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The effects of serotonin, dopamine, octopamine and tyramine
on behavior of workers of the ant Formica polyctena
during dyadic aggression tests
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We investigated the effect of injections of four biogenic amines (serotonin, dopamine, octopamine and tyramine) on behavior
patterns displayed by workers of the red wood ant Formica polyctena during dyadic confrontations with four types of
opponents: a nestmate, an alien conspecific, an allospecific ant (Formica fusca), and a potential prey, a nymph of the house
cricket (Acheta domesticus). Significant effects of biogenic amine administration were observed almost exclusively in the
case of confrontations with allospecific opponents. Serotonin treatment exerted stimulatory effects on behavior patterns
involving physical aggression (biting accompanied by gaster flexing, dragging and formic acid spraying), but these effects
were relatively weak and/or documented by indirect evidence. Dopamine administration exerted a stimulatory effect on
open-mandible threats directed by F. polyctena to F. fusca and to cricket nymphs, and on biting behavior directed to cricket
nymphs. Surprisingly, octopamine treatment did not exert significant effects on aggressive behavior of the tested ants.
Tyramine administration exerted a suppressing effect on threatening behavior directed to F. fusca, but led to shortening of
the latencies to the first open-mandible threat during the tests with cricket nymphs. Biogenic amine administration also
influenced non-aggressive behavior of the tested ants. Our findings confirmed the role of serotonin and dopamine in the
mediation of ant aggressive behavior and documented for the first time significant effects of tyramine treatment on ant
aggressive behavior. We also demonstrated that not only specific patterns of ant aggressive behavior, but also behavioral
effects of biogenic amine treatments are as a rule strongly context-dependent.
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INTRODUCTION

Biogenic amines, neuroactive compounds acting as
neurotransmitters, neuromodulators and neurohor-
mones, play a very important role in the mediation of
insect physiology and behavior, including both aggres-
sive and non-aggressive inter-individual interactions
(Roeder et al. 2003, Roeder 2005, Scheiner et al. 2006,
Farooqui 2007, Gauthier and Griinewald 2012). The
involvement of biogenic amines in the mediation of
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various forms of insect aggressive behavior was first
documented in the ants (Kostowski and Tarchalska
1972, Kostowski et al. 1972) and then was also exten-
sively studied in many other solitary and social insect
species including the fruit flies of the genus Drosophila,
the cricket Gryllus bimaculatus, and the honeybee
(Apis mellifera) (Adamo et al. 1995, Robinson et al.
1999, Baier et al. 2002, Stevenson et al. 2005, Zwarts
et al. 2012).

Ants (Formicidae, Hymenoptera) are particularly
suitable as model organisms for the research on neuro-
biological basis of aggressive behavior, as they are
highly social and show a rich repertoire of behavior
patterns expressed in a wide range of contexts includ-
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ing confrontations with nestmates, conspecific ants
from different nests, and various allospecific enemies,
competitors, intruders, potential slaves and potential
prey (Mabelis 1979, Holldobler and Wilson 1990).
Neurochemical processes underlying ant aggressive
behavior were extensively studied by Kostowski and
his team in workers of the common species of mound-
building red wood ants, Formica rufa (Kostowski
1966, 1968, Kostowski and Tarchalska 1972, Kostowski
et al. 1966, 1972, 1975a,b, Tarchalska et al. 1975). The
main bioassay used in these experiments consisted of
a short (3—15 min) confrontation between a small
group of ants (10—15 individuals) and a large beetle
(Geotrupes sp.). Aggressive responses directed by the
tested ants to the beetle and to other nestmates partici-
pating in that group confrontation were considered to
represent the expression of, respectively, inter-specific
and intra-specific (intra-colony) aggressive behavior
(Kostowski 1966, 1968, Kostowski and Tarchalska
1972, Kostowski et al. 1972, 1975a,b, Tarchalska et al.
1975). Intra-colony aggressive interactions were also
investigated by means of another bioassay consisting
of a group confrontation between 10 nestmates sub-
jected to antennalectomy to induce mutual aggressive-
ness (Kostowski et al. 1975a, Tarchalska et al. 1975).
The relationships between neurochemical and behav-
ioral processes taking place during aggressive con-
frontations of the tested ants with nestmates and
allospecific opponents were investigated by means of
a wide spectrum of research techniques including the
administration of neuroactive compounds in food
(Kostowski 1966, 1968, Kostowski et al. 1966) and by
means of injections into abdominal cavity (Kostowski
1966, 1968, Kostowski et al. 1966, 1972, 1975b,
Kostowski and Tarchalska 1972), and the measure-
ments of brain contents of specific neurochemicals
(Kostowski et al. 1972, 1975a,b, Tarchalska et al.
1975).

As revealed by these experiments, neurochemical
processes underlying ant aggressive behavior show
both differences and similarities in respect to verte-
brates. In particular, biogenic amines serotonin (5-HT)
and dopamine (DA) known to play an important role in
the mediation of aggressive behavior of vertebrates
(Olivier 2004, De Almeida et al. 2005, Miczek and
Fish 2005a,b, Ryding et al. 2008) were also found to be
critically involved in the mediation of ant aggressive
behavior (Kostowski and Tarchalska 1972, Kostowski
etal. 1972, 1975a,b, Tarchalska et al. 1975). Participation

of workers of F. rufa in a group confrontation with a
beetle and a group confrontation between antennalec-
tomized nestmates was followed by a similar signifi-
cant increase of brain levels of serotonin (Kostowski et
al. 1975a, Tarchalska et al. 1975). However, abdominal
injections of serotonin and its metabolic precursor
5-hydroxytryptophan (5-HTP) carried out before a
confrontation of a group of workers of F. rufa with a
Geotrupes beetle increased the number of the ants
fighting between themselves, but decreased the num-
ber of the ants attacking the beetle (Kostowski and
Tarchalska 1972, Kostowski et al. 1972). Abdominal
injections of dopamine (DA) and drugs increasing DA
levels in the brain such as DOPA (an immediate pre-
cursor of dopamine) and diethyldithiocarbamate
(DDTC) (a potent inhibitor of dopamine hydroxylase)
also exerted a strong stimulatory effect on aggressive
responses of workers to F. rufa to their nestmates dur-
ing a group confrontation with a beetle, but had no
significant effect on their aggressive responses to the
beetle or even reduced their level (Kostowski et al.
1975b). It was therefore not surprising that abdominal
injections of a DA antagonist haloperidol brought
about opposite effects: an increase of attacks directed
to the beetle with a concomitant decrease of attacks
directed to other ants (Kostowski et al. 1975b).

Further research devoted to neurochemical pro-
cesses underlying ant aggressive behavior confirmed
that dopamine plays an important role in the mediation
of ant aggressive behavior. In the study of Rioux (1983)
injections of apomorphine, an agonist of DA receptors,
enhanced aggressive responses of resident workers of
the carpenter ant Camponotus aethiops to allospecific
intruders, workers of Camponotus vagus. In particular,
apomorphine exerted a strong stimulatory effect on
biting behavior.

Several studies also revealed important involve-
ment of yet another biogenic amine, octopamine (OA),
in the mediation of various forms of ant aggressive
behavior (Ozaki et al. 2004, Cuvillier-Hot and Lenoir
2006, Kaita et al. 2006, Szczuka and Godzinska 2008,
Vander Meer et al. 2008, Aonuma and Watanabe
2012). Octopamine, a biogenic amine widespread in
insects and many other invertebrates, is commonly
assumed to act as a functional analogue of noradrena-
line, whereas its metabolic precursor tyramine is
assumed to act as a functional analogue of adrenaline
(Roeder et al. 2003, Roeder 2005). In ants octopamine
plays an important role among others in the mediation



of social interactions between nestmates (Boulay et al.
1999, 2000, Korczynska et al. 2005, Wada-Katsumata
et al. 2011) and of various forms of aggressive behavior
(Ozaki et al. 2004, Cuvillier-Hot and Lenoir 2006,
Kaita et al. 2006, Szczuka and Godzinska 2008,
Vander Meer et al. 2008, Aonuma and Watanabe
2012). As shown by Cuvillier-Hot and Lenoir (2006),
dominant (alpha) workers of the queenless ponerine
ant Streblognathus peetersi have higher brain OA lev-
els than other high-ranking workers and subordinate
workers. In the red imported fire ant (Solenopsis
invicta) queen absence leads to dramatic decrease of
both worker aggressiveness towards non-nestmates
and worker brain OA levels. Both these effects of
queen absence can be counterbalanced by chronic oral
administration of octopamine (Vander Meer et al.
2008). Chronic oral octopamine treatment was also
found to exert a stimulatory effect on responses of the
red wood ants (Formica polyctena) to potential insect
prey (dead houseflies) (Szczuka and Godziniska 2008).
Most recently, Aonuma and Watanabe (2012) also
interpreted significant differences between the levels
of N-acetyloctopamine (NAcOA) in the brains of
queens and workers of the Japanese wood ant Formica
Jjaponica Motschoulsky as an evidence for the involve-
ment of octopaminergic system in the mediation of
aggressive motivation in these ants.

However, it should also be noted that some studies
devoted to unraveling of interrelationships between
various biogenic amines and various forms of ant
aggressive behavior brought about negative results.
Thus, Hoyer and coauthors (2005) did not find any
marked modifications of serotonergic and dopaminer-
gic neurons in the central nervous system of workers
of the ponerine ant Harpegnathos saltator as a result
of participation in intra-colony aggressive interactions.
Similarly, Cuvillier-Hot and Lenoir (2006) did not find
significant differences between 5-HT contents in the
brains of dominant (alpha), high ranking and subordi-
nate workers of Streblognathus peetersi. Moreover,
surprisingly, higher DA levels were detected in the
brains of subordinate workers than in the brains of
more aggressive dominant and high ranking workers.
Lastly, octopamine treatment was found to exert a sup-
pressing effect on aggressive behavior of active forag-
ers of Camponotus japonicus responding to non-nest-
mates (Ozaki et al. 2004) and in workers of that species
responding to non-nestmate cuticular hydrocarbons
(Kaitaetal. 2006). Complex interrelationships between
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various biogenic amines and various forms of ant
aggressive behavior are thus still far from being ulti-
mately unraveled.

The present study was carried out in order to revisit
in more detail the question of the involvement of vari-
ous biogenic amines in the mediation of ant aggressive
behavior. We used as subjects ants of the common spe-
cies of mound-building red wood ants, Formica
polyctena Forst., closely akin to F. rufa, a species
investigated earlier by Kostowski and his coworkers
(Kostowski 1966, 1968, Kostowski and Tarchalska
1972, Kostowski et al. 1966, 1972, 1975a,b, Tarchalska
etal. 1975). F. polyctena was also used as a model spe-
cies in extensive research investigating various forms
of ant aggressive behavior including intra-specific
aggression, aggressive interactions with other ant spe-
cies and predatory aggression (among others De Bruyn
and Mabelis 1972, Mabelis 1979, 1984a,b, Le Moli and
Mori 1986, Savolainen and Vepsildinen 1989,
Savolainen 1990, 1991, Beye et al. 1997, Heuts et al.
2003, Czechowski and Marko 2006, Czechowski et al.
2013). Moreover, since several years we focused our
research among others on proximate causal factors
underlying the responses of these ants to insect prey
(Szczuka and Godzinska 1997, 2000, 2004a,b, 2008)
and on the role of octopamine in the mediation of their
behavior (Szczuka and Godzinska 2008, Wnuk et al.
2011).

As in the experiments of Kostowski and his col-
leagues (Kostowski 1966, 1968, Kostowski and
Tarchalska 1972, Kostowski et al. 1966, 1972, 1975b)
main stress was laid on the analysis of neurochemical
aspects of the investigated phenomena and behavior of
the tested ants was recorded and analyzed in a less
detailed way, in the present study we wanted to throw
more light on the effects of biogenic amine administra-
tion on various patterns of aggressive and non-aggres-
sive behavior displayed by workers of F. polyctena.
Moreover, during a group confrontation of several
workers with a beetle aggressive responses directed by
the ants to their nestmates might have been also influ-
enced by the stimuli related to the presence of the
beetle. Therefore, this time we decided to use a differ-
ent type of aggression test: a dyadic aggression test
consisting of a confrontation of a single ant with a
single opponent. Various types of dyadic aggression
tests were used in numerous studies investigating
interactions between both conspecific and allospecific
ants (among others Le Moli and Parmigiani 1981,
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1982, Le Moli et al. 1982, 1983, 1984, Le Moli and
Mori 1986, Mori and Le Moli 1993, Dahbi et al. 1996,
Beye et al. 1997, Mercier et al. 1997, Boulay and
Lenoir 2001, Heuts et al. 2003, Roulston et al. 2003,
Newey et al. 2010). We also decided to record the
behavior of the tested ants by means of a video cam-
corder to facilitate its subsequent detailed analysis.

In his experiments with F. rufa Kostowski and his
coworkers (Kostowski and Tarchalska 1972, Kostowski
et al. 1972, 1975a,b, Tarchalska et al. 1975) investigat-
ed two types of aggressive behavior: intra-specific
intra-colony aggression (attacks directed to nestmates)
and inter-specific aggression (attacks directed to a
beetle). However, it was not clear whether and to what
degree that allospecific opponent represented for the
ants an intruder/competitor, or a potential prey. In the
present study we wanted to investigate the involvement
of biogenic amines in the mediation of ant aggressive
behavior in a yet more wide range of contexts.
Therefore, workers of F. polyctena were subjected to
confrontations with four categories of opponents: a
nestmate, a non-nestmate conspecific, an allospecific
ant (Formica fusca L.), and a small potential prey (a
small nymph of the house cricket, Acheta domesticus
L). This allowed us to study aggressive behavior
expressed in four main contexts: intra-specific intra-
colony aggression, intra-specific between-colony
aggression, inter-specific aggression triggered by a
potential competitor, and inter-specific aggression
triggered by a potential prey. We prefer to speak about
“aggressive responses to potential prey” rather than
about “predatory behavior”, as it is difficult to tell
whether and to what degree the responses of F.
polyctena to cricket nymphs encountered during dyad-
ic aggression tests were indeed driven by internal fac-
tors underlying predatory behavior, as they might at
least partly represent defensive responses triggered by
the close contact with another insect taking place
within a limited closed space. Moreover, the distinc-
tion between predatory behavior and other forms of
aggressive behavior is particularly difficult in the case
of F. polyctena, as during the periods of shortage of
food workers of that species may attack alien conspe-
cifics by employing exactly the same behavior patterns
as when hunting other insect prey (De Bruyn and
Mabelis 1972, Mabelis 1979, 1984a).

The tested ants received abdominal injections of
saline solution (in the case of the control group) and of
four biogenic amines (serotonin, dopamine, octo-

pamine and tyramine) dissolved in saline solution.
Whereas the first three of these biogenic amines were
already known to influence ant aggressive behavior,
the possible role of tyramine in the mediation of ant
aggressive behavior was investigated for the first time.
We decided to study the effects of the administration
of this amine, too, as it is assumed to act as the func-
tional equivalent of adrenaline in the insect nervous
system, and, therefore, is increasingly frequently used
in the research devoted to the role of various biogenic
amines in the mediation of behavior and physiology of
various insects (Roeder et al. 2003, Roeder 2005,
Sasaki and Harano 2007), including ants (Korczynska
et al. 2005).

METHODS
Subjects

The experiment consisted of two identical series of
tests carried out during the same season (November —
beginning of December) on two successive years.
During both series of tests we used as subjects workers
of the red wood ant Formica polyctena Forst. collected
in the field and then kept in laboratory conditions.
Ants tested during the first series of tests were col-
lected in a mixed pine forest situated close to the vil-
lage Rzeszotkow (near Siedlce in central-eastern
Poland; 52°16°24” N, 22°20°39” E). Ants tested during
the second series of tests were collected in a similar
forest situated close to the village Wolka Radzyminska
(near Warsaw in central Poland; 52°25°57” N, 21°5°8”
E). The collected colony fragments consisted each of a
few thousands of workers taken directly from the
mound together with the nest material. The colony
fragment collected during the first year of the experi-
ment contained 14 queens, but only seven of them were
retained together with the collected workers. The colo-
ny fragment collected during the second year of the
experiment contained no queen, but we supplemented
it, too, with seven queens collected from the same nest
several weeks earlier.

In the laboratory the ants were housed in artificial
nests made each of three open rectangular Perspex
containers (29 cm x 19 cm % 15 cm) with the walls
coated with Fluon® (PTFE), a substance providing a
silky smooth surface and, hence, commonly used in
myrmecological research to prevent the ants from
escaping from artificial nests. The containers were



connected together by means of narrow plastic tubes.
Two out of three interconnected boxes contained
numerous large glass test tubes serving as artificial
nest chambers. Each tube was filled partly with water
trapped in by means of a cotton plug to provide a
humidity gradient allowing the ants to choose their
preferred humidity conditions. The tubes were covered
from above with a sheet of aluminum foil to assure
darkness. The third box served as a foraging area. The
ants had constant access to water provided in small
Petri dishes filled with moist cotton and to carbohy-
drate and protein food (honey mixed with crushed
apple and sand added to make the mixture less sticky
and pieces of house crickets killed by freezing and
allowed to thaw at room temperature). Food was
exchanged for fresh one three times a week. The nests
were kept at a stable ambient temperature (22 + 2°C)
and relative humidity of the air (40—45%) and exposed
to a natural rhythm of daylight and darkness supple-
mented with artificial white light illumination deliv-
ered at 12:12 LD.

Asrevealed by earlier research of our team (Szczuka
and Godzinska 2000, 2004a), workers of F. polyctena
collected in the field started to behave in a predictable
way during behavioral tests employed to investigate
their responses to insect prey after about 3—4 weeks of
habituation to laboratory conditions. As we wanted to
avoid the effects of insufficient habituation to labora-
tory conditions, we started to carry out our behavioral
tests after a several week delay from the collection of
the ants (about 7 weeks during the first part of experi-
ment, about 4 weeks during its second part).

As demonstrated by many classical and recent stud-
ies (among others, Dobrzanska 1959, Holldobler 1983,
Nowbahari and Lenoir 1989, Sturgis and Gordon
2012), ant aggressive behavior depends strongly on
worker age and/or behavioral specialization: older
workers are as a rule more aggressive than younger
ones and foragers are more aggressive than nurses.
Therefore, we used as subjects only a subclass of for-
agers selected by means of the so called “fishing rod
technique” used in earlier experiments of our team to
identify ants responding persistently to insect prey
(Szczuka and Godzinska 1997, 2004a,b, 2008). A dead
housefly fixed to a thread was repeatedly lowered into
the foraging area of the nest, allowing us to collect
foragers responding to it by at least such persistent bit-
ing that they could be lifted up from the nest together
with the fly when it was being removed.
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Alien conspecifics used as opponents of the tested
workers of F. polyctena were taken from queenless
colony fragments collected in the field at a distant
location from the colonies of F. polyctena used as a
source of workers subjected to biogenic amine treat-
ments. Each colony fragment consisted of several
thousands of workers. During the first year of the
experiment alien conspecifics of F. polyctena were
collected close to Wolka Radzyminska (52°25°57” N,
21°5°8” E), at about 100 km from Rzeszotkow, the site
of origin of F. polyctena with which they were subse-
quently paired. During the second part of the experi-
ment they were collected close to Dziekanéw Lesny
(52°20°31” N, 20°51’33” E), at about 30 km from the
site Wolka Radzyminska, the site of origin of their
opponents used in this part of the experiment. The
sites Dziekanéw Lesny and Wolka Radzyminska were
also separated by a large river (Vistula). Colony frag-
ments providing workers of F. fusca used as allospe-
cific opponents in the dyadic aggression tests with F.
polyctena were collected near Wolka Radzyminska
(52°25°57” N, 21°5’8” E) on both years of the experi-
ment. Both colony fragments were queenless and each
of them consisted of several hundreds of workers. All
the ants to be used as opponents during dyadic aggres-
sion tests were housed in the same laboratory in simi-
lar artificial nests, received the same food and were
exposed to the same laboratory conditions as the tested
workers of F. polyctena.

Nymphs of the house cricket (Acheta domesticus)
used in dyadic aggression tests were also reared in the
same laboratory. They were kept in large groups con-
sisting of individuals of similar age and size. Cricket
nymphs used in the tests were carefully selected to
match closely the size of workers of F. polyctena with
which they were paired during dyadic aggression
tests.

Biogenic amine administration

The ants were anaesthetized on ice immediately
after being withdrawn from the foraging area of their
nests and received abdominal injections of 0.5 ul of
0.6% saline (control group) or of 0.5 pl of 0.08 M sero-
tonin, dopamine, octopamine or tyramine hydrochlo-
rides dissolved in 0.6% saline. Biogenic amines were
purchased at Sigma-Aldrich Poland. The doses of bio-
genic amines (an equal number of mM/mg of the aver-
age worker body weight) corresponded to the dose of
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octopamine that provoked the most strongly expressed
behavioral effects during dyadic confrontations between
nestmates of the carpenter ant Camponotus fellah Della
Torre taking place after a period of social isolation
(Boulay et al. 2000). Average body weight of a worker
of F. polyctena was estimated as 15 mg on the basis of
measurements carried out by means of a microtorsion
balance. The injections were carried out by means of a
glass capillary tube connected with a Hamilton microsy-
ringue. After the injection the ant was placed in a test
tube (5 cm long, 13 mm in diameter) closed by a cotton
plug. The interval of 1 hour between the injection and
the beginning of a dyadic aggression test was chosen
on the basis of literature data (Kostowski and Tarchalska
1972, Kostowski et al. 1972, 1975b, Boulay et al. 1999,
2000, Korczynska et al. 2005). In the case of abdomi-
nal injections of dopamine the most important modifi-
cations of aggressive behavior were observed even
more rapidly, after 30 min post injection, and after 1 h
post injection they were already less well expressed
(Kostowski et al. 1975b). However, significant modifi-
cations of aggressive behavior of workers of F. rufa
following abdominal injections of serotonin were
observed after 1 h (Kostowski and Tarchalska 1972,
Kostowski et al. 1972). Similarly, Boulay and others
(1999) demonstrated that abdominal injections of octo-
pamine lead to significant increase of octopamine
contents in brains of workers of the carpenter ant spe-
cies C. fellah and that the maximum effect is attained
after 1 h. Consequently, the delay of 1 h was used in
two experiments investigating behavioral consequenc-
es of abdominal injections of octopamine in workers of
two carpenter ant species, C. fellah and C. herculeanus
L. and in both cases octopamine administration brought
about significant modifications of ant behavior: partial
suppression of isolation-induced trophallaxis, a specific
social interaction consisting of a mutual contact of
mouthparts accompanied by the exchange of liquid
food and/or signal compounds involved in the nestmate
recognition (Boulay et al. 2000, Korczynska et al.
2005).

Ants acting as the opponents of the tested workers
of F. polyctena were collected in the foraging areas of
their artificial nests and placed singly in identical test
tubes an hour before the test. Conspecific opponents
(nestmates and non-nestmates) were marked with color
paint on the previous day and returned to their nest for
night. Cricket nymphs were collected from the con-
tainers housing their laboratory cultures.

Dyadic aggression tests

As already stated, the tested workers were isolated
singly in small test tubes during one hour before the
test. They were observed and individuals showing
impaired locomotion or any other behavioral disorder
were discarded.

At the start of the test the cotton plugs closing the
tubes containing a worker of F. polyctena and its oppo-
nent were withdrawn and the open ends of the tubes
were put together one against the other. Both tubes
were then fixed together with a piece of transparent
Scotch tape and the set of two tubes containing a dyad
of ants was fixed on a shelf of a vertical stand put
before a digital video camcorder Sony DCR-TRV 340E
to record the lateral view of the interacting ants. This
method of recording of ant behavior facilitates the
identification of various forms of interactions between
the tested ants which are sometimes difficult to tell
apart if the ants are observed from above (Cybulska et
al. 2000, Korczynska et al. 2005, Wagner-Ziemka et al.
2006, 2008). After a 10 min test the two tubes were
separated and their interior parts were checked for the
presence of the smell of the formic acid which would
provide the evidence of the occurrence of formic acid
ejection by one or both interacting ants.

In the main analysis of our data we decided to take
into account the data obtained for 40 dyadic aggres-
sion tests recorded for each combination of neuro-
chemical treatment and opponent type (5 x 4 = 20
combinations). For each such combination 20 tests
were recorded during the first year of the experiment
and 20 tests were recorded during its second year.
However, during some tests formic acid released by
the tested ants led to strongly disturbed behavior,
impairment of locomotion and sometimes even to
death of one or both opponents. Such tests (0-26 per
experimental group) were not included in the main
analysis. As during such tests the behavior of the ants
was analyzed only until the appearance of the dis-
turbed behavior, these data could be used only in a
separate additional analysis (see below).

Quantification and analysis of ant behavior

The recordings of ant behavior were analyzed by
means of the software ,,The Observer Video-Pro”
(Noldus Information Technology). The following
behavioral categories were taken into account:



Aggressive behavior: open-mandible threat; open-
mandible threat accompanied by gaster flexing; charge
(a rapid lunge toward the opponent); biting; biting
accompanied by gaster flexing; dragging of the oppo-
nent; fight (a combat of two opponents). Presence/
absence of gaster flexing was noted because in the
formicine ants gaster flexing signalizes the readiness
to display formic acid spraying. Therefore, open-
mandible threats and biting accompanied by gaster
flexing represent more escalated forms of, respec-
tively, threatening behavior and overt aggressive
behavior.

Non-aggressive social interactions between the
opponents: indifferent behavior (absence of any evi-
dent behavioral response) in respect to the opponent
staying in the close vicinity of the observed ant (at a
lesser distance than its approximate body length);
antennal contacts with the antenna of the opponent;
antennal contacts with other parts of its body; allog-
rooming; trophallaxis. The last two behavioral catego-
ries were not observed during the tests with cricket
nymphs.

Other behavior patterns: self-grooming; locomo-
tion; resting.

Some of these behavioral categories were also
pooled for further statistical analysis (e.g. open-mandi-
ble threats accompanied and not accompanied by
gaster flexing, biting accompanied and not accompa-
nied by gaster flexing, antennal contacts with the
antennae and with other parts of the body of the oppo-
nent). The results of the tests were analyzed in several
alternative ways.

The overall result of each test was first quantified as
an aggression score denoting the most escalated pat-
tern of aggressive behavior observed during the test.
We adopted finally the following ranking order (1-6):
(I) no aggression; (2) threatening behavior (open-
mandible threats accompanied or not accompanied by
gaster flexing); (3) charge(s); (4) biting behavior
(accompanied or not accompanied by gaster flexing);
(5) dragging behavior; (6) fight (see also Fig. 1A).
Scores obtained for various experimental groups were
compared by means of Kruskal-Wallis ANOVA fol-
lowed by Siegel and Castellan post-hoc tests for pair-
wise comparisons of independent data taking into
account the inherent error rates accompanying multi-
ple comparisons (Siegel and Castellan 1988). Further
in the text these tests will be denoted as Siegel-
Castellan post-hoc tests.
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In a similar way we also quantified the overall result
of each test by assigning to it a score denoting the most
advanced form of non-aggressive social interactions
(1-5) : (1) only aggressive contacts; (2) no interactions;
(3) antennal contacts; (4) allogrooming; (5) trophal-
laxis (see also Fig. 1B). The data obtained for various
experimental groups were then compared in the same
way as in the case of aggression scores.

Finally each behavioral category taken into account
in the main analysis of behavior displayed during the
aggression test was quantified by the following vari-
ables: (1) the rate of occurrence in the experimental
group (the ratio of the tests during which the behavior in
question was present to those during which it was
absent), (2) the latency from the start of the test to the
first episode of the behavior in question, (3) the total
number of bouts of that behavior observed during the
test, and (4) the total duration of all bouts of that behav-
ior observed during the test [s]. The latency from the
start of the test to the first episode of the analyzed
behavior was expressed as the per cent of the total test
time until the onset of the first bout of that behavior, as
such a variable could be calculated also for the tests dur-
ing which that behavior was absent, taking the value of
100% (Wagner-Ziemka et al. 2006). As our data distri-
butions were often not normal or even approximately
normal, we applied non-parametric tests to carry out
inter-group comparisons of the values of variables quan-
tifying the analyzed behavior. As we wanted to focus
attention on the effects of biogenic amines observed in
different contexts, and not on comparisons of responses
of ants to various opponents, the data obtained for the
tests with each of the four opponents were analyzed
separately. This also made possible a considerable
reduction of the number of multiple comparisons, and,
as a consequence, facilitated the detection of some
effects of biogenic amine treatments which might have
remained undetected as a consequence of the application
of corrections for numerous multiple comparisons.

The rate of occurrence of the analyzed behavior
pattern in various experimental groups was compared
by means of the y* test followed by post-hoc pairwise
comparisons carried out by means of the two-tailed
Fisher Exact Probability Test taking into account
Bonferroni correction for multiple comparisons. This
analysis was carried out only if the expected frequen-
cies were sufficiently high (>5) and was carried out in
two ways, with and without taking into account the
tests involving the release of the formic acid.
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The values of the remaining three variables quanti-
fying a given behavioral category (the latency from the
start of the test to the first episode of analyzed behav-
1or, the total number of bouts of that behavior, and the
total duration of all bouts of that behavior) obtained for
different experimental groups were compared by
means of the Kruskal-Wallis ANOVA followed by
Siegel and Castellan post-hoc tests. For each analyzed
variable, two inter-group comparisons were carried
out: (1) an analysis taking into account all the tests
(n=40 in each group), and (2) an analysis taking into
account only the tests during which the behavior in
question was expressed. This second analysis was not
carried out if the sample size of any of the compared
groups was lower than n=4. Siegel-Castellan tests were
also calculated in two ways: the groups of ants treated
with various biogenic amines were compared only
with the control group, or also with each other.

The latencies from the start of the test to the first epi-
sode of a given behavior pattern were also analyzed by
means of an additional Kruskal-Wallis ANOVA analysis
followed by Siegel-Castellan post-hoc tests including also
the tests involving formic acid release. As formic acid
spraying belongs to the most escalated patterns of aggres-
sive behavior in formicine ants, the information about the
tests during which it was displayed should not have been
entirely discarded. However, the remaining two variables
quantifying various behavior patterns displayed during
the tests — the total number and the total duration of their
episodes during the test — could not be analyzed in this
additional way, because the behavior displayed by the
ants during such tests was analyzed only up to the
moment of appearance of disturbed behavior and, hence,
these initial parts of the tests had different length.

In all analyses we considered as significant the differ-
ences at the level of at least P<0.05. However, in the
description of the results and in the figures we also men-
tioned non-significant trends with significance level tak-
ing values in the interval between 0.05 and 0.1.

RESULTS
Responses of F polyctena to various opponents

Irrespectively of the treatment, workers of F. polycte-
na responded in a strikingly different way to their
conspecifics (both nestmates and non-nestmates) and
allospecifics (workers of F. fisca and nymphs of the
house cricket). In the case of both aggressive behavior

(Fig. 1A) and non-aggressive social interactions (Fig.
1B) the data obtained for any experimental group in
which the ants were paired with an conspecific oppo-
nent differed in a highly significant way from the data
obtained for any experimental group in which the ants
were paired with an allospecific opponent. Whereas on
the majority of the tests with conspecific opponents
aggressive behavior of F. polyctena was absent or lim-
ited to threatening behavior, during their confronta-
tions with allospecifics F. polyctena displayed as a rule
two most escalated patterns of physical aggression:
dragging of the opponent and fights (Fig. 1A). Dragging
of the opponent as the most escalated form of aggres-
sive behavior occurred more frequently during the
confrontations of F. polyctena with cricket nymphs
than during their confrontations with workers of F.
fusca simply because crickets fought back at a lower
rate than allospecific ants (Fig. 1A).

Similar striking differences between the responses
of F. polyctena to conspecific and allospecific oppo-
nents were also discovered by the analysis of non-ag-
gressive social interactions between the opponents
taking place during dyadic aggression tests. The con-
frontations of F. polyctena with allospecifics usually
involved only antennal contacts. Trophallaxis and allo-
grooming appeared only during the tests with F. fusca
and were very infrequent. In contrast, the confronta-
tions of F. polyctena with conspecifics — both nest-
mates and alien conspecifics from distant colonies — as
a rule involved trophallaxis (Fig. 1B).

Effects of biogenic amines on aggressive
behavior of F polyctena

The analysis of scores quantifying aggressive and
non-aggressive social interactions did not discover any
significant effects of any of the tested biogenic amines
on behavior of F. polyctena confronted with the oppo-
nents belonging to the same class (conspecifics vs.
allospecifics) (Fig. 1A,B). However, the analysis of
other variables quantifying aggressive behavior dis-
played by F. polyctena during various types of dyadic
aggression tests discovered numerous significant
effects of biogenic amine treatments. With a single
exception, biogenic amine treatments influenced in a
significant way only aggressive behavior displayed by
workers of F. polyctena during the confrontations with
allospecific opponents: workers of . fusca and nymphs
of the house cricket.



Biogenic amines and ant aggressive behavior 503

A Aggressive behavior

control serotonin | dopamine |octopamine | tyramine
\\ \_\ '\\
Formica N\ \ .
polyctena ) ) ‘ [ ] 1-noaggression
!
nestmate y / B 2 - threatening
~ N D 3 - charge
Formica \ o
polyctena [] 4-biting
alien )
[] 5 - dragging
B s-fight
Formica
fusca
™,
Acheta
domesticus

B  Non-aggressive social interactions

control serotonin | dopamine |octopamine| tyramine
F . e
ormica .
1 - only aggressive
ﬁngnt:ﬁaa D contacts
D 2 - no interactions
Formica D 3 - antennal contacts
‘:I?:.-ﬂdena B 4 - allogrooming
[ 5 - trophallaxis
y 4
Formica || ‘2 I/ g
fusca \ / \
e //

\

|
|

//’.)V_
Acheta |’
\

. |
domesticus

—
—

N
A

.

A

N 4

f

—
\\‘
v
LY
~—

—

[
\

Fig.1. Occurrence of different types of (A) aggressive behavior and (B) non-aggressive social interactions during 10 min
dyadic confrontations of workers of F. polyctena with four types of opponents: a nestmate (Formica polyctena nestmate), an
alien conspecific (Formica polyctena alien), an allospecific ant (Formica fusca), or a nymph of the house cricket (Acheta
domesticus). The tests were carried out 1 h after abdominal injection of 0.6% saline (control) or 0.08 M of serotonin, dop-
amine, octopamine or tyramine dissolved in 0.6% saline. #=40 in each experimental group. The overall result of each test
was quantified in two alternative ways: (A) as a score (1-6) denoting the most escalated pattern of aggressive behavior
observed during the test, and (B) as a score (1-5) denoting the most advanced form of non-aggressive social interactions
observed during the test. Statistics: Kruskal-Wallis ANOVA (H,,=505.12, P<0.00001 for aggressive behavior, H,,=582.96,
P<0.00001 for non-aggressive social interactions) followed by Siegel and Castellan post-hoc tests which revealed highly
significant differences (P<0.00001) in the case of all pairwise comparisons of the data obtained for experimental groups
involving the confrontations with opponents belonging to different classes (conspecific vs. allospecific), and no significant
differences in the case of all other pairwise comparisons. The results are shown in form of circle charts as such presentation
reveals more information than a bar graph showing medians and quartiles of scores quantifying aggressive and non-aggres-
sive interactions. x* test could not be applied to the analysis of these data because of too low expected frequencies for some
behavioral categories.
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Serotonin

Administration of serotonin exerted stimulatory
effects on some aspects of aggressive behavior of work-
ers of F. polyctena displayed during dyadic confronta-
tions with allospecific opponents. Significant stimulatory
effects of serotonin on aggressive behavior of workers of
F. polyctena were revealed mainly by the analyses of the
data including the results of the tests involving the
release of the formic acid. Such tests occurred relatively
infrequently during the confrontations of F. polyctena
with their nestmates (6 cases), alien conspecifics (7
cases) and nymphs of the house cricket (9 cases), but
were much more numerous during the confrontations
between F. polyctena and F. fusca (72 cases) and the
highest rate of occurrence of such tests (36%), signifi-
cantly higher than in the case of the control ants (8.3%),
was observed in the ants treated with serotonin (Fig. 2).
F. fusca as a rule do not use formic acid spraying during
aggressive encounters (Wallis 1962) and they were never
observed to display that behavior during pilot dyadic
confrontations with F. polyctena. Formic acid released
during these tests was thus most probably produced
exclusively by F. polyctena. This finding suggests thus
strongly that during dyadic confrontations with F. fissca
the highest ratio of the most aggressive workers of F.
polyctena displaying formic acid spraying behavior was
observed in the group treated with serotonin.

During the confrontations with F. fusca the laten-
cies from the start of the test to the first episode of

2 2
X test: X 4=11.72, P<0.02

P <0.05
c 5-HT DA OA TA
. presence
of formic acid spraying
I:’ absence

Fig. 2. The rate of occurrence of the tests involving the
release of formic acid observed during 10 min dyadic con-
frontations of workers of F. polyctena with workers of F.
fusca carried out 1 h after abdominal injection of 0.6% saline
(C; n=46) or 0.08 M of serotonin (5-HT; n=66), dopamine
(DA; n=55), octopamine (OA; n=56), or tyramine (TA;
n=49) dissolved in 0.6% saline. Statistics: y*test followed by
post-hoc pairwise comparisons carried out by means of the
two-tailed Fisher Exact Probability Test taking into account
Bonferroni correction for multiple comparisons.

Kruskal-Wallis ANOVA: H4= 9.95, P<0.05
P<0.05
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Fig. 3. Medians and quartiles of the latency from the start of
the test to the first episode of dragging of the opponent per-
formed by workers of F. polyctena during 10 min dyadic
confrontations with workers of F. fusca carried out 1 h after
abdominal injection of 0.6% saline (C; n=46) or 0.08 M of
serotonin (5-HT; n=66), dopamine (DA; n=55), octopamine
(OA; n=56), or tyramine (TA; n=49) dissolved in 0.6%
saline. The latencies are expressed as the per cent of the total
test time until the onset of the first bout of dragging. The
analysis included also the tests involving the release of for-
mic acid. Statistics: Kruskal-Wallis ANOVA followed by
Siegel-Castellan post-hoc tests calculated in two ways: com-
parisons of each group subjected to biogenic amine treat-
ment only with the control (the results shown above the
graph) and all possible comparisons (the results shown
below the graph).

dragging of the opponent were also significantly
shorter in the ants treated with serotonin than in the
control group (Fig. 3). This effect, too, was significant
only if the analysis of the data took into account the
tests involving the release of the formic acid.

During the confrontations of F. polyctena with
cricket nymphs ants treated with serotonin were dis-
playing the highest number of bouts of biting accom-
panied by gaster flexing. However, that effect was
observed only when the tests during which that behav-
ior was absent had been discarded from the analysis
and even then it was only close to be significant (Fig.
4A). Interestingly, the ants treated with serotonin did
not differ from the control ants in respect to the total
duration of bouts of that behavior (Fig. 4B). If the tests
during which biting accompanied by gaster flexing
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Fig. 4. Medians and quartiles of the total duration of all
bouts of biting accompanied by gaster flexing performed by
workers of F. polyctena during 10 min dyadic confrontations
with nymphs of the house cricket (4. domesticus) carried out
1 h after abdominal injection of 0.6% saline (C; n=32) or
0.08 M of serotonin (5-HT; n=32), dopamine (DA; n=32),
octopamine (OA; n=31), or tyramine (TA; n=23) dissolved
in 0.6% saline. The analysis included only the tests during
which biting accompanied by gaster flexing was observed.
Statistics: see Figure 3.
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Fig. 5. Medians and quartiles of (A) the total number and (B)
the total duration of all bouts of biting accompanied by
gaster flexing performed by workers of F. polyctena during
10 min dyadic confrontations with nymphs of the house
cricket (A. domesticus) carried out 1 h after abdominal injec-
tion of 0.6% saline (C) or 0.08 M of serotonin (5-HT), dop-
amine (DA), octopamine (OA), or tyramine (TA) dissolved
in 0.6% saline. The analysis included the tests during which
biting accompanied by gaster flexing was absent. =40 in
each experimental group. Statistics: see Figure 3.
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Fig. 6. Medians and quartiles of (A) the total number and (B)
the total duration of all bouts of open-mandible threats not
accompanied by gaster flexing performed by workers of F.
polyctena during 10 min dyadic confrontations with workers
of F. fusca carried out 1 h after abdominal injection of 0.6%
saline (C) or 0.08 M of serotonin (5-HT), dopamine (DA),
octopamine (OA), or tyramine (TA) dissolved in 0.6%
saline. n=40 in each experimental group. Statistics: see
Figure 3.

was not observed were not discarded from the analysis,
the total number of episodes of that behavior and their
total duration were significantly higher in the ants
treated with serotonin than in the ants treated with
tyramine (Fig. 5A,B), but the comparison with the
control did no more yield significant results.

Dopamine

Dopamine treatment exerted a stimulatory effect on
threatening behavior displayed by workers of F. polyctena
during their confrontations with F. fisca and on both
threatening and overt aggressive behavior displayed by F.
polyctena during the confrontations with cricket nymphs.

During the confrontations between F. polyctena and
F. fusca dopamine treatment was followed by a sig-
nificant increase of both the total number (Fig. 6A) and
the total duration (Fig. 6B) of open-mandible threats
(not accompanied by gaster flexing). The total dura-
tion of all forms of open-mandible threats (accompa-
nied and not accompanied by gaster flexing) was also
significantly higher in ants treated with dopamine
(Kruskal-Wallis ANOVA: H,=10.28, P<0.05; Siegel-
Castellan post-hoc test: P<0.05).

Dopamine treatment also led to increased level of
both threatening behavior and overt aggression during
the confrontations of workers of F. polyctena with
nymphs of the house cricket. The latency from the start
of the test to the first episode of any form of open-
mandible threat (either accompanied or not accompa-
nied by gaster flexing) was significantly shorter in the
ants treated with dopamine than in the control group
and in the group treated with serotonin (Fig. 7). These
effects were also observed when the tests during which
open-mandible threats were absent were discarded
from the analysis (Kruskal-Wallis ANOVA: H,=15.07,
P<0.01; Siegel-Castellan post-hoc test: P< 0.01 for the
comparison DA vs. control and P<0.05 for the com-
parison DA vs. 5-HT). Similar effects were also
observed when we took into account the tests involv-
ing the release of the formic acid. When compared
with the controls, the ants treated with dopamine
showed then significantly shorter latencies to the first
episode of any form of open-mandible threat (Kruskal-
Wallis ANOVA: H,=14.99, P<0.005; Siegel-Castellan
post-hoc test: P<0.01), and to the first episode of open-
mandible threat not accompanied by gaster flexing
(Kruskal-Wallis ANOVA: H,=9.51, P<0.05; Siegel-
Castellan post-hoc test: P<0.05).



Dopamine treatment also significantly increased the
total number of bouts of biting directed to cricket
nymphs in comparison with the data obtained for the
control ants and for the ants treated with tyramine
(Fig. 8). A similar effect was also observed in the case
of the total duration of biting, but this time only the
comparison with the group treated with tyramine
revealed a significant difference (Kruskal-Wallis
ANOVA: H,=13.10, P<0.01; Siegel-Castellan post-hoc
test: P<0.01). In the case of biting accompanied by
gaster flexing dopamine treatment also did not bring
about significant effects in comparison with the con-
trol, but both the total number of episodes of that
behavior and their total duration were significantly
higher in the ants treated with dopamine than in the
ants treated with tyramine (Fig. 5A,B). The latencies
from the start of the test to the first episode of biting
accompanied by gaster flexing also tended to be
shorter (Kruskal-Wallis ANOVA: H,=10.42, P<0.05;
Siegel-Castellan post-hoc test: P<0.1) in the ants
treated with dopamine than in those treated with
tyramine. A similar stimulatory effect (but this time
significant; Kruskal-Wallis ANOVA: H,=14.54, P<0.01;
Siegel-Castellan post-hoc test: P<0.01) was also
observed in the case of the latencies from the start of
the test to the first act of dragging of the cricket
nymph, which were shorter in the ants treated with
dopamine than in those treated with tyramine.

Similar effects were also observed when the tests dur-
ing which the behavior in question was absent were dis-
carded from the analysis of the results. This time, the total
duration of biting accompanied by gaster flexing was
significantly higher in the ants treated with dopamine
than in the ants treated with tyramine and with octo-
pamine (Fig. 4B). Interestingly, neither of these effects
was significant in the case of the total number of episodes
of that behavior (Fig. 4A). However, when biting accom-
panied and not accompanied by gaster flexing have been
pooled into a single category, the total number of episodes
of that behavior also proved to be significantly higher in
the ants treated with dopamine than in the ants treated
with tyramine (Kruskal-Wallis ANOVA: H,=11.13, P<0.05;
Siegel-Castellan post-hoc test: P<0.05). Inter-group dif-
ferences in the total duration of that behavior were now
also slightly more strongly expressed than in the case of
biting accompanied by gaster flexing (Kruskal-Wallis
ANOVA: H,=16.35, P<0.01; Siegel-Castellan post-hoc
test: P<0.01 for the comparison DA vs. TA and P<0.05 for
the comparison DA vs. OA; compare with Fig. 4B).
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Fig. 7. Medians and quartiles of the latency from the start of
the test to the first open-mandible threat (accompanied or
not accompanied by gaster flexing) performed by workers of
F polyctena during 10 min dyadic confrontations with
nymphs of the house cricket (4. domesticus) carried out 1 h
after abdominal injection of 0.6% saline (C) or 0.08 M of
serotonin (5-HT), dopamine (DA), octopamine (OA), or
tyramine (TA) dissolved in 0.6% saline. The latencies are
expressed as the per cent of the total test time until the first
open-mandible threat. »=40 in each experimental group.
Statistics: see Figure 3.
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Fig. 8. Medians and quartiles of the total number of all bouts

of biting not accompanied by gaster flexing performed by
workers of F. polyctena during 10 min dyadic confrontations
with nymphs of the house cricket (4. domesticus) carried out
1 h after abdominal injection of 0.6% saline (C) or 0.08 M
of serotonin (5-HT), dopamine (DA), octopamine (OA), or
tyramine (TA) dissolved in 0.6% saline. n=40 in each exper-
imental group. Statistics: see Figure 3.
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Octopamine

Surprisingly, octopamine treatment did not exert
any significant effects on aggressive behavior of the
tested workers of F. polyctena. Although medians and
quartiles of variables quantifying open-mandible
threats directed by F. polyctena to F. fusca took very
similar values in the case of the ants treated with dop-
amine and with octopamine (Fig. 6A,B), statistical
analysis did not reveal any significant or even nearly
significant differences between the ants treated with
octopamine and the control ants.

The analysis of responses of F. polyctena to conspe-
cific workers from an alien colony revealed a decrease
in the total duration of all forms of open-mandible
threats in the ants treated with octopamine, but only in
relation to the ants treated with tyramine and serotonin
and only when the tests during which open-mandible
threats were absent were discarded from the analysis
(Fig. 9). Similar but weaker effects were also observed
in the case of the total number of that behavior
(Kruskal-Wallis ANOVA: H,=10.40, P<0.05; Siegel-

Kruskal-Wallis ANOVA: H, = 12.23, P < 0.02
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Fig. 9. Medians and quartiles of the total duration of all
bouts of open-mandible threats (accompanied or not accom-
panied by gaster flexing) performed by workers of F
polyctena during 10 min dyadic confrontations with alien
conspecifics carried out 1 h after abdominal injection of
0.6% saline (C; n=24) or 0.08 M of serotonin (5-HT; n=29),
dopamine (DA; n=26), octopamine (OA; n=25), or tyramine
(TA; n=28) dissolved in 0.6% saline. The analysis included
only the tests during which any form of open-mandible
threat was observed. Statistics: see Figure 3.

-Castellan post-hoc test: P=0.05 for the comparison
OA vs. TA). The comparisons of the ants treated with
octopamine with the control ants did not, however,
yield significant results.

Tyramine

Significant effects of tyramine administration
were revealed only when the tests during which the
analyzed behavior was not observed were discarded
from the analysis. During the confrontations with
F. fusca workers of F. polyctena subjected to
tyramine treatment showed decreased number of
open-mandible threats accompanied by gaster flex-
ing as compared to the control ants and to the work-
ers treated with dopa-mine (Fig. 10A). The total
duration of that behavior was also significantly
shorter in the ants treated with tyramine than in the
ants treated with dopamine (Kruskal-Wallis
ANOVA: H,=14.02, P<0.01; Siegel-Castellan post-
hoc test: P<0.01). However, during the encounters
with cricket nymphs the latencies from the start of
the test to the first open-mandible threat accompa-
nied by gaster flexing were shorter in the ants
treated with tyramine than in the ants from the con-
trol group and tended to be shorter than in the ants
treated with serotonin (Fig. 10B).

Effects of biogenic amines on non-aggressive
behavior of E polyctena observed during dyadic
aggression tests

In contrast to aggressive behavior, which was
influenced by biogenic amine treatments almost
exclusively in the context of confrontations with
allospecific opponents, significant effects of biogenic
amine treatments on various patterns of non-aggres-
sive behavior of workers of F. polyctena were discov-
ered during their confrontations with all types of
opponents.

Confrontations with nestmates

During the confrontations of workers of F. polyctena
with their nestmates biogenic amine treatments exerted
inhibitory effects on some forms of social contacts
between the interacting ants, namely, antennal contacts
and allogrooming. Serotonin and tyramine administra-
tion was followed by the increase of the latency from



the start of the test to the first antennal contact with the
nestmate (Kruskal-Wallis ANOVA: H,=13.74, P<0.01;
Siegel-Castellan post-hoc tests: P=0.01 and P<0.05,
respectively) and to the first act of allogrooming
(Kruskal-Wallis ANOVA: H,=16.54, P<0.01; Siegel-
-Castellan post-hoc test: P<0.01 for the effects of both
serotonin and tyramine). Closely similar results were
also obtained when the tests during which the behavior
in question was not expressed were discarded from the
analysis (the latency from the start of the test to the first
antennal contact: Kruskal-Wallis ANOVA: H,=12.90,
P<0.02; Siegel-Castellan post-hoc tests: P<0.02 for the
effect of serotonin and P<0.05 for the effect of tyramine;
the latency from the start of the test to the first act of
allogrooming: Kruskal-Wallis ANOVA: H,=22.0,
P<0.001; Siegel-Castellan post-hoc tests: P<0.001 for
the effects of both serotonin and tyramine).

Serotonin, dopamine and tyramine treatment also
exerted suppressing effects on the total number of bouts
of allogrooming of a nestmate (serotonin; Fig. 11A) and
on the total duration of that behavior (all three amines;
Fig. 11B). In both cases the ants treated with serotonin
differed significantly not only from the control ants, but
also from the ants treated with octopamine (Fig. 11A,
B). However, octopamine also exerted a significant
inhibitory effect on allogrooming, but it involved anoth-
er variable quantifying that behavior, the latency from
the start of the test to the first episode of allogrooming,
which was significantly longer in ants treated with octo-
pamine (Kruskal-Wallis ANOVA: H,=16.54, P<0.01;
Siegel-Castellan post-hoc test: P<0.05).

The values of the variables quantifying trophallaxis
with the nestmates were not influenced by biogenic
amine treatments.

Confrontations with alien conspecifics

Both serotonin and dopamine treatment decreased
the number of bouts (Fig. 12A) and the total duration
of trophallaxis with an alien conspecific (Fig. 12B).
These effects were discovered only when the tests dur-
ing which trophallaxis was absent were not included in
the analysis.

Tyramine treatment reduced the total number of
episodes of self-grooming (Kruskal-Wallis ANOVA:
H,=13.53, P<0.01; Siegel-Castellan post-hoc test:
P<0.01) and the total duration of all episodes of that
behavior (Kruskal-Wallis ANOVA: H,=16.70, P<0.01;
Siegel-Castellan post-hoc test: P<0.001).
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Fig. 10. (A) Medians and quartiles of the total number of all
bouts of open-mandible threats accompanied by gaster flex-
ing performed by workers of F. polyctena during 10 min
dyadic confrontations with workers of F. fusca carried out
1 h after abdominal injection of 0.6% saline (C; n=19) or
0.08 M of serotonin (5-HT; n=22), dopamine (DA; n=17),
octopamine (OA; n=18), or tyramine (TA; n=23) dissolved
in 0.6% saline. (B) Medians and quartiles of the latency
from the start of the tests to the first open-mandible threat
accompanied by gaster flexing performed by workers of F.
polyctena during 10 min dyadic confrontations with nymphs
of the house cricket (4. domesticus) carried out 1 h after
abdominal injection of 0.6% saline (C; n=27) or 0.08 M of
serotonin (5-HT; n=20), dopamine (DA; n=29), octopamine
(OA; n=25), or tyramine (TA; n=21) dissolved in 0.6%
saline. The latencies are expressed as the per cent of the total
test time until the first open-mandible threat accompanied by
gaster flexing. In both cases (A and B) the analysis included
only the tests during which any form of open-mandible
threat was observed. Statistics: see Figure 3.
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Fig. 11. Medians and quartiles of (A) the total number and
(B) the total duration of all bouts of allogrooming performed
by workers of F. polyctena during 10 min dyadic confronta-
tions with nestmates carried out 1 h after abdominal injec-
tion of 0.6% saline (C; n=31) or 0.08 M of serotonin (5-HT;
n=25), dopamine (DA; n=28), octopamine (OA; n=24), or
tyramine (TA; n=25) dissolved in 0.6% saline. The analysis
included only the tests during which biting accompanied by
gaster flexing was observed. Statistics: see Figure 3.
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Fig. 12. Medians and quartiles of (A) the total number and
(B) the total duration of all bouts of trophallaxis performed
by workers of F. polyctena during 10 min dyadic confronta-
tions with alien conspecifics carried out 1 h after abdominal
injection of 0.6% saline (C; n=32) or 0.08 M of serotonin
(5-HT; »n=32), dopamine (DA; n=34), octopamine (OA;
n=36), or tyramine (TA; n=32) dissolved in 0.6% saline. The
analysis included only the tests during which trophallaxis
was observed. Statistics: see Figure 3.



Confrontations with allospecific ants (F. fusca)

Serotonin administration was followed by a signifi-
cant decrease of the ratio of the tests during which the
ants engaged in self-grooming [y?,=13.83, P<0.01;
Fisher Exact Probability Test: P=0.03 (with the
Bonferroni adjustment for multiple comparisons)].

Confrontations with cricket nymphs

Octopamine treatment exerted a stimulatory effect
on the number of bouts of locomotion shown by work-
ers of F. polyctena (Fig. 13). Tyramine treatment
decreased the number of episodes of locomotion, but
that effect was significant only for the comparison
with the ants treated with octopamine (Fig. 13).

Several further effects of biogenic amine treatments
on non-aggressive behavior patterns displayed by F.
polyctena during the confrontations with the cricket
nymphs were revealed only when the tests during which
the behavior in question was absent were discarded
from the analysis. These effects included significantly
or nearly significantly longer latencies from the start of
the test to the first episode of resting behavior observed
in ants treated with serotonin, dopamine and octo-
pamine (Kruskal-Wallis ANOVA: H,=10.35, P<0.05;
Siegel-Castellan post-hoc tests: P=0.07, P<0.02, P=0.07,
respectively). Tyramine treatment brought about a yet
different effect: it was followed by shortening of the
latency from the start of the test to the first episode of
indifferent behavior shown in response to the opponent
(Kruskal-Wallis ANOVA: H,=13.46, P<0.01; Siegel-
Castellan post-hoc test: P<0.05).

DISCUSSION

The results of our experiment throw further light on
two important questions: diversity and context-depen-
dence of aggressive responses of the ants to various
opponents, and the effects of biogenic amine treat-
ments on behavior patterns displayed by the ants dur-
ing these confrontations.

Our experiment revealed profound and highly sig-
nificant differences between the behavior of workers
of the red wood ant F. polyctena during dyadic con-
frontations with various opponents. Interestingly, the
frontier line between the responses involving no
aggression or only threatening behavior and the
responses involving acts of escalated physical aggres-
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Kruskal-Wallis ANOVA: H, = 11.74, P = 0.02
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Fig. 13. Medians and quartiles of (A) the total number and
(B) the total duration of all bouts of locomotion performed
by workers of F. polyctena during 10 min dyadic confronta-
tions with with nymphs of the house cricket (4. domesticus)
carried out 1 h after abdominal injection of 0.6% saline (C)
or 0.08 M of serotonin (5-HT), dopamine (DA), octopamine
(OA), or tyramine (TA) dissolved in 0.6% saline. n=40 in
each experimental group. Statistics: see Figure 3.

sion was related to the distinction between conspecific
and allospecific opponents, and not to the distinction
between nestmates and non-nestmates. Responses of
F. polyctena to both types of conspecific opponents
involved as a rule no aggression or only threatening
behavior and a similarly high rate of non-aggressive
social contacts, in particular trophallaxis. However,
similar relatively mild responses of various red wood
ants (F. polyctena, F. rufa and Formica lugubris Zett)
to alien conspecifics are already documented in litera-
ture. Initially, dyadic laboratory confrontations
between nestmates of various red wood ant species
were found to involve no aggression (F. polyctena: Le
Moli and Mori 1986; F. lugubris: Le Moli and
Parmigiani 1982, Le Moli et al. 1984; F. rufa: Le Moli
et al. 1982, 1983, 1984), and similar dyadic confronta-
tions between conspecific non-nestmates were found
to involve mostly various forms of threatening behav-
ior (F. polyctena: Le Moli and Mori 1986; F. lugubris:
Le Moli and Parmigiani 1982; F. rufa: Le Moli et al.
1982). However, further research revealed that behav-
ior displayed by the red wood ants during dyadic con-
frontations with alien conspecifics is highly variable
and may even involve fights, sometimes at a relatively
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high rate (F. rufa: Mori and Le Moli 1993; F. polycte-
na: Beye et al. 1997). Moreover, during the periods of
shortage of food in field conditions F. polyctena may
respond to conspecifics from neighbor colonies by
very escalated aggression, the so called ant wars (De
Bruyn and Mabelis 1972, Mabelis 1979, 1984a,b).
Presence of highly escalated aggressive behavior
during dyadic confrontations between red wood ants
(including F. polyctena) and allospecific ants of the
subgenus Serviformica (including F. fusca) is also well
documented (Le Moli and Parmigiani 1981, Le Moli et
al. 1983, Le Moli and Mori 1986, Heuts et al. 2003). In
the study of Le Moli and coauthors (1983) attack
behavior displayed by the red wood ant workers was
observed during the majority of the dyadic confronta-
tions between F. rufa and F. cunicularia, although it
never led to death of the attacked ant. Dyadic confron-
tations of F. cunicularia with F. polyctena and F. lugu-
bris involved even more escalated aggressive behavior:
attack behavior was displayed by all tested red wood
ant workers and led to death of the attacked workers of
F. cunicularia during 35% of tests with F. polyctena
(Le Moli and Mori 1986) and 75% of the tests with F.
lugubris (Le Moli and Parmigiani 1981). Occurrence
of highly escalated aggressive behavior leading to seri-
ous injuries and/or worker death during dyadic con-
frontations between F. polyctena and F. fusca was also
reported by Heuts and colleagues (2003). In field con-
ditions F. polyctena and other red wood ants act as top
dominants (Vepsildinen and Pisarski 1982, Savolainen
and Vepsildinen 1988, 1989, Pisarski and Vepsildinen
1989, Czechowski et al. 2013). Workers of F. fusca may
nest within their territories and usually avoid their
aggressive attacks thanks to evasive behavior charac-
teristic for submissive species, observed both in the
field (Vepsildinen and Pisarski 1982, Savolainen and
Vepsildinen 1989, Czechowski and Marké 2005) and
in laboratory (Wallis 1963). However, F. polyctena
were observed to chase them away from food sources
by threats and aggressive attacks (Savolainen 1991).
Similarity of responses of F. polyctena to both types
of allospecific opponents, workers of F. fusca (potential
competitors) and nymphs of the house cricket (potential
prey) is not surprising in light of overall similarity of
behavior patterns displayed by these ants in the context
of predation and during aggressive confrontations with
alien conspecifics (De Bruyn and Mabelis 1972, Mabelis
1979, 1984a). However, although F. polyctena behaved
similarly during the confrontations with F. fusca and

with cricket nymphs, their behavior in these two con-
texts was not identical. Cricket nymphs fought back less
readily than workers of F. fusca, and, therefore, esca-
lated aggression displayed by F. polyctena during the
confrontations with these opponents was often limited
to dragging behavior. Moreover, workers of F. polycte-
na sometimes engaged in trophallaxis and allogroom-
ing with workers of F. fissca, but these two forms of
social contacts were entirely absent during their con-
frontations with cricket nymphs.

Context-dependence of ant aggressive behavior is
already documented by numerous studies (among oth-
ers Dobrzanski 1959, Beye et al. 1997, Buczkowski and
Silverman 2005, Barth et al. 2010, Tanner and Adler
2009, Scharf et al. 2011). In particular, patterns of
aggressive behavior were repeatedly found to depend
in a crucial way on the type of the bioassay used in the
experiment (Le Moli and Parmigiani 1981, Le Moli
and Mori 1986, Le Moli et al. 1984, Mercier et al. 1997,
Roulston et al. 2003, Buczkowski and Bennett 2008,
Martin et al. 2008, Newey et al. 2010). Dyadic aggres-
sion tests involve a confrontation of two opponents
within a limited closed space and, therefore, in com-
parison with field conditions the tested ants have only
a limited possibility to avoid the attacks by evasive
behavior. However, as a rule ants tested in dyadic
aggression tests display much less escalated aggressive
behavior than during group aggression tests, as aggres-
sive motivation is stimulated by the increasing group
size. Stimulatory effects of group size on the expres-
sion on various forms of ant aggressive behavior have
been reported in the context of responses to alien con-
specifics (Skibinska 1982), allospecifics (Tanner 2006,
2008) and potential prey (Szczuka and Godzinska
1997, 2000, 2004a,b). Although dyadic aggression
tests are less reliable than group tests in triggering ant
aggressive behavior, they allow a more precise analysis
of various behavior patterns displayed during the test.
During group aggression tests it is also difficult (if not
impossible) to determine whether and to what extent
aggressive responses of the tested ants are triggered/
influenced by internal and external factors related to
presence and behavior of the opponent(s) and of other
nestmates participating jointly in the test.

In our experiment significant effects of biogenic
amine treatments on ant aggressive behavior were dis-
covered solely in the context of the confrontations of
the tested workers of F. polyctena with allospecific
opponents, workers of F. fusca and cricket nymphs
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Table 1

Summary of the main effects of administration of various biogenic amines on behavior of workers of the red wood ant
(Formica polyctena) during 10 min dyadic aggression tests consisting of a confrontation with a nestmate, an alien
conspecific, an allospecific ant (¥ fusca), or a nymph of the house cricket (Acheta domesticus)

F polyctena
nestmate

FE polyctena

F fusca Cricket nymph

alien

1. Aggressive behavior

Threats
Charges
Biting
Dragging
Fight

Formic acid spraying

ADA VTA ADA ATA

ADA 15-HT
AS5-HT

A5-HT

2. Non-aggressive social interactions

Indifferent behavior
V5-HT VTA

V5-HT VDA
VOA VTA

Antennal contacts

Allogrooming

Trophallaxis

ATA

V5-HT VDA

3. Other behavior patterns

Selfgrooming
Locomotion

Resting

VTA V5-HT
AOA

VDA |OA | 5-HT

(DA) dopamine; (5-HT) serotonin; (OA) octopamine; (TA) tyramine. Only statistically significant (P<0.05) and nearly
significant (0.05<P<0.1) differences with control group are taken into account. (A) a significant stimulatory effect; (V)
a significant suppressing effect; (1) a nearly significant stimulatory effect; (|) a nearly significant suppressing effect.

(Table I). Administration of biogenic amines influ-
enced only non-aggressive behavior shown by the
tested ants during confrontations with conspecific
opponents. These findings are surprising, as in the
majority of earlier studies significant effects of bio-
genic amine administration were expressed above all
in the context of interactions with nestmates (Kostowski
et al. 1972, 1975b, Kostowski and Tarchalska 1972)
and non-nestmate conspecifics (Vander Meer et al.
2008, Ozaki et al. 2004, Kaita et al. 2006).

Our present results confirmed the main conclusions
of earlier research documenting the involvement of

biogenic amines serotonin (Kostowski and Tarchalska
1972, Kostowski et al. 1972, 1975a, Tarchalska et al.
1975) and dopamine (Kostowski et al. 1975b) in the
mediation of aggressive behavior of the red wood ants.
Similarly as in these earlier studies, in our present
study the most important effects of biogenic amine
administration were also documented in the ants
treated with dopamine. However, in contrast to the
study of Kostowski and coworkers (1975b) in which
stimulatory effects of dopamine and drugs enhancing
dopamine contents in ant brains modified mostly
aggressive responses directed by workers of F. rufa to
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their nestmates, in the present experiment significant
effects of dopamine administration were observed
solely in the context of aggressive confrontations with
both types of allospecific opponents (Table I).
Dopamine administration exerted stimulatory effects
on both threatening behavior and escalated physical
aggressive behavior of F. polyctena (Table I). However,
both these main types of aggressive behavior patterns
were influenced by dopamine treatment only in the
case of the confrontations of F. polyctena with cricket
nymphs. During the tests with F. fusca only threaten-
ing behavior of F. polyctena was influenced by dop-
amine administration (Table I).

Serotonin administration also exerted stimulatory
effects on some patterns of aggressive behavior of the
tested workers of F. polyctena (Table I). However, the
effects of serotonin treatment were less strongly
expressed and less general than in the case of dop-
amine. Whereas dopamine treatment influenced both
threatening behavior and displays of physical aggres-
sion, serotonin administration enhanced only some
highly escalated forms of aggressive behavior such as
biting accompanied by gaster flexing, dragging of the
opponent and formic acid spraying (Table I). It should
also be stressed that significant effects of serotonin
treatment influenced solely the responses of F. polycte-
na to F. fusca, whereas during earlier experiments of
Kostowski and his coworkers (Kostowski and
Tarchalska 1972, Kostowski et al. 1972) serotonin
administration influenced aggressive responses of F.
rufa directed both to nestmates and to an allospecific
intruder (a beetle), increasing mutual aggression
between the ants, but decreasing the level of their
aggression directed to the beetle. The differences
between the results of earlier research of Kostowski
and his coworkers and our present experiment are most
probably related to the differences between the experi-
mental methods applied in these studies, and, in par-
ticular, different bioassays.

Octopamine treatment did not influence aggressive
behavior of the tested ants in any of the experimental
contexts applied in this study. This result was surpris-
ing, as the involvement of octopaminergic system in
the mediation of aggressive behavior of invertebrates
is very well documented. Octopamine and/or drugs
enhancing brain octopamine levels are known to exert
stimulatory effects on various forms of aggressive
behavior in a wide range of invertebrates including
crustaceans (Kravitz and Huber 2003), the fruit fly

Drosophila (Baier et al. 2002, Zwarts et al. 2012),
crickets (Adamo et al. 1995, Stevenson et al. 2005), the
honey bee (Robinson et al. 1999), and the ants (Vander
Meer et al. 2008). However, as already told, absence of
effects and/or inhibitory effects of OA treatment on ant
aggressive behavior have also been signaled (Ozaki et
al. 2004, Kaita et al. 2006).

Absence of effects of octopamine treatment on
responses of workers of F. polyctena to nymphs of the
house cricket was particularly surprising, as in an ear-
lier study of our team (Szczuka and Godzinska 2008)
octopamine treatment was shown to enhance responses
of workers of F. polyctena to another species of poten-
tial prey, adult houseflies (Musca domestica L.).
However, in that study the ants were not tested by
means of a dyadic aggression test, but by means of a
group test during which a group of workers had to
respond to a dead prey item offered to them within the
foraging area of their nest. Our present findings and our
earlier data taken together demonstrate thus that the
effects of octopamine treatment on responses of ants to
potential prey are context-dependent, and, in particular,
depend on the bioassay used in the experiment.

As far as we know, the effects of tyramine adminis-
tration on ant aggressive behavior are reported for the
first time. Tyramine treatment influenced significantly
aggressive responses of workers of F. polyctena to
both allospecific opponents, but — in contrast to sero-
tonin - significant effects of tyramine administration
were limited to threatening behavior (Table I) and had
different character in the case of confrontations with F.
fusca and with cricket nymphs (inhibitory and stimula-
tory influence, respectively) (Table I).

Our study also revealed several effects of adminis-
tration of biogenic amines on non-aggressive behavior
patterns displayed by workers of F. polyctena during
dyadic aggression tests with various opponents. In
particular, serotonin and tyramine exerted a suppress-
ing effect on antennal contacts between the opponents
(Table I), and all four biogenic amines tested in our
experiment exerted a suppressing effect on allogroom-
ing (Table I). Interestingly, all these effects were
observed only in the context of a dyadic confrontation
between two nestmates and were absent during all
other types of aggression tests. It may also be noted
that an earlier study of our team (Korczynska et al.
2005) revealed both similarities and important differ-
ences between the effects of administration of octo-
pamine and tyramine on various behavior patterns



displayed by workers of the carpenter ant Camponotus
herculeanus L. during dyadic confrontations between
nestmates taking place after a period of social isola-
tion. In particular, differently than in the present
experiment, social contacts between the nestmates
(antennal contacts, allogrooming and trophallaxis)
were influenced solely by octopamine. Tyramine and
dopamine injections did not exert any significant
effects on that group of behavior patterns.

In contrast to antennal contacts and allogrooming,
trophallaxis between nestmates was not influenced by
any biogenic amine treatment (Table I). However, tro-
phallaxis between non-nestmates was partly suppressed
by serotonin and dopamine (Table I). These findings
are surprising, as the responses of F. polyctena to nest-
mates and non-nestmate conspecifics proved to be in
general surprisingly similar in respect to both aggres-
sive behavior (prevalence of non-aggressive interac-
tions and threatening behavior, almost complete absence
of physical aggression) and non-aggressive social
behavior (high rate of trophallaxis). It was also surpris-
ing that trophallaxis between non-nestmates was partly
suppressed by serotonin and dopamine and not by octo-
pamine, as suppressing effects of octopamine treat-
ment on the so called isolation-induced trophallaxis
(trophallaxis observed during dyadic confrontations of
nestmates reunited after a period of social isolation) are
well documented in two species of formicine ants
(Camponotus fellah — Boulay et al. 1999, 2000;
Camponotus herculeanus — Korczynska et al. 2005).

Biogenic amine administration influenced also
behavior patterns not related to the interactions of the
tested ants with their opponents. Both tyramine and
serotonin exerted suppressing effects on self-groom-
ing, but these two effects were observed in different
contexts (tyramine: confrontations with alien conspe-
cifics, serotonin: confrontations with allospecific ants;
Table I). It may be noted that tyramine injections also
influenced self-grooming observed during dyadic con-
frontations between the nestmates of the carpenter ant
C. herculeanus taking place after a period of social
isolation, but their effect was stimulatory (Korczynska
et al. 2005).

Stimulatory effect of octopamine on locomotion of
workers of F. polyctena during the confrontations with
cricket nymphs (Table I) was not surprising, as such
relationships were already reported in the ants (David
and Verron 1982). However, this question, too, is not
unequivocally resolved, as Boulay and others (2000)

515

Biogenic amines and ant aggressive behavior

did not discover significant effects of octopamine
administration on locomotory behavior of workers of
C. fellah. Moreover, it cannot be easily explained why
stimulatory effects of octopamine on locomotion of F.
polyctena were present only in the context of their
confrontations with cricket nymphs, but were absent
during their confrontations with all other opponents.

Finally, suppressing effects of serotonin, dopamine
and octopamine on resting behavior observed during
the confrontations of F. polyctena with cricket larvae
(Table I) are most probably related simply to stimula-
tory effects of these amines on active behavior pat-
terns of the tested ants.

Taken together, our present findings demonstrate
that not only specific patterns of ant aggressive behav-
ior, but also behavioral effects of biogenic amine treat-
ments are strongly context-dependent. Stimulatory
effect of dopamine treatment on threatening behavior,
observed during the confrontations with both allospe-
cific opponents (Table I), provides the only major
exception from that general rule.

A question arises if some of the effects revealed by
the analysis of the results of our experiment do not
represent only artifacts generated by the analysis of
multiple variables characterizing the behavior of the
same individuals. Only future research will be able
to solve definitely that question. Such an eventuality
is, however, little probable in situations in which
more than one type of biogenic amine treatment
exerts significant effects of a similar type in the same
context (for instance in the case of suppressing
effects of all four biogenic amines on various vari-
ables quantifying allogrooming between nestmates;
Table I) .

The results of our experiment also show that the
conclusions drawn on the basis of the results of exper-
imental research on ant aggressive behavior depend
strongly not only on the bioassay(s) used in the experi-
ment, but also on the method of data quantification and
analysis. Similar remarks on the effects of application
of various alternative methods of quantification and
analysis of ant aggressive behavior were already pro-
vided by Ichinose and colleagues (2005). In our study
simple quantification of aggressive behavior in form of
aggression scores did not reveal any significant effects
of biogenic amine treatments which were discovered
only when the behavior of the tested ants was quanti-
fied in a much more detailed way. Moreover, as repeat-
edly shown during the presentation of the results of our
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experiment, presence/absence and significance level of
specific effects as a rule depends on many additional
factors including, in particular, (1) the choice of behav-
ioral categories used to quantify the behavior in ques-
tion (some effects were revealed only when ant behav-
ior was quantified in a very detailed way, with fine
distinctions between behavioral categories, but others
became significant only when similar behavioral cat-
egories were pooled), (2) the choice of variables used
to quantify the same behavioral category (compare
Fig. 4A with 4B), (3) the selection of the tests taken
into account in the analysis of the data (all tests, only
the tests without the release of formic acid leading to
disturbed behavior and/or worker(s) death, or only the
tests during which the behavior in question was actu-
ally observed), and, lastly, (4) the selection of groups
subjected to post-hoc pairwise comparisons (all pos-
sible comparisons vs. comparisons of each group sub-
jected to biogenic amine treatment only with the con-
trol).

CONCLUSIONS

Dyadic aggression tests consisting of confrontations
of workers of the red wood ant Formica polyctena with
four types of opponents (a nestmate, an alien conspe-
cific, an allospecific ant and a nymph of the house
cricket) were applied to investigate the effects of admin-
istration of four biogenic amines — serotonin, dopamine,
octopamine and tyramine — on various patterns of ant
aggressive behavior. Responses of the tested ants to
various opponents showed profound differences.
Interestingly, the frontier line between the responses
involving either no aggression or only threatening
behavior and the responses involving acts of escalated
physical aggression was related to the distinction between
conspecific and allospecific opponents, and not to the
distinction between nestmates and non-nestmates.
Significant effects of biogenic amine treatments on ant
aggressive behavior were discovered only in the context
of confrontations with allospecific opponents. The
results of our study confirmed that dopamine and sero-
tonin are involved in the mediation of ant aggressive
behavior. However, whereas dopamine treatment exert-
ed stimulatory effects on both threatening behavior and
displays of physical aggression, serotonin administra-
tion enhanced only some highly escalated forms of
aggressive behavior. In contrast to serotonin, significant
effects of tyramine administration were limited to

threatening behavior and had both inhibitory and stimu-
latory character. The effects of tyramine administration
on ant aggressive behavior are reported for the first time.
Surprisingly, octopamine treatment did not influence
aggressive behavior of the tested ants in any of the
experimental contexts applied in this study. Our study
also revealed several effects of administration of bio-
genic amines on non-aggressive behavior patterns dis-
played by workers of F. polyctena during dyadic aggres-
sion tests, all of them highly specific for a particular
context. Our present findings demonstrate that not only
specific patterns of ant aggressive behavior, but also
behavioral effects of biogenic amine treatments are as a
rule strongly context-dependent. They also provide
numerous examples of crucial importance of both the
bioassay(s) and the adopted method of data quantifica-
tion and analysis for the conclusions drawn from the
data obtained in the experiments investigating ant
aggressive behavior.

ACKNOWLEDGEMENTS

This study was supported by the project N N303
307533 (2007-2011) of the Ministry of Science and
Higher Education (Poland). We thank Jacek
Francikowski for participation in the analysis of
recordings of ant behavior during a short summer
stage in our laboratory and Anna Mirecka for techni-
cal help in maintaining laboratory cultures of ants and
crickets.

REFERENCES

Adamo SA, Linn CE, Hoy RR (1995) The role of neurohor-
monal octopamine during ,,fight or flight” behaviour in
the field cricket Gryllus bimaculatus. J Exp Biol 198:
1691-700.

Aonuma H, Watanabe T (2012) Octopaminergic system in
the brain controls aggressive motivation in the ant,
Formica japonica. Acta Biol Hung 63 (Suppl. 2): 63—-68.

Baier A, Wittek B, Brembs B (2002) Drosophila as a new
model organism for the neurobiology of aggression? J
Exp Biol 205: 1233-1240.

Barth MB, Kellner K, Heinze J (2010) The police are not the
army: context-dependent aggressiveness in a clonal ant.
Biol Lett 6: 329-332.

Beye M, Neumann P, Moritz RFA (1997) Nestmate recogni-
tion and the genetic gestalt in the mound-building ant
Formica polyctena. Insectes Sociaux 44: 49-58.



Boulay R, Lenoir A (2001) Social isolation of mature work-
ers affects nestmate recognition in the ant Camponotus
fellah. Behav Processes 55: 67-73.

Boulay R, Auger J, Godzinska EJ, Lenoir A (1999) Influence
of octopamine on trophallactic behavior of the ant
Camponotus fellah (Hymenoptera, Formicidae) (In
French). A Coll Insectes Soc 12: 127-130.

Boulay R, Soroker V, Godzinska EJ, Hefetz A, Lenoir A
(2000) Octopamine reverses the isolation-induced
increase in trophallaxis in the carpenter ant Camponotus
fellah. J Exp Biol 203: 513-520.

Buczkowski G, Bennett G W (2008) Aggressive interactions
between the introduced Argentine ant, Linepithema
humile and the native odorous house ant, Tapinoma ses-
sile. Biol Invasions 10: 1001-1013.

Buczkowski G, Silverman J (2005) Context-dependent nest-
mate discrimination and the effect of action thresholds on
exogenous cue recognition in the Argentine ant. Anim
Behav 69: 741-749.

Cuvillier-Hot V, Lenoir A (2006) Biogenic amine levels, repro-
duction and social dominance in the queenless ant
Streblognathus peetersi. Naturwissenschaften 93: 149-153.

Cybulska A, Godzinska E J, Wagner—Ziemka A (2000)
Behavior of dyads of ants reunited after social depriva-
tion. Biological Bulletin of Poznan 37: 119-127.

Czechowski W, Marké B (2005) Competition between
Formica cinerea Mayr (Hymenoptera: Formicidae) and
co-occurring ant species, with special reference to
Formica rufa L.: direct and indirect interferences. Polish
Journal of Ecology 53: 467-489.

Czechowski W, Marko6 B (2006) Uncomfortable protection:
Formica Polyctena Forst. shelters Formica fusca L. from
Formica sanguinea Latr. (Hymenoptera, Formicidae).
Annales Zoologici 56: 539-548.

Czechowski W, Marké B, Radchenko A, Slipinski P (2013)
Long-term partitioning of space between two territorial
species of ants (Hymenoptera: Formicidae) and their
effect on subordinate species. European Journal of
Entomology110: 327-337.

Dahbi A, Cerda X, Hefetz A, Lenoir A (1996) Social closure,
aggressive behavior, and cuticular hydrocarbon profiles in
the polydomous ant Cataglyphis iberica (Hymenoptera,
Formicidae). Journal of Chemical Ecology 22: 2173-2186.

David JC, Verron H (1982) Locomotor behavior in relation
to octopamine levels in the ant Lasius niger. Experientia
38: 650-651.

De Almeida RMM, Ferrari PF, Parmigiani S, Miczek KA
(2005) Escalated aggressive behavior: dopamine, sero-
tonin and GABA. Eur J Pharmacol 526: 51-64.

517

Biogenic amines and ant aggressive behavior

De Bruyn G J, Mabelis A A (1972) Predation and aggression
as possible regulatory mechanisms in Formica. Ekologia
Polska 20: 93-101.

Dobrzanska J (1959) Studies on the division of labour in
ants genus Formica. Acta Biol Exp (Warsz) 19: 57-81.
Dobrzanski J (1959) Modifiability of combat tactics of some
ant species in relation to external situation (In Polish).
Materials of the Congress of Polish Anatomists and

Zoologists, Krakow, 1959, p. 495-497.

Farooqui T (2007) Octopamine-mediated neuromodulation
of insect senses. Neurochem Res 32: 1511-1529.

Gauthier M, Griinewald B (2012) Neurotransmitter systems
in the honey bee brain. In: Honeybee Neurobiology and
Behavior: A Tribute to Randolf Menzel (Galizia CG,
Eisenhardt D, Giurfa M, Eds). Springer Science +
Business Media, Heidelberg, DE. p. 155-169.

Heuts BA, Cornelissen P, Lambrechts DYM (2003) Different
attack modes of Formica species in interspecific one-on-
one combats with other ants (Hymenoptera: Formicidae).
Annales Zoologici 53: 205-216.

Holldobler B (1983) Territorial behavior in the green tree ant
Oecophylla smaragdina. Biotropica 15: 241-250.

Holldobler B, Wilson EO (1990) The Ants. Harvard
University Press, Cambridge, MA.

Hoyer SC, Liebig J, Rossler W (2005) Biogenic amines in
the ponerine ant Harpegnathos saltator: serotonin and
dopamine immunoreactivity in the brain. Arthropod
Structure and Development 34: 429-440.

Ichinose K, Cerdda X, Christidés J-P, Lenoir A (2005)
Detecting nestmate recognition patterns in the fission-per-
forming ant Aphaenogaster senilis: a comparison of differ-
ent indices. Journal of Insect Behavior 18: 633—650.

Kaita S, Kuwahara M, Ozaki M, Yamaoka R (2006)
Decreased aggressiveness of ants (Camponotus japoni-
cus) are concerned in octopamine, and octopamine recep-
tors. Zoolog Sci 23: 1197.

Korczynska J, Szczuka A, Kieruzel M, Majczynski H,
Khvorostova N, Godzinska EJ (2005) Effects of the bio-
genic amines, dopamine, tyramine and octopamine on the
behavior of carpenter ant workers [Camponotus hercule-
anus (Hymenoptera: Formicidae)] during nestmate
reunion tests carried out after a period of social isolation.
Sociobiology 45: 409—-447.

Kostowski W (1966) A note on the effects of some psycho-
tropic drugs on the aggressive behaviour in the ant,
Formica rufa. ] Pharm Pharmacol 18: 747-749.

Kostowski W (1968) A note on the effects of some cholin-
ergic and anticholinergic drugs on the aggressive behav-
iour and spontaneous electrical activity of the central



518 A. Szczuka et al.

nervous system in the ant, Formica rufa. J Pharm
Pharmacol 20: 381-384.

Kostowski W, Tarchalska B (1972) The effects of some
drugs affecting brain 5-HT on the aggressive behaviour
and spontaneous electrical activity of the central nervous
system of the ant, Formica rufa. Brain Res 38: 143—-149.

Kostowski W, Beck J, Meszaros J (1966) Studies on the
effect of certain neurohormones and psychotropic drugs
on bioelectric activity of the central nervous system and
behavior in ants (Formica rufa L.). Acta Physiol Pol 17:
98-110.

Kostowski W, Wysokowski J, Tarchalska B (1972) The
effects of some drugs modifying brain 5-hydroxytryptam-
ine on the aggressiveness and spontaneous bioelectrical
activity of the central nervous system of the ant Formica
rufa. Dissertationes Pharmaceuticae et Pharmacologicae
24:233.

Kostowski W, Tarchalska-Krynska B, Markowska L (1975a)
Aggressive behavior and brain serotonin and cate-
cholamines in ants (Formica rufa). Pharmacol Biochem
Behav 3: 717-719.

Kostowski W, Tarchalska B, Wanchowicz B (1975b) Brain
catecholamines, spontaneous bioelectrical activity and
aggressive behavior in ants (Formica rufa). Pharmacol
Biochem Behav 3: 337-342.

Kravitz EA, Huber R (2003) Aggression in invertebrates.
Curr Opin Neurobiol 13: 736-743.

Le Moli F, Mori A (1986) The aggression tests as a possible
taxonomic tool in the Formica rufa group. Aggress Behav
12: 93-102.

Le Moli F, Parmigiani S (1981) Laboratory and field obser-
vations of attack by the red wood ant Formica lugubris
Zett. on Formica cunicularia Latr. (Hymenoptera:
Formicidae). Aggress Behav 7: 341-350.

Le Moli F, Parmigiani S (1982) Intraspecific combat in the
red wood ant (Formica lugubris Zett.). Aggress Behav 8:
145-148.

Le Moli F, Mori A, Parmigiani S (1982) Agonistic behaviour
of Formica rufa L. (Hymenoptera Formicidae). Monitore
Zoologico Italiano 16: 325-331.

Le Moli F, Mori A, Parmigiani S (1983) Interspecific
aggression between Formica rufa L. and Formica cunicu-
laria Latr. (Hymenoptera Formicidae). Atti della Societa
Italiana di Scienze Naturali e del Museo Civico di Storia
Naturale di Milano 124: 29-37.

Le Moli F, Mori A, Parmigiani S (1984) Studies on interspe-
cific aggression among red wood ant species Formica
rufa L. vs Formica lugubris Zett. (Hymenoptera
Formicidae). Monitore Zoologico Italiano 18: 41-51.

Mabelis AA (1979) Wood ant wars. Netherlands Journal of
Zoology 29: 451-620.

Mabelis AA (1984a) Agression in wood ants (Formica
polyctena Forst.). Aggress Behav 10: 47-53.

Mabelis AA (1984b) Interference between wood ants and
other ant species (Hymenoptera: Formicidae). Netherlands
Journal of Zoology 34: 1-20.

Martin SJ, Vitikainen E, Helanterd H, Drijthout FP (2008)
Chemical basis of nest-mate discrimination in the ant
Formica exsecta. Proc R Soc Lond B Biol Sci 275:
1271-1278.

Mercier J-L, Lenoir A, Déjean A (1997) Ritualised versus
aggressive behaviours displayed by Polyrhachis laborio-
sa (F. Smith) during intraspecific competition. Behav
Processes 41: 39-50.

Miczek KA, Fish EW (2005a) Monoamines, GABA, glutamate,
and aggression. In: Biology of Aggression (Nelson RJ, Ed.).
Oxford University Press, New York, NY. p. 114-150.

Miczek KA, Fish EW (2005b) Dopamine, glutamate, and
aggression. In: Dopamine and Glutamate in Psychiatric
Disorders (Schmidt WJ, Reith MEA, Eds). Humana
Press, Totowa, NJ. p. 237-263.

Mori A, Le Moli FL (1993) The aggression test as a taxo-
nomic tool: evaluation in sympatric and allopatric popula-
tions of wood-ant species. Aggress Behav 19: 151-156.

Newey PS, Robson SKA, Crozier RH (2010) Know thine
enemy: why some weaver ants do but others not.
Behavioral Ecology 21: 381-386.

Nowbahari E, Lenoir A (1989) Age-related changes in
aggression in ant Cataglyphis cursor (Hymenoptera,
Formicidae): influence of intercolonial relationships.
Behav Processes 18: 173—181.

Olivier B (2004) Serotonin and aggression. Ann N Y Acad
Sci 1036: 382-392.

Ozaki M, Kuwahara M, Wada-Katsumata A, Yamaoka R
(2004) Octopamine increases aggression threshold in the
ant, Camponotus japonicus. Comp Biochem Physiol B
Biochem Mol Biol 139: 781.

Pisarski B, Vepséldinen K (1989) Competitive hierarchy in
ant communities (Hymenoptera: Formicidae). Annales
Zoologici 42: 321-329.

Rioux L (1983) Influence of apomorphine on inter-individu-
al relations existing in small groups of Camponotus aethi-
ops (In French). PhD Thesis, Rennes University, France.

Robinson GE, Heuser LM, LeConte Y, Lenquette F,
Hollingworth RM (1999) Neurochemicals aid bee nest-
mate recognition. Nature 399: 534-535.

Roeder T (2005) Tyramine and octopamine: ruling behavior
and metabolism. Annu Rev Entomol 50: 447—477.



Roeder T, Seifert M, Kéhler C, Gewecke M (2003) Tyramine
and octopamine: antagonistic modulators of behavior and
metabolism. Arch Insect Biochem Physiol 54: 1-13.

Roulston TH, Buczkowski G, Silverman J (2003) Nestmate
discrimination in ants: effect of bioassay on aggressive
behavior. Insectes Sociaux 50: 151-159.

Ryding E, Lindstrdm M, Traskman-Bendz L (2008) The role
of dopamine and serotonin in suicidal behavior and
aggression. Prog Brain Res 172: 307-315.

Sasaki K, Harano KI (2007) Potential effects of tyramine on
the transition to reproductive workers in honeybees (Apis
mellifera L.). Physiol Entomol 32: 194—-198.

Savolainen R (1990) Colony success of the submissive ant
Formica fusca within territories of the dominant Formica
polyctena. Ecological Entomology 15: 79-85.

Savolainen R (1991) Interference by wood ant influences
size selection and retrieval rate of prey by Formica fusca.
Behavioral Ecology and Sociobiology 28: 1-7.

Savolainen R, Vepsildinen K (1988) A competition hierar-
chy among boreal ants: impact on resource partitioning
and community structure. Oikos 51: 135-155.

Savolainen R, Vepsildinen K (1989) Niche differentiation of
ant species within territories of the wood ant Formica
polyctena. Oikos 56: 3—16.

Scharf I, Pamminger T, Foitzik S (2011) Differential
response of ant colonies to intruders: attack strategies
correlate with potential threat. Ethology 117: 731-739.

Scheiner R, Blenau W, Baumann A (2006) Aminergic con-
trol and modulation of honeybee behaviour. Curr
Neuropharmacol 4: 259-276.

Siegel S, Castellan NJ (1988) Nonparametric Statistics for
the Behavioral Sciences. McGraw-Hill, New York, NY.
Skibinska E (1982) A study of the phenomenon of monogy-
ny and polygyny in Formica (Coptoformica) exsecta Nyl.

(In French) Memorabilia Zoologica 38: 67-111.

Stevenson PA, Dyakonova V, Rillich J, Schildberger K
(2005) Octopamine and experience-dependent modula-
tion of aggression in crickets. J Neurosci 25: 1431-1441.

Sturgis SJ, Gordon DM (2012) Aggression is task dependent
in the red harvester ant (Pogonomyrmex barbatus).
Behavioral Ecology 24: 532-539.

Szczuka A, Godzinska EJ (1997) The effect of past and pres-
ent group size on responses to prey in the ant Formica
polyctena Forst. Acta Neurobiol Exp (Wars) 57: 135—
150.

Szczuka A, Godzinska EJ (2000) Group size: an important
factor controlling the expression of predatory behaviour
in workers of the wood ant Formica polyctena Forst.
Biological Bulletin of Poznan 37: 139-152.

519

Biogenic amines and ant aggressive behavior

Szczuka A, Godzinska EJ (2004a) The role of group size in
the control of expression of predatory behavior in work-
ers of the red wood ant Formica polyctena (Hymenoptera:
Formicidae). Sociobiology 43: 295-325.

Szczuka A, Godzinska EJ (2004b) The effect of gradual
increase of group size on the expression of predatory
behavior in workers of the red wood ant Formica polyctena
(Hymenoptera: Formicidae). Sociobiology 43: 327-349.

Szczuka A, Godzinska EJ (2008) Effect of chronic oral
administration of octopamine on the expression of preda-
tory behavior in small groups of workers of the red wood
ant Formica polyctena (Hymenoptera: Formicidae).
Sociobiology 52: 703-728.

Tanner CJ (2006) Numerical assessment affects aggression
and competitive ability: a team-fighting strategy for the
ant Formica xerophila. Proc Roy Soc Lond B Biol Sci
273: 2737-2742.

Tanner CJ (2008) Aggressive group behavior in the ant
Formica xerophila is coordinated by direct nestmate con-
tact. Animal Behaviour 76: 1335-1347.

Tanner CJ, Adler FR (2009) To fight or not to fight: context-
dependent interspecific aggression in competing ants.
Animal Behaviour 77: 297-305.

Tarchalska B, Kostowski W, Markowska L, Markiewicz L
(1975) On the role of serotonin in aggressive behaviour
of ants genus Formica. Pol J Pharmacol Pharm 27
(suppl): 237-239.

Vander Meer RK, Preston CA, Hefetz A (2008) Queen regu-
lates biogenic amine level and nestmate recognition in
workers of the fire ant, Solenopsis
Naturwissenschaften 95: 1155-1158.

Vepsildinen K, Pisarski B (1982) Assembly of island ant
communities. Annales Zoologici Fennici 19: 327-335.

Wada-Katsumata A, Yamaoka R, Aonuma H (2011) Social
interactions influence dopamine and octopamine homeo-
stasis in the brain of the ant Formica japonica. J Exp Biol
214: 1707-1715.

Wagner-Ziemka A, Szczuka A, Korczynska J, Kieruzal M,
Godzinska EJ (2006) Behavior of ant-workers of
Aphaenogaster senilis (Hymenoptera: Formicidae) dur-
ing dyadic nestmate reunion tests carried out after a
period of social isolation. Sociobiology 48: 281-308.

Wagner-Ziemka A, Gonzalez Szwacka A, Korczynska J,
Kieruzal M, Fiatkowska B, Godzinska EJ (2008)
Comparison of the behavior of nurses and foragers of the

invicta.

carpenter ant, Camponotus melanocnemis during dyadic
nestmate reunion tests carried out after a period of social
isolation (Hymenoptera: Formicidae). Sociobiology 52:
667-702.



520 A. Szczuka et al.

Wallis DI (1963) A comparison of the response to aggressive
behavior in two species of ants, Formica fusca and
Formica sanguinea. Anim Behav 11: 164-171.

Wnuk A, Wiater M, Godzinska EJ (2011) Effect of past and
present behavioural specialization on brain levels of bio-

genic amines in workers of the red wood ant Formica
polyctena. Physiological Entomology 36: 54-61.

Zwarts L, Versteven M, Callaerts P (2012) Genetics and
neurobiology of aggression in Drosophila. Fly 6:
35-48.



