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Abstract
Invasive ants are among the world’s most damaging invasive species, often directly or 
indirectly affecting native fauna. Insecticidal baits are the main method for suppressing or 
eradicating invasive ant populations, but their use must be considered against potential for 
unintended effects on native organisms. The invasive yellow crazy ant (Anoplolepis gra-
cillipes) is widespread in the tropics, particularly on islands, where they have displaced 
a range of invertebrates. Effects of this ant on vertebrates, and in continental ecosystems 
generally, are less studied. We investigated the effects of yellow crazy ants and bait appli-
cation on rainforest skinks and their invertebrate prey. We compared skink and skink prey 
abundance across four replicated rainforest site categories: high and low yellow crazy 
ant sites had both been baited but differed in yellow crazy ant activity; control sites had 
never had yellow crazy ants or been baited; and buffer sites had never had yellow crazy 
ants but had been baited. We recorded significantly lower abundance of two small skink 
species (Lygisaurus laevis and Saproscincus tetradactylus) in high yellow crazy ant sites 
compared to all other site categories. The differences persisted even after baiting reduced 
yellow crazy ant activity by 97.8% ± 0.04% (mean ± SD). A larger rainforest skink species 
(Carlia rubrigularis) was not negatively affected by yellow crazy ant invasion. Skink prey 
abundance was significantly lower in high yellow crazy ant sites compared to control sites 
and low yellow crazy ant sites, but not compared to buffer sites. These differences did not 
persist following baiting. We found no evidence that baiting negatively affects skinks or 
their invertebrate prey. Our data suggest that yellow crazy ants, but not the bait used to treat 
them, pose a direct threat to small rainforest skinks.
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Introduction

Invasive ants are a threat to conservation in many parts of the world because they can alter 
the composition and functioning of ecosystems. Most of the documented effects of inva-
sive ants on native invertebrate species are considered direct and are attributed to the high 
abundance invasive ants achieve (Holway et al. 2002). Invasive ants outcompete or prey on 
native ants and other invertebrates, often leading to population declines or local extinctions 
(Clarke et al. 2021). Documented effects of invasive ants on vertebrate populations are less 
common (Lach and Hooper-Bùi 2010), but have been observed as direct effects via preda-
tion and harassment (Allen et al. 2004; Plentovich et al. 2018).

The importance of indirect effects of invasive species is becoming more widely recog-
nized in invasion ecology (Northfield et al. 2018; White et al. 2006). Indirect effects are 
those that are mediated through one or more additional species. Indirect effects of invasive 
ants are more difficult to discern but may be no less significant in their consequences for 
native species and ecosystem function. For example, the coastal horned lizard (Phryno-
soma coronatum) in southern California suffered significant declines when the invading 
Argentine ant (Linepithema humile) displaced much of the native ant fauna that juvenile 
lizards rely on for food (Suarez et al. 2000). Similarly, low invertebrate abundance associ-
ated with red imported fire ants (Solenopsis invicta) resulted in low survival of juvenile 
endangered Attwater’s prairie chickens (Tympanuchus cupido attwateri) (Morrow et  al. 
2015).

Another mechanism by which native fauna may be affected indirectly by ant invasions 
is if they or their prey are susceptible to the treatments applied to reduce or eradicate ant 
populations. Invasive ant populations are often treated with insecticidal baits. Baits are 
typically not specific to the target ant species and may kill other ants and invertebrates 
(Hoffmann et al. 2016; McNaught et al. 2014; Plentovich et al. 2010; Sakamoto et al. 2019; 
Schlappi et al. 2021). Exposure to non-target taxa may be reduced with the use of contain-
erized baits or other methods of decreasing attraction or access to baits (Buczkowski 2017; 
Choe et al. 2010), but these are not always effective or practical for large scale use. For 
broad-scale application of bait, a common presumption is that highly abundant target ants 
will dominate the baits and leave little for non-target organisms to consume (Hoffmann 
et al. 2016). However, bait dominance is increasingly unlikely as invasive ant abundance 
declines with successive bait applications, particularly if populations are treated until erad-
ication. Therefore, more bait may be available for consumption by non-target organisms, 
such as native ants or other invertebrates (Sakamoto et al. 2019). Bait that diminishes or 
poisons populations of non-target invertebrates may also indirectly harm predators that 
feed on them (Peveling et al. 2003). Land managers recognize the risks of insecticidal baits 
to non-target fauna, and insufficient knowledge of how to manage or mitigate non-target 
impacts is a key reason for the low number of ant eradications attempted in conservation 
areas (Hoffmann et al. 2016).

The yellow crazy ant (Anoplolepis gracilipes) (Fig. 1a) is widespread in the tropics but 
documented reports of its environmental effects within its introduced range are largely lim-
ited to island ecosystems. Yellow crazy ants achieve high abundance via accessing honey-
dew from sap-sucking insects (Abbott and Green 2007; Lach et al. 2020) and have been 
associated with declines in invertebrate taxa, such as ants, spiders, and crabs, across mul-
tiple islands in its introduced range (Holway et al. 2002; Kaiser-Bunbury et al. 2014; Lach 
and Hooper-Bùi 2010). Effects on vertebrates are less studied. Population level declines 
have been recorded for wedgetail shearwater chicks (Adrena pacifica) harassed by yellow 
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crazy ants in Hawai’i and for the emerald dove (Chalcophaps indica natalis) and juvenile 
Christmas Island thrush (Turdus poliocephalus erythropleurus), due to direct and indirect 
effects of the ants on Christmas Island (Davis et al. 2008; O’Dowd et al. 2003). But popu-
lation level effects of yellow crazy ants are unknown, or unreported for the critically endan-
gered Christmas Island flying fox (Pteropus natalis) on Christmas Island and Daito white-
eye (Zosterops japonicus daitoensis) and bull-headed shrike fledglings (Lanius bucephalus) 
on Minami-daito island, Japan, which are also all harassed by the ants (Dorrestein et al. 
2019; Matsui et  al. 2009). Evidence for effects of yellow crazy ants on herpetofauna is 
much more tenuous. The ants had been implicated in the population declines of four native 
skink species on Christmas Island (Smith et  al. 2012), but a recent retrospective expert 
elicitation concluded there was little spatial concordance between the lizard declines and 
the highest densities of yellow crazy ants (Emery et al. 2021). Feare (1999) asserted that on 
Bird Island, in the Seychelles, the introduction of yellow crazy ants resulted in the disap-
pearance of an endemic skink but provided no evidence.

Effects of yellow crazy ants in continental ecosystems, which may be more robust to 
invasions generally due to higher community complexity (Simberloff 1995), have received 
little attention to-date. The single published study of yellow crazy ant effects on continental 
invertebrate communities found negative correlations between yellow crazy ant abundance 
and native ant abundance and richness, but no significant relationships between yellow 
crazy ants and other macroinvertebrates (Hoffmann and Saul 2010). There have been no 

Fig. 1  Schematic map showing the location of the study sites in relation to the infestation area just south 
of Cairns, Queensland and photos of main species of interest. Forested land is shown in dark green while 
agriculture or urban land is shown in light green. High yellow crazy ant sites are shown as yellow squares, 
low yellow crazy ant sites as blue squares, buffer sites as white stars, and control sites as cyan circles. The 
dashed black line shows the extent of the yellow crazy ant infestation while the solid black line shows the 
extent of the management (i.e., treatment) area. Photos: A yellow crazy ant attacking a termite; B Lygisau-
rus laevis; C Saproscincus tetradactylus; D Carlia rubrigularis. Photo credits: Peter Yeeles (A); Anders 
Zimny (B, C); Conrad Hoskin (D)
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studies on the effect of yellow crazy ants on continental vertebrate species or communi-
ties. Thus, questions remain about the broader impacts of these ants on vertebrates and 
in continental ecosystems. The effects of the ants relative to their treatment also requires 
investigation.

We investigated effects of yellow crazy ants, and the bait used to treat them, on rainfor-
est skinks and their invertebrate prey in a large continental infestation of yellow crazy ants 
threatening the Wet Tropics World Heritage Area in northeastern Australia. The infesta-
tion is subject to a large management program, with the aim of eradication. We compared 
skink and skink prey abundance across replicate rainforest sites with different exposure to 
yellow crazy ants and bait to answer the questions (1) have yellow crazy ants affected the 
abundance of rainforest skinks?; and if so, (2) have the effects been mediated by declines 
in skink prey?; and (3) Is there a separate effect of the bait on either skinks or skink prey? 
(Fig. 2) We anticipated that if skinks were affected by any mechanism, they would be slow 
to recover or recolonize due to their lower long-distance dispersal capabilities and slower 
life cycles relative to insects. We expected that skink prey would be directly affected by 
yellow crazy ants where the ants were in higher abundance and by the bait where yellow 
crazy ant abundance was low or absent (because the invasive ants were not there in suf-
ficient abundance to dominate it). We predicted that due to short life cycles and strong dis-
persal in most groups, skink prey would recover relatively quickly following baiting, either 
due to reduction of yellow crazy ants or recovery from effects of bait.

Methods

Site selection and history

Yellow crazy ants are thought to be native to south or southeast Asia (Janicki et  al. 
2016; Wetterer 2005) and were first recorded in the Cairns region in 2001 (Csurhes and 
Hankamer 2012). Despite some treatment efforts, by 2011 they had invaded rainforest in 
and around the Wet Tropics World Heritage Area (Lach and Barker 2013). By 2017, when 
the study was conducted, 260 hectares of rainforest in the region were under treatment for 
yellow crazy ants.

We selected 20 survey sites of similar canopy cover and habitat structure in com-
plex notophyll vine rainforest or successional rainforest complexes southwest of Cairns, 
Queensland (Fig. 1 map). We selected the sites based on yellow crazy ant infestation and 
baiting history from data collected by the Wet Tropics Management Authority as part of 
the Yellow Crazy Ant Eradication Program in the area. Each site was a circular area of 

Fig. 2  Conceptualization of the 
effects tested in this study. Dotted 
arrows, which are accompanied 
by question marks, indicate an 
effect tested in this study, and 
solid arrows indicate a known 
or presumed positive (+) or 
negative (−) effect. Arrowheads 
indicate the direction of effect
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50 m diameter (1963  m2). The 20 sites comprised five replicates of four different site cat-
egories based on baiting history and management definitions of yellow crazy ant activity: 
(1) ‘control sites’ had never been inhabited by yellow crazy ants or baited; (2) ‘buffer sites’ 
did not have yellow crazy ants, were within 100 m of a yellow crazy ant infestation and 
had been baited; (3) ‘low’ yellow crazy ant sites had sparse yellow crazy ant activity in the 
two years leading up to the study and had been baited; (4) ‘high’ yellow crazy ant sites had 
high yellow crazy ant activity in the two years leading up to the study and had been baited 
(Online Resource 1). The difference in yellow crazy ant activity between high and low 
yellow crazy ant sites likely reflects the differences in opportunity for population growth 
between establishment and first treatments; yellow crazy ants were likely discovered and 
treated, and thus prevented from growing, sooner after establishment in sites here consid-
ered as having low yellow crazy ant activity than at sites in which they became highly 
abundant. No known yellow crazy ant infestations are left unbaited in this region so it was 
not possible to survey in sites with yellow crazy ants that had not received bait.

All but the control sites had been baited by the eradication program once or twice per 
year with a pelletized S-methoprene-based product (Engage P® or Engage + ®) at 2 kg/ha 
and once per year with a pelletized fipronil-based product (AntOff®) at 5 kg/ha between 
2014 and 2016 (Fig.  3). S-methoprene is an insect juvenile hormone analogue (also 
referred to as an insect growth regulator) and acts by disrupting larval molts and queen 
egg-laying (Yeeles et al. 2021). S-methoprene effects on reptiles are not well-studied, but 
risks are considered to be low (Rexrode et al. 2008). However, as is the case with many 
insecticides, risk profiles for reptiles are based on effects in birds and mammals, which 
may not be appropriate (Freitas et al. 2020; Hopkins 2000). Likewise, effects of fipronil on 
reptiles have not been well-studied. Nonetheless, fipronil is a neurotoxin and, based on a 
single study, is considered highly toxic to lizards  (LD50 for Acanthodactylus dumerili [Lac-
ertidae] is 30 µg fipronil per gram body weight)(Tingle et al. 2003). Yellow crazy ant activ-
ity declined by 90–100% in the weeks following fipronil-based bait application, whereas 
declines following application of the insect growth regulator products were more variable 
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Fig. 3  The number of yellow crazy ants + 1 (to enable log scaling) (± SD) attracted to 10 lure stations after 
60 min at fixed transects nearest to the study sites between 2015 and 2017. Note the log scale. Aerial baiting 
with an IGR-based corn grit product occurred in the first quarter of 2015 and first and third quarters of 2016 
(blue solid arrows) and with a pelletized fipronil-based product during the third quarters in 2015 and 2016, 
and during the second quarter of 2017 (red dashed arrows)
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and occurred over several months (Online Resource 1, Yeeles et al. unpublished data). Yel-
low crazy ant activity recovered rapidly at high yellow crazy ant sites between December 
and May 2015 and 2017 when our surveys commenced (Fig. 3).

Surveys

We obtained measures of skink and skink prey richness and abundance at the 20 sites on 
warm sunny days, with four repeat visits to each site: in mid-April to early May (round 1), 
late May to mid-June (round 2), mid to late-July (round 3), and mid-late August (round 4), 
yielding 80 total surveys. A single observer (DC), blind to all site categories throughout 
the study, conducted all skink surveys, collected and sorted the invertebrate samples, and 
assessed habitat as described below. Site visits commenced 90  min to 2  h after sunrise 
(between 7:45 and 9:30 a.m.), when it became warm enough for skinks and insects to be 
active and continued until three or four sites were completed around midday. Typically, the 
sites visited in a morning represented at least two different categories. In between rounds 
1 and 2, and rounds 3 and 4, the Yellow Crazy Ant Eradication Program aerially baited all 
but the control sites with the fipronil-based pelletized bait at a rate of 5 kg/ha.

Skinks

For each survey at each site, the observer recorded the time and temperature, and then 
walked for 30 min over a 500 m distance around and within the 50 m diameter circle fol-
lowing a standard pattern of movement. The observer first walked the perimeter of the site 
and then zigzagged through the site, recording skink species, time of observation, and age 
class (juvenile, sub-adult, adult) of each individual skink encountered. The zigzag pattern 
allowed the observer to avoid barriers such as large boulders and impenetrable patches of 
wait-a-while vines (Calamus muelleri) and focus on likely microhabitats, such as sunspots, 
where skinks were most likely to be encountered. Skinks were not captured or handled dur-
ing these surveys. Pilot surveys prior to systematic surveys revealed that three leaf-litter 
litter-dwelling species co-exist at the sites: Lygisaurus laevis (Fig. 1b), Saproscincus tetra-
dactylus (Fig. 1c), and Carlia rubrigularis (Fig. 1d). These pilot surveys enabled training 
in identification from a distance, and the three species were then readily identified by sight 
in the systematic surveys. Carlia rubrigularis grow to approximately 60 mm snout-to-vent 
length (Singhal et al. 2018; Wilson 2015) and greater than 3 g as adults (Wilhoft 1963), 
which is substantially larger than L. laevis and S. tetradactylus, which both grow to about 
35 mm snout-to-vent and 0.75 g as adults (Goodman et al. 2007; Greer and Kluge 1980; 
Wilson 2015). All three skink species are entirely terrestrial, foraging and seeking refuge 
among leaf-litter, logs, and rocks. Saproscincus tetradactylus and L. laevis are largely 
restricted to areas with canopy cover, whereas C. rubrigularis also utilizes hotter environ-
ments on the rainforest edge (Kanowski et al. 2006; Wilson 2015; author observations).

In August 2017, habitat suitability was assessed for skinks at all sites. Ten randomly 
selected 1  m2 quadrats at each site were photographed between 11:00 a.m. and 1:00 
p.m. on cloudless days. We used ImageJ to calculate the amount of sunlight hitting the 
ground in each quadrat, which was averaged over the ten photos at each site to calculate 
the average sunlight penetration. Additionally, a single observer who was blind to site 
category (DC) scored rock cover, log cover, and leaf litter cover for each quadrat on a 
scale from 1 to 5 for each variable, with 1 being lowest and 5 being highest. We used the 
medians of these as the values for each site. The primary aim of the habitat assessment 
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was to provide relative measures of these aspects of skink habitat to include in the mod-
els and thereby control for any effect of these variables when testing for effects of yel-
low crazy ants and bait.

Skink prey

We sampled leaf litter invertebrates because of their importance as prey for skinks and 
because invertebrates are often adversely affected by invasive ants and may be affected 
by bait. During each site visit, the observer (blind to site category) used randomly 
selected bearings and distances from the centre of the site to determine the location in 
which to place a 1 m × 1 m quadrat. Invertebrates were sampled by first collecting all 
leaf litter within the quadrat for later hanging in a Berlese funnel to dry in the labora-
tory. Following removal of the leaf litter, a second person, also blind to site category, 
collected macroinvertebrates from the quadrat for 15 min. Two quadrats were sampled 
per site visit for each of the five sites per treatment per round, yielding a total of 10 
invertebrate samples from each treatment per round, and 160 samples in total.

In the laboratory, we sorted specimens obtained from the Berlese funnels and active 
collections on each quadrat to order and pooled these from both collection methods. We 
a priori classified the following invertebrate families as prey for skinks in this habitat 
(based on data in Manicom and Schwarzkopf 2011; Wilhoft 1963): Araneae, Blattidae, 
Coleoptera, Diptera, Hemiptera, Hymenoptera, Isopoda, Lepidoptera, and Orthoptera. 
As such, we report here only the analyses for these taxa.

Statistical analyses

We tested for the effects of site category and survey round on skinks and skink prey 
with generalized linear mixed models. Because skink body size and microhabitat prefer-
ences may affect susceptibility to yellow crazy ants, we ran two separate models to test 
for effects on skinks: one with the pooled abundance of the smaller skinks, L. laevis and 
S. tetradactylus as the response variable, and the other with the larger skink, C. rubrigu-
laris, as the response variable. The abundance of small skinks was too low to run sepa-
rate models for each species and retain all the parameters of interest. Due to the rarity 
of juvenile and sub-adult skinks observed, we also combined all age classes within the 
two models.

We included an interaction term between site category and survey round, but dropped 
this parameter when its inclusion did not improve model fit by two or more Δ AICc (Burn-
ham and Anderson 2002). We included site as a random effect to account for repeated site 
visits. We used Poisson error distributions for all models, and re-fit over-dispersed mod-
els using observation level random effects (Harrison 2014). Rock abundance, log abun-
dance, leaf litter cover, light penetration, and temperature were assessed for collinearity 
using Variance Inflation Factor (Zuur et al. 2010). All Variance Inflation Factors were < 3, 
so we included all of these habitat variables as fixed covariates in our three models. We 
tested differences among site categories in each survey round post-hoc using Tukey HSD. 
We conducted all analyses in R (version 3.6.1; R Core Team 2019) using packages ‘lme4’ 
(Bates et al. 2015), ‘vegan’ (Oksanen et al. 2019), and ‘emmeans’ (Lenth 2019).
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Results

The baiting that occurred in between our first and second rounds of surveys reduced yellow 
crazy ant abundance on lures at the closest monitoring sites by 97.8% ± 0.04% (mean ± SD) 
at our high yellow crazy ant density sites (Fig. 3). Subsequent monitoring before our sur-
vey rounds 3 and 4 revealed that yellow crazy ant activity had declined to below detectable 
levels at our high yellow crazy ant sites. At our low yellow crazy ant sites, yellow crazy 
ants had declined to below detectable levels prior to our skink surveys, due to previous 
baiting (Fig. 3, Online Resource 1).

Skinks

We recorded 641 individual skinks across the 80 surveys. Of these, 381 records were of C. 
rubrigularis and 260 were of the smaller skinks L. laevis (199 sightings) and S. tetradac-
tylus (61 sightings). Of the 381 C. rubrigularis sightings, 234 (61.4%) were adults, 105 
(27.6%) were sub-adults, and 42 (11.0%) were juveniles. For L. laevis, 145 sightings were 
adults, 35 (17.6%) were sub-adults, and 19 (9.5%) were juveniles, and for S. tetradactylus 
43 were adults (70.5%), 10 (16.4%) were sub-adults, and 8 (13.1%) were juveniles. None 
of the juvenile small skinks were observed in high yellow crazy ant sites, and about half of 
them (9/19 for L. laevis, and 4/8 for S. tetradactylus) were observed in control sites.

We observed only 7 total L. laevis (6 adult, and 1 sub-adult), and no S. tetradactylus at 
the high yellow crazy ant sites (Online Resource 2), which resulted in a significantly lower 
mean abundance of small skinks at high yellow crazy ant sites compared to all other site 
categories (Tables 1 and 2; Fig. 4a). Small skink abundance did not vary among the other 
three site categories in any round (Table 2; Fig. 4a), indicating that low yellow crazy ant 
activity and baiting did not have measurable effects on small skink abundance. Tempera-
ture, rock abundance, and light penetration were all positively associated with small skink 
abundance, whereas log abundance, prey abundance, and leaf litter were not significant 
predictors of small skink abundance (Tables 1 and 2).

In contrast to small skink abundance, the effect of yellow crazy ants and baiting on 
abundance of C. rubrigularis varied in direction of effect and by round (Fig. 4b, Table 1). 
In rounds 2 and 3, C. rubrigularis abundance was significantly higher at sites with low yel-
low crazy ant activity than at buffer sites or sites with high yellow crazy ant activity but did 
not differ from control sites (Fig. 2b). Carlia rubrigularis abundance did not differ among 
site categories in rounds 1 and 4. Carlia rubrigularis abundance was positively associated 
with temperature but not with any of the other environment or habitat variables (Tables 1 
and 2).

Skink prey

We captured and identified to order 3495 invertebrates, of which 2277 were invertebrates 
that we classified as potential skink prey: 326 Araneae, 82 Blattidae, 222 Coleoptera, 
343 Diptera, 130 Hemiptera, 391 Hymenoptera, 395 Isopoda, 267 Lepidoptera, and 121 
Orthoptera. The effect of site category on skink prey abundance varied by round, as evi-
denced by the significant site category × round interaction (Tables 1 and 2; Fig. 3c). Skink 
prey abundance was significantly lower in the high yellow crazy ant sites compared to con-
trol and low yellow crazy ant sites in round 1 (Fig.  4c), which occurred before the first 
baiting of the year. Post-hoc comparisons yielded no other significant differences among 
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site categories within rounds (Fig.  3c), but this was not due to a significant increase in 
skink prey at high yellow crazy ant sites between rounds 1 and 2 (β =  − 0.79 ± 0.35 (SE), 
z =  − 2.27, p = 0.10) following the decline in yellow crazy ant abundance at these sites 
(Fig.  2). None of the environmental variables were significant predictors of skink prey 
abundance (Tables 1 and 2).

Discussion

We tested whether abundance of rainforest skinks and their invertebrate prey were affected 
by yellow crazy ant abundance and baiting for these ants. The most striking finding of this 
study is that abundance of two species of small rainforest skinks, L. laevis and S. tetradac-
tylus, was significantly lower in high yellow crazy ant sites compared to low or no yellow 

Table 1  Results of generalized 
linear mixed effects models 
for small skink abundance, 
C. rubrigularis abundance, 
and skink prey abundance. 
Significant effects are in bold

Response and explanatory variables df χ2 p

Small skink abundance
Intercept 1 16.75  < 0.001
Site category 3 32.51  < 0.001
Survey round 3 10.10 0.018
Temperature 1 4.99 0.023
Light 1 4.18 0.041
Rock cover 1 15.28  < 0.001
Log cover 1 0.66 0.416
Leaf litter cover 1 0.06 0.807
Skink prey abundance 1 0.68 0.411
C. rubriglaris abundance
Intercept 1 0.56 0.454
Site category 3 10.41 0.015
Survey round 3 12.06 0.007
Site category × survey round 9 27.16 0.001
Temperature 1 17.97  < 0.001
Light 1 2.32 0.127
Rock cover 1 1.56 0.211
Log cover 1 0.87 0.349
Leaf litter cover 1 2.23 0.135
Skink prey abundance 1 1.13 0.268
Skink prey abundance
Intercept 1 259.0  < 0.001
Site category 3 15.6 0.001
Survey round 3 13.63 0.003
Site category × survey round 9 27.00 0.001
Temperature 1 0.35 0.56
Light 1 0.03 0.87
Rock cover 1 0.18 0.67
Log cover 1 0.20 0.66
Leaf litter cover 1 1.27 0.26
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crazy ant sites across all sampling periods. In contrast, we found no evidence to suggest 
negative impacts of yellow crazy ants on the relatively larger skink, C. rubrigularis. Skink 
prey abundance was lower in high yellow crazy ant sites compared to all other site catego-
ries in the first round of surveys only. We found no evidence that baiting negatively affects 
skinks or their prey. Our study is one of the few studies that investigates both the effects of 

Table 2  Parameter estimates (β and SE) from generalised linear mixed models testing responses of small 
skink abundance, C. rubrigularis abundance, and skink prey abundance

The intercept is the estimate of round 1 control sites
*p < 0.05, † < 0.01

Small skink abundance C. rubrigularis abundance Skink prey abundance
Fixed treatment effects β [SE] β [SE] β [SE]

Intercept 1.63 [0.40]†  − 0.45 [0.60] 3.38 [0.21]†

Site category (buffer)  − 0.98 [0.49]* 1.29 [0.71]  − 0.65 [0.30] *
Site category (low yellow 

crazy ant)
 − 0.40 [0.48] 1.68 [0.70]*  − 0.35 [0.30]

Site category (high yellow 
crazy ant)

 − 3.42 [0.63]† 0.21 [0.79]  − 1.34 [0.35] †

Skink prey abundance  − 0.23 [0.28] 0.22 [0.20] NA
Round 2 0.69 [0.33]* 1.57 [0.56]†  − 0.23 [0.28]
Round 3 0.77 [0.28]† 1.81 [0.54]†  − 0.47 [0.27]
Round 4 0.94 [0.32]† 1.97 [0.58]†  − 1.03 [0.29]†
Buffer round 2 NA  − 1.61 [0.66]* 0.56 [0.39]
Low yellow crazy ant × round 

2
NA  − 0.71 [0.64] 0.43 [0.39]

High yellow crazy ant × round 
2

NA  − 0.97 [0.75] 1.05 [0.42]*

Buffer × round 3 NA  − 2.00 [0.67]† 0.88 [0.40]*
Low yellow crazy ant × round 

3
NA  − 0.43 [0.60] 0.32 [0.40]

High yellow crazy ant × round 
3

NA  − 0.83 [0.72] 1.60 [0.42]†

Buffer × round 4 NA  − 1.50 [0.63]* 0.31 [0.43]
Low yellow crazy ant × round 

4
NA  − 0.77 [0.61] 0.12 [0.42]

High yellow crazy ant × round 
4

NA  − 0.11 [0.67] 1.73 [0.44]†

Temperature 0.67 [0.30]* 0.83 [0.20]† 0.08 [0.14]
Light 0.79 [0.38]* 0.53 [0.35]  − 0.02 [0.14]
Rock cover 1.40 [0.36]† 0.39 [0.31] 0.06 [0.13]
Log cover  − 0.30 [0.37]  − 0.31 [0.33]  − 0.06 [0.13]
Leaf litter cover  − 0.08 [0.34] 0.45 [0.30] 0.15 [0.13]
Null model (intercept only) 0.94 [0.35]† 1.20 [0.19]† 2.80 [0.08]† *
R2

GLMM(M) 72.2% 58.5% 47.1%
R2

GLMM(C) 96.5% 84.1% 87.1%
Null model—AICc 437.5 408.6 609.5
Final model—AICc 426.1 395.9 605.8
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an invasive species and its management on native species and is the first we are aware of to 
report effects of this widespread invasive ant on continental vertebrates.

The near absence of small skinks in high yellow crazy ant sites and limited differences 
in skink prey among site categories suggest that yellow crazy ants have directly affected 
the smaller skinks, rather than indirectly affected them via reducing prey. When yellow 
crazy ants are abundant, they are capable of harassing and, sometimes killing, invertebrate 
and vertebrate organisms much larger than they are (Davis et  al. 2010; Dorrestein et  al. 
2019; Lach et al. 2016; O’Dowd et al. 2003; Plentovich et al. 2018). With their formic acid 
spray, the ants can blind or maim organisms such as red land crabs (O’Dowd et al. 2003) 
and wedgetail shearwater chicks (Plentovich et al. 2018), and then prey on them or leave 
them susceptible to starvation. Both L. laevis and S. tetradactylus are entirely terrestrial, 

Fig. 4  Abundances of a small skinks, b C. rubrigularis, and c skink prey, by sampling round and site status. 
Site data points are shown in grey, with red points showing group means with a 95% CI. Groups with differ-
ent letters within round differ significantly in post-hoc tests (at p < 0.05 using Tukey HSD). Aerial broadcast 
baiting with a fipronil-based product occurred between rounds 1 and 2 and between rounds 3 and 4
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foraging and seeking refuge among leaf-litter, logs, and rocks, and therefore would overlap 
with preferred microhabitats of yellow crazy ants. Further, S. tetradactylus has a preference 
for moist microhabitats, such as creek-lines (Greer and Kluge 1980; Wilson 2015), which 
are also favoured by yellow crazy ants (Fluker and Beardsley 1970, author observations). 
The small adult body size of the two small skinks in our study (Goodman et al. 2007) and 
extremely small hatchling and juvenile size (estimated at about 0.1 g based on hatchling 
data for a larger congener of one of the species, Saproscincus mustelinus; Downes and 
Shine 1999) may mean they would have low capacity to withstand attack by even a rela-
tively small number of yellow crazy ants.

Though yellow crazy ants declined steeply after baiting in between survey rounds 1 and 
2, we did not observe recovery of small skink populations. Skink populations in our high 
yellow crazy ant sites would have experienced relatively high yellow crazy ant activity for 
at least two years prior to our study (Fig. 2, Online Resource 1) before experiencing the 
steep decline in yellow crazy ants following baiting after the round 1 survey. Despite the 
substantial decline in yellow crazy ants between our survey rounds 1 and 2, small skink 
abundance in high yellow crazy ant sites remained lower than all other sites for survey 
rounds 2–4. The lack of recovery of small skinks at high yellow crazy ant sites after yellow 
crazy ants had been effectively removed is consistent with their natural history. Both L. 
laevis and S. tetradactylus have a clutch size of two (Greer and Kluge 1980; Turner 2006) 
and appear to breed primarily in the wet season, during which each female probably only 
lays one or two clutches (based on data for similar species, such as tropical Carlia, James 
and Shine 1985; and author observations). Additionally, these small skinks are likely to be 
of low mobility, so would be slow to recolonise from adjacent areas. Our surveys were con-
ducted over months, whereas recovery of populations of these skink species may take years 
after removal of high density ant infestations.

Our findings for small skinks are in contrast to those for C. rubrigularis for which we 
did not discern a negative effect of yellow crazy ants. Adult C. rubrigularis are about dou-
ble the length and four times the mass of the smaller skinks in our study (Goodman et al. 
2007; Greer and Kluge 1980; Wilson 2015), but given the ability of yellow crazy ants to 
harm crabs and birds (O’Dowd et al. 2003; Plentovich et al. 2018), we do not think that 
the larger size alone would make C. rubrigularis less vulnerable to yellow crazy ant har-
assment. Rather, differences in behaviour or microhabitat use may be important. Carlia 
rubrigularis inhabits leaf litter and has a broadly similar ecology to L. laevis and S. tetra-
dactylus. However, its use of hotter microhabitats and rainforest edges by C. rubrigularis 
may provide some refuge from the highest densities of yellow crazy ants, which prefer 
shaded, moist, and relatively cooler rainforest microhabitats. Intriguingly, C. rubrigularis 
was more common at low density yellow crazy sites than at buffer and high yellow crazy 
ant sites in rounds 2 and 3. Carlia rubrigularis may directly benefit from low density yel-
low crazy ant presence if they ate the ants but didn’t suffer the negative impacts of harass-
ment. Gut content analyses have found ants to be rare (Manicom and Schwarzkopf 2011) or 
moderately common (Wilhoft 1963) food items of this species. Another possibility is that 
low yellow crazy ant density reduces populations of competitors or predators at these sites. 
If so, there would have to be counteracting mechanisms to explain the lack of elevated C. 
rubrigularis abundance in high yellow crazy ant sites. Some Christmas Island reptiles have 
reportedly contracted to parts of the island with the highest yellow crazy ant abundance 
(Smith et al. 2012), but a more recent review of the data posits that yellow crazy ants may 
pose indirect, secondary, or synergistic threats to lizard populations (Emery et al. 2021). 
Clearly there is much more work to be done to elucidate the potential indirect mechanisms 
through which yellow crazy ants may affect forest reptile abundance.
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We found limited support for the hypothesis that yellow crazy ants affect skink prey 
abundance, and therefore think it unlikely that the rarity of small skinks in high yellow 
crazy ant sites is primarily driven by indirect effects. If yellow crazy ants were affecting 
the small skinks indirectly via decreasing their prey, we would expect that skink prey abun-
dance would be significantly lower in high yellow crazy ant sites than in all other sites for 
at least the first survey round, before baiting reduced yellow crazy ant activity. In the first 
round, skink prey abundance was indeed significantly lower at high yellow crazy ant sites 
compared to control and low crazy ant sites. However, it was not lower compared to buffer 
sites. Therefore, we do not consider it as strong evidence of an effect of yellow crazy ants 
on skink prey. Moreover, the lack of differences in skink prey among site categories in 
subsequent rounds was not driven by significant recovery of skink prey in the high yellow 
crazy ant sites, but rather by some decline in skink prey abundance at control sites as well 
as variation within site categories. Yellow crazy ants had no significant detectable effects 
on invertebrate ordinal richness or abundance in the only other investigation of the ants’ 
effects on continental non-ant invertebrates (Hoffmann and Saul 2010). These analyses do 
not preclude the possibility that yellow crazy ants are adversely affecting some specific 
taxonomic groups, as has been reported widely on islands (Holway et  al. 2002; Kaiser-
Bunbury et al. 2014; Lach and Hooper-Bùi 2010). We are further investigating the effect of 
yellow crazy ants on invertebrates, with a multi-year dataset and a focus on native ants, and 
this will better explore impacts of yellow crazy ants and associated baiting on invertebrate 
communities. The lack of any observed declines of C. rubrigularis in high yellow crazy 
ant sites also undermines the hypothesis that yellow crazy ants indirectly affect skinks via 
reductions in their prey. We cannot rule out, however, that our order-level analysis of prey 
abundance masks negative effects of yellow crazy ants on particular prey taxa that may be 
more important to one or more of these skink species.

Our findings suggest that baiting does not directly affect skink populations. We would 
expect an effect of bait to have manifested as significantly lower skink abundance in buffer 
sites relative to control sites, especially in survey rounds 2 and 4, which occurred within 
weeks of baiting. For both the small skink species and C. rubrigularis, there were no sig-
nificant differences in abundance between control and buffer sites in any round. While we 
have occasionally observed skinks touching baits, we did not expect baiting to cause popu-
lation level declines of skinks. Both bait products applied are in pelletized form. Baits lying 
stationary on the forest floor are unlikely to be consumed by leaf-litter dwelling skinks like 
those in our study because predation in these species appears to be heavily movement-initi-
ated (author observations). These skinks are ‘active foragers’, moving through the leaf-lit-
ter searching for prey visually. However, they may also be tongue-flicking to locate chemi-
cal cues (Cooper and Whiting 2000), which could lead them to consume baits. Buckmaster 
et al. (2014) assessed 40 reptilian species as likely to consume sausage-type baits and 13 
as likely to consume hard polymer capsule baits used to control feral cats. Therefore, it is 
not superfluous to consider that pelletized bait applied for ant control may also have risks 
to reptiles. Studies that investigate these risks are very rare, however, and need to be able to 
separate the effect of the ant invader from the effects of its treatment to be conclusive. An 
assessment of the effect of the yellow crazy ant control program on the Christmas Island 
gecko (Lepidodactylus listeri) was inconclusive due to low and highly variable gecko cap-
tures (Stork et al. 2014), and also did not have baited areas that were not infested with yel-
low crazy ants as a comparison.

Our study found significant yellow crazy ant-associated declines in the abundance of 
two small skinks species, no measurable effects of yellow crazy ants on a larger skink spe-
cies, limited evidence of yellow crazy ant impacts on skink prey at the ordinal level, and no 
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evidence of adverse baiting effects on any of these groups. Our results raise concern over 
the impact of yellow crazy ants on lizards and other small vertebrates where the ants have 
invaded and are not being managed, globally, and for the Wet Tropics, should eradication 
fail. For example, the Wet Tropics has a diverse radiation of terrestrial-breeding microhylid 
frogs of very small size (< 1 g adult body mass) and many other larger species of frogs that 
begin terrestrial life as very small metamorphs. Further research is needed to determine 
specific mechanisms of ant impact on small vertebrates and assess the degree to which 
body size (both among species and across life stages within species) and micro-habitat 
selection may ameliorate impacts within communities.
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