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Insecticide treatment of invasive ant colonies leads
to secondary ant invasions and promotes the spread
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Abstract Invasive ants are among the world’s most
damaging invaders and are considered a significant
threat to urban, natural, and agricultural habitats
worldwide. Populations of invasive ants are notori-
ously difficult to eradicate once established and are
typically managed using chemical tools, predomi-
nantly toxic baits and residual sprays. Most studies
evaluating control efforts do not quantify post-treat-
ment community-level response to control efforts, so
the overall outcome of management efforts remains
unknown and the efficacy of management efforts in
mitigating invader impacts remains unclear. The
potential of insecticide treatments to cause secondary
ant invasions has not been previously examined. Sec-
ondary ant invasions, the proliferation of non-target
invasive ants following efforts to suppress the domi-
nant target invader is a potentially ubiquitous, yet
rarely studied problem. Additionally, limited under-
standing of the interactions between co-occurring
invaders can be problematic for predicting how the
removal of only one invasive, a common management
scenario, will affect the other invaders and native
communities. The current study reports on the poten-
tial threat of secondary ant invasions following insec-
ticide treatments and highlights future research needs
to address this problem. Residual spray insecticide
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treatments were applied in an urban setting to con-
trol the invasive Argentine ant, Linepithema humile.
While the study was limited to a single geographic
area, results demonstrate that insecticide treatments
can affect target and non-target species in unpredicted
ways. Specifically, insecticides applied to control
invasive L. humile provide effective short-term con-
trol but degrade relatively quickly and lead to sec-
ondary invasions by other invasive ants. Therefore,
insecticide treatments are capable of causing second-
ary invasions by multiple invaders. Results demon-
strate that invasive ant control is not simply precision
removal of the target invader but a form of ecologi-
cal disturbance with multiple positive and negative
impacts on the ecosystem.

Keywords Ant control - Argentine ant - Invasive
ants - Insecticide sprays - Secondary invasion

Introduction

Biological invasions are among the most challenging
ecological and conservation issues facing global eco-
systems today (Sala et al. 2000; Pysek et al. 2020).
Human activities are a major driver of biological
invasions and a recent study predicts that the num-
ber of established alien species will increase by 36%
between 2005 and 2050 (Seebens et al. 2020). A wide
range of human activities including global trade and
travel, habitat degradation, and intentional movement
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of plants and animals have been shown to play an
important role in the spread of biological invasions
(Bertelsmeier et al. 2017; Bonnamour et al. 2021).
Indeed, anthropogenic activities are a major driver
of biological invasions worldwide and it has been
shown that countries with higher economic activ-
ity, population density, and human footprint tend to
receive a greater number of invasive species (Levine
and D’Antonio 2003; Taylor and Irwin 2004). Under-
standing the relationship between human activity
and invasion is critically important given that human
activity is now transforming nearly all of Earth’s
natural ecosystems and the number and impact of
invasions are closely correlated with the intensity of
human activity (Meyerson and Mooney 2007; Lin
et al. 2011). Therefore, improved knowledge of driv-
ers of human-mediated dispersal is essential for pre-
dicting future invasion risk and identifying best man-
agement options.

In terrestrial ecosystems, insects are generally the
most common and damaging group of animal invad-
ers (Bradshaw et al. 2016). Among insects, ants are
a particularly prominent group of invasive species
and a major threat to urban, agricultural, and natu-
ral habitats worldwide (Lowe et al. 2000; Holway
et al. 2002). Globally, the frequency of invasive ants
is increasing due to various factors including urbani-
zation (Buczkowski and Richmond 2012), trade
(Bertelsmeier et al. 2017), and climate change (Ber-
telsmeier et al. 2015a). Among invasive ants, the
Argentine ant, Linepithema humile, is a widespread
invader and a significant pest in urban, agricultural,
and natural environments worldwide (Silverman
and Brightwell 2008). Introduced populations of L.
humile tend to be unicolonial, forming expansive,
multi-queen and multi-nest supercolonies that domi-
nate native ant communities (Human and Gordon
1996) and are extremely challenging to control (Sil-
verman and Brightwell 2008; Hoffmann et al. 2011,
2016). Argentine ants are mainly associated with
anthropogenic environments and are frequently a pest
in urban environments (Rust and Knight 1990).

The spread and impact of invasive ants is often
controlled using chemical management tools, primar-
ily residual sprays (Rust et al. 1996), granular baits
(Hoffmann et al. 2016; Shults et al. 2022), or newer
approaches such as hydrogel baits (Buczkowski
et al. 2014; Tay et al. 2017; Sunamura et al. 2022;
Hoffmann and Quinn 2022), prey-baiting based on
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the use of toxicant-laden prey (Buczkowski 2016;
Buczkowski et al. 2018), pheromone-assisted bait-
ing (Sunamura et al. 2011; Welzel and Choe 2016),
and horizontal insecticide transfer (Buczkowski and
Wossler 2019). Despite the availability of various
management tools, residual spray applications are
the core of most ant control programs because they
are cost-effective and can be applied quickly over
large areas using spray equipment. Residual insec-
ticide sprays are widely used to control Argentine
ants, particularly in urban settings (Klotz et al. 2002;
Rust et al. 2003). Spray applications typically provide
fast knockdown of foraging ants, prevent them from
establishing foraging trails across treated surfaces,
and provide efficacy for up to 90 days post treatment
depending on several factors including formulation
type and the active ingredient (Rust and Knight 1990;
Scharf et al. 2004). Despite the tremendous economic
and ecological impact of invasive ants, effective
management still faces many challenges and control
failures with both liquid spray insecticides and baits
are common in urban (Rust et al. 1996) and natural
areas (Silverman and Brightwell 2008; Hoffmann
et al. 2016). Control failures are partly exacerbated by
lack of published information on the results of field
efficacy studies and no insecticide has been consist-
ently effective (Hoffmann et al. 2011). Additionally,
social insects are particularly challenging to eradi-
cate relative to non-social arthropod pests (Howse
et al. 2023). The prevailing treatment strategies and
product label rate recommendations are not entirely
compatible with the biology of many species which
often leads to control difficulties or failures (Krush-
elnycky et al. 2005; Silverman and Brightwell 2008;
Gaigher et al. 2012; Hoffmann et al. 2016). A recent
study showed that Argentine ants are able to evade
areas treated with toxic baits, minimizing the entry of
harmful toxicants into the nest and likely contribut-
ing to control failures (Zanola et al. 2024). There is
large variation in susceptibility to insecticides across
different ant species (Buczkowski 2021) and a major
challenge to effective ant management is lack of com-
prehensive, comparative studies on the efficacy of dif-
ferent insecticide chemistries.

The goals for the current study were two-fold. The
first goal was to perform a large-scale, season-long
field experiment to evaluate the relative efficacy of
various spray insecticides to control L. humile. Given
the multitude of chemistries currently available for ant
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control it is important to perform comparative tests
(Hoffmann et al. 2016). The a priori prediction for the
study was that L. humile would be quickly eliminated
but would gradually reclaim the treated areas via the
influx of L. humile from nearby untreated areas as the
treatments begun to deteriorate. Contrary to the pre-
diction, L. humile were eliminated but replaced with
several species of non-target invasive ants. A study by
LeBrun et al. (2007) demonstrated competitive limi-
tation between L. humile and S. invicta in their native
range. The experimental removal of one species pro-
duced the competitive release of the other suggesting
that interspecific competition is an important limit-
ing factor for both species. Secondary ant invasions,
the proliferation of non-target invasive ants follow-
ing efforts to suppress the dominant target invader is
a potentially ubiquitous, yet rarely studied problem.
Most studies evaluating control efforts do not quan-
tify post-treatment community-level response to con-
trol efforts, so the overall outcome of management
efforts remains unknown. The second goal was to
focus on the secondary invaders that emerged when
the treatments started to fail between 30 and 90 DAT.
The current study reports on the potential threat of
secondary ant invasions following insecticide treat-
ments and highlights future research needs to address
this problem.

Materials and methods
Test site

The study was conducted on the campus of North
Carolina State University, Raleigh, North Carolina
(35.77°N, -78.67°W). The 540-hectare (5.4 km?)
test site, bordering Avent Ferry Road and Centennial
Parkway, is comprised of numerous office and labora-
tory buildings interspersed with streets, parking lots,
walkways, and green areas (e.g. lawns, flower beds,
tree lines). Invasive ant activity at the site has been
sampled regularly since 2001 and results of previ-
ous surveys show that several invasive ant species
are present at the site. These include: Argentine ants
(Linepithema humile), red imported fire ants (Sole-
nopsis invicta), Asian needle ants (Brachyponera
chinensis), and dark rover ants (Brachymyrmex pata-
gonicus). Based on previous surveys (Buczkowski,
unpublished data), Argentine ants and red imported

fire ants have been present at the site since at least
2001, Asian needle ants first appeared around 2008,
and dark rover ants were first detected in 2020. Native
ants mostly include species such as little black ants
(Monomorium minimum), thief ants (Solenopsis
molesta), and big-headed ants (Pheidole bicarinata),
but native species appear to have been largely out-
competed and are rarely present. Additionally, small
colonies of odorous house ants (Tapinoma sessile)
were detected in several areas throughout the study
site. In urban areas, Tapinoma sessile is known to be
highly opportunistic — it exhibits supercolony behav-
iors and becomes a dominant pest (Buczkowski &
Bennett 2006; Buczkowski & Bennett 2008a, b). It
is capable becoming established in areas previously
invaded by other invasive ants, including L. humile
(Buczkowski and Krushelnycky 2011). All plots
selected for the study were areas with well docu-
mented Argentine ant presence. All Argentine ant
colonies selected for the study nested in mulch beds
around landscape trees (Fig. 1A). Mulched landscape
trees are highly attractive to ants for several reasons.
The mulch retains moisture and is a perfect microhab-
itat for building nests and incubating brood. The trees
harbor sap-sucking hemipterans which provide hon-
eydew for the ants. Drip irrigation around the trees
provides moisture and drinking water during summer
months. Additionally, the trees experience no distur-
bance from human activity such as mowing or foot
traffic. The trees are ideal nesting and feeding sites
and islands of ant activity relative to paved areas such
as parking lots, streets, sidewalks which offer limited
nesting and feeding resources.

Field study

Experimental replicates were individual trees with
high L. humile activity evidenced by trails going up
the trees to collect honeydew. A total of 28 trees, sep-
arated by at least 20 m buffer zones, were selected for
the study, equivalent to 4 trees for each of 7 experi-
mental treatments. To determine initial ant densi-
ties (day 0) ant activity was quantified using bait
counts. To perform bait counts, a paper card baited
with a blend of canned tuna and corn syrup was
placed on the ground at the base of the tree and col-
lected 1 h after placement to determine the number
of ants present (Buczkowski and Krushelnycky 2011,
Fig. 1B). The efficacy of 7 residual spray treatments
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Fig. 1 A Urban tree islands at the study site, and B Argentine
ants feeding on monitoring bait placed next to an experimental
tree

was evaluated: (1) fipronil — low rate (0.3 g fipronil
/ liter), (2) fipronil — high rate (0.6 g fipronil / liter),
(3) lambda-cyhalothrin — low rate (0.04 g lambda-
cyhalothrin / liter), (4) lambda-cyhalothrin — high
rate (0.08 g lambda-cyhalothrin / liter), (5) bifen-
thrin — low rate (0.4 g bifenthrin / liter), (6) bifenthrin
— high rate (0.8 g bifenthrin / liter), and (7) untreated
control plots. Pyrethroids (e.g. lambda-cyhalothrin,
bifenthrin) and phenylpyrazoles (e.g. fipronil) are
among the most common active ingredients used in
residual sprays for controlling Argentine ants and
other invasive ants (Rust et al. 1996; Greenberg et al.
2010; Hoffmann et al. 2016). All insecticides were
commercially formulated products, but brand names
are not mentioned to ensure confidentiality. The goal
for the high rates was to compare the efficacy of
standard rates vs. high rates (2X standard rate) to pro-
vide long-term control. All insecticides were applied
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at the label-recommended rate of 4 L per 100 square
meters using a hand-pump sprayer. For each tree, the
insecticide was applied following label directions in
a 2 m radius around the tree and 0.6 m up the tree
trunk, for a total of approximately 11.7 square meters
of treatment area. Therefore, approximately 465 mL
of product was applied for each experimental tree.
The efficacy of the treatments was examined on days
1 (July 01), 3 (July 03), 30 (July 30), and 90 (Septem-
ber 28) using bait counts as above.

Statistical analysis

A multivariate repeated measures test was used to
examine the effect of treatment, time, and the inter-
action on ant counts. This was followed by univari-
ate ANOVA to examine variation at each time point.
Comparisons among treatments and treatment rates-
consisted of ANOVA tests on mean ant counts fol-
lowed by Tukey’s HSD test to test for significant dif-
ferences among treatment means on each date. All
statistical analyses were performed using Statistica
12.6 (Statistica 2014).

Results

The main goal of the study was to evaluate the effi-
cacy of low and high label rates of different residual
treatments to control L. humile—the main target inva-
sive. In this regard, all treatments and treatment rates
were highly effective and achieved 100% control of
L. humile. Results demonstrated that all treatments
and treatment rates were equally fast and resulted in
complete elimination of L. humile from all experi-
mental plots within 1 day (Table 1; F=4.31, df =24,
P<0.0001). However, it is not clear if the treat-
ments resulted in 100% colony mortality or simply a
complete elimination of workers foraging above the
ground. Additionally, results demonstrated that all
treatments and treatment rates were equally effec-
tive in the long-term and provided 100% control
of L. humile for the duration of the study (90 DAT)
(Table 2; F=13.40, df=24, P<0.0001). The only
exception was a single experimental plot treated
with the low rate of fipronil where 45 Argentine ants
were detected at 90 DAT (Table 1). In the case of
this particular plot, it is unclear if the original col-
ony survived the treatment and later recovered or if
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Table 1 Ant counts in experimental plots treated with spray insecticides at 1, 3, 30, and 90 days after treatment (DAT)

Treatment Replicate initial 1 DAT 3 DAT 30 DAT 90 DAT
cyhalothrin-low rate 1 425 0 0 15 16
cyhalothrin—low rate 2 350 1] 0] Q 27
cyhalothrin—low rate 3 400 1] 0] 0 s
cyhalothrin-low rate 4 525 0 0 0 18
cyhalothrin-high rate 1 245 0 0] (0] 0
cyhalothrin-high rate 2 450 1] 0] (0] [0]
cyhalothrin-high rate 3 200 0 0 0] [0]
cyhalothrin-high rate 4 375 0 0 0] 45
bifenthrin-low rate 1 425 0 0 Q 23
bifenthrin-low rate 2 475 0 0 25 34
bifenthrin-low rate 3 275 0 0 0 12
bifenthrin-low rate 4 250 0 0 0 9
bifenthrin-high rate 1 175 0 0 0 0
bifenthrin-high rate 2 275 0 0 0] 17
bifenthrin-high rate 3 450 0 0 0 8
bifenthrin-high rate 4 415 0 (0] 0 11
fipronil-low rate 1 450 0 0 0 0
fipronil-low rate 2 220 0 0 0 0
fipronil-low rate 3 190 0 0 [0] [0]
fipronil-low rate 4 475 0 0 0 45
fipronil-high rate 1 175 0 0 [0] [0]
fipronil-high rate 2 420 0 0 [0] [0]
fipronil-high rate 3 350 0 0 0 (0]
fipronil-high rate 4 200 0 0 [0] [0]
untreated control (UTC) 1 150 125 75 95 185
untreated control (UTC) 2 275 325 350 250 195
untreated control (UTC) 3 425 245 265 500 500
untreated control (UTC) 4 450 475 500 500 500
Argentine ants Asian needle ants Red imported Dark rover
fire ants

ants No
ants
Table2 Mean ant counts Product initial | DAT 3 DAT 30DAT 90 DAT
(% st dev) in experimental
plots treated with spray fipronil-low rate 425+74a 0+0a 0+0a 4+8a  1749a
;‘Bszzty‘?:f;f;; f;nig; and fipronil-high rate 318+115a 0+0a 0+0a 0+0a 11+23a
(DAT). Means within cyhalothrin-low rate 356+111a 0+0a 0+0a 6+3a 20x1la
columns followed by cyhalothrin-high rate 329+ 127 a 0+0a 0+0a 0+0a 9+7a
the same letter are not bifenthrin—low rate 334+150a 0+0a 0+0a 0+0a 11+23a
zlagszﬁginggk‘i‘yff:rﬁgt]) st bifenthrin-high rate 286+118 a 0+0a 0+0a 0+0a 0+0a

untreated control (UTC) 325+140a 293+147a 298+177a 336+199a 345+179a

(P<0.05)
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the colony was eliminated and the area was later re-
invaded by a new colony of L. humile. Such deter-
minations are difficult to make and require the use of
molecular markers to track colony identity throughout
the study (Shults et al. 2022).

The second goal for the study was to focus on the
secondary invaders that emerged when the treatments
started to fail between 30-90 DAT. Results were
highly dependent on individual treatments and treat-
ment rates. Both rates of cyhalothrin were effective
for up to 30 days and resulted in complete elimination
of Argentine ants from all experimental sites. How-
ever, the high rate was significantly more effective
relative to the low rate at 90 DAT (F=15.37, df=7,
P=0.001). The low rate of cyhalothrin resulted in
secondary invasions at 4 out of 4 replicate sites while
the high rate resulted in secondary invasions at 1 out
of 4 sites (Table 1). Both rates of bifenthrin main-
tained high efficacy for at least 30 days, but both
resulted in secondary ant invasions at 90 DAT. The
high rate was not significantly more effective than
the low rate (F=32.20, df=7, P=0.1). Fipronil was
highly effective and both rates maintained 100% effi-
cacy for>90 DAT. None of the sites treated with
fipronil experienced secondary invasions.

Discussion

Results suggest that pyrethroid insecticides such as
cyhalothrin and bifenthrin provide effective short-
term control but often lead to secondary invasions.
In contrast, phyenylpyrazole insecticides such as
fipronil provide long-term control and typically do
not result in secondary invasions. The colonization
of experimental plots treated with pyrethroid insec-
ticides by the secondary invaders suggests that the
insecticides were no longer bioavailable to the incom-
ing ants. However, the exact fate of the insecticides
is unknown as they may have degraded, been washed
away, or bound by the substrate (e.g. soil, mulch) and
no longer effective. Previous comparative studies
evaluated pyrethroid and phenylpyrazole insecticides
for ant control and studies reported that all treatments
led to substantial reductions in ant numbers relative
to untreated controls (e.g. Soeprono and Rust 2004,
Scharf et al. 2004, Jiang et al. 2014). Additionally,
previously published studies reported that fipronil was
the most effective treatment and provided long-term
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control of >8 weeks (Scharf et al. 2004). In contrast,
pyrethroid insecticides generally provided fast knock-
down and satisfactory control, but treatments started
to fail approximately 2-4 weeks after initial appli-
cation (Soeprono and Rust 2004, Scharf et al. 2004,
Jiang et al. 2014). Studies on the horizontal transfer
of pyrethroid vs. phenylpyrazole insecticides demon-
strated that fipronil was readily transferable among
individuals resulting in high mortality rates. In con-
trast, bifenthrin and cyfluthrin, were less transferable.
Fipronil had a significant advantage over pyrethroids
because of longer delay in the onset of toxic symp-
toms (Soeprono and Rust 2004). Insecticides with
longer residual activity and delayed action result in
more ants returning to the nest and transferring the
insecticide to nestmates. (Table 2)Query

The current study demonstrates that insecticide
treatments are capable of causing secondary ant inva-
sions whereby the suppression of the target invader is
followed by the increase in abundance of non-target
invaders. Predicting community-level consequences
in multiply invaded ecosystems requires an under-
standing of both the interactions between co-occur-
ring invaders and their combined impacts. In the cur-
rent study, the ecological community comprised an
assemblage of native and invasive ants occupying a
540-hectare urban habitat. A modeling study demon-
strated that the suitable range of several highly inva-
sive ants overlaps substantially creating high poten-
tial for invasion ‘“hotspots” where multiple invasive
species overlap and compete for resources (Berteles-
meier et al. 2015a). In invasive ants, ecological domi-
nance is the result of several traits including high
levels of aggressiveness and high interference ability
(reviewed in Holway et al. 2002). Behaviorally domi-
nant species with large colonies are thought to be bet-
ter able to dominate resources and thereby suppress
or exclude co-occurring species. The dominance
relationships among four highly invasive ant species
were investigated in colony-level laboratory trials and
showed that some highly invasive and highly aggres-
sive species such as Pheidole megacephala were the
least dominant species and almost always suffered
complete mortality (Bertelsmeier et al. 2015b). Simi-
larly, Linepithema humile, lost in interactions with
other invasives, similar to the results observed in the
current study. Interestingly, the most dominant spe-
cies, Wasmannia auropunctata, had the smallest body
size (Bertelsmeier et al. 2015b).
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The Asian needle ant, Brachyponera chinensis,
was the most prolific invader and colonized 5 sites
where L. humile had been eradicated. Brachypon-
era chinensis has high potential for global spread
(Bertlesmeier et al. 2013) and predictive modeling
demonstrates that climate change may significantly
increase its global spread by increasing the amount of
habitat suitable to their invasion by 65% worldwide
(Bertlesmeier et al. 2013). In North America, B. chin-
ensis is rapidly spreading in urban and natural areas
in the southeastern United States and has emerged as
an important invasive species (Rodriguez-Cabal et al.
2012; Buczkowski 2016; Eyer et al. 2018). Previous
studies demonstrate that L. humile can be displaced
by B. chinensis. A field study showed that B. chin-
ensis are active earlier in the year when the condi-
tions are sub-optimal for L. humile activity resulting
in early season establishment and subsequent domi-
nance over resources (Spicer Rice and Silverman
2013). The study demonstrated that an established
invader such as L. humile can be displaced by a more
recent invader. The displacement process observed
by Spicer Rice and Silverman (2013) was based on
naturally occurring interactions and was likely rela-
tively slow. In the current study, the displacement of
L. humile by B. chinensis was more indirect and was
driven by human intervention consisting of insec-
ticide application. The displacement was relatively
rapid and occurred within 30-90 days post-treatment.
Alternatively, it is possible that no displacement
occurred and that B. chinensis was already present in
the test plots but less affected or not affected by the
treatments. Additionally, it is unclear if B. chinensis
moved entire colonies to the newly vacated space or
simply foraged there. Post-treatment surveys dem-
onstrated that all experimental plots were free of L.
humile within 1 day and therefore available for colo-
nization. However, the treatments were still effective
at this point and premature attempts to colonize the
vacated space would have resulted in the death of
the new arrivals. At untreated control sites Argentine
ants persisted for the duration of the trial (and likely
beyond) suggesting that Argentine ants are unlikely to
be outcompeted by other invasive ants without human
intervention.

The spread and impact of invasive ants is often
controlled using chemical management tools and the
preferred outcome of such interventions is the recov-
ery of indigenous species following the removal of the

alien invader. However, most studies evaluating con-
trol efforts do not quantify post-treatment community-
level response to control efforts, so the overall out-
come of management efforts often remains unknown.
In the current study, native ants including little black
ants (Monomorium minimum), thief ants (Solenopsis
molesta), big-headed ants (Pheidole bicarinata), and
odorous house ants (Tapinoma sessile) were present
in several locations throughout the study site but were
relatively rare and appeared to have been largely out-
competed by the invasives. Interestingly, none of the
experimental plots became colonized by native ants,
and all were colonized by other invasives. This sug-
gests that in invaded urban ecosystems there is strong
selection favoring invasive species that become domi-
nant behaviorally and numerically over native spe-
cies. It is plausible that the dynamics may be differ-
ent in natural ecosystems which may harbor higher
native diversity and abundance allowing for native
species recovery. For example, ecological restoration
was documented on an island in the Seychelles fol-
lowing a baiting treatment with hydramethylnon to
control the invasive big-headed ant, Pheidole mega-
cephala (Gaigher et al. 2012). The study documented
“precision baiting” whereby the target invader (P.
megacephala) experienced a rapid decline and spe-
cies richness of nontarget ants and abundance of other
soil-surface arthropods increased significantly after
P. megacephala suppression. Additionally, ecologi-
cal restoration was documented in a natural habitat
in Australia, a rain forest site where the African big-
headed ant (Pheidole megacaphala) was successfully
eradicated using hydramethylnon bait and native ants
successfully recovered approximately 2 years after
the treatment (Hoffmann 2010). However, successful
ant eradications are relatively rare and successful eco-
logical restorations following successful eradications
even rarer. In fact, the study by Hoffmann (2010) is
the only documented case of successful eradication
and subsequent recovery of the affected ecological
system. It is possible that seeding areas where inva-
sive species had been eliminated with colony trans-
plants of native species might aid in the successful
recovery of native species. However, the feasibility of
such an approach has not been previously investigated
and the potential benefit—cost ratio of such restoration
attempts is unclear.

An obvious prerequisite for secondary invasions
is the presence of other exotics to exploit the space
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vacated by the target invader. Pre-treatment surveys
did not detect the presence of invasive ants other than
L. humile because the study plots were purposely
selected to contain only L. humile—the target species
for evaluating efficacy of residual insecticides. How-
ever, it is possible that other ant species were pre-
sent but not detected at the monitoring stations. Pre-
treatment surveys using food baits would have likely
detected only Argentine ants as other species would
have been outcompeted by Argentine ants (Bucz-
kowski and Bennett 2008a, b). Visual surveys of the
test sites did not indicate the presence of secondary
invaders prior to treatments, but it is likely that sec-
ondary invaders were present in the experimental
plots or areas surrounding the plots. Similar results
were observed by Plentovich et al. (2011) in a study
involving the use of hydramethylnon baits to control
invasive Pheidole megacephala ants in the Hawai-
ian Archipelago. The eradication of Pheidole mega-
cephala was followed by dynamic compositional
changes in the ant community including colonization
by three species previously undetected on the island
(Solenopsis geminata, Tetramorium bicarinatum, and
Anoplolepis gracilipes). One of the new invasives, A.
gracilipes, underwent a rapid expansion which later
corresponded with reduced seabird nesting success.
Additionally, similar processes have been observed in
studies involving exotic plants, where secondary inva-
sions are a rapidly emerging global problem. A study
on nonnative plant removal examined how native
communities assemble after the removal of multiple
invasive species (Torres et al. 2023). Two highly inva-
sive shrubs were removed at two different times in the
growing season and changes in the abundances of the
rest of the species in the community were monitored.
Depending on the identity of the removed species, the
removal of the invasive species affected community
assembly by promoting other nonnative species or
hindering the performance of native species. Future
studies should focus on the side effects of insecticide
treatments and determining how management tools
may shift the balance among exotics.

The current study was conducted in an urban habi-
tat and urban ecosystems are hotspots for biological
invasions. Urban ecosystems are key points of entry
for many non-native species and foci for secondary
transfer into surrounding landscapes (e.g. von Heezik
et al. 2010). Yet, the dynamics of biological inva-
sions in urban habitats are poorly understood relative
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to biological invasions in natural habitats (Gaertner
et al. 2017). The patterns and processes of urban inva-
sions differ in many ways from invasions in other
contexts, managing invasive species in cities poses
unique and complex challenges, and it is unclear if
fundamental concepts in the field of invasion biology
are applicable to urban ecosystems (Gaertner et al.
2017). With regard to invasive ants, insecticides are
frequently used to control invasive ants in urban and
natural ecosystems. Yet the goals for such treatments
are vastly different in these ecosystems. In natural
habitats, the primary goal is to eradicate invasive spe-
cies and restore native species. In urban ecosystems,
insecticides are used primarily to keep populations
of invasive species below a certain threshold, espe-
cially species that have high potential to be a nuisance
indoors or species that are of structural and/or medi-
cal importance. Results of the current study demon-
strate that insecticide treatments in urban situations
may successfully reduce the abundance of an invasive
pest but do not always directly translate to ecosystem
recovery and may lead to secondary invasions. Simi-
lar results were observed by Scharf et al. (2004) who
evaluated the effectiveness of residual insecticides
in urban sites dominated by the invasive pavement
ant (Tetramorium caespitum). The treatments led
to substantial reductions in T. caespitum and post-
treatment surveys detected the presence of odorous
house ants, (Tapinoma sessile), a native species and
a known urban pest (Buczkowski and Krushelnycky
2011; Salyer et al. 2014; Blumenfeld et al. 2021). T
sessile was not found in study plots before the treat-
ments. However, a comparison of ant species compo-
sition between treated and control plots 8 weeks after
the treatment revealed an increase in frequencies of 7.
sessile in treated plots only. This result highlights the
invasive-like characteristics of 7. sessile and its abil-
ity to rapidly colonize areas with vacant resources.
Results of the current study also raise important
questions about ecosystem effects and the potential
benefits and drawbacks of secondary ant invasions.
Are the combined ecological impacts of multiple ant
invaders additive or perhaps even synergistic (e.g.
Jackson 2015)? Are areas invaded by a mosaic of
multiple invaders “better off” ecologically than areas
dominated by a single invader? Generally speak-
ing, greater species diversity (alpha diversity) leads
to greater ecosystem stability and ecosystems with
higher species diversity tend to be more resilient
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and productive (Ives and Carpenter 2007). It might
be expected that the presence of multiple invaders
will lead to increased competition among the invad-
ers and complex interactions among multiple invad-
ers will have different fitness implications for each
invader. Such interactions may in turn determine the
future progression of their invasions and result in dif-
ferential impacts on native species. Alternatively, the
presence of multiple invaders may lead to facilitative
interactions among invaders and ultimately lead to an
“invasional meltdown” where the presence of many
invasive species improves conditions for other inva-
sives. Secondary invasions by multiple invaders also
raise questions concerning their management. Are
mosaics of multiple ant invaders easier or more dif-
ficult to manage? What are the optimal tools for man-
aging multiple invaders that may have vastly different
ecological and life-history traits? Paradoxically, the
more successful the suppression of the target invader,
the greater the chance that undesirable secondary
invaders will become established. Future research
must go beyond quantifying the target invader’s
response to also evaluate how natives and secondary
invaders respond to management actions. Further-
more, research is needed to elucidate mechanisms
favoring exotics over natives following management
actions. If insecticide treatments are a significant fac-
tor driving the release of secondary invaders then the
use of insecticides for conservation efforts may need
to be re-evaluated (Hobbs 2007). There are impor-
tant knowledge gaps to determine the effects of mul-
tiple co-existing invaders on native and urban eco-
systems and such knowledge could be precious for
management.

As the frequency of non-indigenous species intro-
ductions increases and their range expands, more and
more ecosystems suffer invasions by multiple species.
As predicted by modeling studies, vast areas around
the globe will suffer from multiple invasions and it
is crucial to improve our understanding of interac-
tions among multiple invaders to better manage the
invasions. This study represents a demonstration of
how insecticide applications can lead to secondary
ant invasions and reinforces the need for studies that
include a longer temporal component to understand
this process further. In particular, future studies on
control efforts in conservation areas should pay close
attention to the possibility of secondary invasions as
well as simple re-invasion by the target species in

areas where 100% control has been achieved. The
insights gained from this study may provide impor-
tant general lessons for invasive ant management.
Insecticides applied to the environment for the control
of a target species can indirectly affect non-target spe-
cies in ways that are often contrary to their intended
use. Future studies should aim to understand the con-
sequences of removing only one invader in a scenario
with multiple invasive species. More studies and
experiments are needed on integrated management
of invasive species, considering trophic interactions
among invaders, hierarchies of co-occurring inva-
sives, and interactions with native species.
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