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A neurotoxic pesticide changes the
outcome of aggressive interactions
between native and invasive ants

Rafael F. Barbieri, Philip J. Lester, Alexander S. Miller and Ken G. Ryan

School of Biological Sciences, Victoria University of Wellington, PO Box 600, Wellington, New Zealand

Neurotoxic pesticides, such as neonicotinoids, negatively affect the cognitive

capacity and fitness of non-target species, and could also modify inter-

specific interactions. We tested whether sublethal contamination with

neonicotinoid could affect foraging, colony fitness and the outcome of be-

havioural interactions between a native (Monomorium antarcticum) and an

invasive ant species (Linepithema humile). The foraging behaviour of both

ants was not affected by neonicotinoid exposure. Colonies of the invasive

species exposed to the neonicotinoid produced significantly fewer brood.

In interspecific confrontations, individuals of the native species exposed to

the neonicotinoid lowered their aggression towards the invasive species,

although their survival probability was not affected. Exposed individuals

of the invasive species interacting with non-exposed native ants displayed

increased aggression and had their survival probability reduced. Non-

exposed individuals of the invasive species were less aggressive but more

likely to survive when interacting with exposed native ants. These results

suggest that non-target exposure of invaders to neonicotinoids could

either increase or decrease the probability of survival according to the

exposure status of the native species. Given that, in any community, different

species have different food preferences, and thus different exposure to

pesticides, non-target exposure could potentially change the dynamics of

communities and influence invasion success.
1. Introduction
Non-target effects of pesticide use are an important global issue. There is increas-

ing evidence that pesticide use at lethal and sublethal concentrations

is contributing towards pollinator declines and affecting behavioural responses

of non-target organisms [1–4]. Pesticides such as the neonicotinoids are widely

used and are effective in the control of many insect pests [5,6]. These chemicals

interact with acetylcholine receptors, and directly affect the central and periph-

eral nervous system of insects [7,8]. Neonicotinoids can impair the cognitive

function of insects to such an extent that their ability to interpret external signals

and learn is reduced, or even lost, owing to their neurotoxic action [3]. Exposure

of pollinators such as bees to pesticides has demonstrated a range of physio-

logical and behavioural changes [8–10]. Bumble-bees exposed to sublethal

concentrations of a neonicotinoid had longer foraging trips, decreased food

collection and produced fewer workers, and hives had higher worker mortality

and loss while foraging [9,10]. Another study showed that small doses of two

neonicotinoids (imidacloprid and clothianidin) inhibited the neuronal responses

in the brain of honeybees [8], and therefore demonstrated that neonicotinoids act

in zones of insect brain responsible for cognition, learning and behaviour.

Sublethal exposure to neonicotinoids may also change the behaviour of

other insects. For example, the tunnelling behaviour of the subterranean termite

Reticulitermes virginicus reduced when exposed to sublethal doses of the neo-

nicotinoid imidacloprid [11]. Sublethal contamination with imidacloprid also

affected the brain development and motility of callow stingless bee workers

(Melipona quadrifasciata anthidioides) [12]. The grooming behaviour of the leaf-

cutting ant Acromyrmex subterraneus subterraneus, which is a defensive action
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that prevents colony contamination by pathogens, such as the

entomopathogenic fungus Beauveria bassiana, was also reduced

after exposure to sublethal doses of imidacloprid [13].

Behaviour also has an important role in determining com-

munity shape and dynamics [14]. Changes in behaviour are

expected to modulate competitive ability of sympatric and

allopatric species, and affect the establishment and spread

of newcomers [15]. The success of invasive species, for

example, is linked both to their highly aggressive behaviour

and to their ability to displace native communities and

manipulate food sources [16,17].

In all communities, individual species will have different

food preferences. This is certainly the case for ant communities,

wherein species are specialized on a particular plant material

(e.g. seeds), on indirect consumption of plant material through

mutualists (e.g. aphids), or may even be solely predatory in

nature [18,19]. Such variation in food preferences probably

results in different degrees of exposure to various chemicals,

such as pesticides, that may have been released into the

environment. Competition for resources substantially influ-

ences the success and fitness of many organisms, including

social insects such as ants [18]. The ability of ants to compete

for resources is frequently related to their colony size and behav-

ioural plasticity [20]. Thus, the modification of behaviour and

learning may have broad effects on communities [15]. Changes

in behaviours caused by pesticide exposure could moderate the

outcome of interspecific interactions. Such changes are probably

most relevant when they involve interactions between native

and invasive species. Any amplification of the effects of invasive

species would be problematic, given their existing role in

biodiversity loss and global change [21].

In this study, we exposed colonies of two ant species, the

invasive Argentine ant Linepithema humile and the native

Southern ant Monomorium antarcticum, to sublethal doses of

a neonicotinoid and accounted for the impacts of differential

exposure on their interactions and fitness. The Argentine ant

is a globally distributed invasive species associated with bio-

diversity loss and modification [17,22]. In New Zealand, the

invasive Argentine ant was first observed in 1990, but is

now distributed throughout the North Island and some

regions in the South Island [23]. The Southern ant is abun-

dant and widespread within New Zealand [24]. Both

species have similar habitat and food preferences, and are

aggressive towards each other [20,24], making them an ideal

model to evaluate the effects of neonicotinoid pesticides on

interacting species. We first assessed the effects of sublethal

doses of a neonicotinoid on workers and colonies of each

species. Then, we asked whether competitive ability and the

outcomes of interspecific interactions between the invasive

Argentine ant and the native Southern ant could be influenced

by sublethal exposure to the neonicotinoid pesticide.
2. Material and Methods
(a) Colonies and food treatments
Colonies of the Argentine ant and the Southern ant were

collected in the field and used in the experiment within seven

months of collection. Ant colonies were maintained in laboratory

conditions. From the full colonies, we created 10 subcolonies of

the native Southern ant and 10 subcolonies of the invasive

Argentine ant, each containing 300 workers and two queens.

Each subcolony was placed in a plastic container containing
three nesting tubes and a segment of plastic tubing connected

as a nest exit.

For acclimation to the experimental conditions, colonies were

fed for two weeks, three times a week. Food was offered via a

cotton pad soaked with 1 ml of a 1 : 4 honey/water (v/v) sol-

ution and a mealworm (Tenebrio molitor, larva; approx. 0.09 g)

cut into three parts. Five colonies of each species were randomly

assigned to each of the treatment groups: colonies treated with

sublethal doses of the neonicotinoid imidacloprid (NICþ) (com-

mercial brand: Confidor Yates; active ingredient: imidacloprid

50 g kg21; water-dispersible granule); and colonies not treated

with the neonicotinoid (NIC2). For the NICþ treatment, 5 ml

of honey was mixed with 20 ml of an aqueous solution contain-

ing 1.25 mg ml21 of the neonicotinoid imidacloprid, which

resulted in a final concentration of pesticide of 1.0 mg ml21 admi-

nistered to the colonies. The use of a low dosage of this

insecticide simulates realistic sublethal effects on non-target

species [4]. For the NIC2 treatment, we offered the honey/

water solution with no insecticide.
(b) Experimental design
To assess the effects of sublethal doses of the neonicotinoid on

the foraging ability of ant workers and their colony fitness, we

conducted trials using a raised wooden maze surrounded by

water (see the electronic supplementary material, figure S1).

The food resource was randomly assigned to position ‘a’ or ‘b’

on the maze and ants were then allowed to access the maze.

During each of the eight trials, which were conducted over 61

days, colonies were observed for a period of 3 h. The following

responses were measured: (i) walking speed (how fast an ant

crossed a 5 cm-long segment); (ii) food discovery (the time taken

for workers to locate the food source); and (iii) drowning rates
(the number of ants that fell off the edge of the raised maze

into the surrounding water during each trial).

The maze and this experimental set-up simulate habitat com-

plexity and, consequently, factors that could reduce colony

fitness if the cognitive system of individuals is affected by sub-

lethal exposure to the neonicotinoid pesticide. In a competitive

environment, we expect that changes in walking speed, the prob-

ability of food discovery or even the inability of workers to avoid

hazards (drowning rates) may compromise their ability to suc-

cessfully use food sources. Once all trials were fully completed,

we quantified the number of live ants remaining and the

amount of brood in each colony, which represents an estimate

of the effect of the pesticide on the colony fitness.

To assess the effects of sublethal doses of the neonicotinoid

on the outcome of interspecific interactions, we randomly

selected colonies exposed or not exposed to the pesticide

(NIC2 or NICþ) and subjected groups to interspecific inter-

actions. We used a 2 � 2 factorial design. Therefore, four

different interactive groups were set as follows. Set 1: native

(NICþ) versus invasive (NICþ); set 2: native (NICþ) versus inva-

sive (NIC2); set 3: native (NIC2) versus invasive (NIC2); set 4:

native (NIC2) versus invasive (NICþ). We also used four exter-

nal control treatments (n ¼ 10). Controls consisted of groups

containing 10 workers subjected to the same colony manipu-

lation procedures and were maintained under the same

experimental conditions as the interactive groups. However, con-

trol groups were not subjected to interspecific interactions.

Patterns of interspecific interaction were noted as non-

aggressive (no harm to the opponent species) or aggressive

behaviours (behaviours likely to harm the opponent species). A

non-aggressive reaction included the behaviours ignore (body

contact with no interest), touch (contact followed by antennation)

and avoid (after contact ants retreat in opposite directions).

Aggressive responses included the behaviours aggression (head

biting, leg biting, raising the gaster or spraying acid) and fight



Table 1. Mean (+ s.e.) and the linear mixed-effect model results comparing the walking speed and drowning rate of ants from colonies not exposed (NIC2)
and exposed (NICþ) to sublethal doses of the neonicotinoid. For each treatment, n ¼ 40.

species response

mean (+++++s.e.)

b (s.e.) t pNIC2 NIC1

native

Southern ant

walking speed (cm s21)

drowning rate

0.455 (20.020)

2.854 (0.448)

0.476 (20.015)

2.038 (0.315)

0.021 (0.06)

20.816 (0.55)

0.371

21.490

0.712

0.140

invasive

Argentine ant

walking speed (cm s21)

drowning rate

0.833 (0.028)

1.137 (0.176)

0.765 (0.021)

2.246 (0.446)

20.068 (0.03)

1.109 (0.75)

21.980

1.473

0.051

0.145
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(prolonged aggression—more than 5 s—between individuals;

adapted from Suarez et al. [25]). Interspecific interactions were

scored for 20 s every 2 min for 20 min (n ¼ 10). Additionally,

the number of individuals alive of both species was monitored

(n ¼ 20) every 2 min during the first 20 min, then at 25, 30, 40,

50, 60 min, 1, 2, 4, 8, 16 and 32 h.
(c) Statistical analyses
All data analyses and randomizations were performed in R

v. 2.15.3 [26]. Ant walking speed and drowning rates were

analysed using linear mixed-effect models (LMER) with the pack-

age lme4 [27]. Food discovery was analysed using a survival

analysis with the package survival [28]. This analysis is appropri-

ate given that data were right-skewed and right-censored. Instead

of evaluating the ‘survival probability’, we used the Cox pro-

portional hazard regression models (Coxph) to assess the effects

of neonicotinoid exposure on the probability of ants to find the

food source. The number of workers alive and the quantity of

brood after 61 days of trials were compared using generalized

linear models (GLM) with a Gaussian family distribution.

Interspecific interaction level between groups of workers in

different treatments was analysed using generalized mixed-

effect models (GLMER) with the package lme4 [27]. The two

behavioural reactions (non-aggressive or aggressive) were mod-

elled as a binary response. The survival probability of ants in

different treatments was also analysed using the package survival
[28]. We used Cox proportional hazard regression models to com-

pare the survival probability of interacting groups in different

treatments, including controls. For all randomizations, we used

the function sample(). Significance for all tests was assumed at

p , 0.05.

Further details of methods, including a description of

the experimental set-up, insecticide preparation, feeding

treatments, experimental design and additional information

regarding the statistical analyses, are available in the electronic

supplementary material.
3. Results
(a) Effects of sublethal doses of the neonicotinoid on

workers and colony fitness
The walking speed and drowning rate of the native Southern

ant and the invasive Argentine ant were not significantly

affected by exposure to the neonicotinoid (table 1; p �
0.051). Although the invasive Argentine ant was more

likely to find food sources (figure 1; d.f. ¼ 3, b ¼ 20.83,
z ¼ 23.18, p ¼ 0.002, Coxph), the food discovery probability

of both the native Southern ant (d.f. ¼ 3, b ¼ 20.021,

z ¼ 20.075, p ¼ 0.940, Coxph) and invasive Argentine ant
(d.f. ¼ 3, b ¼ 0.168, z ¼ 0.727, p ¼ 0.467, Coxph) were not

affected by exposure to the neonicotinoid.

There were no differences in the number of workers alive

after 61 days of trials in colonies of either the native Southern

ant or the invasive Argentine ant (figure 2a; d.f. ¼ 1,

d.f.error ¼ 17, b ¼ 218.5, t ¼ 20.67, p ¼ 0.512, GLM), regard-

less of treatment (d.f. ¼ 1, d.f.error ¼ 17, b ¼ 249.7, t ¼ 21.8,

p ¼ 0.089, GLM). However, the effects that neonicotinoid

exposure had on brood production (figure 2b) differed

between the native Southern ant and the invasive Argentine

ant (d.f. ¼ 1, d.f.error ¼ 16, b ¼ 2173.4, t ¼ 23.19, p ¼ 0.006,

GLM). Although brood production of the native Southern

ant was not affected by sublethal doses of the neonicotinoid

(d.f. ¼ 1, d.f.error ¼ 16, b ¼ 21.5, t ¼ 20.06, p ¼ 0.957,

GLM), the brood production of the invasive Argentine ant

was reduced in the NICþ treatment (d.f. ¼ 1, d.f.error ¼ 16,

b ¼ 2151.4, t ¼ 22.79, p ¼ 0.013, GLM).

(b) Effects of sublethal doses of the neonicotinoid on
interspecific interaction and survival probability

Groups of 10 workers from both exposed and non-exposed

colonies were subjected to interspecific interactions. During

interspecific interactions, the native Southern ant and

the invasive Argentine ant displayed higher rates of aggressive

behaviours than non-aggressive behaviours, regardless of

their treatment status (figure 3; native: d.f. ¼ 1, b ¼ 21.53,

z ¼ 29.69, p , 0.001; invasive: d.f.¼ 1, b ¼ 20.78,

z ¼ 26.43, p , 0.001, GLMER). The aggressive behaviour of

the native Southern ant (figure 3a) was significantly lower

when exposed to the neonicotinoid (d.f. ¼ 1, b ¼ 20.41,

z ¼ 24.49, p , 0.001, GLMER), regardless of the treatment

status of the invasive Argentine ant (d.f. ¼ 1, b ¼ 0.11,

z ¼ 1.18, p ¼ 0.239, GLMER).

The aggressive behaviour of the invasive Argentine ant

(figure 3b) was affected by both their treatment status

(d.f. ¼ 1, b ¼ 0.31, z ¼ 3.91, p , 0.001, GLMER) and the treat-

ment status of the native Southern ant (d.f. ¼ 1, b ¼ 20.42,

z ¼ 25.39, p , 0.001, GLMER). Interestingly, the invasive

Argentine ant did not modify their aggressive response

towards the native Southern ant when both were exposed

to the neonicotinoid (NICþ versus NICþ) and under stan-

dard conditions (NIC2 versus NIC2; d.f. ¼ 1, b ¼ 20.12,

z ¼ 21.02, p ¼ 0.308, GLMER). Even though the invasive

Argentine ant was not exposed to the neonicotinoid in the

‘invasive (NIC2) versus native (NICþ)’ treatment, they

became less aggressive towards groups of exposed native

Southern ant (d.f. ¼ 1, b ¼ 20.35, z ¼ 3.15; p ¼ 0.002,

GLMER). Conversely, in the ‘invasive (NICþ) versus native
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(NIC2)’ treatment the invasive Argentine ant displayed the

highest levels of aggression (d.f. ¼ 1, b ¼ 20.47, z ¼ 23.57,

p , 0.001, GLMER).

After 32 h of interspecific interaction, the survival prob-

ability of the native Southern ant (figure 4a) was not
affected in any treatment regardless of their treatment

status (d.f. ¼ 3, b ¼ 0.02, z ¼ 0.93, p ¼ 0.351, Coxph) or the

treatment status of the invasive Argentine ant (d.f. ¼ 3,

b ¼ 20.04, z ¼ 21.46, p ¼ 0.144, Coxph). Furthermore, the

external control groups of the native Southern ant, not sub-

jected to interspecific interactions, did not differ from the

other groups subjected to interspecific interaction with

the invasive Argentine ant (d.f. ¼ 3, b ¼ 20.02, z ¼ 20.01,

p ¼ 0.994, Coxph).

The survival probability of the invasive Argentine ant

(figure 4b) was influenced by both their treatment status
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(d.f. ¼ 3, b ¼ 0.53, z ¼ 5.06, p , 0.001, Coxph) and the treat-

ment status of the native Southern ant (d.f. ¼ 3, b ¼ 20.46,

z ¼ 24.13, p , 0.001, Coxph). The survival probability of

the invasive Argentine ant in natural conditions (NIC2

versus NIC2) was relatively low (figure 4b), and did not

change when both the native Southern ant and Argentine

ant were exposed to the pesticide (NICþ versus NICþ;

d.f. ¼ 3, b ¼ 0.8, z ¼ 21.48, p ¼ 0.14, Coxph). Surprisingly,

in the ‘invasive (NICþ) versus native (NIC2)’ treatment, in

which the invasive Argentine ant displayed the highest

levels of aggression (figure 3b), the invasive Argentine ant

was completely exterminated during the first 16 h of inter-

action (d.f. ¼ 3, b ¼ 0.68, z ¼ 6.54, p , 0.001, Coxph).

Importantly, in the ‘invasive (NIC2) versus native (NICþ)’

treatment, in which the invasive Argentine ant displayed

the lowest aggression levels (figure 3b), we found significant

increased survival probability of the invasive Argentine ant

(d.f. ¼ 3, b ¼ 20.31, z ¼ 22.83, p ¼ 0.005, Coxph). Groups

of the invasive Argentine ant subjected to interspecific inter-

action had lower survival probability than their external

control groups not subjected to interactions (d.f. ¼ 3,

b ¼ 23.09, z ¼ 29.92, p , 0.001, Coxph).
4. Discussion
We found that exposure to neonicotinoids can alter the be-

haviour, fitness and community dynamics of ants. Our

experiment demonstrates that exposure to neonicotinoids

had different impacts on the interspecific aggressive behav-

iour and colony fitness of the native Southern ant and the

invasive Argentine ant. The invasive Argentine ant, whether

exposed or not exposed to the neonicotinoid, presented

higher ability to locate and explore food sources than the
native Southern ant. Brood production of the native Southern

ant was not affected by the neonicotinoid. However, an

important effect of sublethal exposure to the neonicotinoid

in the invasive Argentine ant was to reduce brood numbers

to approximately 50% of those in non-exposed colonies.

The success of the invasive Argentine ant is partially

linked to their rapid recruitment and dominance of food

sources [17]. While neonicotinoids modified the foraging abil-

ity of bees [9], we found no effects of sublethal exposure on

the foraging ability of either the native Southern ant or the

invasive Argentine ant. Bees and ants use different cues to

locate and inform food position. Most ants use species- or

colony-specific pheromones to guide themselves and recruit

nest-mates to food sources. Chemosensory receptors located

on their antennae identify the odour produced by colony mem-

bers [29]. On the other hand, foraging activity and orientation

in bees is coordinated by ritualized modes of communication,

including the waggle dance [30]. Different species within

any community are likely to use different methods to perceive

food resources or potential hazards [15]. We observed no

such effects in our system. Because neonicotinoids affect

specific neuronal pathways, and consequently behaviours,

we expected variation in neonicotinoid effects between species.

In a first scenario, where both the native Southern ant and

invasive Argentine ant were exposed or not exposed to the neo-

nicotinoid, we found no significant effects of the pesticide on

the aggression level and survival probability of the invasive

species. A second scenario where only the invasive Argentine

ant was exposed to neonicotinoid prior to interaction with

the native Southern ant showed that the invasive Argentine

ant displayed higher levels of aggression, but was completely

exterminated by the native Southern ant. Importantly, in a

third scenario where only the native Southern ant was exposed

to the pesticide prior to interaction with the invasive Argentine

ant, we found that the invasive Argentine ants reduced their

aggression but had increased survival probability.

The distribution of the invasive Argentine ant throughout

the world is strongly linked with anthropogenic activities

and also, to a smaller degree, with their biotic interaction

with local species [22]. In New Zealand, for instance, the inva-

sive Argentine ant is only found in urban and agricultural

settings co-occurring (and possibly competing for food

sources) with the native Southern ant [20,23]. In these areas,

pesticides such as neonicotinoids are commonly used to con-

trol insect pests and may affect ants via distinct pathways

such as direct contact with the active ingredient applied in

the environment, consumption of plant material containing

the pesticide or even ingestion of honeydew produced by

mutualists. Other ant species in these communities are, for

example, solely predatory in nature, just as in any other com-

munity. Thus, differential exposure to pesticides would

almost certainly occur between species within any community.

It is important to highlight possible non-target effects of

neonicotinoids on the biotic resistance imposed by native com-

munities. In any given habitat where the local species had been

previously exposed to neonicotinoids, the invasive Argentine

ant could have significantly higher chances to monopolize

food sources and survive. The reduced brood production of

Argentine ant colonies exposed to the neonicotinoid gave

them a similar outcome to the native Southern ant. Hence,

in areas where both the native Southern ant and invasive

Argentine ant co-occur, it is likely that the reduction in brood

production as a result of sublethal exposure to the
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neonicotinoid in the invasive Argentine ant is more significant

to colony survival than the behavioural responses.

We note that there may be important effects of neonicoti-

noids on the invasive Argentine ant, depending on the

community composition and context. In areas extensively

dominated by the invasive Argentine ant, the combined effects

of target and non-target pest control programmes may exert

synergistic effects and improve their control [31]. Herein, for

example, groups of Argentine ants previously exposed to the

neonicotinoid had reduced brood production and were annihi-

lated by groups of the native Southern ant that were not

exposed to the pesticide. The reduced brood production of

the invasive Argentine ant may significantly affect recently

established colonies, in which the number of queens and

workers are relatively small [32]. These non-target effects com-

bined with an appropriate control programme targeting

Argentine ants [33] could efficiently suppress their population

in invaded areas.

The role of behaviour in determining the success of species

and shaping communities is well established [14,18]. The dose-

dependent impacts of neonicotinoids in the neuronal activity of

insect brains could impair cognition and learning of new behav-

ioural tasks [8]. Our results showed that neonicotinoids affect
behaviour and fitness of different species in different ways.

Thus, non-target effects of this neurotoxic pesticide could

potentially have detrimental effects on natural communities

and act as a human-mediated driver of invasion. Uncontrolled

use of neonicotinoids in urban and agricultural areas could

modify aggressive responses and the outcome of interspecific

interactions. Our results provide evidence of the potential

effects of pesticides on the structure and dynamics of ant com-

munities. We believe that, within any community, different

food preferences and behaviours between species will result

in differential exposure to pesticides such as neonicotinoids.

This exposure can clearly alter both intraspecific behaviours

and the outcome of interactions within the community.
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