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ABSTRACT Nestmate recognition among social insects is presumed to restrict non-nestmates from
exploiting nest resources. Here, we developed aggression bioassays to assess the discrimination
behaviors of both polygynous and monogynous forms of the red fire ant, Solenopsis invicta Buren,
during symmetrical interactions in neutral arenas. Workers from polygyne colonies exhibited risk
avoidance behaviors; that is, defensive postures or the avoidance of direct contact during interactions.
Workers from monogyne colonies always exhibited aggressive behaviors in the form of physical or
chemical attacks. In interactions between both, monogyne workers usually started the aggression by
surrounding and biting the polygyne ants. Polygyne S. invicta workers also distinguished nestmates
from foreigners, but their response was not as aggressive as that of monogynes. The proposed ethogram
that we constructed identified monogyne and polygyne forms of S. invicta colonies in concordance
with current measures, including number of queens, and expression of the Gp-9 gene.
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Recognition between conspecifics is an essential at-
tribute of ant social behavior for repelling non-nest-
mates and protecting food resources (Holldobler and
Wilson 1990). Red fire ants, Solenopsis invicta Buren,
use olfactory cues produced by queens to discriminate
between colony members and conspecific intruders
(Vander Meer and Alonso 2002, Vander Meer et al.
2008). Solenopsis invicta also uses environmentally de-
rived cues to discriminate between colony members
and nonmembers (Obin et al. 1993). Red fire ants have
two distinct forms of colony organization: monogyny
and polygyny, distinguishable by the number of re-
productive queens (Ross and Keller 1995), how re-
production is divided among members of the colony,
the number of individuals produced, the degree of
genetic relatedness, and queens’ and workers” behav-
iors (Goodisman and Ross 1997, Keller and Ross 1998,
Adams and Balas 1999, Gotzek and Ross 2007). Dif-
ferent behaviors are correlated with allelic differences
at the nuclear gene General Protein-9 (Gp-9) that
codes for two groups of odor binding proteins
(Krieger and Ross 2002). Queens of monogyne colo-
nies possess B-like alleles (with BB genotype) and are
more prolific, heavier, and longer-lived than queens of
polygyne colonies (Keller and Ross 1999, Gotzek and
Ross 2007). In Argentina, polygyne colonies can be
heterozygous (Bb) or homozygous (BB), thus some
polygyne workers present b-like alleles (Ross et al.
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1996, Ross 1997, Krieger and Ross 2002). Monogyne
workers kill foreign queens and aggressively defend
their territory (Keller and Ross 1998). However, not
all behaviors are universal, primarily because worker
behaviors depend on the ecological context in which
they develop (Keller and Ross 1993, Obin et al. 1993,
Vander Meer and Alonso 2002, Goodisman et al. 2007),
and the manipulation of worker genotypes can elicit
change in behaviors (Ross and Keller 2002, Gotzek
and Ross 2008). Therefore, behaviors of native pop-
ulations can differ from those of introduced popula-
tions.

Nestmate recognition in S. invicta has been studied
extensively in the past. However, previous bioassays
mainly consisted of introducing alien workers within
several colonies (Obin and Vander Meer 1988, Morel
et al. 1990, Obin et al. 1993, Vander Meer and Alonso
2002, Vander Meer et al. 2008) without considering
that each colony possesses its own exclusive foraging
territory (Showler et al. 1990, Adams and Tschinkel
2001). Objectives of this study were to assess the
aggressive behavior of monogyne and polygyne red
fire ant workers by studying interaction in neutral
arenas, and to develop a reliable ethogram for readily
distinguishing between monogyne and polygyne col-
onies of S. invicta in the field.

Materials and Methods

Collection and Maintenance of Ants. A red fire ant
mound was considered a “colony” and all mounds
studied were separated from others by >2 m. Ants
from monogyne and polygyne populations were col-
lected at two field sites in Argentina: Parque Nacional
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Table 1.
responses (modified from Obin and Vander Meer 1988)
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Ethogram for assessing levels of aggression within and between monogyne and polygyne S. invicta workers by behavioral

Category Level Behavioral observations

Tolerance 1¢ Rest: ants alone or in groups remain motionless or clean their antennae.

Tolerance 2 Recognition: ants walk or exhibit rapid antennation towards other ants for >5 s.

Risk avoidance 3v Stereotypical postures: ants with mandibles held open and exhibiting “C” posture
(gaster under body), or curled body.

Risk avoidance 4 Avoid contact: ants with open mandibles evade or sidle away from other ants;
sometimes short pursuits and antennations for <5 s.

Aggression 5 Physical or chemical threat: ants attempt to bite, or gasters elevated, vibrating
and emitting venom®.

Aggression 6 Attack: 1 or 2 ants bite, sting, or dismember antennae or legs of opponent.

“ Postures from Cassill et al. (2009).
b Postures from Wuellner et al. (2002).
¢ “Gaster flagging” behavior (Obin and Vander Meer 1985).

Chaco (26° 48’ S and 59° 34’ W), Chaco Province, and
near San Javier city (30°35' S and 59°55’ W), Santa Fe
Province. S. invicta populations occur in pastures
(grassy patches) and along natural trails throughout
forests, both in subtropical forests in the Chaqueiia
Phytogeographic Province and the Espinal Phytogeo-
graphic Province, respectively (Cabrera and Willink
1980). Field observations were conducted between
February and October 2005 and between November
2006 and October 2007. Ants were identified accord-
ing to the key provided by Pitts et al. (2005).

Three types of measurements were taken in the
field as well as in the laboratory from each of six
monogynous and six polygynous mounds at both sites.
Colonies were excavated and separated from the soil
by means of a dripping system (Banks et al. 1981).
Clumped mounds separated by <1 m were considered
as being the same polydomic nest; only the largest
mound of each was excavated. In the laboratory, the
colonies were placed in 30 X 21 X 7.5 cm plastic boxes
coated with Fluon (polytetrafluoroethylene, Asahi
Glass Flouropolymers, Exton, PA) to prevent escape.
Colonies were placed in a rearing room at 28 = 1°C,
aphotoperiod of 12:12 (L:D) h and 80 = 10% RH. Ants
were fed 50:50 sugar:water solution, pure water, and
three fresh crickets, Acheta domesticus L., three times
each week. Monogynous and polygynous forms were
determined by counting the numbers of wingless
queens found in excavated mounds. Queens from the
collected nests were confirmed to be inseminated
when they produced workers in the laboratory.
Mounds with two or more functional queens were
considered polygynous. The social form of mounds
with one queen or no queens was determined by the
method of Valles and Porter (2003). Protein extracts
pooled from 15 to 20 workers per colony were assayed
for the presence of the B allelic protein, and colonies
exhibiting only the amplification of the Gp-9B allele
were considered to be monogynous.

Qualitative Behavior Field Assays. To assess mono-
gyne and polygyne forms of S. invicta, behavioral
interactions of workers belonging to the same nest
(control) were compared with interactions with non-
nestmates from neighboring colonies in the field. Ants
were collected with soft forceps and put in arenas
(plastic boxes coated with Fluon, 16 X 7.5 X 5 cm).

Ants from each colony remained in a separate arena
for 30 min, to allow ants to become accustomed to the
container (new environment). Afterwards, pairs cho-
sen for interactions were placed simultaneously into a
new arena. Interactions were measured among eight
workers (four per nest), and levels of aggression were
determined by counting the numbers of tolerant and
aggressive interactions (Table 1) during 10 min. The
social organization of each colony was assessed on the
basis of nest dominance per grassy patch, expressed as
the percentage of monogynous and polygynous col-
onies. Additionally, the distance from each mound to
the nearest mound was recorded. The colonies were
then excavated and taken to the laboratory.

Quantitative Behavior Laboratory Assays. To assess
both monogyne and polygyne forms of S. invicta col-
onies, behavioral comparisons were made between
forager (head width: 0.95 * 0.04 mm) nestmate ants
(control) and between workers from different colo-
nies in neutral arenas. Arenas were either used one
time or reused after cleaning with a 10% hypochlorite
solution for 24 h. Ants were kept in separate containers
for 30 min before release into the arena to test mo-
nogyne-monogyne, polygyne-polygyne, and mono-
gyne-polygyne combinations using four per colony.
Gasters were painted to differentiate social organiza-
tions as they were being observed (Markal, LA-CO
Industries Inc., Elk Grove, IL).. All ants were used once
to avoid behaviors related to familiarity. Interactions
were recorded during the first 60 s, and then every 30 s
for the following 9 min. Averaged index scores of ant
behaviors were used to rank the assay combinations
into six ranks of aggression that included three be-
havioral categories: tolerance, risk avoidance, and ag-
gression (Table 1). During interactions between mo-
nogyne versus polygyne ants the social organization
type to attack first and the reaction of the attacked ants
were recorded.

Statistical Analyses. Minimum mound distances be-
tween colonies and densities were analyzed using two-
tailed analysis of variance (ANOVA) (ANOVAg, site,
and social organization). For adjusting significance
levels to control type I error (a = 0.05) in multiple
comparisons made for workers” behaviors, a posteriori
contrasts were performed using the Fisher procedure
(P < 0.017; Sokal and Rolhf 1969, SAS Institute 1998).
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Table 2. Characteristics recorded among red fire ant mounds under field conditions: min. distance (m), and percent density (%) of
monogyne ds, and predo ing ant behavior observed (N = 3) during interactions
. Minimum % monogyne Level index, ’ Predicted social
Site Mound distance (m) per patch % occurrence” Category organization
Chaco 1 0.83 72.7 Walk, 86.7 Tolerance Polygyny
2 5.31 72.7 Bite-sting, 66.7 Aggression Monogyny
3 5.31 72.7 Bite-sting, 100 Aggression Monogyny
4 1.26 72.7 Antennation, 93.3 Tolerance Polygyny
5 0.92 80.0 Walk, 100 Tolerance Polygyny
6 1.16 80.0 Chemical threat, 46.7 Aggression Monogyny
7 2.65 84.6 Pull members, 46.7 Aggression Monogyny
8 112 84.6 Rest in group, 76.7 Tolerance Polygyny
9 1.61 84.6 Rest, 50.0 Tolerance Polygyny
10 2.13 84.6 Walk, 70.0 Tolerance Polygyny
11 4.31 84.6 Pull members, 40.0 Aggression Monogyny
12 5.36 84.6 Dismember-dead ants, 60.0 Aggression Monogyny
San Javier 1 3.83 70.0 Bite-sting, 76.7 Aggression Monogyny
2 0.66 70.0 Walk, 66.7 Tolerance Polygyny
3 1.26 70.0 Dead ants, 46.7 Aggression Monogyny
4 1.00 70.0 Rest, 66.7 Tolerance Polygyny
5 0.32 59.3 Walk, 83.3 Tolerance Polygyny
6 1.26 59.3 Antennation, 50.0 Tolerance Polygyny
7 1.60 59.3 Bite, 33.3 Aggression Monogyny
8 3.47 59.3 Pull members, 70.0 Aggression Monogyny
9 0.51 79.0 Rest, 63.3 Tolerance Polygyny
10 0.64 79.0 Walk, 73.3 Tolerance Polygyny
11 3.26 79.0 Chemical threat, 53.3 Aggression Monogyny
12 511 79.0 Bite, 60.0 Aggression Monogyny

A patch is a grass-dominated area where red fire ant colonies tend to be clustered.

“See Table 1 for level descriptions.

Data of behavioral categories obtained from the etho-
gram and the specific interactions between monogyne
and polygyne colonies were analyzed using the
Kruskall-Wallis ANOVAs on ranks for global compar-
isons (P = 0.025) and by followed by Mann-Whitney
U'tests for contrasts between treatments (Daniel 1990,
SAS Institute 1998). Behavioral data discriminated by
site were analyzed using the Mann-Whitney U test
(P = 0.05) (SAS Institute 1998).

Results

Qualitative Behavior Field Assays. The most com-
monly observed behavior in the control treatment was
walking, whereas the other combinations resulted in a
wider variety of behaviors. Usually polygyne workers
were not aggressive toward alien conspecific ants from
neighboring mounds. Monogyne workers bit and
stung other ants, and vibrated their elevated gasters
(Table 2). Minimum mound distances from other
nests were shorter for polygynes (1.31 = 0.14 m) than
monogynes (4.02 + 0.50m) (F=35.74;df = 1,20, P <
0.001). Mound densities within sampled patches were
higher, 74.3%, for monogynes than for polygynes (F =
28.12; df = 1, 20; P = 0.0019). Minimum mound dis-
tances between nests and densities within sampled
patches were associated with the final assignment of
the social form to the colonies tested (Table 2).

Quantitative Behavior Laboratory Assays. Organi-
zation structure affected ant behaviors (H = 87.78;
df = 3,123; P < 0.0001; Fig. 1) but a site effect was not
detected. Eighty-six percent of monogyne workers
were aggressive toward foreign ants of either mono-
gyne or polygyne colonies. Polygyne workers recog-

nized nestmate workers versus alien workers and the
80% of them were not aggressive toward foreign po-
lygyne workers by exhibiting risk avoidance behav-
iors. In the monogyne versus polygyne interactions,
the index scores reflected aggression (Fig. 1). Inter-
actions between monogyne and polygyne ants also
showed 42.6% risk avoidance behaviors and 50% ag-
gression (Fig. 1). Of91.7% assays, classification of each
colony’s corresponded with the quantitative behavior
classification in every instance excluding one where
we were not able to amplify either alleles (colony five
from San Javier).

Aggressive interactions were typified by recogni-
tion antennations from monogyne workers on the
head and gaster of polygyne workers before the po-
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Fig. 1. Median with first and third quartile scores of

levels of behavior observed during the interactions within
and between monogyne (M) and polygyne (P) S. invicta
workers. Different letters indicate significant differences
(P < 0.05, Kruskal-Wallis test); behavioral interactions cat-
egories are tolerance, risk avoidance, and aggression.
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Fig. 2. Median with first and third quartile behavior in-
dex levels for interactions between monogyne (M) and po-
lygyne (P) S. invicta workers. (A) Tolerance. (B) Risk avoid-
ance. (C) Aggression. M-P indicates that both monogyne and
polygyne workers showed the same behavior simultaneously.
Different letters indicate significant differences (P < 0.05).
Percentages of interactions by each category of behavior are
indicated.

lygyne ants were surrounded and bitten on the post-
petiole. Before attacks, the polygyne targeted ants
usually displayed no reaction to the monogyne ag-
gressive ants, and attacked polygyne workers did not
respond aggressively.

Of all interactions observed between monogyne
and polygyne workers, only four exhibited tolerance
(Fig. 2a). Monogyne and polygyne workers often
avoided the mutual contact through risk avoidance
behaviors of which a 26.1% were initiated by a mo-
nogyne ant and 17.4% by a polygyne ant (Fig. 2b; H =
15.43; df = 2, 20; P = 0.004). During risk avoidance,
ants displayed open mandibles and curled their bod-
ies. Most, 66.7%, of aggressive behaviors were initiated
by monogyne workers, although 33.3% polygyne
workers were aggressive (Fig. 2¢c; H=10.57;df = 2, 20,
P = 0.0051).

Discussion

The ability of social insects to recognize nestmates
from non-nestmates is a fundamental trait for main-
taining the integrity of individual colonies (Ho6lldobler
and Wilson 1990). Our study shows that monogyne
and polygyne workers of S. invicta discriminate be-
tween nestmates and foreigners as indicated by dif-
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ferent behaviors ranging from tolerance to aggression.
Monogyne ants always attacked foreign ants indepen-
dently if they were from monogyne or polygyne col-
onies, whereas polygyne ants recognized (but did not
attack) foreign polygyne ants, mainly by exhibiting
postures similar to behaviors assumed after attacks by
Pseudacteon phorids (Wuellner et al. 2002). Hostile
versus warning behaviors were strongly dependent on
the social structure of workers. Therefore, the behav-
ior toward foreign workers was a reliable ethological
indicator to characterize monogyne and polygyne col-
onies of S. invicta.

Monogyne S. invicta colony territorial area and the
mound size are positively correlated (Tschinkel et al.
1995), which, in turn, is regulated by the size (number
and biomass of workers) and distance from neighbor-
ing colonies (Showler et al. 1990), by their prey den-
sity (Showler et al. 1989), and by the colony’s collec-
tive competitive ability (Adams 2003). In contrast,
nestmate discrimination among polygyne colonies is
more relaxed (Morel et al. 1990) as workers tolerate
conspecific ants alien to the colony, accept other het-
erozygote queens, and do not aggressively protect
their territory from polygyne conspecifics (Keller and
Ross 1998). These colonies might increase their re-
productive output as a result of having many queens
and the possibility of exploiting greater territories by
means of cooperative recruitment and interconnected
mounds (Bhatkar and Vinson 1987; Morel et al. 1990).
Therefore, polygyne workers displayed low aggressive
responses toward polygyne non-nestmates because
lower aggression results in higher survival. Conse-
quently, the behavior of workers is another reliable
factor to characterize both monogyne and polygyne
colonies of S. invicta (Morel et al. 1990), in addition to
considering mean worker sizes, density or distance
between mounds, number of queens, or molecular
assays (Greenberg et al. 1985; Ross et al. 1997; Porter
1992, 1993; Tschinkel et al. 1995; Goodisman et al. 1999;
Adams and Tschinkel 2001; Krieger and Ross 2002).

The ethogram has the advantages of evaluating the
behavior of ants using small and inexpensive arenas for
isolating behavioral responses associated with nest
defense, and tolerance. Polymerase chain reaction
analysis corroborated our assessments of whether a
colony was monogynous or polygynous. Use of the
ethogram permits assessment without disturbing, de-
stroying, or excavating the colonies or performing
molecular analyses.
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