER 1991), and some network foragers employ group
or short term trail recruitment when retrieving larger items
(DEJEAN & al. 2012). In addition, many groups of ants have
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independently developed collective transport strategies that
can be employed with group, trail and raid foraging strategies (CZACZKES & RATNIEKS 2013).
It may be useful to consider the foraging strategies of
ants not as separate options, but as modular units that can
be combined in response to distinct resource distributions.
For instance, the Sonoran Desert ant Forelius pruinosus
(ROGER, 1863) makes long-term trail networks linking polydomous nests containing trophobionts and plants with
honeydew-secreting insects, but can also use short-term
trails to carrion and foraging columns or fans leading out
from the network to collect dead insects scattered on the
ground (Fig. 7a; M. Lanan, unpubl.). An unusual combination of foraging strategies also occurs in Pheidologeton
diversus (JERDON, 1851), which uses a combination of trunk
trails, short-term trails, and raids to collect a large variety
of foods (Fig. 7b, MOFFETT 1988b). Future studies of ant
foraging will likely reveal many more examples of combined foraging strategies in ants.
The mechanism enabling ants to use such flexible combined foraging strategies is likely to be the use of multiple
physical and pheromone signals. For instance, the weaver
ant Oecophylla longinoda (LATREILLE, 1802) uses complex
set of pheromones and recruitment behaviors to produce
a large variety of colony-level behaviors (HÖLLDOBLER &
WILSON 1978), and Monomorium pharaonis (LINNAEUS,
1758) uses three different pheromones during recruitment
including a short-term attractant, a short-term repellent, and
a long-term trail marking signal (ROBINSON & al. 2008).
A relatively unexplored question is whether the same set
of behavioral rules and communication signals can pro-

duce different patterns of foraging behavior in response to
different spatiotemporal resource distributions, or whether
there are fundamental differences among the behavioral and
chemical repertoire of species that use different foraging
strategies. One intriguing example comes from the army
ant Neivamyrmex nigrescens (CRESSON, 1872). In this species, TOPOFF & MIRENDA (1980) demonstrated that by
supplementing food and thus changing the resource from
depletable to replenished, one could partially stop migration.
Conclusions and future directions
In this analysis, I have shown that different ant foraging
strategies are indeed likely to be associated with different
spatiotemporal resource distributions. While solitary foraging, trunk trails, long-term trail networks, and raiding are
all associated with unique resource types, short-term recruitment strategies (group recruitment, short-term trails,
and volatile recruitment) are used to collect similar resources. The general patterns presented here on foraging strategies and spatiotemporal resource distribution can serve as
a framework on which to base hypotheses and inform predictions in future studies.
I have also shown that in addition to differing in spatial structure, trunk trails and long-term trail networks are
used to collect very different types of resources. It is therefore important to distinguish between these two foraging
types in future studies. Long-term trail networks are a comparatively understudied foraging strategy with great potential for explorations of collective behavior and the properties of dispersed networks.
Understanding the evolutionary history of the ants is
a major challenge for myrmecologists (WARD 2009), one
that can be informed by a deeper understanding of ant natural history. In particular, the data I present here support
the contention by previous authors (e.g., WILSON & HÖLLDOBLER 2005, MOREAU & al. 2006) that the use of honeydew and other liquid foods is particularly widespread among
ants in the formicoid clade (Fig. 3). The question of whether the diversification of the formicoids co-occurred with
the rise of the angiosperms and the increasing availability
of honeydew remains to be resolved (BRADY & al. 2006,
MOREAU & al. 2006, MOREAU 2009, WARD 2009). Future
work will analyze the phylogenetic patterns of food use
and foraging strategy presented here in greater detail.
Ant foraging behavior has served as inspiration for a
large body of theoretical work in mathematics and computer science on the behavior of complex systems (DORIGO
& al. 2000), with important applications for understanding
the collective behavior of systems ranging from groups of
neurons to human societies (CAMAZINE & al. 2001). By describing the variety of different foraging strategies used
by ants in the field and exploring how spatiotemporal resource distribution affects foraging, we can better inform
this work. In particular, more research is needed to understand how ants use simple behavioral rules and communication to produce a wide diversity of foraging patterns in
response to resource distribution, and how ant colonies integrate multiple foraging patterns as modular parts of the
total colony foraging strategy.
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