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Abstract The big-headed ant, Pheidole mega-
cephala, is an ecologically disruptive invader of
tropical and subtropical environments worldwide.
In April 2014 an established infestation of P. mega-
cephala was discovered in a residential neighbor-
hood in Costa Mesa, Orange County, California, and
in 2019 a second infestation was found in a residen-
tial neighborhood (Talmadge / City Heights) in San
Diego, San Diego County, California. Although
big-headed ants are regularly detected in commerce
in California, the records from Costa Mesa and Tal-
madge / City Heights represent the first established
infestations documented from the state. In 2024 and
2025, four additional infestations were discovered or
confirmed in other residential neighborhoods in San
Diego. To assess whether or not P. megacephala will
expand its range in this region, we delineated infesta-
tions in Costa Mesa and Talmadge / City Heights in
2023 and 2024 and compared this species to another
widespread invader, the Argentine ant (Linepithema
humile), with respect to desiccation tolerance and
O015N. The delineated P. megacephala infestations
extend over multiple hectares of suburban and urban
development, with the Talmadge / City Heights
infestation exceeding 100 ha and the Costa Mesa
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infestation exceeding 10 ha. Between 2023 and 2024
the size of the Talmadge / City Heights infestation
increased by 12 ha. Comparisons of the two focal
species revealed overlapping 815N values and esti-
mates of desiccation tolerance. Our findings indicate
that established populations of P. megacephala will
continue to spread in urban environments in coastal
southern California and potentially cause impacts
comparable to those resulting from invasion by the
Argentine ant.
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Introduction

Ant invasions are ecologically disruptive phenomena
(Cameron et al. 2016, Lach and Hooper Bui 2010),
and new ant species continue to be introduced world-
wide (Wong et al. 2023). Of the more than 500 ant
species introduced outside of their native range
(Wong et al. 2023), a handful of species have proven
to be adept at establishing in new locations, spread-
ing into natural environments, and altering ecosys-
tems. One of the most invasive ant species is the big-
headed ant (Pheidole megacephala), a now globally
distributed invader of tropical and subtropical envi-
ronments (Wetterer 2012; Bertelsmeier et al. 2013).
In many parts of its introduced range, P. megacephala
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disrupts ecosystems in which it becomes established
(Hoffmann et al. 1999; Krushelnycky et al. 2005;
Hoffmann and Parr 2008; Krushelnycky and Gillespie
2008; Palmer et al. 2021; Kamaru et al. 2024).

Although big-headed ants are regularly detected in
commerce in California, the first established infesta-
tion was reported in 2014 from Costa Mesa, Orange
County (CDFA 2015). A second infestation was
found in 2019 in the Talmadge and City Heights
neighborhoods in San Diego, San Diego County
(Menke and Holway 2020). Since the first report a
decade ago (CDFA 2015), there have been no follow-
up studies to address the potential for P. megacephala
to spread in California. Any substantive increases in
the distribution of P. megacephala in coastal south-
ern California would come at the expense of another
introduced ant species, the Argentine ant (Linepi-
thema humile), which is widespread and abundant in
this region (Suarez et al. 1998; Holway 2005; Mitro-
vich et al. 2010; Hanna et al. 2015; Richmond et al.
2019; Menke and Holway 2020; Achury et al. 2021).
In other areas of introduced range sympatry, P. mega-
cephala and L. humile compete with one another and
exhibit mutually exclusive distributions (Haskins and
Haskins 1965; Crowell 1968; Fluker and Beardsley
1970; Lieberburg et al. 1975; Wetterer 2017).

In this study we assess the potential for P. mega-
cephala to invade coastal southern California by
considering evidence of recent range expansion and
by directly comparing it to L. humile with respect
to desiccation tolerance and resource assimilation.
First, we delineated the two known infestations and
conducted a resurvey of the San Diego infestation to
assess whether or not this infestation has changed in
size over the course of one year. Second, we com-
pared P. megacephala to L. humile in terms of desic-
cation tolerance because soil moisture limits invasion
by L. humile in this region (Menke and Holway 2006;
Menke et al. 2007). If P. megacephala experiences
less resistance to desiccation compared to L. humile,
that would suggest that dry conditions could limit
spread. Lastly, we employed stable isotope analysis to
compare the two focal invaders with respect to 815N,
which provides an integrated measure of resource
assimilation (Tillberg et al. 2007). Although ecologi-
cal niche models identify coastal southern California
as a suitable environment for P. megacephala (Ber-
telsmeier et al. 2013), our study combines empirical
measurements of spread with explicit comparisons
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to an already established invader to provide data rel-
evant to the potential for continued range expansion.

Methods

Delineation of established infestations: We mapped
the spatial extent of the two known Pheidole mega-
cephala infestations (Costa Mesa and San Diego (Tal-
madge / City Heights)) in southern California in 2023
and 2024. Both infestations are in urban and subur-
ban environments. To delineate each infestation, we
primarily used visual searches to locate contact zones
between P. megacephala and L. humile. The effective-
ness of this approach was based on two assumptions:
(1) radial expansion of P. megacephala supercolonies
would result in the spatial continuity of occupied
areas (Fournier et al. 2009), and (ii) P. megacephala
and L. humile exhibit mutually exclusive distributions
(Haskins and Haskins 1965; Crowell 1968; Fluker
and Beardsley 1970; Reimer 1994). We collected
GPS coordinates for all P. megacephala detections
and for those L. humile detections located around the
periphery of the areas occupied by P. megacephala.
To estimate infestation size, we used the polygon area
estimation tool in ArcGIS Pro (ESRI; v3.1.1) and
formed polygon vertices at the perimeter coordinates
of each positive detection. Maps of infestation poly-
gons were created using QGIS (QGIS Development
Team 2022).

Desiccation tolerance: To determine whether or
not P. megacephala and L. humile exhibit compara-
ble responses to arid conditions, we used methods
described in Whyte et al. (2023) to assess desiccation
tolerance. In April 2024 we collected workers of each
species at 10 locations dispersed around the perim-
eter of the Talmadge / City Heights infestation in San
Diego. At each location we collected P. megacephala
minors (n=c. 30) inside the infestation boundary
and L. humile workers (n=c. 30) just outside of the
infestation boundary. We used an aspirator to collect
ants from recruitment trails along publicly accessible
streets, sidewalks, and trees. Our data were spatially
paired; sampling locations within a pair were sepa-
rated by 50—150 m, and pairs were separated by at
least 200 m. After collection, workers were placed in
shallow plastic containers to separate ants from debris
collected during aspiration; these containers were
lined with fluon (polytetrafluoroethylene from Fuel
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Cell Earth, #DISP30) to prevent ants from escaping.
For each replicate in the desiccation assays, we hap-
hazardly selected 10 workers from each collection
location and transferred them to 15 mL centrifuge
tubes.

We compared the desiccation tolerances of P.
megacephala and L. humile under three different
humidity levels (Whyte et al. 2023): high (relative
humidity (RH)~90%), ambient (RH~55%), and low
(RH~7%). In the high humidity group, each 15 mL
centrifuge tube contained 2 mL of water held in place
at the tube’s tip with a 100% cotton ball that made
contact with the water and a 4 mm air gap in between
the first cotton ball and the second cotton ball. In
the ambient and low humidity groups, water was
replaced by either air (ambient humidity) or desic-
cant (low) but otherwise tubes in these experimental
groups were identical to those in the high humidity
group. We used freshly opened Drierite (W. A. Ham-
mond Drierite Company, #23,001) as our desiccant.
All tubes were prepared 24 h before the start of the
assay to allow RH to stabilize before introducing ants
to the tubes. To initiate an assay, we placed 10 ants
outside the second cotton ball in each tube, which
was capped to prevent ants from escaping. Once ants
were in the experimental tubes, we assessed ant mor-
tality by gently rolling each tube and tapping the sides
every 2 h. Immobile ants were considered dead. We
recorded mortality counts of each tube every 2 h for
the first 12 h of the assay and then every 4 h until no
ants remained alive in the treatment tubes (ambient
and low).

To validate RH estimates, we prepared five tubes
for each humidity level and measured RH after 24 h
with a digital hygrometer (Elitech, GSP-6), which
had a wire probe. When validating RH estimates, we
uncapped each tube and inserted the probe tip into the
vial while simultaneously sealing the tube opening
with parafilm to prevent the humidity in the tube from
equilibrating with the outside air.

Stable-isotope analysis: To assess whether or not
P. megacephala and L. humile assimilate comparable
types of resources, we used stable isotope analysis to
compare 8'°N values across spatial pairs of both spe-
cies. Sampling for this analysis followed the same
spatially paired design as in Desiccation tolerance
except that we collected 60 workers at every sampling
location and included 18 spatial pairs around the
perimeter of the Talmadge / City Heights infestation.

Collecting was performed in December 2023. All ants
were collected into 50-mL centrifuge tubes, imme-
diately placed in a cooler with ice packs, and trans-
ferred to a freezer at <0 °C within 2 h after collection.
To prepare samples, we followed protocols described
in Tillberg et al. (2006) and removed gasters from
all individuals. Samples were placed in a drying
oven (Quincy Lab Model 20 Lab Oven, #20GC)
for a minimum of 2 d at 55-60 °C. A homogenized
mass of 0.8—1.2 mg of each sample was packed into
a 5X9 mm tin capsule and sent to the University of
California Davis Stable Isotope Facility (https://stabl
eisotopefacility.ucdavis.edu/). Samples were analyzed
using a Sercon Europa ANCA-GSL elemental ana-
lyzer interfaced to a Sercon Europa 20-20 IRMS.

Statistical analysis: All analyses were performed
in the statistical programming language R (R Core
Team 2022). In the analyses of the desiccation toler-
ance and stable isotope data, we used linear mixed
effects models to compare P. megacephala and L.
humile. We used the R package ‘lme4’ for these anal-
yses, which considered species identity as a fixed fac-
tor and spatial pair as a random factor. Treating spa-
tial pair as a random factor takes into account spatial
heterogeneity in physiological acclimation and envi-
ronmental values of 8'°N. In the desiccation tolerance
assays, we found that mortality in the high humidity
group (RH)~90%) was too low to calculate LT50 val-
ues (see also Whyte et al. 2023). For the other two
humidity levels (ambient, low), we calculated the
LT50 for each treatment tube (n=10 workers per
tube) using the routine dose.p(), R package ‘MASS,
which calculates the time that half of the ants in each
tube were predicted to be dead. We also added humid-
ity level (ambient, low) as a second fixed factor in the
desiccation tolerance assays. Survival curves were
generated with smoothed conditional means, using
a logistic regression of the alive versus dead worker
ants over time.

Results

Delineation of infestations: We delineated two pre-
viously reported infestations of P. megacephala
(Fig. 1A). In May 2024 the Costa Mesa infesta-
tion occupied 14 ha, and in November 2024 the San
Diego (Talmadge / City Heights) infestation occupied
114 ha (Fig. 1B). At the time of the delineations, both
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Fig. 1 A Locations of six
established Pheidole mega-
cephala infestations (red
circles) in Orange and San
Diego Counties, Califor-
nia. Coordinates for each
infestation are as follows:
Costa Mesa (33.67534,
—117.93890), San Diego—
Talmadge / City Heights
(32.75489, — 117.09098),
San Diego—Corridor
(32.751580, — 117.120441),
San Diego—Rolando
(32.7669, — 117.0475),

San Diego—Oak Park
(32.74347, — 117.06533),
and San Diego—Chula

Orange

Pacific Ocean

Vista (32.62127,

— 117.086136). B Map of

the San Diego (Talmadge

/ City Heights) infesta-

tion. Shading corresponds 0_150 m

to observed changes in P.
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infestations were spatially continuous and largely sur-
rounded by established populations of L. humile. The
only ant species commonly observed inside the bor-
ders of the P. megacephala infestations was Brachy-
myrmex patagonicus. In the Talmadge / City Heights
infestation, P. megacephala was found in 2023 in
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several areas where it appeared absent in 2024, but
the size of this infestation nonetheless exhibited a
net increase of 12 ha between November 2023 and
November 2024 (Fig. 1B). None of the areas where P.
megacephala expanded its distribution between 2023
and 2024 (Fig. 1B) were areas where L. humile was
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detected in 2023. In 2024 we found an additional P.
megacephala infestation and in 2025 confirmed the
presence of three other infestations (Fig. 1 A) based on
observations from iNaturalist and AntWeb. For these
four new infestations, which were all in residential
neighborhoods, we compared ants from each location
with P. megacephala collected from the Talmadge /
City Heights infestation to confirm identification.

Desiccation tolerance: For both P. megacephala
and L. humile, we observed considerable mortality
in the ambient humidity (RH~55%) and low humid-
ity (RH~7%) treatments within 24 h (Fig. 2). Mean
(+SE) LT50s for P. megacephala were 10.8+0.3 h
(ambient humidity) and 3.9+0.2 h (low humidity).
For L. humile mean LT50s were 11.8+0.3 h (ambi-
ent humidity) and 4.8+0.1 h (low humidity). Mean
pairwise differences in LT50 between the two spe-
cies were as follows: 1.9+2.1 h (ambient humidity)
and 1.0+0.6 h (low humidity). LT50s were higher
in the ambient humidity group compared to low
humidity group (Fig. 2; linear mixed effects model:
X,?>=47.45, P<0.001), but P. megacephala and L.
humile did not differ with respect to their desicca-
tion tolerances (Fig. 3; linear mixed effects model:
X,>=1.90, P=0.168).

Stable-isotope analysis: Mean 8N values for each
species were as follows: 9.5+0.3 (P. megacephala)
and 9.8+0.3 (L. humile). The mean pairwise differ-
ence in 8'°N between the two species was 0.3 +0.4.
Values of 8'°N between the two species did not
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Fig. 2 Survival curves over time (based on logistic regression)
for Pheidole megacephala (dashed lines; Pm) and Linepithema
humile (solid lines; Lh) across three levels of humidity: high
(blue), ambient (red), and low (green)

20 A
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Fig. 3 Median lethal time (LT50) in hours for L. humile
(orange; Lh) and P. megacephala (pink; Pm) in (A) ambient
humidity and B low humidity. Spatial pairs (n=10) of the two
focal species are each represented by a line

differ (Fig. 4; linear mixed effects model: X12:0.89,
P=0.346).
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Fig. 4 Values of 8'°N for Linepithema humile (orange; Lh)
and Pheidole megacephala (pink; Pm). Spatial pairs (n=18) of
the two focal species are each represented by a line
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Discussion

The big-headed ant, a widespread invader of tropi-
cal and subtropical ecosystems (Wetterer 2012), is
established and spreading in southern California.
The population of Pheidole megacephala originally
discovered in Costa Mesa has persisted over a dec-
ade, and the San Diego (Talmadge / City Heights)
infestation, which occupies over 100 ha, increased in
size by ~12% between 2023 and 2024. Moreover, we
found or confirmed the presence of four additional P.
megacephala infestations in San Diego in 2024 and
2025. Paired comparisons between P. megacephala
and L. humile revealed that these two species broadly
overlap with respect to desiccation resistance and val-
ues of 3'°N. These findings suggest that P. megaceph-
ala will continue to spread in this region with impacts
that may be comparable to those resulting from inva-
sion by L. humile.

Although it’s not possible to know when P. mega-
cephala became established in California, the size of
Costa Mesa and San Diego (Talmadge/City Heights)
infestations combined with published rates of spread
for this species from other locations, suggest that
these infestations may not be recent. Rates of spread
by budding for P. megacephala range from 16 to
50 m/yr at the invasion front (Pietrek et al. 2021).
Assuming radial expansion at an intermediate rate of
spread (e.g.,~33 m/yr) from a central point of intro-
duction, the San Diego (Talmadge / City Heights)
infestation could be approximately 18 years old. The
larger size of this infestation compared to that of the
Costa Mesa infestation (present since at least 2014)
also suggests that the age of the San Diego (Talmadge
/ City Heights) infestation exceeds a decade. Addi-
tional longitudinal data are needed to clarify rates of
expansion.

Factors that could affect the spread of P. mega-
cephala in southern California include both abiotic
and biotic factors. The spread of the Argentine ant
in seasonally dry environments in this region is lim-
ited by soil moisture (Menke et al. 2007). Similarly,
P. megacephala can take advantage of anthropogenic
sources of water (Hoffman and Parr 2008). Our lab-
oratory manipulations of humidity showed that P.
megacephala and L. humile exhibit similar responses
to desiccation stress. This finding may be surprising
in light of the smaller body size of P. megacephala
minors compared to L. humile workers (Fischer and
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Fisher 2013; Wild 2007; Chown and Gaston 1999). It
is possible that differences in nesting behavior could
provide P. megacephala with a greater ability to
invade dry environments (e.g., see Sankovitz and Pur-
cell 2021). If P. megacephala excavates deeper nests
compared to L. humile, for example, it might be able
to tolerate areas too dry to support the latter species.
Consistent with this hypothesis is the observation
made by Wetterer (2017) that P. megacephala occu-
pies warmer and sunnier microclimates in Bermuda
compared to those invaded by L. humile.

Biotic resistance from L. humile may also limit
the spread of P. megacephala. These two species are
believed to compete with one another strongly where
they co-occur (Fluker and Beardsley 1970; Wetterer
and Cirranello 2004; Reimer 1994; Mothapo and
Wossler 2014). Perhaps not surprisingly, areas where
the San Diego (Talmadge / City Heights) infestation
expanded between 2023 and 2024 were all locations
(e.g., residential blocks) where no L. humile was
detected in 2023. Likewise, at least some of the inden-
tations in the border of the San Diego (Talmadge
/ City Heights) infestation (Fig. 1B) correspond to
areas where L. humile appeared well established and
common. Observed overlap in 8'°N values further
suggests the potential for interspecific competition.
Both species are omnivorous, scavenging predators
that readily tend aggregations of honeydew-producing
insects in ornamental vegetation. It will be of interest
to see how the future spread of P. megacephala in this
region is related to the local distribution of L. humile.

The results of this study come from a small num-
ber of rather localized infestations. For the desic-
cation tolerance and stable-isotope analyses, for
example, we sampled ants from one restricted area.
Although this approach provides information about
the ants at this location, these findings may not
strictly apply to ants from other locations. Given the
observed annual spread (Fig. 1B) and the status of P.
megacephala as a pantropical invader, however, our
findings would suggest that this species has the poten-
tial to spread widely in coastal southern California.
Given the serendipitous discovery of the Costa Mesa
and San Diego infestations (CDFA 2015, Menke and
Holway (2020) and the lack of systematic regional
ant surveys, it also seems plausible that P. mega-
cephala is more widespread in this region than cur-
rently appreciated. Consistent with this hypothesis
is the discovery or confirmation of four additional
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infestations in San Diego in 2024 and 2025 (Fig. 1A).
The urban environments considered in this study
receive inputs of water from irrigation and are likely
warmer, on average, compared to adjacent natural
areas. Urban environments may thus be favorable to
this tropical invader. Although P. megacephala is so
far only known from urban areas in California, inva-
sion of natural areas by P. megacephala is not without
precedent in other areas with Mediterranean or com-
parable climates (Callan and Majer 2009; Krushelny-
cky and Gillespie 2010).
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