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ABSTRACT OF THE THESIS

The recent invasion of southern California by the big-headed ant
(Pheidole megacephala): implications for future expansion

by

Mandy Frazer

Master of Science in Biology
University of California San Diego, 2024

Professor David Holway, Chair
Professor James Nieh, Co-Chair

The big-headed ant, Pheidole megacephala, is an ecologically destructive invader of
tropical and subtropical environments worldwide. In April 2014, an established infestation of
P. megacephala was discovered in a residential neighborhood in Costa Mesa, Orange County,
and a second infestation was found in a residential neighborhood in San Diego, San Diego
County, in 2019. Although big-headed ants are regularly detected in commerce in California,
the records from Costa Mesa and San Diego represent the first established infestations known

from the state. To learn more about the distribution of P. megacephala in California and to



assess its potential for further spread, we delineated both known infestations and compared
this species to another widespread invader, the Argentine ant (Linepithema humile), with
respect to desiccation tolerance and resource assimilation (5:°N). Both known P.
megacephala infestations extend over multiple hectares of suburban development, with the
San Diego infestation exceeding 100 ha and the Costa Mesa infestation exceeding 10 ha. Both
infestations are spatially continuous and encompassed by established populations of the
Argentine ant. The big-headed ant overlapped broadly with the Argentine ant both in terms of
desiccation tolerance and 6*°N values. These similarities suggest that the big-headed ant could
continue to spread in urban environments in coastal southern California and cause impacts

comparable to those resulting from invasion by the Argentine ant.



Introduction

Invasive species profoundly disrupt the ecosystems in which they are introduced and can
have far-reaching, cross-ecosystem impacts (Peller & Altermatt 2024). Both biotic and abiotic
factors affect introduced species, and these factors often differ between the native and introduced
ranges of an invader. Such differences can promote (Zhang et al. 2020, Barral 2019) or limit
invasion success (Soti et al. 2020). Invasive ant species are especially pervasive invaders, with
five ant species included on the IUCN list of the “100 Worst Invasive Alien Species” (Lowe et
al. 2004).

Ant invasions are an increasing cause for concern (Wong et al. 2023, Schwindt et al.
2023). Ant species are often introduced to new areas largely through human commerce
(Bertelsmeier et al. 2017), and once established are difficult to eliminate (Zanola et al. 2024,
Howse et al. 2023). Invasive ant species have become globally widespread and abundant,
perturbing community structure and threatening biodiversity in areas where they are introduced:;
these effects compromise ecological and agricultural systems worldwide (Aulus-Giacosa et al.
2024, Siddiqui et al. 2021, Holway et al. 2002).

The big-headed ant, Pheidole megacephala (Fabricius), is a widely introduced ant species
(Wetterer 2011) that disrupts ecosystems in a variety of ways (Kamaru et al. 2024, Gaynor
2024). Recently introduced to California, an established infestation of P. megacephala was first
discovered in a residential neighborhood in Costa Mesa, Orange County in April 2014 (CDFA
2015). A second infestation was found in a residential neighborhood in San Diego, San Diego
County in 2019 (Menke & Holway 2020). Although big-headed ants are regularly detected in

commerce in California (CDFA 2015), the infestations in Costa Mesa and San Diego are the first



known cases of establishment in the state. 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.

The establishment of P. megacephala is relatively recent in southern California, however,
the consequences of other invasive ant introductions in the region are well-known (Suarez et al.
1998, Tsutsui & Suarez 2003). The Argentine ant, Linepithema humile (Mayr), was first reported
in California in 1907 (Newell & Barber 1913), and has since expanded statewide (Richmond et
al. 2021). Similar to the big-headed ant, the Argentine ant greatly disrupts native fauna in the
wake of its invasion (Loope & Krushelnycky 2007, Lowe et al. 2004, Holway et al. 2002).
Pheidole megacephala and L. humile are both native to subtropical climates (Wetterer 2011,
Wild 2007), and P. megacephala shares many colony structure traits with the Argentine ant that
are believed to contribute to its invasive success (Tsutsui & Suarez 2003). Like the Argentine
ant, P. megacephala is polygynous (multi-queened) and polydomous, where many spatially
separated nests remain socially connected with low levels of intraspecific aggression, and form
large supercolonies in their introduced ranges (Hoffman et al. 1999, Giraud et al. 2002). The
structure of these supercolonies allows both species to amass large numbers and successfully
establish new colonies with propagules as small as one fertile queen and 10 workers (Chang
1985, Hee et al. 2000). Additionally, both species are highly aggressive to other ant species, and
in areas where they are both introduced, engage in territory disputes with each other that can last
multiple decades (Haskins & Haskins 1965, Wetterer 2017).

The above similarities make the Argentine ant a good comparative species to assess other
characteristics of P. megacephala. Comparative assays can then benchmark potential invasion

limitations of the big-headed ant with factors that are known to affect invasion dynamics of the



Argentine ant. For example, spread of the Argentine ant in seasonally dry environments is
limited by soil moisture (Menke et al. 2007). In Bermuda and Hawaii, the spread of L. humile is
affected by the presence of P. megacephala, and vice versa, where the two species strongly
compete for resources (Wetterer & Cirranello 2004, Reimer 1994). Like these past invasions, as
well as laboratory manipulation observations (Mothapo & Wossler 2014), we expect there to be
direct resource competition between the two species now that both are present in coastal southern
California. In invaded areas, Argentine ants out compete native ants by aggressive displacement,
but cannot successfully establish or spread in areas that are too dry (Menke et al. 2007). Because
P. megacephala frequently invades disturbed areas where water is supplied from anthropogenic
sources (Hoffman & Parr 2007), we expect P. megacephala spread to also be limited by water
availability. Because most P. megacephala workers (minors) are smaller in body size than
Argentine ant workers (Fisher & Fisher 2013, Wild 2007), we expect P. megacephala to have
lower desiccation resistance than L. humile, as smaller body size often makes insects more
vulnerable to desiccation (Chown & Gaston 1999).

In this study, we assess the potential for P. megacephala to become a problematic invader
in California by delineating both known infestations and comparing its desiccation resistance and
stable isotope values with a second widespread invader, the Argentine ant. First, we used stable
isotope analysis to determine the extent to which P. megacephala and L. humile overlap in food
resource assimilation by comparing §'°N and §'*C values. Next, we compared desiccation
resistance between the two species. Considered together, results from these assays reveal
similarities between P. megacephala and L. humile, and suggest that the big-headed ant has
potential to invade and impact urban environments in coastal southern California to a similar

degree as the invasion by the Argentine ant.



Methods

Delineation of infestations

We mapped the spatial extent of two Pheidole megacephala infestations in southern
California: Costa Mesa, Orange County. and San Diego, San Diego County. To delineate
infestations at each location, we used visual searches and baits to detect P. megacephala and
then mapped positive detections as well as detections of other ant species (especially the
Argentine ant). Both infestations are in urban locations, and this fact simplified delineation
efforts. Delineation efforts proceeded under the assumption that P. megacephala expansion is
spatially continuous as a result of colony budding (Beardsley et al. 1982) and that this species
does not co-occur with the Argentine ant as a result of competitive exclusion (Haskins &
Haskins 1965, Reimer 1994). We delineated the San Diego infestation in the fall of 2023 and the
Costa Mesa infestation in spring 2024. To determine the approximate size of each infestation, we
used the polygon area estimation tool in ArcGIS Pro (ESRI; v3.1.1) and formed polygon vertices

at approximate perimeter coordinates of each infestation.

Stable-isotope comparisons

To assess whether or not P. megacephala and L. humile overlap in stable isotope
composition, we used stable isotope analysis to compare 8*°N and §'3C values. We collected
spatially-paired samples of each species as follows. Samples for a given pair were collected near
the border of the P. megacephala infestations at locations where L. humile was present just
outside of the border between the two species. Collecting locations thus paired a P. megacephala
location with an L. humile location separated by 50 — 150 m. Pairs of locations were at least 200
m from one another. At each sampling location we collected either 60 P. megacephala (minors)

or 60 L. humile (workers) from existing recruitment trails along publicly accessible streets and



sidewalks. For the San Diego infestation, we collected 18 P. megacephala / L. humile pairs in
December 2023. All ants were collected into 50 mL centrifuge tubes, immediately placed in a
cooler with ice packs, and then transferred to a freezer at < 0°C within 2 h after collection. To
prepare samples for stable isotope analysis, we followed the protocol described in Tillberg et al.
(2006) and removed gasters from all ants. Samples were desiccated 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 5 x 9 mm tin capsule and sent to the University of
California Davis Stable Isotope Facility for analysis. Samples were analyzed using a Sercon

Europa ANCA-GSL elemental analyzer interfaced to a Sercon Europa 20-20 IRMS.

Desiccation tolerance

To assess whether or not P. megacephala and L. humile exhibit comparable responses to
arid conditions, we performed desiccation tolerance assays using methods described in Whyte et
al. (2023). Samples were collected in the same manner as described under Stable-isotope
collections except that we collected 30 workers of the two focal species at each sampling
location. The 30 workers were transferred from the collecting tube to shallow plastic transfer
containers in order to separate ants from any debris also collected during aspiration. Transfer
containers were lined with fluon (polytetrafluoroethylene) (Fuel Cell Earth, #DISP30) to prevent
ants from escaping during transfer to assay tubes. We collected 10 P. megacephala / L. humile
pairs in April 2024.

We compared the tolerances of P. megacephala and L. humile under three different
conditions: humid (relative humidity (RH) = 100%), ambient (RH = 55%), and dry (RH = 0%)).
For each experimental group workers (n = 10) were transferred from the transfer containers by

hand to a 15 mL centrifuge tube. In the humid 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 dry experimental groups, water was replaced by either air (ambient) or desiccant
(dry). We used freshly opened Drierite (W. A. Hammond Drierite Company, #23001) 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. At 2 h intervals we assessed ant mortality by gently rolling
each tube and tapping the sides; 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 Drierite or ambient air tubes.

Statistical analysis

All analyses were performed in the statistical programming language R (R Core Team
2022; v.4.2.2). We compared resource assimilation between P. megacephala and L. humile by
analyzing differences in 8N or 83C between species, and desiccation resistance between P.
megacephala and L. humile by calculating median lethal time (LT50) for each treatment tube (air
or Drierite). We used mixed effects models to test two hypotheses: (i) 8:°N and §*3C values
overlapped between species, and (ii) the LT50 for P. megacephala would be lower than for L.
humile in both moderate (air) and severe (Drierite) desiccation conditions. We used three
separate mixed effects models to analyze the relationships between §°N, §!3C, LT50, and
species identity using the routine Imer(), R package ‘Ime4,” with 5N or §3C and species
identity treated as fixed factors for stable isotope comparisons and treatment condition and
species identity treated as fixed factors for desiccation analysis. Collection pair was treated as a
random factor in all models. ANOVA tests were performed to test the statistical differences

between species for each model. We used an alpha level of 0.05 for all statistical tests. Similar to



Whyte et al. (2023), water control tubes had low mortality relative to treatment conditions and
were not used to calculate LT50 values. 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. Survival curves were generated with
smoothed conditional means, using a logistic regression of the alive vs dead worker ants over

time.



Results

Delineation of infestations

Figure 1 shows the observed distributions of P. megacephala in San Diego and Costa
Mesa, California. The area of the San Diego infestation was 102 ha as of November 2023 (Figure
1A), and the area of the Costa Mesa infestation was 14 ha as of May 2024 (Figure 1B). Both
infestations were found to be spatially continuous, and encompassed by established populations

of L. humile (Figure 1).

Stable-isotope comparisons

Figure 2 plots the *3C and §*°N values for P. megacephala and L. humile. The paired
S1°N values did not differ between species (Figure 3A; linear mixed effects model: X1% = 0.89, P
= 0.346). We found that P. megacephala had statistically higher 5!3C values compared to L.
humile (Figure 3B; linear mixed effects model: X1 = 5.69, P = 0.0171); this difference, however,
was driven by three extreme 513C values (Figure 2). Additionally, intraspecific variability of §C
values for P. megacephala (s?> = 6.52) was found to be greater than intraspecific variability of
313C values for L. humile (s? = 2.40 ) and greater than interspecific variability between the two

species (o° = 4.85).

Desiccation tolerance

Low mortality was observed in the control tubes (water, RH~ 100%) for both species
relative to treatment conditions (Figure 4). Mortality was high in both moderate (air, RH~ 55%)
and severe (Drierite, RH~ 0%) desiccation treatment conditions for both species (Figure 4).

We found the median lethal time (LT50) for P. megacephala in moderate and severe desiccation

treatment conditions to be 10.8 £ 0.3 h and 3.9 = 0.2 h, respectively. We found the median lethal



time for L. humile in moderate and severe desiccation treatment conditions to be 11.8 + 0.3 h and
4.8 + 0.1 h, respectively. Differences in LT50 did not differ between species (Figure 5; linear
mixed effects model: X1% = 1.90, P = 0.168). As expected, treatment condition (air vs Drierite)
was a significant predictor of LT50 for both species (Figure 5; linear mixed effects model: X2 =

47.45, P <0.001).



Discussion

The big-headed ant, a widespread invader of tropical and subtropical ecosystems
(Wetterer 2011), has successfully established in southern California. The population of Pheidole
megacephala originally discovered in Costa Mesa has persisted over a decade, and the San
Diego infestation exceeds 100 ha — an area presumably much larger than the point of
introduction. Paired comparisons between P. megacephala and L. humile reveal that these two
species broadly overlap both in measured 5'°N values and desiccation resistance.

Pheidole megacephala was abundant within the mapped infestation boundaries (Fig. 1).
Nest density was high in ornamental planters and along the edges of maintained lawns, where
water is readily available by irrigation. We considered the limit of P. megacephala distribution to
be areas where the nearest surrounding L. humile could be detected, or where neither P.
megacephala nor L. humile could be detected for ~200 m. Consistent with observations in
Bermuda, where both species are introduced and abundant, there were marginal areas adjacent to
areas predominantly occupied by P. megacephala or L. humile found to be “empty” of both
species (Haskins & Haskins 1965). Like Haskins and Haskins (1965), we observed that
Brachymyrmex sp. was common in areas that were empty of P. megacephala and L. humile.
Because both surveyed regions were in urban and residential environments, it is possible that
these areas have been treated with insecticides at least one or more times since the localized
introduction of either species. Similar to Haskins and Haskins (1965), it seems possible that
Brachymyrmex might take advantage of the available niche space and establish more quickly
than P. megacephala or L. humile, following the elimination of these two dominant species. This
fast recovery could be because Brachymyrmex species have winged dispersal, where alates can

spread over large distances and successfully establish new colonies (MacGown et al. 2009).
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Future experimentation could address if insecticide treatment is the mechanism for this
Brachymyrmex replacement phenomenon by applying insecticides to transects of both L. humile
and P. megacephala occupied areas at boundary regions and monitoring the ant species that
establish after treatment has ceased.

Contrary to our original hypothesis, laboratory 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 (Fisher & Fisher 2013, Wild 2007, Chown & Gaston 1999). In an intraspecific species
comparison of the Argentine ant, desiccation resistance increased with body mass (Whyte et al.
2023), however in a community assessment of tropical ants (including P. megacephala), surface
area to body ratio was not found to be a significant predictor of desiccation resistance (Bujan et
al. 2016). To understand how P. megacephala minors and L. humile workers have similar
mortality in desiccation stress, future experimentation could compare how physical and chemical
exoskeletal traits that affect water loss (Schilman et al. 2005) might be similar between the two
species.

Paired comparisons between P. megacephala and L. humile collected in the San Diego
region revealed broad overlap in §1°N values, suggesting that the two species also overlap in
their diets. Similar *°N values suggest that P. megacephala and L. humile have similarly
sourced protein intake through predation and scavenging, which is reflective of trophic
positioning. We found that P. megacephala had statistically higher §*3C values, but this
difference was driven by three extreme points in the data set for P. megacephala. Because of the
uneven distribution of anthropogenic food sources in mixed urban environments, §**C values can

be extremely variable, and even small changes in microhabitat can result in significant changes

11



in 5'3C values for ants, even for ants of the same species (Penick et al. 2015). Our sampling
design consisted of paired collections of L. humile and P. megacephala in which geographical
distance between paired points was minimized, rather than pairing by similar microhabitat, and
as such it is not entirely clear if the observed difference in 53C values is an effect of species
preference or simply localized resource availability. To gain more insight into how these trends
may be present in our study area, future studies could consider an intraspecific comparison of
both L. humile and P. megacephala to assess the degree to which microhabitat type affects §:3C
values. Additionally, future studies could gauge macronutrient preferences between species and
between microhabitat types with baiting experiments to gain more insight into the possible
mechanisms for the observed isotopic differences between L. humile and P. megacephala.

Our results show that the big-headed ant faces similar limitations of invasion as the
Argentine ant, which is an established and widespread invader in California. Like the Argentine
ant, P. megacephala disrupts biodiversity in invaded areas and is particularly destructive to
native invertebrate communities (Loope & Krushelnycky 2007, Holway et al. 2002). Both
species are highly aggressive and form supercolonies that allow them to grow quickly in
population (Tsutsui & Suarez 2003). These similarities may make resource competition and
territory feuds with L. humile the most influential factor of invasion dynamics of P. megacephala
in California. However, on its own, presence of the Argentine ant is likely not strong enough as a
control measure of P. megacephala, as even match-ups between the two species typically favor
P. megacephala (Mothapo & Wossler 2014), and other tropical ant invaders have successfully
become established in urban areas of coastal southern California despite the abundance of L.
humile (Kabashima et al. 2007, Martinez et al. 2011) Though the infestations in our study are the

only two known P. megacephala infestations in California to date, it seems plausible that others
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exist. Longitudinal studies are needed to determine if P. megacephala is spreading within
California and to assess the threat that this species poses as a novel invader.

This thesis, in part, is currently being prepared for submission for publication of the
material. Frazer, Mandy; Holway, David A. This thesis is coauthored with Holway, David A.

The thesis author was the primary investigator and author of this material.
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Figures

A San Diego Infestation (November 2023)
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Figure 1: Mapping of observed occurrences of P. megacephala (yellow) and L. humile (purple)
in San Diego (A) and Costa Mesa, California (B). Blue dashed lines show perimeters used for
calculation of area estimates in arcGIS.
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Plot of §"°N vs 6"°C of collected L. humile and P. megacephala
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Figure 2: Plot of 3'°N vs §*3C values for collected P. megacephala (yellow) and L. humile

(purple); (n = 18 pairs of 60 homogenized worker ants).

15




A 8N of collected L. humile and P. megacephala
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Figure 3: Box plot showing (A) 8*°N values and (B) 8*3C for L. humile (purple) and P.
megacephala (yellow); outliers shown in red. Each box shows the median worker stable isotope
value in the center with the interquartile range (IQR) within the box (n = 18 pairs of 60
homogenized worker ants).
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Proportional Survival by Species
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Figure 4: Line chart showing survival curves (logistic regression) for P. megacephala and L.
humile under different desiccation conditions (n = 10 pairs of 10 worker ants per tube). The solid
lines show curves for L. humile and the dashed lines show curves for P. megacephala, with
curves for air treatment shown in red, Drierite shown in green, and water shown in blue.
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Median lethal time of L. Aumile and P. megacephala under
moderate and severe desiccation conditions
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Figure 5: Box plot showing median lethal time (LT50) in hours for collected L. humile (purple)
and P. megacephala (yellow) for air (left) and Drierite (right) treatments; outliers shown in red.
Each box shows the median LT50 value in the center with the interquartile range (IQR) within
the box (n = 10 pairs of 10 worker ants per tube).
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