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Territorial Strategies in Ants

Bert Holldobler and Charles J. Lumsden

In studies of community biology, a ter-
ritory is generally defined as an area that
the animal or the animal society occupies
exclusively and defends—using overt ag-
gression, aggressive displays, and ‘“‘keep-

sects, the establishment and mainte-
nance of territories are based on a divi-
sion of labor and a complex communica-
tion system. Although it has been known
for a long time that many ant species de-

Summary. Several features in social insects, particularly in ants, make the behav-
ioral organization of territoriality considerably more complex than that of solitary ani-
mals. The establishment and maintenance of territories are based on a division of
labor and a complex communication system. The analyses of territorial strategies in
ants comprise the study of the design and spatiotemporal structure of the territory,
as well as the social mechanisms through which the insect society pursues its territo-
rial strategy. The geometric and behavioral organization of the absolute territories of
the African weaver ants (Oecophylla longinoda) and harvester ants (Pogonomyr-
mex), and of the “spatiotemporal territories” of honey ants (Myrmecocystus mim-
icus) are described, and simple cost-benefit models are developed to illustrate the
economic defensibility of each type of territory.

out signals’’ either alone or in combina-
tion—against intraspecific, and some-
times interspecific, intruders. Nonover-
lapping territories produce relatively
evenly dispersed spacing and usually in-
dicate competition for some resource in
limiting supply (7).

Territorial strategies are especially
elaborate in animal species that live in
well-organized societies. In social in-
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fend territories around their nests (2),
only recently have biologists begun to
analyze the diversity of their territorial
strategies and the underlying communi-
cation mechanisms.

Theories of territoriality and space uti-
lization have been based on results ob-
tained from research with solitary ani-
mals (I, 3). But in social insects, and par-
ticularly in ant societies, there are sever-
al unique features that often make the
behavioral and spatiotemporal organiza-
tion of territoriality considerably more
complex.

Most ant societies are stationary; like
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barnacles or terrestrial plants they spend
their entire adult lives fixed in one spot
and produce winged reproductive forms
to disperse away from the nests as the
functional analogs of larvae and seeds.
Foraging workers comb the surrounding
terrain, where they gather information,
energy, and matter and retrieve these re-
sources to the nest. Thus, space around
the nest of an ant colony is a precious
commodity and frequently has to be de-
fended against competitors.

The territories of ant societies are de-
fended cooperatively by the usually ster-
ile worker castes. Whereas a solitary ani-
mal can at any moment be in only one
place and can be doing only one thing, a
colony of social insects can be in many
places by deploying its workers and can
be doing many different things because
of the size of the worker cohorts and
their division of labor. Thus the insect
society achieves its optimal territorial
strategy by the allocation of specific
worker task forces to specific places at
specific times.

Because of the division of labor be-
tween reproductive individuals and ster-
ile worker castes, fatalities caused by
territorial defense have a different quali-
tative significance for social insects as
compared to solitary animals. The death
of worker ants represents an energy and
labor debit, rather than a destruction of a
reproductive agent. Worker death might
more than offset its costs by bringing or
maintaining resources and colony secu-
rity. Death can thus become a positive
element in the colony’s adaptive reperto-
ry.

Natural selection theory suggests that
an animal should only establish and
maintain a territory whose size and de-
sign make it economically defensible. In
other words, the territorial defense
should gain more energy than it expends
(3). To this end, the territory can be ei-
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ther absolute or spatiotemporal. As Wil-
son (/) has expressed it: * . . . the resi-
dent can guard its entire territory all of
the time, or it can defend only those por-
tions of the territory within which it hap-
pens to encounter an intruder at close
range.”’

From these considerations it follows
that the analysis of territorial strategies
in ants must comprise the study of the
design and spatiotemporal structure of
the territory, as well as the social mecha-
nisms through which the insect society
pursues its territorial strategy. The ge-
ometry of the territory and the social
mechanisms by which the territory is es-
tablished and maintained are insepara-
ble.

Important differences in the use of
space exist among species. Species for-
aging on relatively stable resources that
are uniformly dispersed over a wide area
have territories that are designed dif-
ferently from those of species exploiting
stable but patchily distributed resources.
Distinct strategies are also associated
with food sources that are either patchy,
relatively stable, and predictable, or else
they are frequently changing in location
and are unpredictable. In this article, we
suggest that the concept of economic de-
fensibility can be used to understand the
design of territories maintained by ant
societies in these various environments.
The species we discuss are ecologically
dominant animals and have been studied
extensively both in the laboratory and in
their natural habitats. Adaptation to food
sources that are distributed uniformly in
space and are relatively stable in time is
exemplified by the African weaver ant
Qecophylla longinoda. Certain species
of the harvester ant Pogonomyrmex, in
contrast, utilize food sources that tend to
be relatively stable but are often distrib-
uted patchily in space. Finally, the hon-
ey ants Mymecocystus mimicus use as a
major part of their dietary input protein
sources that occur randomly in space
and time.

The models presented in this article
are based on several major colony prop-
erties in order to show as clearly and
simply as possible connections between
territorial design and cost-benefit factors
important to social insects. Oster and
Wilson (¢) have shown how powerful
theoretical tools can be applied in order
to elucidate the ergonomics of the caste
systems and division of labor in insect
societies. Our study provides the first at-
tempt to predict territorial design in ants
on the basis of the social mechanisms by
which the territory is established and
maintained.

14 NOVEMBER 1980

Absolute Territories of
African Weaver Ants

For blackbirds (Euphagus cyanoceph-
alus) and a number of other animal spe-
cies, it has been demonstrated that when
resources are uniformly distributed and
continuously renewing, it is advanta-
geous to maintain a complete defense of
whatever portions of the foraging area
can be patrolled in reasonably short peri-
ods (5). We find a striking analogy to
these absolute foraging territories in
those of the African weaver ants (0. lon-
ginoda) although the mechanisms of es-
tablishing and maintaining the territories
are very different.

Oecophylla longinoda is one of the
dominant ant species in many African
forest canopies. Oecophylla workers
bind leaves into tight nest compartments
with silk spun by the final instar larvae.
One colony usually builds hundreds of
such leaf nests, which are distributed
over several nest trees and concentrated
in the peripheral canopy of the trees (6,
7). Weaver ant colonies are monogy-
nous; the single reproductive queen re-
sides in one of the leaf tents, completely
surrounded and protected by workers.
Most of the other leaf nest compartments
are filled with brood of all stages and
hundreds of workers. The worker force
of a mature O. longinoda colony can
consist of more than 500,000 individuals.

Weaver ants are strongly predacious,
using their cooperative ability to capture
a wide range of large insect prey that
venture onto their territory. Although
the foragers tend to remain on the trees
and surrounding low vegetation, they al-
so hunt extensively on the ground; their
territories are three-dimensional. Oeco-
phylla workers patrol every part of their

<

Fig. 1. Three Oecophylla longinoda workers attack a conspecific intruder.

%

territory, tolerating only very few ant
species on the trees they occupy. But
most rigorously they exclude foreign col-
ony members of their own species in ag-
gressive interactions (Fig. 1) so severe
that they create narrow, unoccupied cor-
ridors, which are in effect ‘‘a no ants’
land”’ (6-8). In our study area in the
Shimba Hills Reserve (Kenya), individ-
ual territories sometimes covered an
area of up to approximately 1600 square
meters comprising 17 major trees (7)

(Fig. 2).

We were able to determine the territo-
rial borders by repeatedly transplanting
sets of 20 Oecophylla workers from one
nest tree to another. So long as the trees
belonged to the same territory, no con-
spicuous response was observed. But
when the transplanted ants were released
within the territory of a neighbor colony,
a massive defense recruitment response
was elicited in the resident ants. In-
dividual ants that had encountered the
foreign intruders ran back to some of
the nearest leaf nest compartments in
the tree canopy, laying a trail with secre-
tion from the rectal gland (9, /0). When
they encountered nestmates, they pre-
sented a vigorous jerking display similar
to the initial fighting behavior between
two individual opponents. We offered
the hypothesis that the initial fighting
pattern (or threat display) has been rit-
ualized during evolution, becoming a
symbolic signal to recruit nestmates for
territorial defense (/0). In fact, nest-
mates approached by a jerking recruiter
ant became very excited and ran along
the trail toward the battle site. After 30
minutes, often many more than 100 ants
had assembled in this area and remained
there long after all the ‘“‘intruder’’ ants
had been killed.
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The weaver ants have achieved the ex-
ceptional control of their environment by
the evolution of advanced social commu-
nication behavior. No less than five re-
cruitment techniques, each entailing a
distinct combination of chemical signals
and locomotory communication pat-
terns, are used by the ants to penetrate
new territory and subsequently to defend
it and to extract food from it (0). In our
laboratory and field studies we discov-
ered that Oecophylla scouts also recruit
nestmates to unoccupied space, espe-
cially when the colony is growing and ex-
panding (7, 10). We found that when the
ants ventured into entirely new terrain,
they deposited drops of rectal sac fluid at

a high rate all over the surface. Our ex-
periments demonstrated the presence of
a territorial pheromone in these markers.

A true territorial pheromone can be
defined as a substance used to mark the
residential, mating, or foraging space of
an animal and which induces an aversive
behavior in intruders of the same species
either by itself or in combination with
other stimuli. The chemical home range
markers of Oecophylla show all of these
properties and must therefore be consid-
ered a true territorial pheromone. To our
knowledge no pheromone belonging to
this functional category had previously
been demonstrated in social insects (10,
11).

Interspecific Territoriality in

African Weaver Ants

The weaver ant colony finds consid-
erable advantage in excluding com-
petitor colonies of all but the smallest or
most dietarily different species. Indeed,
0. longinoda is highly aggressive not on-
ly to conspecific aliens but also to many
other ant species. At Shimba Hills, only
a few ant species were found to coexist
with Oecophylla on the same tree. Some
other arboreal ant species (for example,
Camponotus sp.) that were never found
to coexist with Oecophylla on the same
tree elicited as vehement a defense re-
cruitment response in QOecophylla as

Table 1. Comparison of cost-benefit calculations of the four boundary defense models illustrated in Fig. 4. In all models C, is a total cost to defend
a boundary surface area per unit time, while B}, is the net foraging profit cropped per unit volume per unit time. For two-dimensional models, k =
2; for three-dimensional models, £ = 3. In *‘cylindrical 2,”’ the trees occur at a density of N trunks per unit area.

Three-dimensional

Item Two-dimensional
Spheroid Cylindrical 1 Cylindrical 2
Total cost rate 2mrC, 4mr?C, 2mrhCy (N7r®)27mr h ,Cs
Total benefit rate 7r*B, ‘;‘ 3B, B3 m%hB,
Net profit rate By — 2C,) 4##(%5 - Ca) mhr(Bar — 2C3) mr¥(hB; ~ 2wNr hiCy)
Economic defensibility threshold r* = 2Cy/B, r* = 3Cy/Bj; r* = 2C4/B, By = 2aNrihCy/h
Cost-benefit ratio rlr rfr FEr 29NrhCy/hB;
Figure 4a 4b 4c 4d
N b
a .
Benefit Cost
Benefit
|
Cost )
: i
r* r r* ro r

Fig. 2 (left). Territories of Oecophylla longinoda in the
Shimba Hills Reserve study area. The solid circles repre-
sent trees occupied by Oecophylla, and the shaded areas
delineate the individual territories (7).
(a) Cost and benefit curves for boundary defense strategy
on spherical territories. The symbol r* represents the eco-
nomic defensibility threshold. Maximum of benefit-cost is
obtained for r — . (b) Toward large r, the benefit curve
tips over, as a result of decreasing returns to scale in the
economics of territorial expansion. Maximum rate of re-
turn occurs for territories of radius r,.

Fig. 3 (right).
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conspecific aliens when they were in-
troduced into a weaver ant territory. It is
interesting to note that the Camponotus
also responded with a defense recruit-
ment of hundreds of nestmates when
Oecophylla workers were released on a
Camponotus tree. These results suggest
that Oecophylla and apparently also the
Camponotus react with a massive de-
fense response only to certain ant in-
truders, such as the apparently most
serious competitors for essential re-
sources (nesting sites and food), and
predators including the army ant Dorylus
and the formicine Anoplolepis longipes
7, 12).

This phenomenon of ‘‘enemy specifi-
cation’’ in the alarm recruitment commu-
nication system of ants was only recently
discovered in Pheidole dentata (13).
From the new results obtained in our
study with Oecophylla it now appears
possible that the selective identification
of either enemy or competitor is a more
general phenomenon in ants and perhaps
the major underlying behavioral mecha-
nism by which the mosaic distribution of
dominant ants is regulated (7, 8).

Economic Defensibility of

Territories in African Weaver Ants

Social insects have frequently been
compared to so-called central place for-
agers in solitary animals. Although this
approximation is apt in many cases, we
are intrigued by how far Oecophylla
diverges from the classic central place
model in the mechanisms by which it
maintains territorial control. Their nests
are not aggregated in one central loca-
tion but are effectively decentralized
throughout much of the territory that
they control. This large territory can be
patrolled and cropped over much of its
volume simultaneously without the colo-
ny’s incurring the costs of transporting
prey from distant capture points to a
single central nest deep within the terri-

tory. These factors allow us to formulate -

a different general model concerning the
geometry of the ‘‘nest decentralization”
and the economic defensibility of the
Oecophylla territory.

A solitary animal, or even a social
group with relatively few members,
faces a challenge if a territory of consid-
erable size is to be established and main-
tained: the defender cannot be every-
where at once. Invaders can often pene-
trate deep into the territory and even
harvest resources before they are detect-
ed and expelied. This qualitative obser-
vation suggests that the solitary holder of
a territory faces serious constraints in

14 NOVEMBER 1980

maintaining a large territory, particularly
when the density of the invader is high.
In contrast, Oecophylla is virtually
everywhere at once throughout its terri-
tory. Invaders are detected at or very
close to a colony’s boundary. Con-
sequently, the Oecophylia territorial sys-
tem allows harvesting benefits from
throughout the interior of its territory
while restricting its defensive costs al-
most purely to its boundary or margin.
The strategic implications of such a
system are far-reaching. To explore
some of the consequences, consider a
circular territory of radius r with uni-
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Fig. 4. A comparison of four boundary de-
fense models for Oecophylla. (a) The two-di-
mensional model is that analyzed in the text.
Its territory is circular with radius ». In three-
dimensional models we have to consider sev-
eral possibilities. (b) ‘‘Spheroid’’ is a spheri-
cal territory with radius r. This is appropriate
to thick canopy systems in which the colony
can expand outward from the queen nest in all
directions for significant distances. (c) **Cy-
lindrical 1’ is a cylindrical territory of radius r
and height 4. All boundaries are defended and
challenges come over the cylinder surface (ar-
rows) but not the end faces, which are con-
tained within the territory. (d) ‘‘Cylindrical
2,” only the trunk surfaces leading up into

the occupied canopy are defended. Trunk

radius is r; and the defense occurs along a
length A, of the trunks.

formly distributed, temporally stable
food sources (Fig. 4a). Similar con-

clusions hold for territories that approxi-

mate convex regions, as in the case of
Oecophylla (Fig. 2) (7). A cohort of for-
agers, dispersed throughout the interior
of the territory at density py, returns net
foraging benefit B, > 0 per unit area per
unit time. Because resources and work-
ers flow locally into many leaf nests dis-
persed throughout the territory and not
back to one central place located deep
inside the territory, B,, which includes
the cost of food transport, does not de-
crease as r increases. Thus B, can be ap-
proximated by a constant independent of
r.

Since costs due to intercolony aggres-
sion occur primarily at the edge of the
territory, let C, be the cost per unit time
per unit length of boundary. Under these
circumstances a territory of radius r
yields benefit B,7#? per unit time to a col-
ony and costs it 2C,7r. A net ergonomic
profit rate wr(By,r — 2C,) is produced
by this strategy. Thus we find econom-
ic defensibility threshold r* = 2C,/B,
beyond which the territory yields net
positive return. Moreover, the net return
is an increasing function of r. Once
beyond r*, the net profit rate is positive
and continues to increase (Fig. 3a). The
ratio of defense cost to net foraging ben-
efit is just #*/r and thus decreases mono-
tonically with r. Colonies that use such a
strategy should prefer the largest pos-
sible territory. Eventually, sufficiently
large r is reached such that the egg-laying
capacity of the queen is saturated and
the colony, in addition, begins to control
an unusable surplus of resource. Thus,
the increment to benefit eventually ap-
proaches zero, and optimal economic de-
fensibility occurs at an intermediate »,
say ro (Fig. 3b). The very large number of
workers that mature Qecophylla colo-
nies can maintain suggests a large laying
capacity in the queen and the potential
for very large territories.

The territories of Oecophylla are ac-
tually three-dimensional rather than two-
dimensional. But so long as the territo-
rial strategy is one of decentralized
nests, with workers monopolizing the in-
terior volume of the territory while con-
fining defense costs to the boundary,
there are economic defensibility thresh-
olds; and the ratio of cost to benefit con-
tinues to decline along the curve r*/r as
the territory expands in size below satu-
ration of the egg-laying capacity of the
queen and the surplus limits of re-
sources. Differences between the geome-
try of two and three dimensions and de-
viations from this idealized strategy im-
pose quantitative differences in the de-
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tails of territory design (Table 1 and Fig.
4).
There may also be territorial size lim-
its beyond which such factors as trans-
port of brood from the queen nest to oth-
er leaf nests in the colony becomes ergo-
nomically impractical or the system of
inter-nest coordination becomes too
complex to maintain. The observed sizes
of Oecophylla territories suggest, how-
ever, that the way stations offered by es-
tablished leaf nests and the rather local
nature of the nest-nest interactions with-
in the territory make such limits relative-
ly weak. It appears that there is a high
selection pressure for expanding territo-
rial space and thus increasing access to
essential resources while simultaneously
improving the relative economic defen-
sibility of the territory. Indeed, the
three-dimensional territories of O. long-
inoda are probably the largest territories
known for all invertebrates.

Trunk Trail Territories of Harvester Ants

Generally, the partitioning of space
between ant colonies is effective in re-
ducing aggression between individuals
belonging to the same species but to dif-
ferent colonies. However, the pattern of
space partitioning can be very different
and depends largely on the foraging
strategies of the species. In contrast to
the African weaver ants, some harvester
ant species, such as Pogonomyrmex bar-
batus and Pogonomyrmex rugosus,
which are among the most abundant spe-
cies in the southwestern United States,
tend to exploit patchy food supplies and
accordingly show a more complex parti-
tioning structure (/4-17).

Foragers of the harvester species trav-
el on well-established trunk trails before
diverging on individual excursions (Fig.
5). After foraging, the workers return to
these routes for homing. Such trunk
trails sometimes extend for more than 40
meters; they are remarkably persistent
over long periods of time and even sur-
vive heavy rainfalls. The trunk routes
originate from recruitment trails laid to
newly discovered seed falls. The recruit-
ment pheromone, which is relatively
short-lived, is discharged from the poi-
son gland and deposited on the ground
by foraging ants with the extruded sting.
Because the seed patches are frequently
quite stable, the ants continue to travel
along the former recruitment trail to
these foraging sites. Persistent chemical
signposts are also deposited along the
trail and, together with the visual mark-
ers, serve as orientation cues long after
the recruitment signal has vanished.
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Trunk trails of intraspecific neighbor
nests never cross (Fig. 6). On the con-
trary, they usually diverge and channel
the mass of foragers of hostile neighbor-
ing nests into diverging directions. The
trunk trails, together with the immediate
surrounding of the nest entrance of ma-
ture colonies, can be considered the
‘‘core area’’ of the colony’s territory. Al-
though foraging areas of nearby colonies
can overlap, aggression in the over-
lapping zone is usually limited to individ-
ual confrontations between two foragers.
However, when two trunk trails of
neighboring colonies are brought into
contact, heavy aggressive mass con-
frontations occur; and they continue un-
til the trunk trails have diverged again.
Thus, although the major function of the

two distinct trunk trails (15).

Fig. 6. Map of nests and trunk routes of Po-
gonomyrmex barbatus and P. rugosus in one
section of the study site in New Mexico. Solid
black circles, P. barbatus, open circles, P. ru-
gosus.

Fig. 5. A Pogonomyrmex rugosus nest with’

trunk route foraging system seems to be
to facilitate the exploitation of patchily
distributed and relatively stable food
sources, the topographic design of the
route system of one colony depends
greatly on the route maps of its neighbor-
ing colonies.

Up to this point we have considered
only the partitioning of foraging grounds
by the trunk route system between colo-
nies belonging to the same species. P.
barbatus and P. rugosus , however, seem
to have a wide niche overlap, and they
seem to be identical with regard to food
type, nesting site, and foraging activity
period. Although populations of both
species are largely separate geographi-
cally, overlap zones are known (5, 18).
It is not surprising therefore that territo-
riality is strongly developed both within
and between these two species, and that
the foraging area is subdivided inter-
specifically by the trunk route system.
These findings lead to the question of the
cues used by the ants to discriminate be-
tween colonies of their own and other
species (19, 20). The foragers not only
have to be able to recognize members of
their own colony and those belonging to

-another conspecific colony, they also

need to identify other species that are
potential competitors for essential re-
sources.

Although not much is known about the
mechanisms of species discrimination in
ants, we have some analytical evidence
of the species specificity in the mixtures
of hydrocarbons of the Dufour’s glands
in Pogonomyrmex. It is interesting that
P. rugosus and P. barbatus, which ex-
hibit strong interspecific territoriality,
have almost identical patterns in the mix-
tures of the compounds of their Dufour’s
glands, whereas other Pogonomyrmex
species, whose territories overlap with
those of P. rugosus and P. barbatus,
have very different patterns (21).

Economic Defensibility of the
Trunk Trail Territories

It is useful to compare the territorial
strategy of the African weaver ant (O.
longinoda) with that of species such as
P. barbatus or P. rugosus that utilize
spatially patchy but long-lived resources
(Fig. 7a), To this end, the nest region can
be visualized as a system of sectors (Fig.
7b) which define a polar coordinate sys-
tem centered on the nest. Resource
patches fall within the sectors. Let
C*(r, 8) be the cost per unit time to the
colony—in terms of the numbers of
workers, their metabolism, and the mor-
tality—to defend a sector of radius r and
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angular coverage 6. For most stages of
Pogonomyrmex life-cycle, we expect
aCsc/gr > 0 and 3C*¢/86 > 0, making
C** an increasing function of r and 6.
Thus a maximal net profit strategy in ter-
ritorial design favors the smallest values
of r and @ consistent with resource patch
acquisition (Fig. 7, b to d). The resulting
territorial design approximates a trunk
trail system. The model is readily gener-
alized to consider such details as effi-
ciencies of food retrieval over narrow
trails, the effects of nearby alien colo-
nies, the presence of multiple patches in
each sector, and time-varying costs.

If B(r° is the net benefit derived from
a resource patch at distance r° from the
nest in sector i and T;is the length of time
which sector i is kept open, then the net
benefit accrued from the entire sector
system is

Buer = Z'[Bi(r?) — C*“(ry, 8) * T3] —

3" Cre(ry, 0) - T oy

The sum X' is over sectors containing
patches, while 3" runs over sectors
which are defended but empty. Empty
sectors represent pure cost and should
be monopolized for zero time. Such a
colony should, with the exception of
scouts in the field, shut down empty sec-
tors (Fig. 7, ¢ and d). In some sectors the
patch benefit B; may not exceed the cost
C; *T,. Hence the sector is not economi-
cally defensible and may be shut down.
This can be the case when the patch is
too small or not rich enough, or too far
from the nest (which is a central place for
Pogonomyrmex), or when a rival nest al-
ready occupies the patch and usurpation
costs would be greater than the acquired
benefit.

Our experimental field data agree well
with these economic considerations.
New foraging sites, which have not yet
been discovered by competitors, are rap-
idly explored and occupied with the aid
of an effective chemical recruitment sys-
tem. In fact, the significance of the re-
cruitment communication in harvester
ants becomes especially apparent in
view of the strong intra- and interspecific
competition for the same foraging areas.
We were able to demonstrate that the
forager recruitment activity not only de-
pends on a number of parameters of the
food source—such as distance to the
nest, density of the seed fall, and size of
the grains—but also on the presence or
absence of foreign foragers at the re-
source patch (/5). Seed sites previously
occupied by competing foragers were
considerably less attractive than unoccu-
pied seed sites.
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Although most P. barbatus and P. ru-
gosus colonies in our study area had ex-
tensive trunk trail systems, a number of
nests, especially in areas with sparser
vegetation, had no trunk trails (15, 16).
This is a general trait of Pogonomyrmex
maricopa, which we never observed to
produce long-lasting trunk trails (/5). In
these cases ants usually leave the nest on
their individual foraging excursions and
disperse in all directions. However, as
our experiments demonstrated, the for-
agers also show a high directional fidel-
ity, although all sectors appear to be
more or less equally frequented by the
worker force as a whole. This suggests
that the seeds are not accumulated in
patches but rather are randomly dis-
persed. In other words, the individual
sectors apparently are more or less

Fig. 7. Resource distribution and the develop-
ment of the trunk route foraging system in Po-
gonomyrmex.

T

R

Fig. 8. Territorial interaction between two
Myrmecocystus mimicus nests (M, and M,).
(a) Nest M, forages at food source R; simulta-
neously it engages M, in a display tournament
(T) directly at the nest of M, thus, interfering
with the foraging activity of M,. (b) M, and M,
foragers disperse in all directions around their
nests. This can lead to territorial tournaments
in an area located between both neighboring
nests.

equally productive. This foraging system
obviously does not allow as subtle a par--
titioning of foraging grounds between
neighboring colonies as the trunk trail
system. Such colonies invariably show a
much wider spacing pattern (/5).

Thus the trunk routes of Pogonomyr-
mex are partitioning devices which cur-
tail aggressive confrontations between
neighboring colonies, while at the same
time enlarging the foraging area for
patchy food supplies. A similar foraging
and partitioning system has been report-
ed for several species of Formica (22),
Lasius (23), and the leaf cutter ants Atta
@4).

Trunk Route Foraging Systems of
Other Harvester Ants

The trunk routes of the seed harvest-
ing ant Pheidole militicida have much in
common with those of Pogonomyrmex
(25). They, too, originate from chemical
recruitment trails and are stabilized by
enduring chemical orientation cues and
visual markers. Nevertheless, they are
not as persistent as the foraging path-
ways of Pogonomyrmex. In fact, the
route foraging system of P. militicida
seems to be intermediate between that of
Pogonomyrmex and that of Veromessor
pergandei. Veromessor seems to employ
a foraging strategy in which various sec-
tors of the foraging area around the nest
are successively exploited by the ants
26, 27). Like the Veromessor, P. mili-
ticida workers shift the direction of the
foraging pathway or establish a new
route when the seed supplies in a forag-
ing area diminish. However, the shifts do
not occur as regularly as in Veromessor,
and no geometric pattern in the change
of the foraging columns was detected.
We have, however, no evidence that the
trunk trails also serve for territorial parti-
tioning as they do in the case of Pogono-
myrmex. Although little is known about
the territorial strategies of these species
(V. pergandei and P. militicida), it is
likely that they have less rigid territorial
boundaries and that only those areas that
are currently frequented by foragers are
defended.

Spatiotemporal Territories of

Honey Ants

If resident ants defend only those por-
tions of their territory in which they hap-
pen to forage and encounter intruders at
close range, the territorial defense is
spatiotemporal. We will now describe a
spatiotemporal territorial strategy of
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honey ants (Myrmecocystus mimicus)
that appears to have evolved as part of a
foraging system designed to utilize
patchily distributed but unpredictable or
unstable food sources. Myrmecocystus
mimicus is abundant in the mesquite-
acacia community of the southwestern
United States (28). Like other members
of its genus, it has a special honeypot
caste, the members of which function as
living storage containers.

One of the major food sources of M.
mimicus is termites. When a scout ant
discovers a rich supply of termites, for
example under a piece of dried cattle
dung, it directs a group of nestmates to
this food supply by means of special re-
cruitment signals. If another colony of
M. mimicus is located near the food
source and is detected by the foragers of
the first colony, some of these individ-
uals rush home and recruit an army of
200 or more workers to the foreign colo-
ny. They swarm over the nest and en-
gage all of the workers emerging from
the alien nest entrance in an elaborate
display tournament, thus blocking this
colony’s access to the food supply (Fig.
8a). Frequently scouts leave the tourna-
ment to return to their colony in order to
recruit reinforcement, while the other
group of nestmates continues to retrieve
the termite prey. Once the food source
has been exhausted, and the foraging ac-
tivity in this area declines, the tourna-
ment activity at the neighboring nest site
also declines and the intruding army fi-
nally retreats to its own nest.
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Fig. 9. Territorial
tournament of Myr-
mecocystus mimicus.
Worker ants of neigh-
boring colonies con-
front each other in rit-
ualized display fights
during which they
walk high with their
legs in a stiltlike posi-
tion, while simultane-
ously raising their
gasters and heads.

Although hundreds of ants are often
involved during the territorial tourna-
ments, almost no physical fights occur.
Instead individual ants engage each oth-
er in highly stereotyped aggressive dis-
plays (Fig. 9). Each group of displaying
ants breaks up after 10 to 30 seconds, but
the ants continue to move on stilt legs.
When they meet a nestmate they re-
spond with a brief jerking display, but
when they meet another opponent the
whole aggressive display ceremony is re-
peated.

The answer to the question of how it is
possible that scout ants can venture so
deeply into the foraging area of a neigh-
boring colony is provided by our field ob-
servations. Although individual foragers
of M. mimicus frequently disperse in all
directions when leaving the nest, they
tend to swarm out of the nest at inter-
vals. Such departures are usually spaced
irregularly in time, and an interval be-
tween two can last as long as several
hours. Sometimes only very few foragers
leave a nest during a whole day, while in
contrast the foragers of a neighboring
nest may be very active. Then within a
few days the situation is reversed. How-
ever, if a scout of a relatively inactive
colony discovers a rich food source,
such as an access to a gallery of a termite
nest, it can quickly galvanize the colony
into foraging activity by recruiting nest-
mates to the food source. But the ter-
mites may have already been discovered
by foreign scouts of the very active
neighboring colony, which then sends an

army of ants to the competing nest in or-
der to interfere with the first colony’s
foraging activity.

Territorial tournaments also occur in
the zone between two adjacent M. mim-
icus nests, especially when both colonies
are active at the same time. Alien for-
agers are then blocked from the respec-
tive foraging areas of each colony (Fig.
8b). These tournaments sometimes last
for several days, being interrupted only
at night when workers of this species are
normally inactive.

When one colony is considerably
stronger than the other, that is, when it
can summon a much larger worker force,
the tournaments end quickly and the
weaker colony is raided. During these
raids the queen is killed or driven off.
The larvae, pupae, callow workers, and
honeypot workers are carried or dragged
to the nest of the raiders. Field observa-
tions and laboratory experiments have
led to the discovery that the surviving
workers as well as the honeypots and
brood of the raided colony are incorpo-
rated to a large extent into the raiders’
nest.

To date we have observed a total of 34
raids conducted by M. mimicus on con-
specific neighboring nests in the field.
These episodes constitute only about 8
percent of all tournament interactions
observed. A total of nine raiding events
was observed from beginning to end, en-
abling us to make a fairly accurate count
of the number of larvae, pupae, honey-
pots, and workers abducted into the raid-
ers’ nest. From these data we &stimate
that the raiding colony is at least about
ten times larger than the raided colony.
Thus raiding seems to be primarily or
perhaps even exclusively directed
against younger, still developing colo-
nies in the neighborhood. We suspect
that during tournamenting the ants some-
how assess the size of the opposing colo-
ny, which explains why scouts of both
parties repeatedly recruit worker rein-
forcements to the area of conflict.

The Territorial Logic of
Myrmecocystus mimicus Colonies

The adaptive significance of this pecu-
liar territorial strategy is of interest. As
already mentioned, one of the major
food sources of Myrmecocystus is ter-
mites. The temporal and spatial distribu-
tions of the termite colonies is highly un-
predictable. Since there is little point in
defending an area that is unlikely to pro-
vide adequate food in a given time, Myr-
mecocystus does not establish fixed ter-
ritorial borders around its entire foraging
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range. Instead it defends only areas in-
to which it is currently conducting in-
tensive excursions. This procedure obvi-
ously enables it to extend its foraging
range considerably and leads to frequent
incursions into potential foraging ranges
of neighboring Myrmecocystus colonies.
Since there are no well-established terri-
torial borders, aggressive mass con-
frontations with conspecific competitors
are much more common in M. mimicus
than in Oecophylia or Pogonomyrmex. If
these confrontations were as violent as
physical combat in the latter species,
they would result in a constant and
heavy drain on the worker force. Thus,
the display fight tournaments seem to
be the much more economical strategy to
defend temporal territorial borders. Only
when one colony is considerably weaker
does it risk being overrun by the stronger
colony, having its queen killed, and
being enslaved by the stronger colony
29).

The territorial logic of the Myrmeco-
cystus colonies can be further analyzed
with the aid of a geometric model. We
consider a group of neighboring colonies
located in an area A in which resources
occur patchily in space and time and in
an essentially stochastic manner. A hon-
ey ant colony pursuing a rigid territorial
monopolization strategy would maintain
exclusive use of an area « around the
nest. If the cost of monopolizing a terri-
tory of area a costs the colony C(a) per
unit time, then the total defense cost for
a given interval T is C(a)T.

During T, a number of resource patch-
es (fractions of termite nests) will appear
in the area A, patterned in a spatial distri-
bution. In the simplest case, this distri-
bution is random and each point in A is
just as likely to receive a resource patch
as is any other point. Let R be the total
number of resource patches which, on
the average, appear in A during the peri-
od T. Then the average density of re-
source patches is p = R/A patches per
unit area, and the probability that a honey
ant colony will receive n of these on its
area is

P(n) = e~**(ap)"/n! 2

For clarity let each patch return benefit
B, to the colony. During 7T the colony ac-
quires on the average a total of ap re-
source patches on its territory and thus
harvests an average benefit B = Byap.
As resources become. scarcer, p de-
creases and the size of territory required
to harvest a given benefit B increases.
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If the colony requires a minimum re-
turn B* on its territorial investment dur-
ing the period T, then the fixed territory
of area « is economically defensible on
the average if

pBy ~ B*/a =2 C(a)T/a &)

The surplus yield per unit area must ex-
ceed the defense costs per unit area dur-
ing 7. For environments with scarce re-
sources, p will be small, and these condi-
tions are unlikely to be met.

The expected return B characterizes
the average benefit accrued over a very
large number of repeats of the period 7.
For any single period T, the appearance
of resource patches in a fixed territory is
a sampling from P(n) and will lie close to
B each period only if P(n) peaks sharply
around its mean ap. For P(n) with the

Poisson structure (Eq. 2), however, the -

variance o?is as large as the mean itself
o’ = ap 4)

and the harvestable return to the colony
can vary significantly from period to pe-
riod. Similar conclusions follow for re-
lated distributions. In such an environ-
ment, holding fixed territories is a high-
risk strategy in the sense that variance
on return is of the same magnitude as the
return itself. For many periods T, there
will be either a resource surplus on the
territory, which can exceed the colony’s
handling capacity, or a substantial re-
source deficit, which will make the de-
fense effort a heavy drain. If the colony
can handle surplus and ride out hard
times (which is evidently possible due to
the honeypot caste), the effects of this
short-term stochasticity can be smooth-
ed out somewhat and net benefit B pre-
dicted by Eq. 2 would be more closely
realized. Economic problems of defen-
sibility would then again be addressed by
Eq. 3. But a colony locked into a fixed
territory is at the mercy of the fluctua-
tions in the resource. A colony struck by
chance with a long chain of **hard time”’
periods would be eliminated if it is un-
able to search further afield for re-
sources.

A general rule of thumb is that animals
faced with chains of deficits and sur-
pluses on fixed territories should dis-
solve such boundaries and let foraging
ranges overlap. We have seen that this
constraint applies in part for honey ants.
Furthermore, for territorial risk-prone
colonies there is a basic economic for-
mula that will determine whether fixed
territories pay off in the long run. For

scarce, quickly exhausted resources,
this appears unlikely. The alternative to
fixed territories is a foraging system with
floating, temporary territorial bounda-
ries, as has been observed in honey ants.
Although.the colony will lose a fraction
of termite clusters in its region to com-
petitors, it will gain others in the region
of the competitor colony. Since defense
costs are now much reduced, and even
further reduced by the ritualized display
fight strategy, floating boundaries and
overlapping ranges become a preferred
option.
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