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In this paper, we compare three indices for nestmate recognition behaviors
in the ant Aphaenogaster senilis within and among colonies and populations: the classical Aggression Index, a multidimensional Principal Component Analysis (PCA) Behavioral Index incorporating all observed behaviors,
and a Chemical Profile Index for cuticular hydrocarbon composition. With
these indices, we quantified nestmate recognition behaviors between workers
from a parent nest and between those from independent colonies. The PCA
Behavioral Index performed as well as or better than the classical Aggression
Index in distinguishing small differences in nestmate recognition. Correlation
analysis of the PCA Behavioral Index with the Chemical Profile Index may
assist in identifying the occurrence of colony fissions. The PCA Behavioral
Index correlated strongly with the Chemical Profile Index, suggesting that
hydrocarbon profiling may be used as an alternative to nestmate recognition
assays. This correlation also suggests that nestmate recognition in A. senilis
is a graded response rather than a threshold one.
KEY WORDS: aggression; ant; budding; cuticular hydrocarbon profile; nestmate recognition.

1IRBI

Institut de Recherche de Biologie de l’Insecte, Faculté des Sciences et Techniques,
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INTRODUCTION
Since Crozier and Dix (1979) proposed the individualistic and Gestalt models for nestmate recognition in social insects, nestmate recognition has been
widely studied in various social insects. The Gestalt model is commonly supported in species that establish larger colonies (Carlin and Hölldobler, 1986;
Dahbi et al., 1997; Lenoir et al., 2001c), while the individualistic model is
generally supported in species such as primitive ponerine ants, which establish small colonies (Soroker et al., 2003). Recognition behaviors are presumably determined by the spectrum of cuticular hydrocarbons (Vander Meer
and Morel, 1998; Lenoir et al., 2001b). A nest-specific spectrum of odors,
termed the “gestalt,” is generated. The gestalt odor is established through
hydrocarbons regurgitated from the postpharyngeal gland (Soroker et al.,
1994; Lahav et al., 1999, 2001) and exchanged with other colony members
by allo-grooming, trophallaxis, or body touching (Dahbi et al., 1999; Boulay
et al., 2000; Lenoir et al., 2001a; Boulay et al., 2004; see also Blomquist and
Howard, 2003). Each member of the colony learns this common odor as an
internal representation called the “template.” When encountering another
insect, she compares the odor of encountered animals with her template to
determine if it belongs to her colony.
There are two possible models for the responses of ants encountering odors different from the template. The threshold model (Reeve, 1989)
predicts that if the difference between the template and the encountered
odor spectrum is above a threshold, the insects will behave aggressively.
According to the threshold model, the aggression based on the chemical
profile will be an “all-or-none” response. The graded model, on the other
hand, proposes that ants may vary their level of aggression according to the
difference between the template and the encountered odors (Lenoir et al.,
1999; see also Cassill and Tschinkel, 1999). Thus, a linear regression is expected under the graded model if both behavior and the chemical profile
difference are properly quantified.
The classical Aggression Index defines the degree of nestmate recognition by scoring individual aggressive behaviors (e.g., Carlin and Hölldobler,
1987; Hefetz et al., 1996; Stuart and Herbers, 2000, Roulston et al., 2003).
The Aggression Index may not correctly scale intermediate levels of recognition such as those found in ants that perform nest fission. Colony fission
is when a social insect colony divides into new colonies and it is different
from “budding,” which occurs in polygynous societies (Bourke and Franks,
1995). Worker recognition responses between the two fissioning nests gradually alter, from peaceful to “skeptic” to aggressive over time (e.g., Dahbi
and Lenoir, 1998; Boulay et al., 2000; Lahav et al., 2001, 2001c). For such
species, multi-dimensional statistical methods in which all behaviors are incorporated, such as the Principal Component Analysis (PCA), might be
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used. We first compared the primary component of PCA with the classical Aggression Index using Aphaenogaster senilis Mayr (Myrmicinae), an
ant species that exhibits nest fission. In this species, a group of workers
leave the mother colony with small larvae that develop into gynes under
the queenless condition, one of which then becomes the queen of the new
daughter colony (Ledoux, 1971).
Chemical profiles are more easily quantified than behavior. They are
evaluated as an assembly of cuticular hydrocarbons detected by gas chromatograph analyses. The Nei’s index for genetic relatedness, mathematically equivalent to the Pianka’s diversity index for niche overlap between
two species (c.f. Krebs, 1989), is often used (Hughes et al., 2001; Lenoir et al.,
1997, 2001a, de Biseau et al., 2004). A robust index is the Mahalanobis distance obtained by discriminant analysis (Lenoir et al., 2001a; see also Singer
et al., 1992). We compared these indices to find which index would best
reflect the results of behavioral observation. We hypothesized that carefully chosen behavioral and chemical profile indices would be linearly regressed. Such a regression could help detect fissional nests derived from the
same colony; as ants in these nests alter their behavior gradually over time
as their chemical profiles diverge (Boulay and Lenoir, 2001; Lenoir et al.,
2001a). The period of separation of a pair of nests could be estimated by
the location of the pair in question on the regression plot.
For the determination of these indices, we used laboratory-maintained
colonies of A. senilis provided with the same food and nest materials in order to reduce the influence of environmental factors on both the behavioral
and chemical profiles as much as possible (see Dahbi et al., 1996; Thomas
et al., 1999: Chen and Nonacs, 2000; Liang and Silverman, 2000; Stuart and
Herbers, 2000; Liang et al., 2001; Silverman and Liang, 2001). We then applied the indices to field-collected colonies of A. senilis separated by distances ranging from several meters to 370 km and examined the influences
of both the geographical and spatial distributions on recognition behaviors.
Taking into account negative correlation of geographic distance and genetic relatedness among colonies (Beye et al., 1998; Nielsen et al., 1999), we
discuss the influence of the genetic conditions on the recognition through
chemical profile.

MATERIALS AND METHODS
Ants for Experiments
We used 11 colonies that had been collected in 1999 from two locations
of about 12 km distance in Spain: Doñana National Park in Andalusia (designated as 1–10) and Palomares in Jaen Province (11). The colonies were
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Ichinose, Cerdá, Jean-Philippe, and Lenoir

kept in the laboratory (temperature 21–28◦ C, humidity 20–50%, 11L13D).
The ants were given live calliphoride larvae three times a week and honey
and orange pieces once a week.
We also collected 19 nests of A. senilis (1–19) in May 2002 in an area
of about 150 m × 150 m in Doñana. The collected nests were distinguished
into three groups (I, II, and III) on a spatial distribution map according
to their relatively short internidal distances (Fig. 1). We collected an additional two nests (20–21) from another area about 2 km from the first and
two more nests (22–23) from the mountain area of the Sierra Nevada in
Grenada, located ca. 370 km from Doñana. These nests were maintained in
the laboratory as described earlier. Because of the species fissioning activity
(Ledoux, 1971), some collected nests could have originally belonged to the
same colony. However, since we could not confirm behavioral connection
between nests at the collection time, we treated the nests as independent
colonies.

Fig. 1. Distribution map of Aphaenogaster senilis nests in Doñana,
southern Spain. Nests that were distributed over relatively short distances were grouped (I–III) and enclosed by circles. Nests that were
suggested to have been in a fissioning-mother nest relationship are
connected by thick lines.
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Behavioral Observations
Observations of the laboratory colonies were conducted from October
2001 to January 2002. Colonies were paired, e.g., A and B (AB pair), and
distinguished from the reciprocal pair, BA, because colony aggressiveness
could vary. Three sub-pairs were made for each pair to examine the possible effects of polyethism. For example, we tested (1) three A foragers with
one B forager; (2) three A foragers with one B nurse; (3) three A nurses
with one B nurse. These workers were chosen randomly and painted on the
thorax or abdomen so that the origin of their colonies could be identified
during observation. Any one worker was used only once in a given replicate of a given pair. The homo-colonial pair (AA) was tested as a control.
Likewise, BA and BB were tested. All possible colony pairs were examined for a total of 330 homo-colonial combinations and 330 allo-colonial
combinations.
For a given sub-pair, e.g., AB, three A workers were placed in a transparent plastic box (50 mm in diameter and 54 mm in height), and the B
worker was placed in another box for 10 min to be accustomed to the experimental conditions. Then the B worker was introduced into the box with the
A workers. All behaviors between the B worker and any of the A workers
were recorded for 30 min starting from the time of release. The behaviors
observed within the first 10 min were used for the present study, as our preliminary analyses on behavior indicated that the observation time could be
reduced to 10 min without losing pertinent information. We distinguished
four categories of behaviors: resting motionlessly side by side with at least
one of the A workers, antennal contact, allo-grooming, and aggression. Aggression included threatening by opening the mandibles, seizing or biting
the opponent’s body, and fighting. Quick avoiding or escaping from the opponent is reported as a response to strangers in formicine ants, Camponotus
spp. (e.g., Carlin and Hölldobler, 1987). This behavior was excluded from
the present study, although possible quick avoidances were observed. This
was due both to difficulty in strictly distinguishing this behavior from ants
swiftly passing by each other and to an expectation that the avoiding behavior in a colony pair, if any, would reduce the occurrences of other behaviors to such a level that the pair could be distinguished from the others. The latency until the release of the first aggression (aggression latency)
was used as the fifth category. In replicates where no aggression was observed for 10 min, the duration of aggression latency was taken as 10 min.
The frequency of each behavior and the aggression latency were standardized for each category (thus each variable had a mean of 0 and a SD of 1)
and analyzed by MANOVA with respect to the colony, the confrontation
category (homo- or allo-colonial) and the worker class (forager or nurse).
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A Principal Component Analysis (PCA) was performed on the standardized values in each variable. The first component contributed 39.7% of the
total variation, and this component was used as a behavioral index (PCA
Behavioral Index).
By giving a score of (1) to opening of mandibles and (2) to biting and
fighting, the Aggression Index (A) was calculated for each sub-pair by the
following equation:
A = [(op × 1) + (bf × 2)]/n,
where n is the total number of behaviors, op the number of opening
mandibles, and bf the number of biting or fighting. Finally, the means of
both the PCA Behavioral and Aggression Indices of each pair were finally
used to quantify worker behavior of AB.
Similar observations were made for field-collected colonies. In these
observations, colonies were randomly paired within each group in Fig. 1
(intra-group), between groups (inter-group), between colonies in Fig. 1 and
those in the other area of Doñana (inter-habitat), and between colonies
in Fig. 1 and those in Grenada (inter-population): 15 intra-colonial pairs;
15 inter-colonial intra-group; 12 inter-colonial inter-group; 12 inter-colonial
inter-habitat; and 12 inter-population. No reciprocal pairs, e.g., 6–5 for 5–6
were tested.

Cuticular Hydrocarbons Profile
Cuticular hydrocarbon profiles of both laboratory and field colonies
were analyzed with gas chromatography. For the laboratory colonies, three
foragers and three nurses were randomly taken from individual colonies.
For the field colonies, three workers were randomly taken from the box
of each nest. The thorax with the legs of each worker was immersed in
1 ml of pentane for 5 min. The extract was left in the laboratory at 22–28◦ C
until the pentane was evaporated, and then kept at −21◦ C until analysis.
When analyzed, the extract was re-dissolved in 50 µl of pentane containing 50 ng of C20 as an internal standard. Five microliter of the dissolved
extract was then applied to gas chromatography (VGM250Q coupled with
a TurboChrome Workstation) using a DB-5 fused silica capillary column.
Temperatures were programmed to be kept at 150◦ C in the initial 2 min, increased at 150–300◦ C at 5◦ C/min for the following 30 min and kept at 300◦ C
for the last 12 min. Hydrocarbons were identified according to Lenoir et al.
(2001a). Some of the peaks were pooled because of their small quantity,
making 25 quantifiable peaks. Each substance or group of substances was
quantified by peak integration in comparison to the internal standard, and
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the percent proportions of individual peaks to the total amount was calculated for each worker.
The Pianka’s index, Oj k, was calculated to evaluate similarity of HCs
profiles between any two colonies as follows (Krebs, 1989):
n
p ij p ik
,
Oj k = 
n 2 n 2
p ij
p ik
where pij and pik designate the proportion of the ith peak in the j worker
and that of the kth worker, respectively. The total number of peaks is designated by (n = 25). A discriminant analysis on the HCs proportions in individual workers was performed among 22 groups combining the origin of
colony (11) and worker class (2, forager or nurse), and the Mahalanobis distance was used as another index for the chemical profile (Chemical Profile
Index).
The effect of worker age on behavior and chemical profile was
examined by a split-plot design using laboratory colonies, in which six categories were made in combination with the pair of colonies (same or different): a forager with foragers from the same colony pair (forager/forager/
same); forager/nurse/same; nurse/nurse/same; forager/nurse/different; forager/forager/different; and nurse/nurse/different. The aforementioned
effects were tested by ANOVA for these categories.
RESULTS
Behavioral Indices of Laboratory Colonies
A total of 5928 behaviors were observed. Worker behavior was
different (1) between colonies, (2) between homo- and allo-colonial confrontations, and (3) between foragers and nurses (Table I), indicating that
workers’ recognition behaviors were influenced both by their age, genuine
conditions of their colonies, and external conditions carried by encounters.
Worker recognition behavior differed both between homo- and allocolonial pairs and between colonies (Fig. 2). Neither the PCA Behavioral Index nor Aggression Index of the homo-colonial pairs were significantly different among the colonies (ANOVA: F10,390 = 0.929, P = 0.506;
F10,390 = 0.726, P = 0.700, respectively), while both indices of the allocolonial pairs were significantly different among colonies (F10,390 = 3.209,
P = 0.001; F10,390 = 4.283, P < 0.001). The PCA Behavioral and Aggression Indices did not differ among colonies, except the colony 7 which was
significantly different from the other colonies (Fig. 2, Newman–Keuls test,
P < 0.05).

640
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Table I. Results of MANOVA Performed on the Five Behavioral Categories in Worker
Pairs to Detect the Effects of the Colony, the Homo- and Allo-Colonial Pairs of Workers
and the Combination of Worker Classes in the Pair (Forager/Forager, Forager/Nurse and
Nurse/Nurses)
One worker
Factor

df

Pillai’s trace

F

P

Colony
Pair
Class
Colony × pair
Colony × class
Pair × class
Colony × pair × class

40, 2372
4, 590
8, 1182
30, 2372
80, 2372
8, 1182
80, 2372

0.175
0.660
0.070
0.123
0.152
0.012
0.147

2.717
286.9
5.357
1.882
1.170
0.862
1.130

<0.001
<0.001
<0.001
0.001
0.146
0.548
0.205

Both the PCA Behavioral and Aggression Indices were significantly
influenced by the origin of the colonies and by worker class (F5,645 =
93.119, P < 0.001; F5,645 = 92.954, P < 0.001, respectively) (Table II).
The PCA Behavioral Index was not significantly different among the allocolonial pairs (Newman–Keuls test, P > 0.05), but a significant difference
was found in the homo-colonial pairs: the foragers/nurse pairing and the
other two categories (foragers/foragers, nurses/nurse) differed significantly.
The Aggression Index, on the other hand, was not significantly different
in the homo-colonial pairings, but the forager/nurse category was significantly different from the other two categories in the allo-colonial pairings. These results indicate that (1) behaviors were different between foragers and nurses, and (2) the PCA Behavioral Index better distinguished
behaviors between nestmates than the Aggression Index, whereas the latter better distinguished between non-nestmates than the PCA Behavioral
Index.
Behavioral Indices of Field-Collected Colonies
The PCA Behavioral and Aggression Indices of field-collected colonies
were much lower in intranidal pairings than in the other categories (Fig. 3,
ANOVA: F4,193 = 56.001, P < 0.001). Among the categories intraand inter-group, inter-habitat and inter-populations, significant differences
were observed for the PCA Behavioral Index, indicating an increase of discrimination with the distance between nests (Neuman–Keuls test at P =
0.05). No significant differences were detected with the Aggression Index
(same test, P > 0.05).
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Fig. 2. The PCA Behavioral and Aggression Indices (mean ± SD) in the homo- (circles)
and allo-colonial pairs (triangles) for laboratory colonies. The same letters indicate no
significant difference at P > 0.05 by Newman–Keuls tests in different colony pairs. No
significant differences were detected among the homo-colonial pairs.

110
110
110
110
110
110

Forager/forager/same
Forager/nurse/same
Nurse/nurse/same
Nurse/nurse/different
Forager/forager/different
Forager/nurse/different

n
110
110
110
110
110
110

Mean ± SDa
0.856 ± 0.423a
0.643 ± 0.514b
0.804 ± 0.466a
−0.842 ± 0.734c
−0.705 ± 0.784c
−0.756 ± 0.792c

0.015 ± 0.072a
0.046 ± 0.134a
0.007 ± 0.038a
0.414 ± 0.288b
0.337 ± 0.261c
0.336 ± 0.279c

Mean ± SDa

Aggression Index

11
22
11
22
11
11

15.6 ± 4.8a
86.4 ± 42.4b
17.8 ± 5.8a
209.2 ± 143.1c
209.9 ± 97.0c
212.1 ± 184.8c

Mean ± SDa

Chemical Profile Index
n

same letters in each index indicate no significant difference at P > 0.05 by Newman–Keuls tests after arcsine transformation for the
PCA Behavioral and Aggression Indices and log-transformation for the Chemical Profile Index.

a The

n

Worker/worker/colony

PCA Behavioral Index

Table II. PCA Behavioral and Aggression Indices and Chemical Profile Index of Workers in the Six Categories Combining the
Colony Pair and Worker Classes: Forager with Forager of Homo-Colonial Pair (Same); Nurse/Nurse/Same; Forager/Nurse/Same;
Forager/Nurse/Different; Forager/Forager/Different; and Nurse/Nurse/Different
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Fig. 3. The means of PCA Behavioral (circles) and Aggression (triangles) Indices for
worker behaviors and Chemical Profile Index in five colony groups: intranidal pair and
internidal intra-group, inter-group, inter-habitat and inter-population pairs. See also
Fig. 1 for the definition of these groups.

Hydrocarbon Profile Indices
The Pianka’s index did not clearly separate the homo- or allo-colonial
pairs of laboratory colonies as the Chemical Profile Index did (Fig. 4).
The Chemical Profile Index was significantly different among laboratory
colonies, and the results by a multiple comparison test on the index corresponded to that of the PCA Behavioral Index and not to the Aggression Index (Table II). In particular, the Chemical Profile Index of the allo-colonial
pairs of colony 7 was significantly different from the others (Newman–Keuls
test, P < 0.05), corresponding to the findings of the PCA Behavioral Index. Therefore, we chose to use the PCA Behavioral Index. The Chemical
Profile Index was also significantly different among the four groups of field
colonies (ANOVA after log-transformation: F3,47 = 100.91, P < 0.001).
No significant differences were detected between the intra-group, intergroup and inter-habitat categories, but the difference between these categories and the inter-population category was significant (Newman–Keuls
test, P < 0.05).
In both laboratory and field colonies, PCA Behavioral and Aggression Indices were significantly linearly regressed on the log-transformed

644
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Fig. 4. Pianka’s index (A) and Chemical Profile Index (B) for the cuticular hydrocarbon
proportions between workers of a given colony pair. Marks designate means and bars
SEM.
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Chemical Profile Index, although regression coefficients were negative in
the laboratory and positive in the field colonies (Fig. 5). Likewise, the Aggression Index (y) was significantly regressed on the Chemical Profile Index (x), but the correlation coefficients were smaller: y = 4.157 + 7.151x,
r2 = 0.303, F1,119 = 51.84, P < 0.001 (laboratory), and y = 3.312 + 2.542x,
r2 = 0.499, F1,64 = 54.73, P < 0.001 (field), respectively. Hence, the PCA
Behavioral Index could quantify worker behaviors better than the Aggression Index.
In the plot of the PCA Behavioral Index and Chemical Profile Index of field colonies, two pairs (2–3 and 5–12 in Fig. 5), fell distantly from
the other inter-colony pairs but rather closely to the intra-colony pair on
the ordinate axis, indicating that these pairs formed mother-fissional nests.
Thus, it is possible that a combination of PCA Behavioral and Chemical
Profile Indices can be used to identify colonies that may have been joined
originally.

DISCUSSION
Our studies revealed significant correlation of both the PCA Behavioral and classical Aggression Indices with the Chemical Profile Index
for laboratory colonies. The results support the graded response model
for recognition in A. senilis. The PCA Behavioral Index better quantified
recognition behaviors than did the classical Aggressive Index. This should
be attributed to the behavioral categories that were included in the former
but not in the latter: resting, antennal contact, grooming, and the aggression
latency. In particular, the last category is difficult to include in the Aggression Index.
The PCA Behavioral Index might be useful in studying workers of
other ant species, especially those that perform fissioning and those that
rarely release aggressions against non-nestmates. Cataglyphis spp. workers,
for example, when separated from the same nest increase the frequency of
antennal contacts with time, but rarely become seriously aggressive each
other (Dahbi et al., 1999; Lahav et al., 2001). Similarly, Camponotus fellah
workers increase trophallaxis with time after being separated from the main
colony (Boulay and Lenoir, 2001). For these ants, the Aggression Index
may not clearly distinguish allo-colonial workers from homo-colonial ones,
unless grooming is given very high scores. Likewise, the Aggression Index might be less powerful for ants that perform fission as we found in
A. senilis.
In the initial period after fissioning, ant workers increase antennal contacts or groomings, not behaving aggressively towards those of the mother
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Fig. 5. Arcsine transformed PCA Behavioral Index plotted against log-transformed Chemical Profile Index of laboratory- (upper) and field-collected (lower) colonies. Arrows indicate the nest pairs of field-collected nests that were suspected as recently budded nests.
The solid line designates a regression line in each. Regressions for the laboratory- and
field colonies are y = 0.598 − 0.164x, r2 = 0.331, F1,119 = 58.75, P < 0.001, and
y = 4.750 + 3.710x, r2 = 0.624, F1,64 = 106.01, P < 0.001, respectively.
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nest. Over time, such transient behaviors are gradually substituted for aggressions (Lenoir et al., 2001a). The transient situation is smoothly scaled
by the PCA Behavioral Index. It is important to note that frequencies of
recognition behaviors may vary even between any given worker pairs (c.f.
Whitehouse and Jaffé, 1995; Fénéron, 1996; Dahbi et al., 1997; Cassill and
Tschinkel, 1999; Lahav et al., 1999; Nielsen et al., 1999; Boulay et al., 2000).
Such variation was also observed in A. senilis, and this could have been
caused in part by the age and/or tasks that workers had been engaged in
(Table II). The PCA Behavioral Index detected the behavioral differences
in the homo-colonial pairs better than the Aggression Index, while it was
less sensitive to the increase of aggression in the allo-colonial pairs. Hence,
the PCA Behavioral Index is more sensitive to worker behaviors among
separated nests in the initial phase when their chemical profile is less differentiated (Lenoir et al., 2001a).
Discrimination between separated workers increases as cuticular hydrocarbon profiles diverge (Vander Meer et al., 1989; Kaib et al., 2000;
Boulay and Lenoir 2001; Lenoir et al., 2001a). It is therefore likely that
pairs which do not fit the PCA Behavioral/Chemical Profile Indices regression line could come from a recent fission. Two pairs we plotted (2–3 and
5–12 in Fig. 5) might be such a case of fissioning nests. It is not surprising to find evidence of recent fission, since this ant species makes budding
nests in May–July (Ledoux, 1976), when we performed the collection. Although chemical profiles between these pairs were as different as those in
other allo-colonial pairs, their behaviors were rather similar to those of the
homo-colonial pairs. This suggests substances that were less variable may
have determined the recognition behavior, while other minor substances
changed their composition more rapidly without altering recognition patterns. The graded model responses in A. senilis makes it possible to estimate
the degree of separation of any pair of colonies by comparing the PCA Behavioral Indices of the tested pair to those in homo- and allo-colonial pairs
and plotting them against the Chemical Profile Index. Such analysis could
also be used to find the duration of nestmate recognition after fission.
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