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Toxic bait abandonment by an invasive ant
is driven by aversive memories

Check for updates

Daniel Zanola1, Tomer J. Czaczkes2 & Roxana Josens 1

Social insects such as ants possess a battery of behavioural mechanisms protecting their colonies
against pathogens and toxins. Recently, active abandonment of poisoned food was described in the
invasive ant Linepithema humile. During this abandonment, foraging declines by 80% within 6–8 h
after baits become toxic—a reduction not due to satiety, diminishedmotivation, or mortality. Here we
explore the mechanisms behind this behaviour, testing two hypotheses: (1) the presence of ‘no entry’
pheromones near toxic food, and (2) the formation of aversivememories linked to the toxic food site. In
field trials,weplacedbridges leading to sucrose, nothing, or poisonedsucroseonanactive trail.Within
hours, 80% of ants abandoned poisoned bait bridges. By swapping bridges strategically, we
confirmed that aversive memories formed at toxic bait sites, while no evidence of a ‘no entry’
pheromone was found. Then, in the laboratory, we asked how ants may be sensing the toxicity of the
bait, hypothesising poison-induced malaise. Motility, used as a proxy for malaise, was 29% lower in
toxicant-exposed ants after 3 h, linking malaise to abandonment. Developing toxicants with delayed
malaise, not just delayed mortality, may improve toxic bait control protocols.

Invasive insect species pose a major economic and ecological challenge,
requiring effective management strategies. Among these approaches, toxic
baits are considered one of the safest and most environmentally friendly
options. However, their efficacy is often limited. Especially difficult to
control are invasive social insects, such as ants1, with less than half of era-
dication attempts succeeding2. Nonetheless, toxic baiting is considered the
gold standard approach for ant management3, as baiting has been shown to
strongly reduce ant numbers rapidly, and can be deployed even in envir-
onmentally sensitive areas4–6. The strong reduction in ant presence after bait
application is usually assumed to be caused by population reduction due to
mortality. However, recent findings have called this assumption into doubt.

Recently, Zanola, et al.7 demonstrated that toxic baits trigger active
abandonment of foraging trails and their surrounding areas by the ants. This
abandonment begins within approximately 3 h of toxic bait placement,
resulting in a 70–80% decrease in activity (often termed ‘traffic’ in other
studies) along the trail leading to the toxic bait within 6 h7. Notably, this
decrease seems to remain consistent regardless of the initial size of the
forager group, and persists for several days. Interestingly, nearby food
sources, such as control sucrose feeders, maintain high activity levels,
indicating that abandonment is not due to satiety or lack of foraging
motivation. While abandonment began within 3 h and reached its max-
imum within 6 h, in laboratory studies mortality of ants fed the toxic bait
was almost zero after 6 h.

This behavioural strategy of abandonment serves as a protective
social mechanism, by minimizing the intrusion of harmful substances
into the nest. Remarkably, the diminished activity persists over an
extended period with minimal fluctuations, indicating a sustained
behavioural change among the ants, and no secondary recruitment to
the toxic food despite the large population size and full palatability of
the toxic food7.

An alternative hypothesis to abandonment is that the foragers col-
lecting the toxic bait suffer malaise and stop visiting the source of the toxic
bait, while all other foragers are busy elsewhere8. In this scenario, ants donot
return to the toxic bait, and recruitment of new ants does not occur because
all the other foragers are occupied with other food sources, leading to a
sustained reduction in ants at the toxic food source. Removing a cohort of
foragers froma food source, andobserving a rapid return toprevious activity
levels, could exclude this hypothesis. We ran such an experiment, and
indeed find foraging returns to baseline levels within 3 h (see methods and
results below).

Understanding the mechanism of how such a sustained response
persists, resulting in thousands of ants passing near the bait without
resumption of foraging, is critical. Hence, this study aims to investigate
potential mechanisms leading to trail abandonment. Knowing that ants can
likely sense that they have been poisoned, we then investigate the
mechanisms leading to active abandonment, proposing two non-mutually
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exclusive hypotheses: 1) the use of an abandonment pheromone, denoted as
“Mark -“ (negative mark), and 2) an aversive memory, referred to as
“Memory -,” associated with the toxic bait’s location. An essential premise
for studying the latter mechanism is that ants experience malaise within a
fewhours. Usingmotility as a proxy formalaise, we confirm thatmotility in
ants which ingested poison drops within 3 h. Thus, this malaise can act as a
negative unconditional stimulus tobe associatedwith aneutral one.Ants are
known to form long-term appetitive olfactorymemories during foraging9,10.
In social contexts, just a brief contact is sufficient to create a robustmemory11

that during recruitment often overrides any individual evaluation of the
resource12. L. humile is known to rapidly form spatial and olfactory asso-
ciative memories13,14. A ‘no entry’ pheromone has been reported in the pest
antMonomoriumpharaonis, deployedwhen a once-productive food source
becomes non-productive15. This ‘no entry’ signal is apparently deployed at
the bifurcation point from the main foraging trail to the newly non-
productive feeder. However, to our knowledge such a negative pheromone
has not since been reported in other ant species, nor has the finding been
replicated elsewhere, with at least one direct replication attempt finding no
evidence of such a ‘no entry’ signal16. We test these two hypotheses using a
bridge-swapping experiment, in which abandonment is triggered on a
bridge in one location, and the bridge is then moved to another location,
thus moving any putative ‘no entry’ mark while not moving any putative
negative memory.

To test the Mark− and Memory− hypotheses, we conducted bridge
swaps to generate different combinations of marks (Mark+ ; Mark−; No
mark) andmemories (Memory+ ; Memory−; Nomemory, see Fig. 1).We
designedfive treatments using bridges that initially offered sucrose, nothing,
or toxic bait. After at least 8 h, foraging persisted on sucrose bridges,
occasional exploration occurred on no-bait bridges, and toxic bait bridges
were abandoned. Bridges with sucrose were assumed to carry a pheromone
trail (Mark+ ) and be associatedwith a positivememory (Memory+ ). The
no-bait bridge was assumed to have no marks or associated memories.
Finally, the abandoned toxic bait bridge was assumed to carry a ‘no entry’
signal (Mark− hypothesis), and ants that foraged there may have formed a
negative associativememorywith its location (Memory−hypothesis). Then
bridges were then swapped, resulting in 5 unique combinations (i.e.
treatments).

Results
Overall traffic
Before bridge swapping, traffic was as expected: high traffic on sucrose
bridges, a decrease of 80% lower traffic onbridges offering toxic bait (relative
to 8 hprevious,when the bridge offered sugar and changed to the toxic bait),
and almost no activity on bridges offering nothing (see Fig. 1).

Pairwise tests for each treatment were performed to examine the effect
on a given site comparing the traffic before and after bridge swapping. Three
treatments represent relevant controls (Fig. 2):

Treatment 1) Memory+& Mark+ (Sham treatment):Manipulation
does not cause a significant change in traffic on the bridge (estimate =
−0.03; p = 0.55).

Treatment 2) Memory+& No Mark (Site Memory effect): Traffic
decreases significantly, as there is no attractive pheromone on the bridge
after swapping (estimate = 0.74; p = 0.012). The Memory+ associated with
the site, where therewas foodpreviously, is enough for the activity to remain
at ~54% of initial traffic, even without trail pheromone.

Treatment 3)NoMemory &Mark+ (Trail Pheromone effect):Here, a
bridge presumably marked with an attractive pheromone (Mark+ ) was
placed in a location which previously offered no food. This triggered
immediate recruitment to the bridge (which had no reward), increasing
activity by 670% (estimate =−2.09; p = 0.0014). This percentage repre-
sented the increase in traffic trigged only by the effect of the trail pheromone
on a bridge.

Treatment 4)Memory + and Mark– (Mark− hypothesis): The place-
ment of a bridge that had been previously abandoned due to toxic bait and
that could have a negative mark, did not generate a significant decrease in
traffic at a site where there was previously a bridge with sucrose (estimate =
0.15; p = 0.31), althoughwewould expect this if a negativemarkwas present
(compare to treatment 2, and see Fig. 3).

Treatment 5)Memory−andMark+ (Memory−hypothesis):Placing a
bridge with trail pheromone in a place where a toxic bait was previously
presentdidnot generate a change in trafficwhencompared to thenumberof
ants that were previously on the bridge with the toxic bait (estimate = 0.25;
p = 0.56). However, if no Memory− was present we would expect the
additionof aMark+ to cause an increase in thenumber of ants on thebridge
(compare to treatment 3, and see Fig. 3).
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Fig. 1 | Experimental design to test two mechanistic hypotheses. Experimental
swapping plan to test the hypothesis of a “stop pheromone” (Mark−; in red), and the
hypothesis of an aversive memory associated with a location (Memory−; in red).
The hypotheses were tested by swapping bridges and comparing traffic before and
after swapping. Five combinations were performed. Initially, in three situations
bridges offered sucrose, so were assumed to be marked by trail pheromone
(Mark+ ) and an appetitive memory was associated to these sites (Memory+ ); one

offered nothing, so, we assumed there was no mark and no memory there (in blue).
The last situation had the toxic bait offered for 8 h on the bridge, and abandonment
was confirmed. Thus, this bridge would have the hypothetical Mark− and the
hypothetical Memory− (both in red). After swapping, no sugar or toxic bait was
offered in any bridge, and the traffic on the bridges was counted before swapping and
2 min after bridge relocation.
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Testing the negative memory and pheromone hypotheses
The results presented in Fig. 2 allow us to infer something about our
hypotheses since, with respect to the supposed aversive memory, ants
from a location without an associated memory willingly entered the
bridge with the trail pheromone, thus increasing traffic (p = 0.0014.
Figure 2 treatment 3). However, when a bridge with a trail pher-
omone was placed in a place where a previously abandoned bridge
existed, the ants were reluctant to enter it, leaving the activity
unchanged (p = 0.56. Figure 2 treatment 5). On the other hand, with
respect to the potential Mark−, traffic remained high despite the
bridge with the hypothetical Mark− being placed in a location where
previously non-toxic sucrose, and so a Memory+ , was present
(Fig. 2 treatment 4). This already indicates not only that there is no
Mark− but that the putative Mark− bridge would possibly even have
remnants of the trail pheromone (Mark +).

However, following the logic described in the following rationale, we
need to make comparisons of specific treatments to test our hypotheses:

Rationale
It is intuitive to think that replacing a bridge leading to sucrose (Mark+
Memory+ ) with a bridge containing the hypothetical Mark− would
decrease the traffic on the bridge compared to a sham removal. However,
any such decrease could also be caused by a sudden lack of trail pheromone
(Mark+ ) on the bridge. To demonstrate an active Mark−, the decrease
elicited by placing it must be greater than the decrease elicited by placing an
unmarked bridge. Therefore, our key comparison for the Mark−
hypothesis is

Traffic drop at Memory+ & Mark− > Traffic drop at Memory+ &
No Mark

A similar logic holds for a potential Memory−. If a trail that offered
toxic bait has been abandoned, andwewant to prove that there is some kind
of aversive memory involved, placing a bridge with Mark+ at this location
should produce no, or a lower, increase in foraging compared to placing a
bridge withMark+ in a location with no associatedmemory. Thus, the key
comparison for the Memory- hypothesis is:

Traffic increase at Memory− & Mark+ < Traffic increase at No
Memory & Mark+

For the Memory− hypothesis, it is crucial to use Mark+ bridges, not
clean bridges, as unmarked bridges would not result in any traffic to
compare.

To account for variations in trafficbefore andafter bridge swapping,we
calculated the Traffic Change as the ratio of traffic after the swap to traffic
before the swap. A Traffic Change value close to 1 indicates no significate
change in activity. Values below 1 denote a decrease in traffic, while values
above 1 denote an increase (Fig. 3).

To accept the Mark− hypothesis, the decrease in traffic generated by
the placement of an abandoned bridge must be greater than the decrease
generated by the placement of a clean, i.e. unmarked, bridge. This was not
the case (Fig. 3A, estimate = 0.48; p = 0.73). In fact, there is a slight tendency
to showa greater reductionwhen anunmarked bridge is placed thanwhen a
bridgewith the supposedMark− is placed. Therefore, we reject the negative
mark hypothesis as a mechanism responsible for trail abandonment.

On the other hand, when a bridge marked with trail pheromones is
placed where there was no associated memory, and another bridge also
marked with Mark+ in a place where abandonment had occurred, indi-
cating that it could have the hypothesized negative memory, we do see a
difference in traffic change. An increase in traffic should only occur in the
location without a negative memory or, at most, be greater in the place
without memory. Indeed, the traffic in the No Memory and Mark+ treat-
ment is significantly higher than in Memory− and Mark+ (Fig. 3B, esti-
mate =−3.78, p < 0.001). This strongly suggests the presence of an aversive
or negative memory that at least partially drives the abandonment beha-
viour described.

Motility assay
The formation of aversive associative memories typically requires the
pairing of an unconditioned negative stimulus with an initially neutral one.
In this case, malaise caused by the ingestion of toxic bait can act as the
negative stimulus. To assess discomfort, we used post-ingestionmotility as a
proxy in a controlled laboratory assay. If abandonment begins after 3 hpost-
ingestion, the malaise, and thus reduction in motility, should begin at this
time or earlier.

The main analysis (GLM) showed that there was no interaction
between treatments and time. However, time itself was significant
(p = 0.0017) and a clear tendency (p = 0.058) to lower motility in the
treatment with the toxic bait compared to those that consumed sucrose
(Fig. 4). We thus chose to go ahead and evaluate the difference at each
time using contrasts. Initial motility did not differ between both
treatments (estimate: S-T = 0.44; p = 0.16). One hour after ingestion,
motility was significantly lower in the toxicant group compared to the
sucrose group (S-T = 0.77; p = 0.01). Although a trend was observed after
2 h, the difference was not statistically significant. From the third hour
onwards, motility remained consistently lower in the toxic bait group
compared to the sucrose group (3 h: S-T = 0.9; p = 0.004; 4 h: S-T = 0.78;
p = 0.01; 5 h: S-T = 1.03; p = 0.001; 6 h: S-T = 1.06; p = 0.001. Fig. 4. See
Supplementary Section 4 for details)).

Traffic recovery assay
Analternative hypothesis to active abandonment is thatmalaise stops active
foragers returning to a food source, and that all other foragers are occupied,
so do not replace the ants missing due to malaise8. Here, we test this
hypothesis by removing the cohort of active foragers fromabridge offering a
non-toxic feeder, and quantifying traffic on the bridge over time to see if
activity resumesprevious levels, and if so, how long this takes.To test this,we
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removed all ants present on the bridge six to seven times at approximately
7-min intervals. While activity initially rebounded after each removal,
successive extractions gradually reduced traffic until it reached levels
comparable to those of an abandoned bridge.

After 6 or 7min following the last removal, traffic had significantly
decreased by 80% compared to the initial activity, as shown by the 0-time
point in Fig. 5. This substantial reduction indicates that the majority of the
foraging group was removed and unable to return to the food source. One
hour later, traffic increased to about 60% of the initial level but remained
significantly lower. After 2 h, traffic on the bridge reached baseline levels.
Therefore, foraging activity was fully restored, indicating the recruitment of
a new forager group.

Discussion
In our previous study, we established that ants can collectively abandon
areas where toxic baits are present7. Here we tested potential mechanisms
for this behaviour. We demonstrated that ants display behavioural changes
—specifically a reduction in motility—within an hour of ingesting toxic
food. We assume that this reflects the onset of malaise. Such malaise could
act as an unconditioned negative stimulus (punishment), and be associated
with aspects of the toxic food, such as its location. Indeed, the location in
which a bridge leading to toxic bait is situated is avoided by ants. This
supports our hypothesis that memory plays a role in driving the aban-
donment behaviour. Conversely, we found no evidence for a ‘no entry’
pheromone signal (sensu Robinson et al. 2005) driving abandonment:
bridgeswhichhad led to a toxic bait didnot deter ants once theyweremoved
away from a location inwhich toxic bait was added. Finally, we demonstrate
that colonies can replace an entire cohort of foragers if removed. Thus, the
sustained abandonment of poisoned baits is unlikely to be due to no new

ants being available to replace those which fed on toxic bait – there are
always sufficient ants to resume foraging.

Rejecting alternative hypotheses for abandonment
Firstly, let us work through the various alternative hypotheses for the sus-
tained reduction in ant traffic to toxic baits we observe:

Population decline. Under this hypothesis, ants feeding on the toxic bait
all die, killing off so many ants that the entire population declines. We
ruled this out previously and here by demonstrating that non-toxic baits
maintain high forager traffic. Traffic also declines by 80% at the toxic bait
bridge within 6 h, whereas barely any mortality occurs within this
timeframe7.

Satiation. Under this hypothesis, the decline observed is simply since the
colony is no longer interested in foraging, as it is satiated. This can be
ruled out as foraging on neighbouring non-toxic sucrose solution is
maintained for days7.

Poison unpalatability. Under this hypothesis, the toxic bait is unpala-
table, causing ants to stop feeding on it, and thus stop traffic and
recruitment. However, palatability tests show that sucrose solution with
3% boric acid shows identical palatability to unpoisoned sucrose
solution7, in line with previous studies on this ant species that show
identical immediate feeding responses for boric acid sucrose solutions
and pure sucrose solutions17,18. If consumption is measured beyond 1 or 2
h, the results will reflect both palatability and abandonment. Indeed, over
8 h twice as much solution was consumed on the sucrose bridge than on
the toxic-solution bridge (see Supplementary Section 6).
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Malaise coupled with lack of replacement. Under this hypothesis
(articulated byRust8), ants consuming toxic bait suffermalaise anddonot
return to foraging. A reduction in foraging is sustained because no other
ants are available to replace the ants which had ingested poison, either as
the population is too small, or because all other ants are specialized on
other foraging locations, and essentially ‘busy elsewhere’.We rule this out
by demonstrating that, even if we remove the vast majority of active
foragers from a feeder by sustained removal until an 80% reduction in
forager traffic is achieved, this reduction is not sustained, as within 2 h
traffic returns to the original level. Additionally, we note that the aban-
donment behaviour also involves a significant decrease of traffic on the
trunk trail in the broad area around the abandoned location, with detour
trails being formed avoiding the entrance to the bridges offering
toxic bait7.

Rejection of harmful food in ants
The abandonment behaviour we describe is not the first description of ants
avoiding food which is harmful or risky to them, but which cannot
immediately be detected as such.

Leafcutter ants cut leaves, which they return to the nest to use a sub-
strate for a fungus garden, which in turn provides food for the ants. Various
species of leafcutter ants have been observed to reject even highly palatable
food sources when it is tainted with fungicide19,20, although the fungicide is
undetectable to the ants19, and not directly harmful to them21. In laboratory
settings, this rejection behaviour becomes apparent after the ants are offered
pieces of fungicide-laced food for just two days, leading to complete
avoidance of the bait, regardless of whether the fungicide is still present21.
This rejection behaviour began approximately 10 h after contaminated
leaveswere introduced into the fungus garden, and persisted for at least nine
weeks20. Remarkably, this aversion can persist for up to 30 weeks, indicating
a long-lasting effect, likely beyond the lifetime of a single ant. Even naive
workers,whohavenotdirectlyparticipated in foragingorplacing the treated
bait in the fungus garden, can develop a delayed rejection response simply
through interaction with the affected fungus20,22 or the content of refuse
chambers from colonies offered fungicidal leaves23,24. Contact with the
damaged fungus, either in the fungus chamber or the garbage dump, is the
source of information that a particular food source is detrimental to the
fungus25,26. Field studieshave corroborated thesefindings, showing that once
the rejection response is triggered, antswill not accept the previously tainted
plant variety until 18weeks have passedwithout exposure to the fungicide27.
This prolonged aversion seems to be largely driven by olfactory memory,
though other cues from the plant variety may also be memorized19,28.

While this emerging rejection behaviour shares clear similarities with
the abandonment we describe, key distinctions must be made. The delayed
rejection typically involves the refusal to handle previously acceptable food,
primarily due to aversive olfactory learned cues28. In contrast, the

abandonment behaviour we observed encompasses not just food avoidance
but also an association between the area and the negative effects of the toxic
bait. As a result, the ants can avoid the site where the harmful food was
encountered7. Furthermore, since we intentionally avoided adding any
odour to the toxic bait,wedemonstrated thatnoodour cue fromtheharmful
food is necessary to achieve abandonment.

The delayed rejection describes the rejection of specific food sources,
but it does not refer towhat happenedon the areawhere the foodwas found.
The abandonment behaviour we describe involves the animals associating
the area where toxic food was found and then avoiding this area.

Area abandonment in ants
Previous studies report trail or area abandonment in ants. Linepithema
ants abandons food sources and stop activity in the presence of para-
sitoids, and return only when the parasitoid is inactive or absent29. Similar
observations have been made in other species: Fire ants, Solenopsis rich-
teri, reduce the number of ants at food sources, as well as foraging activity,
in the presence of parasitoid phorid flies on trails30. A similar behaviour
was observed with Atta vollenweideri, where the presence of phorids on
the trails reduced activity, the amount of plant material transported, and
the proportion of workers with a preferable size range for parasitoids31.
Ants avoid foraging at locations where another ant colony is present32–34.
Finally, bull ants (Myrmecia midas) and desert ants (Melophorus bagoti
andCataglyphis fortis) have been shown to learn to avoid pitfall traps and
areas in which they are repeatedly caught, and develop routes which
detour around such areas35–37. Similarly,Tetramorium ants are reported to
form a generalizable aversive memory of predators’ pit traps after a single
capture experience38. However, unlike in the abandonment we describe,
these cases involve an immediate detection of risk. While avoidance of
trapping is driven by aversive learning, the specific mechanisms under-
lying area abandonment in response to parasitoids—such as potential
learning processes, memory formation, or sensorymodulation—have not
been thoroughly investigated.

Malaise and Conditioned taste aversion
Post-ingestion aversion is the most plausible explanation for our findings.
Given that ants that consumed toxic bait exhibited reduced motility within
an hour, and sustained reduced motility within 3 h, it is reasonable to
assume they are experiencingmalaise.This rapidpost-ingestion effect aligns
with the well-documented phenomenon of conditioned taste aversion
(CTA), where an animal rejects the taste of a specific food after associating it
with discomfort following consumption39. Such discomfort may occur even
hours after ingestion40,41. The malaise or discomfort acts as a negative
unconditioned stimulus to be associatedwith an initially neutral food. CTA
is awidespread adaptive behaviour observed across a variety of species, from
humans to invertebrates42,43.

Fig. 4 | Motility of ants as a function of time.
Motility is expressed as the number of line crossings
per minute per ant, before solution ingestion
(baseline, grey violins) and every hour after inges-
tion. In half of the containers, a sucrose solution was
offered (yellow violins), while in the other half, a
sucrose + boric acid bait was provided (red violins)
immediately after baseline recording. The width of
the violins represents the density of the data points at
different values, indicating the distribution of
motility measurements. Black points represent each
container, and square with deviation lines represent
mean ± SE. Significant differences are shown
between the treatments (Sucrose vs. Toxic bait)
within each time.N = 62 containers with 5 ants each
(i.e., 31 containers per treatment).
(*p < 0.05; **p < 0.01).
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In contrast to solitary species, which typically learn through direct and
independent interactions with their environment, animals in social groups
often acquire knowledge through observation and interaction with
conspecifics44,45. For instance, rats demonstrate the ability to acquire aver-
sions indirectly through social learning46,47. Rats can learn to avoid a parti-
cular taste after drinking a liquid in the presence of a poisoned partner, with
the ill conspecific serving as a negative unconditioned stimulus48.

While CTA has been demonstrated in some insect species, there is no
evidence of its occurrence in others49–52, with honeybees being a notable
examplewhereCTAhas beenobserved53,54, andone studyonArgentine ants
failing tofind evidenceofCTA55.However,Argentine ants have been shown
to avoid odours associated with nestmate corpses56. While this suggests a
potentialmechanism for aversion, feedingpreferenceswerenot significantly
affected56. Additionally, since abandonment begins roughly 3 h after
exposure—before any toxic bait-induced mortality occurs—it’s clear that
while corpses at the nestmight play a role, they are not the primary driver of
the observed abandonment.

We acknowledge that the discomfort effect was demonstrated in
captive ants in the laboratory, which has inherent limitations. Factors such
as dilution through trophallaxis in a large colony could potentially mitigate
or eliminate the reduction inmotility observed in anatural setting.However,
even when reduced motility does not occur, we believe that some form of
discomfortmust be detected, in order to establish the observedmemories. It
is important to note that we did not directly test individual memory for-
mation. Further controlled experiments would be valuable to explore the
nature andpersistence of aversivememories formed in response to toxic bait
ingestion, particularly at the individual level (see for example56).

The two tested abandonment mechanisms: rejecting the nega-
tive mark hypothesis, supporting the memory hypothesis
We found no evidence for a negative mark—a ‘no entry’ pheromone—in
driving abandonment behaviour. Placing a bridge which had previously led
to toxic food in a location where non-toxic food was previously available
resulted in an indistinguishable response from placing a bridge which led to
no food at a similar location (Fig. 3A), whereas if a negative mark was
present, we would have expected a significantly larger negative change in
traffic when the bridge with that mark was put in place.

Various bee species have been reported to leave negative marks on
flowers to signal that a flower has been recently visited, and is thus depleted
and not worth revisiting57–62. However, later studies have demonstrated that

while beesdo indeed leave cuticular hydrocarbonmarks onflowers, and that
other bees attend to these, thesemarks are not signals, but rather cues. Since
flowers bearing these marks tend to be depleted, bees learn to avoid them.
However, if these marks are experimentally associated with rewarding
flowers, bees readily learn to approach them63,64. In ants, only one instanceof
a ‘no entry’ has been reported, in Monomorium pharaonis15. This finding
has never to our knowledge been positively replicated, but one replication
study failed to find evidence for a ‘no entry’ signal16. There is limited evi-
dence for such ‘avoid’ or ‘no entry’ pheromones in social insects, which
might be due to insufficient research efforts or the difficulty of observing
inhibitory signals compared topositive ones.Alternatively, explicit chemical
inhibition might indeed be uncommon in social insect decision-making65.

However, we found good support for a negativememory in driving the
abandonment behaviour: Bridges once leading to a non-toxic food source,
and so carrying trail pheromone, caused a large increase in ant traffic when
placed in a location where previously no food was available. However, they
failed to cause an increase in traffic in locations which previously offered
poisoned food. Ants, including the Argentine ant, are extremely good
learners of both olfactory13,14 and spatial or navigationalmemories13, see also
our findings in Treatment 2,66.

Given this, the finding that toxic food likely results in malaise, and the
previously reported area abandonment abilities of ants in response to nat-
ural enemies, perhaps it is not surprising that learning plays a role in
abandonment. However, major mechanistic puzzles still remain; specifi-
cally, how is this memory communicated to other ants?

Given the sustained abandonment of the poisoned feeder and the
surrounding area, direct experience of the poison alone cannot explain the
abandonment phenomenon. However, we rule out a physical mark on the
bridge communicating abandonment. How then do ants without direct
experience of the poison know to avoid the area inwhich poisonwas found?
There is an information disconnection in the system that remains to be
clarified. Could ants be transmitting this information symbolically in the
nest, much as honeybees transmit food or nest locations using the waggle
dance? This seems unlikely, given the information content which would
have to be transmitted. Could ants be stationing themselves at the relevant
part of the trunk trail and performing a motor display or releasing an
avoidance pheromone? This is possible, although we have not noticed such
behaviours. Potentially, a negativemark is placed, but only on the trunk trail
andnoton thebridge, though this also seemsunlikely: howwould ants know
where the trunk trail ends and the foraging trail begins? Similar information
disconnections have been reported in ants previously. For example, leaf-
cutter ants carrying leaves overhead can be blocked by low-hanging
obstacles over the path. Such obstacles are pruned away, while visual
obstacles which do not obstruct laden ants are not67. However, there is an
information asymmetry, in that only laden ants can sense that the obstacle is
an obstacle, but only unladen ants are free to clear the obstacle. It is clear that
there are still great depths to the organization of ant collective behaviour to
be explored.

Potential role of malaise-induced reduced recruitment in main-
taining abandonment
While our bridge-swapping experiment rules out a pheromonal basis for
abandonment initiation, abandonment may be maintained in part by a
reduction in recruitmentbypoisonedants.Ants arewell known tomodulate
recruitment pheromone deposition in response to a wide range of factors,
including but not limited to the (perceived) value of the food source68,69,
crowding on the food source and the trail70,71, the distance of the food source
from the nest72,73, andmore (reviewed in74). It seems reasonable, even likely,
that ants experiencing malaise would reduce recruitment, regardless of
whether or not their motility is reduced. Unfortunately, while in some ants
pheromone deposition is a stereotyped behaviour easily quantified by eye75,
this is not the case in L. humile. The quantities of recruitment pheromone
deposited are such that quantifying the pheromone, rather than merely
detecting it, remains extremely challenging with current technologies76.
While thismakes chemical quantification difficult, behavioural assays could
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Fig. 5 | Traffic recovery over time. Traffic as a percentage of the baseline mea-
surement (100%) over time after the removal of the forager cohort (mean ± SE).
Vertical dashed line indicates the repeated ant removal events. Time points are as
follows: 0 (a fewminutes after the last removal), 1 (1 h later), 2 (2 h later), and 3 (3 h
later). Filled circles indicate individual data points, color-coded by replicate. Sig-
nificant differences relative to initial (baseline) activity are indicated as ***p < 0.001;
no symbol: no significant differences). N = 4.
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still provide insights into its role. We thus flag recruitment as potentially
playing a major role in abandonment maintenance, but one that remains
technically challenging to investigate.

Implications of memory-driven abandonment for Ant Control
Recognizing that ants deploy active abandonment has large implications
for the control of invasive and pest ants. Firstly, it is critical to recognize
that a drastic reduction in local ant traffic does not necessarily imply high
mortality: it could just imply abandonment. Secondly, given that aban-
donment begins within 3 h of toxic bait presentation, reaching its max-
imum at 6 h post presentation, maximizing toxic bait intake in the first
3 h is critical to success. These points are discussed in more detail in
Zanola et al.7.

The current study strongly suggests that abandonment is driven by an
aversive memory linking malaise caused by ingesting a toxicant. This
malaise certainlybeginswithin3 hpost-ingestion, and likelywithin1hpost-
ingestion. It is widely recognized that deploying toxicants with delayed
mortality is critical for successful ant control77,78.Weargue that searching for
toxicants which cause delayed toxicity and malaise would be extremely
valuable. Malaise assays are straightforward, cheap, and extremely rapid,
and should perhaps be deployed as standard when assessing toxicants or
toxic bait formulations.

Conclusions
Here we ruled out alternative hypotheses to abandonment behaviour of
invasive ants. We showed that a robust abandonment to toxic bait is
probably not based on a repellent pheromone, but is likely driven at least in
part by aversive memories associated with toxicant-induced malaise. The
mechanism by which spatial information about the location of toxic bait is
transmitted to naïve ants is a mystery. However, even at this stage of our
mechanistic understanding of this phenomenon, our findings provide
concrete suggestions for control of invasive and pest ants: a focus on rapid
toxicant uptake, and working towards delayed toxicant malaise.

Methods
Sampling area and times
The field experiment was carried out on the campus of the University of
Buenos Aires. This area is heavily infested by Linepithema humile, with
many active trunk trails. The experiments were conducted during the
warmer months of December – April 2022 and 2023, when ants are most
active and many trunk trails can be located around the perimeter of
buildings.

Amotility assaywas conducted in the laboratory as a proxy formalaise.
This assaywasperformedwith 4 coloniesmaintained in the laboratory for at
least 6 months.

Solution and toxicant
A20%(w/w) sucrose solutionwasused, as this iswell acceptedby ants and is
the most commonly used bait for this species79–81. The toxic bait was pre-
pared by adding 3% w/w boric acid to the sucrose solution. Boric acid was
chosen because Argentine ants respond well to this bait17,18, and show equal
willingness to feed on sucrose solutionwith 3%boric acid as onpure sucrose
solution (Zanola et al. 2024).Additionally, it causesdelayedmortality,which
is critical for effective control82. The solutions were made with common
sugar and tap water.

Experimental design and setup
First, we selected trunk trails with high ant activity. Only trunk trails at least
12m long and with bi-directional traffic of more than 100 ants/min, mea-
sured by counting ants crossing a fixed point on the trail, were used in the
experiments.

The experiments involve first offering trunk trails of the ant Line-
pithema humile an unadulterated sucrose solution via a bridge to a set of
feeders. This resulted in a new foraging trail leading from the trunk trail to
the feeders.We define Foraging trails as newly established paths that branch

off from trunk trails towards a food source we provide at the end of the
wooden bridges (sensu Flanagan et al.83).

Foraging trails were established by providing a food source (20% w/w
sucrose in 4 cotton-plugged 9ml tubes, henceforth: feeder tubes) on a
foraging platform (8 × 5.5 cm) at the end of a bridge (for details see ref. 7).
Each bridge was composed of two slats (30 cm each, 60 in total), one hor-
izontal, and one articulated, angling downwards to allow access from the
trunk trail. The bridge was raised on vertical posts (c. 25 cm high) sur-
rounded by a water-and-detergent moat, to ensure that access to the plat-
form was exclusively via the bridge entrance. The bridge was covered with
painters’ tape which was replaced when starting each experiment and
replicate. Feeder tubes were renewed at the beginning and at the end of each
day of the experiments.

Weallowed the ants to forageon the sucrose feeders for a couple ofdays
to achieve a large number of actively foraging ants. To trigger abandonment,
we exchanged the feeder for anewone containing the toxic bait, leaving it for
8 h (abandonment was confirmed in all cases). Then, strategic bridge
swapping was performed depending on the desired treatments (see next
section).

Experimental procedure
Procedure terminology. We hypothesized two non-mutually exclusive
mechanisms for the abandonment response: 1) a chemical ‘no entry‘
signal” (sensu Robinson et al. 2005), whichwewill refer to asMark−, and
2) an aversive memory (Memory−) associated with the location of the
toxic bait.

Many ants, including L. humile, leave recruitment trail pheromone
(“Mark+ “ in our terminology) while foraging on sugary solutions76,
forming positive memories (“Memory+ “) associating the reward with its
location13. Thus, while testing the proposed hypotheses, we also need to
confirm that offering a sugar solution on a bridge results in a “Mark+ “ (the
known trail pheromone) on the bridge and a “Memory+“ associated with
the bridge’s location. Any potential mechanism for abandonment effect
(“Memory−“ or “Mark−“) would counter these positive influences; thus,
we also intend to quantify the attractive effects of Memory+ and Mark+ .
The presence of Mark− or Memory− can be inferred from a reduced
number of ants compared to a comparator situation where the negative
information is not present.

Procedure. To test theMark− andMemory− hypotheses, we conducted
bridge swaps to create combinations of different marks (Mark+ ; Mark
−; No mark) with different memories (Memory+ ; Memory−; No
memory). Thus, we designed five different treatments consisting of dis-
tinct combinations of bridges and sites. We set up bridges offering
sucrose, nothing, or toxic bait. After a minimum of 8 h, active foraging
continued on the sucrose bridges, a few individuals explored the bridge
with no bait, and abandonment was confirmed at the toxic bait bridge.
The bridges with sucrose were assumed to be marked by a pheromone
trail (Mark+ ) and their locations associated with a positive associative
memory (Memory+ ). The bridgewith no bait was considered to have no
marks and nomemories associatedwith it. Note that L. humile are known
to deposit attractive pheromones even during exploration (e.g84.), and
thus for the ‘No mark’ treatment the painters’ tape was replaced when
switching the bridge location (see below). Finally, the abandoned bridge
offering toxic bait was potentially marked with a ‘no entry‘ signal, “Mark
−“ (Mark− hypothesis), and the ants that had foraged there potentially
formed a negative associative memory with its location (Memory−
hypothesis); (see Fig. 1).

We measured the traffic (which was termed ‘ant activity‘ in the pre-
vious paper7) on the bridges before and after swapping, i.e., in their original
positions and the new positions. To measure traffic, we recorded the ants
crossing an imaginary line towards the foraging arena for 7min, and cal-
culated the mean number of ants per minute.

To swap the bridges, the feeders were first gently removed, and all the
ants were knocked off the bridge with a quick blow. The bridge was then
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placed in the new location. This procedure was developed through pre-
liminary tests evaluating different ways of emptying the bridge. This method
results in the same traffic or activity level after 1 min of replacing the bridge
back in theoriginal location. In addition, ahandling control (shamtreatment)
was also performed where bridges were replaced in their original locations.

After swapping, foragingwas allowed to stabilize for 1 or 2min, and the
same measurements were repeated. Traffic measurements were associated
with the same site, not the same bridge: the first measurement is with the
original bridge, and after swapping the secondmeasurement is with the new
bridge. There were no feeders present after the swapping, and an alternative
exit, in the form of a strip of paper leading to the ground, was offered to
prevent the platform from filling with ants.

The combinations tested, i.e., the treatments, were as follows.
1) One bridge that offered sucrose was removed and then replaced in

the same location after identical manipulation. This acted as a sham
manipulation to control for the effects of bridge replacement (“Memory+
&Mark+ ”).

2) The bridge that offered nothing (Nomark)was placed at the site of a
sucrose bridge (“Memory+&noMark”). To ensure that absolutely no trail
pheromone was present, the painters’ tape covering the bridge was also
replaced. Memory+ associated with a location should be sufficient to sus-
tain some activity on a bridge even if the pheromone trail is removed (by
putting a clean bridge)85. So, this treatment allows us to measure the Site
Memory effect.

3) The other bridge that offered sucrose was placed in the site that
offered nothing, to produce the treatment “No memory & Mark+ “. The
presence of aMark+ should be sufficient to trigger activity at the site which
previously had the unmarked bridge offering nothing. This allows us to
measure the increase in traffic generated by only the presence of the trail
pheromone (Trail pheromone effect).

4) The bridge with the hypothetical Mark−, which had offered the
toxic bait, was place in the location of a bridge which offered sucrose
solution, resulting in the combination “Memory+&Mark−“.

5) A bridge that offered sucrose solution was placed in the site that had
offered the toxic bait, resulting in the combination: “Memory−&Mark+ “.

This experiment was replicated 6 times on different trunk trails.

Motility test
The formation of an aversive associative memory requires the exis-
tence of an unconditioned negative stimulus to be associated with an
initially neutral stimulus. Post-ingestion aversion of foods which
cause malaise or sickness is well documented in animals, including
insects40,49,50,54,86, although tests with a different toxicant (Spinosad)
failed to demonstrate conditioned taste aversion in L. humile55. To
confirm that ingesting the toxic bait results in malaise, we studied
post-ingestion motility as a proxy for discomfort. If abandonment
begins after 3 h post-ingestion, the malaise, and thus the reduction in
motility, should begin at this time or earlier.

We conducted a laboratory test evaluating groups of 5 ants from three
laboratory nests of L. humile after depriving themof carbohydrates for 48 h.
The 5 workers were placed in 5 cm diameter plastic containers with fluon-
coated walls. The bottom of the container was covered by a paper with a
cross drawn in black pencil that divided the surface into quarters.

Data recording began by placing the ants in the container and
letting them acclimatize for at least 15 min. Basal motility (t0) was
then measured; To do this, two containers were filmed for 1 min
simultaneously. Then, half of the groups received a droplet of sugar
solution on a small plastic sheet, while the other half received sugar-
containing boric acid as used in the field trials; in total 62 containers
were filmed (31 containers per treatment). We left the drop for
10–15 min, verifying that all ants ingested the solution. Thereafter the
sheet with the drop was carefully removed. We then allowed an hour
to elapse and measured motility every hour for 6 h. Motility was
quantified from the videos as the number of line crossings performed
by the ants in each container over 1 min.

Traffic recovery assay
An alternative hypothesis to active abandonment suggests that discomfort
prevents foragers from returning to the food source, and that the absence of
these foragers is not compensated by others engaged in different tasks8. We
tested this hypothesis by removing active foragers from a bridge with a
sucrose feeder andmeasuring the traffic to assess recovery over time. To this
end, a bridge offering sucrose was placed on a trunk trail as above and left in
place for one day to establish a consistent flow of ants. Baseline traffic was
measuredbyfilming thebridge for 1min fromabove for laterquantification.
Immediately thereafter, the first removal of ants from the bridge was con-
ducted similarly to previous tests, except that ants were collected in a large
plastic containerwith internalwalls coatedwithfluon toprevent escape. The
bridge was also brushed with a soft brush to remove any remaining ants.
Thereafter, the bridge was returned to the same position with the same
sucrose solution feeders. Activity quickly resumed, and after allowing 6 to
7min, another removalwas performed in the samemanner. This procedure
was repeated 6 to 7 times until a point was reachedwhere, after 6 or 7min of
removal, no further immediate resumption of activity on the bridge was
observed. At this juncture, activitywasmeasured again (Activity at time 0: 6
or 7min after the last removal). The bridge was then left undisturbed, and
activity on the bridge was measured hourly. From the video recordings, the
number of ants crossing an imaginary line in thedirection of the food source
within 1 min was counted.

In the first replicate, baseline activity was measured followed by three
additional time points (0, 1, and 2). Starting with the second replicate, an
additionalmeasurement timewas introduced, resulting in time3havingone
less data point. In total, 4 replicates were performed.

Statistics and Reproducibility
For the field assay, the response variable was the traffic measured as the
average number of ants crossing a line over 1 min in the direction of the
foraging arena. Each replicate corresponded to a trunk trail where the
bridges were placed (N = 6).

Statistical analyses were performed in R Studio using the glmTMB,
nlme, and multcomp packages87,88, using two-tailed tests. Model assump-
tions (GLMM) were tested to assess the dispersion and distribution of
residuals. Homoscedasticity assumption was assessed using a standardized
residuals vs predicted values plot. Normality assumption was evaluated
using the Normal QQ Plot. Additionally, normality was tested using the
Shapiro-Wilk test. If any of the assumptions were not met, alternative
probability distributionswere explored tofind the bestfit for the data and/or
variance, modelled using a variance function. Pairwise comparisons of
activity were conducted using the emmeans package89, and effect sizes were
assessed when significant differences were found.

To test the Mark− and Memory− hypotheses, we compared traffic
before and after swapping for specific treatments (see Rationale in Results
section). As traffic before swapping was not the same in all the sites, we
standardized traffic according to the initial traffic at each site. Thus, the
response variablewas the ratio of the ants’ traffic after thebridge swapping to
the initial traffic at that same site. We call this ratio: traffic change.

Twomodelswere constructed: one for comparing the traffic before and
after the bridge swapping for each of the 5 situations (treatments) generated
(Supplementary Section 2). The other for comparing the traffic change,
between pairs of treatments to test the hypotheses (Supplementary
Section 3).

Model 1) comparing the traffic before and after swapping in each
location
The response variable was the traffic on the bridges, and the best-fitting
distribution for the data was a negative binomial distribution. The fixed
explanatory variables included the treatments (5 levels: (Mem+ &
Mark+ ), (Mem+&Nomark), (Mem+&Mark−), (Nomem&Mark+ ),
(Mem−&Mark+ ), and the time point (2 levels: before and after the bridge
swap). The randomexplanatory variableswere the replicates (n = 6) and the
bridges (18 levels: three bridges per replicate). To perform this analysis, a
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linear mixed-effects model with an interaction between Time Point and
Treatment was used.

Ant traffic ~Treatment *Time+ (randomeffect: bridge nestedwithin
replicate), distribution family: negative binomial (log link function).

Lastly, pairwise comparisons of traffic between treatments were con-
ducted using the emmeans function.

Model 2) comparing traffic change between two treatments
The response variable was the ratio between the final and initial traffic in
each trial, to allow trials to be compared. To perform this analysis, a linear
mixed effects model was used and it was adjusted to a gamma distribution,
which was the most appropriate for the distribution of the data.

The fixed explanatory variable was the treatments: (Mem+ &
Mark+ ), (Mem+&Nomark), (Mem+&Mark−), (Nomem&Mark+ ),
(Mem− & Mark+ ), (5 levels). The random explanatory variable was the
replicates (n = 6). The following model formulae was used (Traffic_change
~ Treatment + (1|Replicate), dispformula = ~ Treatment, data = model2,
family = Gamma(link = “log”))

Motility assay
The response variable was motility (number of times the ants -no matter
which one- crossed a line of the cross on bottom of the container per
minute), and the best-fitting distribution for the data was a negative bino-
mial distribution.Thefixedexplanatory variables included the treatments (2
levels: Toxic bait and Sucrose) and the time as a continuous variable for the
main analysis and as a factor (1–6 h after the toxic bait ingestion) for the
contrasts analysis. The random explanatory variables were the replicates
(n = 31 containers per treatment) and the time as it continues again. Each
replicate consisted of two simultaneous containers, one per treatment, with
5 ants each. To perform this analysis, the model used to analyse the results
was the general linearmixedmodel (GLMM).To evaluate the significance at
each time between the treatments, a posteriori contrast was used using the
emmeans function87. (See Supplementary Section 5 for details).

Traffic recovery assay
Given the small sample size (n = 4) for this assay, Generalized Estimating
Equations (GEE) were employed to analyse the data. GEE is particularly
suitable due to its robustnesswith small sample sizes and its ability to handle
correlated data across repeated measures. Additionally, it effectively
accommodates the normalized data, where traffic levels are expressed
relative to the baseline set at 100% for each replicate. Each replicate corre-
sponded to a trunk trail where the bridges were placed; (N = 4). The
explanatory variable was the time point (4 levels: 0 (after forager group
extraction), 1 (1 h later), 2 (2 h later) and 3 (3 h later). (See Supplementary
Section 5 for details).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available from https://
figshare.com/s/beb4b8d6a6986794460790.
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