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The Argentine ant, Linepithema humile, is a widespread invasive species characterized by
reduced intraspecific aggression within its introduced range. Given the lack of intraspecific
aggression typical of introduced populations of Argentine ants and its potential role in their
success, it is of great interest to determine the mechanisms responsible for nestmate
recognition in this species. To gain an understanding of mechanisms underlying nestmate
recognition in Argentine ants, I studied its population genetic structure and the role of genetic
vs. environmental cues on intraspecific aggression.

Chapter I reviews the ecology of the Argentine ant and recent literature on nestmate
recognition in social insects.

In Chapter II, I examined Argentine ant population genetic structure and intercolony
aggression in two portions of its introduced range in the United States: California and the
southeastern U.S. My results show that the southeastern L. humile population has higher
genotypic variability and high intercolony aggression relative to the California population.

In the California population, I discovered 23 alleles across seven polymorphic microsatellite
loci and no intercolony aggression. However, the southeastern U.S. population has 47 alleles
and aggression between neighboring colonies is high. I suggest that distinct colonization
patterns for California and the Southeast may be responsible for the striking asymmetry in
the genetic diversity of introduced populations. Southeastern colonies may have descended
from multiple, independent introductions from the native range, undergoing a single

bottleneck at each introduction. In contrast, the California supercolony may have originated



from one or more colonies inhabiting the southeastern U.S., thus experiencing a double
bottleneck. I suggest that differences in present-day colonization patterns between California
and the Southeast are most likely a result of low winter temperatures in the Southeast and/or
competition with another successful and widely distributed ant invader; the red imported fire
ant (S. invicta).

In Chapter III, I examined changes in intraspecific aggression among colonies of
Argentine ants in various discrimination contexts. I determined that aggression occurs at
higher rates when either nestmates or familiar territory indicate nest proximity, but is greatly
diminished where social context is absent. Context-dependent aggression in the Argentine
ant appears to result from a shift in acceptance threshold in response to fitness costs
associated with accepting non-kin. Isolated nest referents (familiar territory, conspecific
brood, or single familiar nestmates) had no effect on aggression thresholds. I also tested
whether nest status of individual ants (residents vs. intruders), rather than genetic similarity is
primary in determining the identity of the aggressor in intruder introductions to resident
colony. My results show that in the context of nest defense genetically more diverse colonies
will initiate attacks on colonies with lower genetic diversity. Finally, I reconciled differences
between earlier reports on the use of exogenous nestmate discrimination cues by Argentine
ants by providing diminished intraspecific aggression following colony maintenance under
uniform conditions in assays providing a social and/or ecological context, but not where this
context was absent.

In Chapter IV, I examined the impact of different diet-derived hydrocarbons on
intraspecific aggression in the Argentine ant and the potential of shared, diet-derived

hydrocarbons to produce colony uniformity where intercolony genetic and/or environmental



differences exist. I determined the baseline level of aggression in pairs of field-collected
colonies and discovered that ants showed either high or mild aggression. I then tested the
effect of three diets: two hydrocarbon-rich insect prey, Blattella germanica and Supella
longipalpa and an artificial, insect-free diet on aggression loss in both highly and mildly
aggressive colony pairs. Results of behavioral assays show that diet-derived hydrocarbons
alter nestmate recognition, mask inherent between colony distinctions, and allow non-
nestmate acceptance where intercolony differences exist. Mildly aggressive colony pairs
experienced a significant reduction in injurious aggression, although aggression was not
eliminated completely. In contrast, highly aggressive colony pairs maintained high levels of
injurious aggression throughout the study. Results of cuticular hydrocarbon analysis
demonstrate that each diet altered the composition of the hydrocarbon profile by contributing
unique, diet-specific cues. My results suggest that colony fusion due to common
environmental factors may be an important mechanism contributing to the evolution of
unicoloniality in introduced populations of the Argentine ant.

In Chapter V, I examined the role of environmental cues (derived from diet) on
nestmate recognition in two populations of the Argentine ant. I discovered that the two
populations differ in their response to environmentally-derived nestmate recognition cues.
Ants belonging to the California supercolony are strongly affected by the imposition of
prey-derived hydrocarbons and colony fragments raised in isolation on different prey (B.
germanica or S. longipalpa) display high intracolony aggression when reunited. In
contrast, colonies of Argentine ants from the southeastern U.S. show little or no aggression
when subjected to the same treatment. Results of cuticular hydrocarbon analysis show that

colonies from both regions initially possess Supella-specific hydrocarbons and acquire



additional hydrocarbons from both prey. Lack of aggression induction in Argentine ants
from the southeastern U.S. may be a result of higher initial levels of Supella-specific
hydrocarbons, relative to ants from California.

In Appendix I, I used the Argentine ant to compare four aggression bioassays for
consistency between replicates, similarity between assays, and ability to predict whole
colony interactions. The assays included were 1 live-1 dead ant interactions, live 1-1 battles,
live 5-5 battles, and 1 ant introduced to a foreign colony. I tested six ant colonies in all
pairwise combinations using four different assays and two to three scoring methods per
assay. I also conducted a colony merging experiment to determine which assays were
capable of predicting this ecologically important event. I found that scoring methods within
assays yielded very similar results, however, assays differed greatly in their consistency
between replicates. Assays that utilized the greatest number of live ants were the most likely
to reveal high levels of aggression. I found relatively low consistency between trials using
the live 1-1 assay, but found that with sufficient replication its results were highly correlated
with the assays using more interacting ants. I suggest that isolated aggressive acts in assays
do not necessarily predict whole colony interactions: some colonies that fought in bioassays

merged when the entire colonies were allowed to interact.
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each aggression level for the first 3 min. following initial contact. The resultant statistic was

derived from the equation

logio [( 3;=1-4 total sec. at aggression level i * §)/180 sec.]

following Lahav et al. (1998). For comparison among assays, we used the proportion of

trials in which aggression was observed at least once for each colony pair.

1 live - 1 dead in arena
This assay was identical to the live 1-1 assay, except that the second ant had been

frozen to death then warmed prior to introduction. As above, all trials were videotaped for
later analysis. Colony pairings were replicated 10 times, 5 with the first colony as the live ant
and 5 with the second colony as the live ant. Each trial was scored by a 5-10 sec. scan each
min. for 10 min. For comparison of scores within the assay, these data were analyzed as the
average score recorded during each trial (over 10 observation periods), and as the maximum
score recorded during each trial. For comparison among assays, we used the proportion of

trials in which high aggression was observed at least once for each colony pair.

Colony introductions

We used a colony introduction assay that measured mortality and the level of
aggression during intercolony worker introductions. Individual Aintruder" workers were
allowed to walk onto a brush and were then introduced into rearing trays containing

Aresident@ ants. For each test, we allowed the intruder ant to go through up to 25 encounters
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with resident ants. Each instance of direct physical contact between the intruder and any of
the residents was regarded as an encounter. If the intruder ant was seized by a resident ant
and engaged in a highly aggressive encounter (level 4 aggression) for more than 10 sec., then
the trial was terminated at that encounter and a 1.2 cm fluon-coated ring was placed around
the fighting ants. Mortality among the ants that fought was checked 1 h later. After each test
the intruder was removed and discarded and the residents were allowed to calm down before
being used again. There were 10 replicates per colony pair, 5 replicates with colony 1 as the
resident and 5 replicates with colony 1 as the intruder. Data were analyzed as the maximum
score per trial, the average encounter score per trial, the number of dead ants per trial, and the
proportion of highly aggressive encounters per trail. For comparison among assays, we used

the average proportion of aggressive encounters per trial.

Live 5-5 in arena

After detecting no difference on aggression score when using groups of five versus
groups of 20 ants (see AEffect of group size on aggression score@ above) we chose to use
groups of five individuals in order to reduce the loss of ants from experimental colonies
during trials. We carried out 6 replicates of the live 5-5 assay for all inter- and intracolony
pairs. We counted the number of simultaneous fights and the number of ants in fights during
scan surveys taken each min. for 10 min. For comparison among assays, we used the

average proportion of ants involved in fights at one time across all colony pairs.
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Colony Merging Experiment

In order to determine if the aggression assays using few ants would predict the
outcome of whole colony interactions, we carried out a colony merging experiment and
recorded the aggressive interactions between workers, and subsequently, the degree of
mixing between colonies. We were unable to use all of the colony pairs from the aggression
assays in the colony merging experiment because some colonies contained too few workers
for subsequent use. Instead, we chose pairs that represented low, intermediate, and high
aggression based on the aggression assays. We used a total of 8 different colony pairs, 3
replicates per pair.

Each colony contained ~100-150 workers, ~20 brood, and a single queen. For each
colony pair, all ants in one colony were marked on the abdomen with white acrylic paint
(Apple Barrel Colors #20782, Plaid Enterprises Inc., Norcross Georgia, U.S.A.) using a 10/0
spotter brush. Colonies were placed in separate nesting containers (17 cm by 25 cm by 11
cm high) and were allowed to colonize artificial nests that consisted of foil-covered glass
tubes half-filled with water and stopped with cotton. After a 48 h starvation period within
their nesting containers, each pair of colonies was given simultaneous access to a common
foraging arena (17 by 25 cm) through separate 30 cm long vinyl tubes. The foraging arena
contained 25% sucrose solution in a 50 mm x 4 mm vial. After 12 h, the sucrose vial was
removed. The following day, we recorded the number of dead ants (marked and unmarked)
in each container and piece of tubing then placed a vial containing 7 dead flies (Drosophila
melanogaster) in the foraging arena. After 30 min., we counted and removed the flies
remaining in the foraging arena and inserted a vial of 25% sucrose. Workers in the foraging

arena were counted every hour for the next 5 hours. Daily, from d 5 - d 9 of the experiment,
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colony pairs were inspected for merging and worker mortality. Merging was defined as the
presence of the two queens and all brood in the same nest and the intermingling of marked
and unmarked workers without fighting. In no case did the queens share a nest while the
workers remained segregated. Experiments were terminated on the day that colonies merged

or after d 9 if colonies still hadn=t merged.

Statistical analysis

Except as noted, all analyses were carried out using MINITAB 13.1 (MINITAB Inc.,
State College, Pennsylvania, USA) or SAS 8.2 (SAS Institute Inc., Cary, North Carolina)
statistical software. The influence of arena size on aggression score was tested by a repeated
measures logistic regression model using the genmod procedure of SAS 8.2. Colony pair and
arena size were included as factors in the model with aggression score as the dependent
variable, which was recorded once a minute for 10 minutes during each trial. The influence
of group size on proportion of ants fighting was tested using proc mixed in SAS 8.2 with
colony pair and group size as factors in the model, observation per trial as a random variable,
and the proportion of total ants fighting per trial (after arcsin transformation) as the
dependent variable. Throughout this manuscript the term arcsin transformation indicates the
arcsin of the square root of the proportion (Sokal and Rohlf, 1981).

To test for an effect of being the resident versus the intruder colony during colony
introductions, we used a nested ANOVA model with the proportion of aggressive encounters
per trial (transformed with the arcsin) as the dependent variable and colony pair and resident

colony within colony pair as treatment factors. We compared the number of ants killed
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during the colony introduction assay using a non-parametric test (Kruskal-Wallis) because
the data were not normally distributed.

Scoring methods within assays (e.g., average recorded score per session, highest
score per session) were compared using the Spearman=s rank correlation of the score of each
colony pairing averaged across replications. Consistency of results across replications is
given as the Spearman=s rank correlation of the average score per trial. The Pearson product
moment correlation was used to compare the proportion of aggressive trials per colony
pairing among the the 4 assays. Differences in sensitivity to detecting aggressiveness among
the four assays were determined through a general linear model ANOV A with colony pair
and assay as main effects, proportion of aggressive trials as the dependent variable, and mean
separation by Tukey=s simultaneous tests. For this test, aggression was interpreted as a level
3 or 4 response for assays using the 0-4 aggression index (Suarez et al., 1999) and as at least
one fight in the live 5-5 assay.

We determined if aggression scores from the various aggression assays could explain
the results of the colony merging experiment in two ways: first, we performed simple linear
regression using the average intercolony aggression score from each assay as the independent
variable and the number of ants killed within 24 hours of colony interaction as the dependent
variable. Next, we performed binary logistic regression with the average intercolony
aggression score as the independent variable and colony merging (for statistical analysis,
colonies were considered to have merged if they merged in all three trials) as the dependent
variable. Because the data set was small and the independent variable was unreplicated (i.e.,
each aggression score represented a single colony pairing), the logistic regression equation

could not be solved by the maximum likelihood algorithm for most assays. Instead, we
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solved the equation with LogXact software (Cytel Software Corporation, Cambridge,

Massachusetts), using Monte Carlo simulations to derive the parameters.
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Results

Neither arena size (p > 0.37 for all comparisons) nor group number (p = 0.72)
influenced aggression score in our preliminary assays. Mean correlation coefficients (r) for
the 5-6 replicates within aggression assays ranged from -0.15 - 0.79. The 1 live - 1 dead
assay produced the least consistent results, with correlation coefficients ranging from -0.15 -
0.18 for all pairwise comparisons within the 5 replicates. The other assays all produced
results that were positively correlated between replicates, with the live 5-5 the most
consistent (r = 0.79, all replicates signficantly correlated), followed by the colony
introduction assay (r =0.61, all replicates significantly correlated) and live 1-1 (r =0.34, 3 of
10 pairs of replicates significantly correlated). Within assays, all alternate scoring methods
produced highly correlated results (range 0.78-0.98). Between assays, the live 1-1, live 5-5
and colony introduction assays produced significantly correlated results (Table 2).
Correlations between each of these assays and the 1 live - 1 dead assay were modest and it
was only statistically significant for the live 5-5 assay.

Among assays, there were differences in the likelihood of detecting acts of aggression
(scored as a 3 or 4, on the 0-4 scale, or as a Afight@ in the live 5-5 assay). All four assays
differed in the proportion of trials per colony pair in which at least one aggressive encounter
was recorded, with the 1 live - 1 dead assay the least likely to detect aggression and the live
5-5 the most likely to detect aggression (Fig. 1) (F os 2,59y = 53.5, p < 0.001, all means
different, general linear model ANOVA).

Two assays comprised asymmetrical presentations of one colony to the other. When

one live ant was presented to a second colony (colony introductions), the proportion of
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aggressive encounters was independent of which colony acted as the resident colony and
which colony contributed the intruder (F o5 (15,1200 = 1.37, p = 0.172, nested ANOVA). The 1
live - 1 dead assay also comprised an asymmetrical presentation but the preponderance of
very low scores in all trials precluded a valid statistical analysis for the nested effect.

All assays resulted in a numerical ordering of the 15 colony pairs from least to most
aggressive, rather than a binomial outcome (e.g., aggressive or not aggressive), even though
observations were inherently binomial (e.g., ants fighting versus not fighting) or categorical
on an arbitrary numerical scale (e.g., 0 - 4). Despite the depiction of apparent intermediate
levels of aggression, all rankings from the present assays derived mainly from the relative
proportions of aggressive and non-aggressive encounters rather than observations of
individuals displaying intermediate aggression.

Aggressiveness rankings for most colony pairs were similar across assays, with CHH-
GRF and FORb-FORs always showing low aggression and GRF-PLS and CHH-PLS always
showing high aggression. Some pairs, however, such as FORb-GRF, were notably
inconsistent across assays. Although the 1 live - 1 dead assay was less consistent across
replicates, it provided a ranking of colony pair aggressiveness similar to other assays when
all replicates were considered simultaneously.

In the live 1-1 assay, pairs of ants tended to ignore each other or fight vigorously.
Level 2 aggression (avoidance) was only recorded frequently in the colony introduction
assay. Recording data continuously from trials and factoring in the time spent at each
aggression level, rather than taking scan samples at regular intervals, did not influence our
interpretation of the aggressiveness of a given trial. The correlation coefficient between the

0.91.
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The colony introduction assay should be sensitive to aggression because each trial
permitted up to 25 ants to interact with each intruder. Not all colony pairs that exhibited
fighting, however, did so in every trial. Only two of 10 trials of CHH-GREF, resulted in
fighting while 10 of 10 trials led to fighting in five other colony pairs. The mean number of
encounters until fighting occurred (excluding trials in which fighting did not occur) varied
among colony pairs (F o5 (13,101)= 1.98, p = 0.041, 1-way ANOVA), as did the number of ants
killed during fights (H =24.7, df = 12, p = 0.016, Kruskal-Wallis test).

The colony merging assay generally resulted in either a combination of high initial
mortality, poor food retrieval, and no merging, or low initial mortality, efficient food
retrieval, and merging. The number of dead ants after 24 hours was a strong predictor of
merging (Fig. 2). Two colony pairings gave delayed or inconsistent results: one of the three
replicates of FORs-PLS merged within 24 hours but the other two replicates never merged.
All three replicates of CHH-EMI merged, one each after 24, 48, and 72 hours. The number
dead due to initial fighting for these two colony pairs was intermediate. The one replicate of
the FORs-PLS pairing that merged showed less mortality than the two replicates that did not
merge.

Results of all but the 1 live - 1 dead assay were significantly correlated with both the
number of dead ants after 24 hours of encounters and the frequency of colony merging (Figs.
3-4). Colony pairs identified as the most aggressive in all assays showed high mortality and
no merging while those of low aggression showed low mortality and merging within 24
hours. The colony pairs that were intermediate in merging (delayed or inconsistent

across replicates) had intermediate aggression scores in most assays.
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Discussion

Aggression bioassays use many different scoring systems and experimental designs
(Table 1). In the present work with Argentine ants, we found that scoring methods within all
assays were correlated, but that some assays (ants using a live and a dead ant or only 2 live
ants) were less consistent than others.

All assays were not equally likely to reveal aggressive acts during individual trials.
The live 5 - 5 and the colony introduction assays were more likely than the live 1-1 and the 1
live - 1 dead assays to reveal highly aggressive encounters (Fig. 1). These differences could
reflect either the number of ants involved in the assays or the ecological context that the
assay most closely approximates. The assays that generated the highest aggression scores
were the assays in which the most ants were involved. If individual ants vary in their
chemical profiles and/or their tendency to attack non-nestmates (e.g., Cammaerts-Tricot,
1975; Nowbahari and Lenoir, 1989; Fénéron, 1996) then increasing the number of interacting
ants increases the likelihood of a potentially aggressive pair interacting.

These assays mimic different ecological contexts in which ants may encounter non-
nestmates. The nest introductions resemble a stray forager or raiding party approaching the
nest of another colony, but 1 - 1 assays more closely resemble isolated encounters between
foragers away from their nest. Because aggressive interactions are potentially lengthy and
lethal to both participants (e.g., De Vita, 1979), workers should be more likely to initiate
fights when they have the most to gain by winning (Starks et al., 1998). Therefore, workers
may exhibit particularly high levels of aggression when competing for food (e.g., Fellers,

1987; Cerda et al., 1998; Holway, 1999) or when defending their nest from foreign ants (e.g.,
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Holldobler, 1976), and assays that mimic these ecological contexts may induce more
aggression than assays that mimic casual encounters between non-nestmates (Starks et al.,
1998).

The 1 live - 1 dead assay yielded the most variable results and could easily
underestimate intercolony hostility with inadequate replication. This assay also sometimes
showed aggression when none was expected. It was the only assay in which data from
controls (same colony pairings) weren=t easily discerned from non-controls. For 5 of the 6
controls, there was at least 1 trial in which an aggressive encounter was recorded. These may
have been instances of actual aggression, or may have been attempts to carry the dead ant
that were misinterpreted as aggression. Although we found the 1 live - 1 dead assay to be the
least consistent between trials, the use of dead individuals is appropriate for research designs
that require eliminating one individual=s behavior, but not its chemical profile, on the
behavior of another individual (Gamboa et al., 1991).

Researchers may wish to use aggression assays to explain various aspects of the
ecology of a species. We found that three of the four assays, despite their differences in
promoting highly aggressive behavior, were mathematically capable of explaining which
colony pairs merged (i.e., there was an average aggression score that served as a threshold
value for merging in all assays). In no assay, however, could we predict where that threshold
value would lie. One colony pair that fought in some replicate assays (CHH-FORDb) and one
colony pair that fought in most replicates (CHH-EMI), merged. The CHH-EMI pairs didn=t
merge until 2-4 days had elapsed and over 25% of the workers had died during fights. This
could indicate either that the most aggressive individuals or the individuals most easily

recognized as foreign were killed, which allowed for colony merging (e.g., Crosland, 1990),
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or that sufficient non-fatal interaction had occurred to homogenize the chemical profile of the
two colonies (e.g., Breed et al., 1992). In either case, these results serve as a warning that
observations of instantaneous aggression between isolated individuals in assays do not result
in clear predictions concerning whole colony interactions over time. Colony merging is of
potential ecological significance in this species because reduced intercolonial territorial
behavior has been implicated as one of the most important factors contributing to the
invasiveness of Argentine ants (Holway et al., 1998; Holway, 1999; Suarez et al., 1999).
Unexpectedly, we found a poorer correlation between trials within an assay
(including no significant correlation between replicates for the 1 live - 1 dead assay) than
between assays, indicating substantial heterogeneity in chemical cues, perceptive abilities, or
aggressiveness of individual colony members. Our mean inter-replicate correlation
coefficient (0.34) was much lower than that reported by Tsutsui et al. (2000) (0.81) using the
same aggression assay and the same species of ant. Their trials included many colony pairs
that never fought, which may account for their greater consistency across replicates. Mintzer
(1989) noted variation similar to ours with a colony introduction assay using leaf-cutter ants.
He noted 30-100% rejection of foreign ants at the nest entrance, depending on the colony
pairing. For this reason, adequate replication, particularly with assays using few individuals

per trial, is essential.
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Table 1. Examples of published aggression assays with scoring methods and representative references.

Participants from colonies

Place of encounter

Scoring method to quantify aggressiveness

Colony 1 Colony 2
. . Integer scale (Tsutsui et al. 2000), time summation (Lahav et al. 1998),

1 live ant 1 live ant neutral arena L . ;
count aggressive interactions (Heinze et al. 1996)
Integer scale (Obin et al. 1993), accept/reject (Mintzer 1982), proportion of

1 live ant whole colony in colony 2 aggressive to non-aggressive interactions (Wallis 1962), attacked/not
attacked (Stuart 1987)

1 live ant 3.5 live ants neutral arena Integer scale (Ichinose 1991), time summation (Hefetz et al. 1996), bitten or

not (Allies et al. 1986)

whole colony

whole colony

colonies connected

Merged/not merged (Provost 1989), number of ants moving between
colonies (Silverman and Liang 2001)

20 live ants

20 live ants

neutral arena

Count ants fighting (Chen and Nonacs 2000)

1 tethered ant

whole colony

in colony 2

Integer scale (Stuart and Herbers 2000)

1 free ant 4 tethered ants neutral arena Count aggressive acts and determine spatial orientation (Feneron 1996)
1 chilled ant whole colony in colony 2 Accept/reject (Breed et al. 1992)
1 pinned live 1 pinned live in colony 2 Count number of times bitten in 2 min (Whitehouse and Jaffe 1995)
| dead ant whole colony in colony 2 I;Igug‘;)er of ants aggressive toward dead and at 1 min. intervals (Morel et al.
1 dead ant 1 live ant neutral arena Time spent by live ant biting dead ant (Crosland 1990)
cu;/i:;lﬁar whole colony foraging area aClo;r(;t) I(;l)lmber of ants aggressive toward extract on glass block (Wagner et
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Table 2. Correlations among aggression assays.

Assay Assay r p

colony introduction' live 5-5 0.91 <0.001
colony introduction’ live 1-1° 0.77 <0.001
colony introduction’ 1 live - 1 dead’ 0.39 0.076
live 5-5° live 1-1° 0.70  <0.001
live 5-5° 1 live - 1 dead’ 0.43  0.049
live 1-1° 1 live - 1 dead’ 0.48 0.058

1 . . .
Mean proportion of aggressive encounters per trial

* Mean proportion of ants fighting

3 Proportion of trials revealing aggression
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