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Abiotic factors affecting the foraging activity apotential displacement of native
ants by the invasive African big-headed Bhéidole megacephala (FABRICIUS, 1793)
(Hymenoptera: Formicidae)

Wara AsFIYA, Peter EELES Lori LACH, Jonathan D. MUER, Brian HETERICK & Raphael K. DDHAM

Abstract

The African big-headed arheidole megacephala, is a widespread invasive species that threatenseretosystems and
has been implicated in the decline of native aflhhough the consequences®fmegacephala invasion have been
relatively well studied, the mechanisms responsdiiiesuccess remain unclear. We examined the salrefP. mega-
cephala under differing thermal conditions in the laborgias well as daily and seasonal variation indorg activity
in disturbed urban bushland. In two comparable @ekgboratory experiments, high temperatures hatlang negative

> effect on worker survival d?. megacephala, particularly under low moisture conditions. Imt@st, common native
species ofridomyrmex had significantly greater survival at high temperes. Foraging activity d?. megacephala at
baits was directly related to variation in soilfage temperatures. In addition, proportional badupancy byP. mega-
cephala was higher during warm seasons (early autumn)dhbeng cool seasons (early spring), and in autuait,occu-
pancy was higher in the cool morning than in themex afternoon (all these effects were moderatedigificant
variation among sites). In contrast, native antmidated baits under warmer afternoon conditionth @wimost no co-
occurrence of native ants wikh megacephala. This study suggests that daily and seasonalticarin abiotic conditions
can modify the dynamics &f. megacephala foraging interactions with native ants, therebigeting local community
dynamics.
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Pheidole megacephala, species interactions, thermal tolerance.
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Introduction

The establishment of non-native ant species intiosa Despite many studies examining the ecological ingpac
outside their natural geographical range has be@ommn-  of introduced ant species (e.gQRYER & SAVIGNANO
servation problem worldwide ¢iwAy & al. 2002a, WIT- 1990, MAY & HETERICK 2000, HoLwWAY & al. 2002a,
MAN 2014). Of the many non-native ants that have beer®'DowD 2003, ALEN & al. 2004, WALTERS 2006, lacH
transported around the world, a small proportios b= & THoMAS 2008), substantial gaps still exist in our un-
come invasive, causing severe impacts on recigiemi- derstanding of the factors contributing to the ssscof
munities (FOLWAY & al. 2002a). non-native ants (KUSHELNYCKY & al. 2009).



The African big-headed arRheidole megacephala (FA-

perature and moisture affect the survivalPofmegacephala

BRICIUS, 1793),is recognised as one of the most invasiveworkers, (2) the foraging ¢f. megacephala is influenced

ant species in the world gwe & al. 2000). It most likely
originated from sub-Saharan Africa (M8oN 1967) and
has established populations in many temperaterapital
regions of the world, including in Africa, AustrajiNorth
America, Caribbean, Indian Ocean Islands, Mediteraa,
Pacific Ocean Islands, and South Americac(31YNN
1999, FOLWAY & al. 2002a, VETTERER 2012). In Austra-
lia, P. megacephala was first detected in Cairns in 1901

by environmental conditions, and (B8) megacephala ac-
tivity affects the foraging success of native gredes.

Materials and methods
Laboratory thermal tolerancetrials
To test potential physiological limitations &heidole me-

gacephala activity we conducted two independent thermal
tolerance experiments in the laboratory, usingllpoau-

(TRYON 1912), and since then has spread into many locatations ofP. megacephala from urban areas in Western

tions, including the Northern Territory, Westernstualia,
New South Wales, and Lord Howe Island, and is expgec
to invade urban environments throughout the ng@om-
MONWEALTH OF AUSTRALIA 2006).Pheidole megacephala
invasions have strongly altered the abundance msedsd
ty of native ants (HTERICK 1997, FOFFMANN & al. 1999,
VANDERWOUDE & al. 2000), and have also affected non-
ant invertebrates (EfERICK 1997, HOFFMANN & al. 1999,
HOFFMANN & PARR 2008).Pheidole megacephala also has
the potential to influence native plants by dishugtant-
plant interactions, seed dispersal, and seed Hisy¢sACH

& THOMAS 2008).

Pheidole megacephala is mostly associated with urban
and other highly modified areas and appears to élé w
suited to high levels of habitat disturbancea@R 1985,
HETERICK 1997). In recent years, howevéY, megace-
phala has also invaded native habitats with relatively |
to moderate anthropogenic disturbance, such as ish-
land in Western Australia (CLAN & MAJER 2009), open-
forests in southeast Queensland\(\ERWOUDE & all.
2000) and even a rainforest patch in the NorthesmiT
tory (HOFFMANN & al. 1999). Concern over its capability
to invade undisturbed areas has generated questions
the factors promoting the establishment and spoédd
megacephala. Based on the high prevalenceRimega-
cephala in urban habitats, it had been suggested thati@bio
factors, such as soil moisture, thermal toleraand, shel-
tered micro-sites, are responsible for its invasinoocess
(HOFFMANN 1998, FOFFMANN & al. 1999, May & HETE
RICK 2000). However, empirical evidence that theseofact
influence the foraging success and competitiveldcsp
ment ability ofP. megacephala is limited (e.g., ®EEN-

Australia and Queensland. We compared worker salrviv
of P. megacephala andIridomyrmex species, a widespread
and ecologically important genus of native antaus-
tralia. Numerous authors suggest that the comyeetitature
of Iridomyrmex spp. may form part of the reason that
invasive ants in Australia are generally restridtednod-
ified habitats, and thdtidomyrmex spp. are the native
species most likely to compete directly with sustek
invasive species such as the Argentine amtigw 1994,
WALTERS & MACKAY 2004, THOMAS & HoLwAY 2005).
The particuladridomyrmex species chosen in each region
was the species most similar in foraging strategly/@hys-
ical size (around 3 mm in length) comparedtaonega-
cephala (around 2 mm in length).

In Western Australia, we collected approximately 30
workers from each of five colonies of bdtheidole me-
gacephala andIridomyrmex chasei FOREL, 1902 in two
urban bushland areas, Daran Park (31° 57' 39" %5, 48
31" E) and Hollywood Reserve (31° 58' 08" S, 118° 4
19" E), in August 2011lridomyrmex chasei is a member
of a dominant ant genus in and around Perth, asdhéan
found to occur at the same site localitiePamegace-
phala (CALLAN & MAJER 2009). Other dominant native ant
species at the sites could not be tested due ® ¢on-
straints, and the logistical difficulties in findjrcolony
locations and obtaining sufficient individuals fibie re-
quired level of replication. Worker ants from diféat
colonies of the two species were placed in separat
plastic containers (20 x 20 x 10 cm) partiallyeidlwith
sand and returned to the laboratory.

Upon arrival at the laboratory, ants were placed in
controlled temperature room (26 °C, RH 50%) andshdu

SLADE 1972). Recent work on ant invasions in Florida andin a larger plastic container (30 x 45 x 20 cm)witoist

New Caledonia illustrates how human activity maythee
primary driver of negative effects on native annoauni-
ties in some contexts (KG & TSCHINKEL 2008, BERMAN

& al. 2013).

Recent studies provide evidence for a relationbbip
tween abiotic factors and the distribution or suaviof
invasive ants. For example, for the Argentine lanepi-
thema humile (MAYR, 1868) these abiotic factors include
temperature (HLWAY & al. 2002b, VALTERS & M ACKAY
2004), soil moisture (ENKE & HOLWAY 2006), precipita-
tion (DIGIROLAMO & Fox 2006), and humidity (WLTERS
2003). Given that invasive ant species can haversesf-
fects on biodiversity, and that environmental ctods play
an important role in determining invasion successler-
standing the relationship between these factocsisial.
The aim of the present study was to test the rbtero-
perature and moisture in determining the survival for-
aging activity of the invasive African big-headed Bhei-
dole megacephala. In this study, we test whether (1) tem-

44

sand so that the ants remained hydrated beforexiberi-
ments commenced. From each of the five colonie@, 18
minor workers were randomly assigned into groups of
ten workers and transferred to 18 experimentabvia0
x 75 mm) using an aspirator. A plug of cotton waals
inserted to prevent escape. Each group of ten workas
subjected to one of 18 treatments consisting ofafméne
fixed temperatures (30, 33, 36, 39, 42, 45, 48,81
54 °C) and one of two moisture treatments ("drythwio
water, and "moist" with 0.5 mL water added to tbé&an
plug in the vial), arranged in a randomized bloelsign
with colony as a random factor.

Counts of live and dead workers were recorded after
1 h exposure to the assigned treatment. The temhupesa
used in this experiment were designed to enconjaast
exceed) the maximum ambient temperatures expedence
by Pheidole megacephala populations in urban environ-
ments in Perth (long-term maximum daily temperatuate
the sites range from 25.0 °C in winter to 45.7 8Gum-



mer; Australian Bureau of Meteorology, www.bom.gov.

au/climate/data). The two moisture levels were ehds
test whether thermal tolerance varied with low levaf
moisture availability typical of Australian conditis. Due
to the limited availability of controlled temperatufaci-
lities not all temperature treatments could be cotetl at
once (and occasionally some temperature treatrmaes
conducted on a different day), but native versusmeative
species comparisons, and wet versus dry treatnoem ¢
parisons were always paired at a given temperatune,
the transfer time from the colony in the field be texperi-
mental setup was kept constant (~ 15 hours).

(on different days) for a total number of 153 Iiddtls over
51 sampling days between August 2010 and Janudtdy, 20
with the actual time of observation randomised leemv
an earliest hour of 09:00 h and a latest hour o®Q.&.
Note that 27 of these bait observations contaireedmnts,
and these were excluded from analyses.

Field test of theinfluence of Pheidole megacephala on
foraging success of native ants

To observe the potential influence Blfieidole megace-
phala on the activity patterns of native ground-foraging
ants, we conducted bait surveys in three urbanlandh

For the second laboratory trial in Queensland, antgeserves in Perth, Western Australia. At the uditas used

were aspirated directly from colony entrances docked
in vented vials for 24 hours at 25 °C prior to thal limit
testing. Workers oPheidole megacephala were collected
from various suburban gardens, verges and resirihe
Townsville suburb of West End (19° 15' 38.17" $%°147"
25.10" E), whereatridomyrmex pallidus FOREL, 1901
workers were collected from the southern entraodetvn

for the Queensland field trial, no native ants weresent
(P. Yeeles, unpubl.), so we only have relevant ffata
Western Australia. The Perth climate is Mediterame
type with a mean maximum annual temperature of@4 °
(13.8 °C minimum), and a mean annual rainfall ¢ #m
(Australian Bureau of Meteorology). The three sildc
sites had similar vegetation structure, &dnegacephala

Common Conservation park (19° 13' 55.45" S, 146° 46and native ants were known to occur in the samalitgc

19.64" E). Temperature was varied from 36 °C t6Gn

2 °C (x 0.5 °C) increments, using a modified Pettier-
moelectric incubator. At each temperature, we ambithe
survival of 20 individuals within each of 10 grougiawn
from one of three different, randomly-selected oiés.
A total of 36 colonies of each species were sampii¢tl
no repetition across temperatures. Different celsnvere
used to assess each temperature treatment. Thermal
sponses of ants were tested in 12 mm diameter tgass
tubes with damp cotton-wool at the base, pluggeddty
with dry cotton-wool. A 1 litre container was fitlewvith
sand to act as a heat sink and allowed to come tipet
required temperature inside the incubator befoeevthls
were pushed into the sand to the level of the nettool
plug. After 1 hour of exposure the vials were reetband
the ants immediately assessed for "survival" @eserved
incapacitation).

Field test of P. megacephala foraging responseto in-
creasing ambient temperatures

Foraging rates dPheidole megacephala in relation to tem-
perature were assessed at two urban reservesy138.17"
S, 146° 47' 25.10" E, and 19° 14' 26.88" S, 14623778"
E) in Queensland using counts of individuals at$had
minutes after placement. This area of northern Qslaad
has a dry-tropical climate, with a mean maximumgem
rature of 28.9 °C, and a mean annual rainfall &8Lthm
(Australian Bureau of Meteorology). On sampling slay
three ceramic 30 x 30 cm tiles were haphazardlggula
(about 5 m apart) and left for 30 minutes befoiadaded
with bait. The tiles were tan in colour, with a dbhase-
lected to closely match the tone and colour ofstéedy
soil found at both sites. One teaspoon of a tumaney
paste (100 g tuna in oil, combined with 30 g honeg}s
deposited into the centre of the tile. After 30 ntas the
tile was imaged using a high-resolution digital eam ant
samples were taken for identification, and a soiface

Chidley Point Reserve (32° 01' 01" S, 115° 46' &},
Daran Park, and Hollywood Reserve. The three sifa®-
sent disturbed urban bushland remnants, with arstorey
dominated byEucalyptus gomphocephala DC. (tuart),Eu-
calyptus marginata SM. (jarrah), andCorymbia calophylla
(LinDL.) K.D. HiLL & L.A.S. JOHNSON (marri) (ECosScAPE
2002), as well aBanksia attenuata R.BR. (banksia) at some
locations (@LLAN & MAJER 2009). All sites were se-
parated by at least 3 km, and the surrounding ks
comprised low-density urban residential areas.

At each site, the bait surveys consisted of 25 diait
tions placed on a 60 x 60 m grid at 15 m spaciraghE
bait station contained a 1:1:1 mixture of tunailnteney,
and peanut butter. This mixture consisted of pnstetar-
bohydrates, and lipids that are attractive to tRitadole
megacephala (see QLLAN & MAJER 2009) and genera-
list omnivorous native ants EDMAS & HoLwAy 2005).
The bait (3 - 4 g) was placed in the centre ofaitated
10 x 10 cm plastic card at each of the 25 baitostst One
observer (W. Asfiya) then inspected the baits at fone
intervals 45 minutes apart, for 3 hours, and reedrithe
species identity and number of ants that were fowitttin
a 10-cm radius of the baits. Voucher specimens welre
lected with forceps, stored in 70% ethanol, andtified
to species using ETERICK (2009). Ants were surveyed in
the mornings between 7:30 h and 10:30 h (survegs 3,
and 4), as well as in the afternoons between 1R:80d
15:30 h (surveys 5, 6, 7 and 8), to provide infdromaon
the effects of diurnal temperature variationRinmega-
cephala and native ant activity. Morning and afternoon
baiting surveys at the same site were conductetlifi@nent
days and in a randomized order. All surveys weng co
ducted in 2011, during both autumn (April) and spri
(September) under ambient temperature conditiondags
with no precipitation and light winds. Overall,glsampling
design provided a total of 1200 bait observaticrords
(3 sites, 25 baits per site, 2 seasons, 2 timegeper day,

temperature reading was taken using a K-type thermoand 4 repeated sampling times per time-period).

couple placed in contact with the soil adjacenthttile.
Prior field tests had established that it was [iegb de-
termine ant species identity from these high-re&nium-
ages. Observations were alternated between thsite®

Ambient temperature and moisture conditions at each
bait were only measured in the subsoil, and we askn
edge that this does not adequately reflect the héejéro-
geneity in surface measurements (due to sun-flggkirat
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foraging ants are likely to be responding to. Smihpera-
ture was measured using a digital temperature pirobe
serted into the soil to a depth of 11 cm, and swiisture
measurements were taken by inserting hydrometdyepro
rods into the soil to a depth of 12 cm (HydroSesanp-
bell Scientific Australia Pty. Ltd). All measurenismwere
taken two times near each bait station during eamming
and afternoon session of the bait survey. Becaesean-
not use these measurements as a direct correlatmef
ditions that ant foragers are responding to ongtleeind
surface, we simply present descriptive average éeaip
ture or moisture readings here per session ofsbaitey.
Soil temperature averaged 22.6 °C and 16.7 °C tunau
and spring, respectively. In autumn, ground tentpegan
the afternoon averaged 3.3 °C higher than in thenmg
(paired t-test, t = 15.6, df = 24, P < 0.0001), le/Hoil
moisture in the afternoon averaged 0.3% lower thahe
morning (paired t-test, t = 4.8, df = 24, P < 0.000n
spring, ground temperature in the afternoon aver&de°C
higher than in the morning (paired t-test, t = 1629%
0.0001), while soil moisture in the afternoon agem
0.6% lower than in the morning (paired t-test,5.%, df
=24, P < 0.0001).

Statistical analyses
Laboratory thermal tolerancetrials
Western Australia trial: We tested the effects of experi-

mental variation in temperature and moisture c@rgiton
worker survival ofPheidole megacephala andlridomyrmex

interaction, on the proportion of workers surviviafter
one hour. Workers were randomly drawn from différen
sets of colonies for each temperature treatmergasb re-
plicate is considered "independent” and no randfiecte
was required. No over-dispersion of model residuwals
detected. Model inference followed the same proeeds
described above for the Western Australia trial.

Field test of Pheidole megacephala foraging response
to increasing ambient temperatures

To test whether the thermal preferenceBtudole mega-
cephala recorded in the laboratory trials translated into
temperature-dependent changes in foraging actiitieler
field conditions, we used a binomial GLMM analysis
"Ime4" with temperature as a fixed effect and sangpl
date as a random effect (to account for non-indepece

of the three bait stations sampled on each daighifs
cant over-dispersion of model residuals was detecte
an observation-level vector was added to the masdel
random effect.

Field test of theinfluence of Pheidole megacephala on
foraging success of native ants

First, we quantified observed changes in bait caoap be-
tween the cooler morning versus warmer afternoamlieo
tions, and between the cooler spring and warmamauit
seasons. In each of the three-site by two-seasuieo
nations, the first bait observation in each of t@rning

and afternoon time periods (separately) was recbadea

chasei using a binomial Generalized Linear Mixed Model new colonisation event by eithBheidole megacephala

(GLMM) in the "Ime4" package in R 3.0.2 (RVELOP-

or a native ant species. For the subsequent thpsated

MENT CORETEAM 2013). The model consisted of the fixed bait observation times, any change in bait occupdes

effects of species (S), temperature (T), and migsiM),
plus their two- and three-way interactions, onphgpor-
tion of workers surviving after one hour. Colonidity
was included in the model as a random effect. Thdah
was tested and found to have significant over-dgpe of
residuals prior to model simplification, so an abation-
level vector was added to the model as a randoetieff
(BOLKER & al. 2009). We used Akaike Information Crite-
rion (AICc) scores (with correction for small samize)

tweenP. megacephala versus native ants was recorded. In
determining species replacement, empty baits etnmadi-
ate time intervals were ignored. Occasionally (B9ev-
vations out of 1200) more than one (range: 2 -atjve
species co-occurred at the same bait, and thigreated
as if only one ant species was present (i.e., adhamga-
tive ant composition was not tested in this anajydihere
were 23 co-occurrences Bf megacephala and native ants
at the same baits, and these were coded consexlyativ

and Akaike weights to rank and assess the full hodebased on the final outcome of species change atiross

against simplified models containing fewer intei@aciand
main-effect terms, using the "MuMIn" package in R.2.
The models within 2 AICc units of the best-fit mbdere
taken as having equivalent explanatory powerRBAm

& ANDERSON2002). From this candidate set of top mod-

els, we estimated the final model coefficients gsirodel
averaging in "MuMIn" (RUEBER& al. 2011). Model av-
eraging accounts for model selection uncertaintyifing
the weighted averages of parameter estimates loasext
lative AICc model support. For the final model-aaged
predictor set, we used the approach eikNcawA &

intervals (i.e., data were excluded in 13 casesehee
initial co-occurrence did not eventually lead tohenge
in bait occupancy at the next time interval).

From these data, we tested the proportion of unoccu
pied baits and then the proportion of the occufiad-
tion of baits that was occupied Pheidole megacephala
rather than native ants, using binomial GLMMs vsite,
season and time-period, plus their two- and thraeg-w-
teractions, as fixed effects. A random effect wadea for
the non-independence of repeated bait observatighs
each time-period. The models were tested for oisgred-

SCHIELZETH (2013) to estimate absolute model fit using sion of residuals prior to model simplification,daan ob-

the marginal R (variance explained by just the fixed ef-
fects) and conditional Rvariance explained by both fixed
and random effects) in "MuMIn".

Queendand trial: We tested the effects of experimen-

tal variation in temperature conditions on workanvé/al
of Pheidole megacephala andlridomyrmex pallidus using
a binomial Generalized Linear Model (GLM) in thegts"
package in R 3.0.2. The model consisted of thedfiede
fects of species (S) and temperature (T), plus thei-way
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servation-level vector was added to the "unoccupaat!
model as a random effect.

Differences in ant composition between times of day
(morning and afternoon) and between seasons (atdnohn
spring), were tested using permutational analysisad-
ance (PERMANOVA) based on Bray-Curtis similarity-ma
trices. Prior to analysis, we square-root transtrant
abundances to reduce the influence of highly atntrejze-
cies such aBheidole megacephala. In the PERMANOVA
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Fig. 1: Survival of worker ants under varying exp@mntal temperature and humidity treatments inlaberatory. (a, b)
A comparison of survival of the non-natifAaeidole megacephala and the nativéridomyrmex chasel in Western Aus-
tralia at nine temperature and two moisture treatmé/alues are mean (£ 1 SE) survival for woreym the same five
replicate colonies tested each time. Each replicamsisted of ten workers held in a test tube pdggith cotton wool.
(c, d) A comparison of survival of the non-natRemegacephala and the nativéridomyrmex pallidus in Queensland at
nine temperature treatments (with constant highstoge). At each temperature, values represent ganrproportion
(x 1 SE) survival of 20 workers in ten randomlysgrasubsamples from one of three different colos&lected at ran-
dom. Different colonies were used for each tempesatreatment. Fitted lines are the predictedicgiahips from model-

averaged coefficients of the best-fit binomial medeithin two AlCc units of the top model (see Tab.

analysis, site (3 levels: Chidley Point Reservaab#ark,
Hollywood Reserve), season (2 levels: autumn aridggp
time of day (2 levels: morning and afternoon), and-
vey number (4 levels: 2, 3, 6, and 7) nested withire
of day were added as fixed factors. For the purpage
species composition analysis, we excluded survessdl
5 because of high stochastic variability in initiatruit-
ment times to the newly-placed baits. We also edexdi
surveys 4 and 8 since the temperature gradieritooaé
times had started to change rapidly, and wereympital
of distinct morning or afternoon periods, respetyivPER-

MANOVA analysis was performed using the Primer @ an

PERMANOVA + packages (PRIMER-E Ltd., Plymouth,
UK).

Results

Laboratory thermal tolerancetrials

Western Australia trial: In the GLMM analysis, three
models had equivalent explanatory power (Tab. da,
the overall trend was for decreasing survival ghér tem-
peratures, lower average survival in the low moésteeat-
ment, and lower average survival (at a given teatpes)
for Pheidole megacephala compared witH ridomyrmex
chasai (Tab. 1a, Fig. 1a, b). The overall explanatory eow
of the best-fit model (Tab. 1a) was 75.08% for fiked
effects in the model (conditional effects, incluglinoth
fixed and random effects = 77.40%). Under dry ciioi,
70% ofP. megacephala workers survived at 30 °C, but
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Tab. 1: Comparison of model fit for models testihg
effects of experimental temperature (T) and moés{i)
treatments (in the laboratory) on worker survival iwo
species (S): (alPheidole megacephala and Iridomyrmex

chasei in Western Australia (using a binomial generalised

linear mixed effects model, GLMM, with colony idégt
as a random effect in the model), and®binegacephala
andlIridomyrmex pallidus in Queensland (using a binomial
generalised linear model, GLM). Only the best-fadals
are shown (cumulative likelihood > 90%), with K (nler
of parameters in the model), AlICc (Akaike Infornoati
Criterion adjusted for small sample siz&\ICc (change
in AlCc; models withAAICc < 2 have an equal likelihood
of being the model that best explains the respwasie
able, as shown in bold), and Akaike weight (relafpro-
bability of each model being the best model).

M odel K AlICc | AAICc | Akaike
weight
a) Western Australia tri¢
S+T+M 6 | 419.87 0.00 0.336
S+T+M+ST 7 | 42081 | 0.94 0.211
S+T+M +SM 7 | 421.85 1.98 0.125
S+T+M+ TN 7 | 422.0¢ 2.17 0.11¢
S+T+M+S.T+S:) 8 | 422.9¢ 3.0¢ 0.07:
S+T+M+S:T+T:N | 8 | 423.0( | 3.1% 0.07(
b) Queensland tri
S+T+ST 4 | 44347 0.00 0.770
S+1 445.9: 2.4: 0.23(

survival declined sharply to 26% at 36 °C, and ndivii-
dual survived at 39 °C (50" percentile of the predicted
survival function = 34.6 °C; Fig. 1a). Under moisin-
ditions, however, survival rates Bf megacephala work-
ers were significantly higher compared to thoseeurity
conditions, with 88% oP. megacephala workers surviv-
ing at 30 °C, declining sharply to 2% at 39 and@2and
zero survival at 45 °C (3Dpercentile of the predicted
survival function = 38.2 °C; Fig. 1a). By contras¢vere
effects of temperature on survival bfchasei workers
were only evident above 45 °C, particularly undsrabn-
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Fig. 2: Field observations in Queensland, Austratiaord-
ing the proportion oPheidole megacephala observed at
baits out of the total number of ants present. fitied
line is the predicted relationship from a binongahera-
lised linear mixed effects model (GLMM) testing tbie
fect of soil surface temperature on the proportér.
megacephala at baits.

fit model showing a significant interaction effantthe
influence of temperature on worker survival for tie®
species (Tab. 1b). Survival ratesRfmegacephala work-
ers (under moist conditions) started to declineval9 °C,
and declined moderately rapidly to zero above 46 °C
(50" percentile of the predicted survival function =612C;
Fig. 1c). In contrast, worker survival of pallidus re-
mained high across a much wider temperature ramge (
to 45 °C), and there was a significantly greatepslof
decline in survival with increasing temperaturexabs0 °C
(50" percentile of the predicted survival function =G18C;
Fig. 1d). Overall explanatory power for this baestriodel
(Tab. 1b) was 70.77%.

Field test of Pheidole megacephala foraging response
to increasing ambient temperatures

In the Queensland field trial, the total numberaofs ob-
served at baits declined steadily with increasergpera-
ture (Fig. 2), and there was a significant declim¢he
proportion of total ant visitation that was repmesel by
Pheidole megacephala (Fig. 2). In the GLMM analysis,
soil surface temperature had a highly significagative
effect on the proportion d?. megacephala observed at
baits (z = -6221.0, P < 0.0001), and explained %4of

ditions (50" percentile of the predicted survival function the variance in the data (conditional effects,tidirig both

= 41.5 °C under dry conditions, and 45.3 °C underisin
conditions; Fig. 1b). The interaction effects ie tihhodels
(Tab. 1a) suggested that temperature might haveadey
effect on survival foilP. megacephala than forl. chasei
(S:T interaction in the second-ranked model in Tkd.
AAICc = 0.94, Akaike weight = 0.211), and that the a
erage response to desiccation stress might beegrieat
P. megacephala than forl. chasei (S:M interaction in the
second-ranked model in Tab. P8ICc = 1.98, Akaike
weight = 0.125). However, in the final model-avezdg
predictor set, neither of the interaction effecasl Istatis-
tically significant model coefficients (both z <50, P >
0.64), so model support for these effects is weak.
Queendand trial: In the comparable GLM analysis of
survival of Pheidole megacephala andlridomyrmex pal-

fixed and random effects = 65.34%). Thd'B@rcentile of
the predicted bait occupancy function was 41.9FiG. (2).

Field test of theinfluence of Pheidole megacephala on
foraging success of native ants

In the foraging ant bait survey in Western Aussralve re-
corded 16 ant species, with 11 at Chidley PointeRes
11 at Daran Park, and 6 at Hollywood Reserve (2ab.
The ant species belonged to the subfamilies Mymagi
(6), Dolichoderinae (5), Formicinae (4), and Eatattnae
(1). The most abundant species at baits (ovenalley
periods pooled) weré&heidole megacephala (91.05%) and
Monomorium sordidum FOREL, 1902 (3.43%) at Chidley
Point ReserveMonomorium sydneyense FOREL, 1902
(56.90%),P. megacephala (31.11%) M. sordidum (5.79%)

lidus under moist conditions (only), there was one best-andlridomyrmex splendens FOREL, 1907 (4.53%) at Daran
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Tab. 2: Summary of the results for bait surveyg/imstern Australia showing ant species and numbgrddfiduals that

were recorded at baits. Overall number of obsewmatacross sites, seasons, and times of day arkad30(3 sites, 25
baits per site, spring and autumn seasons, moamdgafternoon time-periods). Note that the foueetpd surveys at
each bait have been pooled for the purposes ofagisp

Species Presence at baits| Chidley Daran Hollywood | Total ants
(out of 300 Poaint Park Reserve recorded
Pheidole megacephala (FABRICIUS, 1793 131 2110¢ 475( 2283¢ 4869
Plagiolepis lucidula WHEELER, W.M., 193¢ 3¢ 14 19 42 7t
Iridomyrmex splendens FOREL, 1907 3C 35¢ 58¢ 8€ 102¢
Monomorium sordidum ForeL, 190z 45 91¢ 97C 1115¢
Monomorium sydneyense FOREL, 190z 3E 8824 233: 188¢
Rhytidoponera violacea (FOREL, 1907 K 152 15 167
Iridomyrmex chasel FOREL, 190z 12 662 25€ 91¢
Crematogaster laeviceps chasei FOREL 190z 9 37C 11 381
Meranoplus ferrugineus CRAWLEY, 1927 8 21 68 9C
Melophorus ludius FOREL, 190z 8 217 217
Notoncus gilberti FOREL, 189 4 32 32
Monomorium fieldi ForeL, 191( 3 117 117
Iridomyrmex longisoma HETERICK & SHATTUCK, 2011 2 6 6
Camponotus terebrans (LOWNE, 1865 1 1 1
Anonychomyrma fornicata (EMERY, 1914 1 2 2
Ochetellus glaber-group sp. JDM1 1 4 4

Park; andP. megacephala (89.36%) andVl. sydneyense
(10.04%) at Hollywood Reserve. We found that natints
almost never co-occurred with megacephala at the same
baits, with a total of only 23 co-occurrences rdedrfrom
1200 bait observations. The few species that datlag
in recruitment to baits witP. megacephala includedM.
sordidum (autumn and spring: afternooi), sydneyense
(autumn: afternoon; spring: afternoon and mornify-
tidoponera violacea (FOREL, 1907) (spring: morning and
afternoon), anéPlagiolepis lucidula WHEELER, W.M., 1934

(spring: morning and afternoon).

The frequency of occupied versus unoccupied baits v
ied significantly between seasons and sites (Bigwih
a significantly lower proportion of occupied bditsspring
than in autumn (GLMM, z = 5.446, P < 0.0001) and atime interval to the next, in either the morningadter-
significantly lower proportion of occupied baits@aran
Park than at the other two sites, but only in autym=
3.125, P < 0.002) and not in spring (due to a $icpmt
interaction effect between season and site; z 8&2.B =

0.017) (Fig. 3).

Of the occupied fraction of the baits (746 out 20Q
bait observations), the GLMM analysis showed that t
proportion occupied bPheidole megacephala versus na-
tive ants varied significantly between seasonsssiand
time periods (Fig. 3), with significant interactieffects
between site and season, and between site angdriosl
(explaining 32.83% of the variance in the data,ralip
In autumn, proportion occupancy Bf megacephala was
significantly higher in Hollywood Reserve than s bther
two sites (z = 5.666, P < 0.0001), although this sffect
was not evident in spring (significant season Iy isiter-

action effect; z = -3.857, P = 0.0001). At Chidkegint,
there was no significant change in the relativediency

of P. megacephala occupancy between morning and after-
noon periods, whereas at both Daran Park and Hotgw
Reserve there was a significant decrease in thmopion

of baits occupied by. megacephala in the afternoon
compared to the morning (significant site by tinezipd
interaction effect: z = -4.545, P < 0.0001 for DaRark;

z =-2.639, P = 0.008 for Hollywood Reserve).

The changes in proportion of baits occupiedPbgi-
dole megacephala versus native ants appeared to be caused
mainly by new occupation of previously unoccupiaitd
rather than by species replacement, per se. There w
few observations of species replacements recordeddne

noon (only 22 replacements out of 746 occupiedshiait
total; Fig. 3).Pheidole megacephala was simply more
likely to recruit to baits in the mornings thanthe after-
noons and exhibited a tendency to forage more éetgu
ly in autumn than in spring (Fig. 3Pheidole megace-
phala had its maximum activity (> 300 workers per bait
observation) within a relatively narrow temperattaage
of 18 - 28 °C (measured subsoil temperature), lodt u
fortunately soil surface temperatures are not abéél to
correlate with predicted thermal tolerances. Natinés
were more likely to recruit to baits in the afteons than
in the mornings, and forage more frequently inrgpthan
in autumn, at times whel megacephala was not active
(Fig. 3).

Finally, there were highly significant differendasspe-
cies composition between seasons (PERMANOVA, Pseudo
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Fig. 3: Field observations in Western Australisoreiing the number of baits (out of 25) that wereupsed byPheidole
megacephala (values below the zero line) versus native arau@s above the zero line). Baits were set in thening
and afternoon on different days at each of thries $CP = Chidley Point; DP = Daran Park; HR = iAetiod Reserve)
in autumn and spring, and repeatedly sampled fmegs to record any change in bait occupancy thrdimé. There
were only 23 co-occurrences IBf megacephala and native ants at the same baits (out of 1200dbsiervations). See

Methods for details of data interpretation in theases.

F =217, P = 0.001), sites (Pseudo-F = 9.4, P081).

and times of day (Pseudo-F = 9.3, P = 0.001) (Bab.

Again, these differences were due largely to vammain
the relative abundances Bheidole megacephala versus
native ant species at baits (Fig. 3), but there alss var-
iation in native ant composition (Tab. 2).

Discussion

The results of our study show that the survival fomeg-
ing activity of Pheidole megacephala are strongly influ-
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enced by abiotic conditions, under both laboratony field
conditions. Foraging responsesRofmegacephala to tem-
perature and moisture conditions are likely torbpartant
factors contributing to the disruption of nativet éorag-
ing and the simplification of ant community strueun
degraded habitats. In baiting survelysimmegacephala was
more likely than native ant species to exploitdaitd this
almost completely suppressed the foraging sucdess-o
tive ant species at lower temperatures, wiRemegace-
phala was active. We discuss the potential Fomega-



Tab. 3: Results of a permutational analysis of araze
(PERMANOVA) testing the drivers of variance in apte-
cies abundances at baits. All tests are based ayr®urtis
similarity matrices generated from square-rootsf@med
ant abundance data. Site, season, time, and sooveer
(nested within time of day) were added as fixedofiac
Significance: *P > 0.05, **P > 0.01, **P > 0.001.

df MS F
Site 2 | 27659.0 | 9.4
Seaso 1 |63883.( |21.7**
Time 1 |27340. | 9.3***
Survey (Time 2 579.¢ | 0.
Site x Seasc 2 |13385.0 | 4.5%*
Site x Time 2 118026.( | 6.1***
Season x Tin 1 5621.( | 1.¢
Site x Survey (Time 4 1131.f | 0.2
Season x Survey (Tirr 2 1767.7 | 0.
Site x Season x Tin 12 0.€ | 3.5%**
Site x Season x Survey (Tin 4 |10519.( | 0.

phala actively foraged at baits, and the potential thérma
constraints that might lead to bait abandonmenes€h
observations are clearly illustrated in Figure Peve the
frequency ofP. megacephala workers recruiting to baits
declined with increasing temperature, leading torash-
old at which the ants either abandoned the baityere
displaced by other species better able to competach
temperatures. This threshold (i.e."frcentile of the sur-
vival function) of 41.9 °C was consistent with esitte
from the thermal response curves conducted unterda
tory conditions. Moreover, these results are atswistent
with the observations of REENSLADE (1972) and HAT-
WOLE (1989)who both found thaP. megacephala pre-
ferred to forage at lower temperatures relativetter co-
occurring ant species.BATWOLE (1989)went on to state
thatP. megacephala could be classified as thermophobic.

The finding thatPheidole megacephala has a lower
thermal tolerance limit and forages at lower terapeges
than native ants is consistent with findings fogémntine
ants. For example, éLlwAy & al. (2002b) reported 50%
mortality at 45 °C for Argentine ants, whereadia# spe-
cies of native ants tested only reached 50% miyrizii47
- 50 °C. In the field, Argentine ants attained nmaxm
abundance at baits at 34.0 °C, which was 5.4 °@rdhan
a native ant competitor.

Globally, WETTERER(2012) suggests that climate ap-

cephala to alter the structure and dynamics of ant commu-pears to be the most important factor in deterngriive

nities through monopolization of resources undendeable
abiotic conditions.

Thermal responses

Our laboratory experiments across a range of teayres
from 30 - 54 °C enabled us to examine how foragictiy
vity might be constrained by environmental tempees.

In both the Western Australia and Queensland exyets,
we found that the thermal limit of the invasikbeidole
megacephala was significantly lower than that of a locally
common nativeridomyrmex species. Under moist condi-
tions, the 50 percentile of the predicted survival function
for P. megacephala was 38.2 °C in Western Australia and
44.6 °C in Queensland, while the respective figdogs
native Iridomyrmex species were 45.3 °C and 49.0 °C.

geographic limits oPheidole megacephala, and BERTELS
MEIER & al. (2013) predict that future patterns of inva-
sion might be determined by the degree to whiamate
change limits range expansion. However, furtheeamsh

is still needed on the relative constraints plaoce®. me-
gacephala in terms of biotic and abiotic resource avail-
ability in time and space.

Consequencesfor interactions between P. megacephala
and native ants

Our bait surveys in Western Australia further conid
that foraging activity oPheidole megacephala is related

to both daily and seasonal variation in temperatome-
ditions. The relative proportion of baits occupledP.
megacephala, compared to native ants, was higher during

Pheidole megacephala in Queensland appears to have awarm seasons and higher in the morning than afterno

higher thermal tolerance than in Western Australiaich
may indicate a degree of acclimation to the higimbient
air temperatures found in the Australian tropicewH
ever, we cannot rule out the possibility that thetgly
different experimental protocols in the two locagcex-
plain the observed difference. In the Western Allistiex-
periment, the inclusion of a low-moisture treatmaisop
highlights the potential effect that humidity midfgve on
foraging activity. Under dry conditions, 70% Bf mega-
cephala workers survived at 30 °C, but no individuals

survived at 39 °C. These patterns clearly match the abi-

otic preferences of foraging. megacephala observed in
the field, in both the Queensland and Western Aliatr
field trials where activity was restricted at higlseil tem-
peratures.

When foraging activity oP. megacephala decreased at
either very low temperatures (in spring) or vergthtem-
peratures (such as in the afternoon in autumnpagtion-
ally more native ants recruited to the baits.

It was clear that very few native ants co-occursgth
Pheidole megacephala at the same baits. Although we can-
not rule out thermal niche partitioning with ourtalathe
aggressive behavior and recruiting ability of taig spe-
cies (DEJEAN & al. 2007) suggest th& megacephala may
control the structure and dynamics of ant commaaiti
through monopolization of resources under favoerabi-
otic conditions. Such a finding would be in linghvother
studies reporting native ant displacement wiRereegace-
phala has invaded. For examplepEFMANN & al. (1999)
found only one native ant species, a cryptipoponera

The way in which these thermal responses might in-sp., within their most infested site, and a latenitoring

fluence the foraging activity d?heidole megacephala in
the field has seldom been investigated. In our @see
land field trial, we specifically assessed the mnfvari-
ation in soil surface temperatures over whiclmegace-

study (HOFFMANN & PARR 2008) revealed that no native
ants were collected from the same siteB.anegacephala.
The same was true of our Queensland field sitesrevho
native ants were present to compare relative regsofie.,
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all other co-occurring ants were also non-nativeyétles,  results suggest that only native ants that have bign-
unpubl.). Moreover, a previous study in Queensiagidg  petitive ability, different thermal niches, or thbility to
tuna baiting (\MANDERWOUDE & al. 2000) found no coex- operate in disturbance-dominated niches, mightigteirs
istence betweeR. megacephala and other ant species at the presence &¥. megacephala. At present there is no con-
infested sites. Instead, opportunist ants (Oehetellus, clusive evidence to separate these effects froturdence-
Nylanderia, andRhytidoponera) were only found feeding driven dynamics that might be causing both theidedh
at the same baits in an area betweerPtheegacephala native ants and a coincident increas®imegacephala

colonies and the uninfested areag\JERWOUDE & al. dominance.
2000). In our Western Australia sites only a fewnamon If direct competitive interactions play a role iatdr-
native ant species remained (eld.,sordidum, I. splen- mining distributions in the field, the exact mecisam of

dens, andR. violacea), in stark contrast to nearby unin- native ant exclusion still requires further invgation. Pub-
vaded patches, which are known to contain as mar38a lished observations provide no evidence Btaidole me-
native ant species fCLAN & MAJER 2009). gacephala instigates aggressive interactions with native ant
Site to site differences were also large in theé ®@i-  species in Australia (FrERICK 1993, Q\LLAN 2004) and
vey. Daran Park, in particular, had lower baittaisbn by  evidence oP. megacephala's competitive ability against
Pheidole megacephala than the other two sites. All of the dominant species in laboratory competition assaysixed
sites have been infested Bymegacephala for at least the  (MOTHAPO & WOSSLER2014,BERTELSMEIER& al. 2015).
past five years, so time since invasion is unlikelype a  However, observations in Western Australia suggsbr
factor. We have no conclusive explanation for these  workers ofP. megacephala are able to immobilise other
terns, but differences in disturbance regimes oistate  ants by holding their legs until major workers arto kill
availability may be factors (Daran Park is largad aurvey  them (B. Heterick, unpubl.), a behaviour also sgting
sites might have been farther from water sourdds)s- the Queensland field trials in this study (P. Yeelen-
ture can interact with temperature in influenciagdl dis-  publ.). Pheidole megacephala may be able to displace es-
tributional patterns oP. megacephala, as shown in the tablished ant communities by tailoring their raifarapidly
survival experiments. Moreover, moisture is congidean  recruiting minor workers and more physically capahhbjor
important determinant of areas tifatmegacephala is like- caste workers. Similarly, 8LwAy (1998) found that Ar-

ly to invade. For example, in the Northern Termtdp. gentine ants have the ability to discover and ietwdfood
megacephala was found mostly along drainage channelsmore quickly, and in higher numbers, than manyueati
(HOFFMANN & al. 1999). ants. WLLS & al. (2014) suggest that variation in the body

There has been some debate whether competition frorsize distribution of workers d®. megacephala may be the
dominant native species might also be a factottitigiithe  result of rapid adaptation or plastic responsdedal con-

spread and persistence Rifeidole megacephala. ANDER- ditions, which lead to greater investment into majork-
SEN & PATEL (1994) has suggested that competition fromers (for defence) when invading areas with higlveant
dominant native ants in the subfamily Dolichodegirfai- abundance or diversity. Previous manipulative arpeits

domyrmex species) could limit invasion &f. megacephala. have also revealed that colonies of theRhw dole palli-
However, in the present field study the thradomyrmex dula (NYLANDER, 1849) increased soldier production after
species had substantially lower bait visitation paned  perceiving the presence of foreign conspecific nie
with P. megacephala, although caution is needed in inter- (PASSERA& al. 1996).

preting these results as we only surveyed sitepiing
and autumn, wheredsidomyrmex spp. activity might be
greater at the height of summer. MoreoveaLIGAN & The results of this study suggest that abioticdiectan
MAJER (2009) found that the abundance of dominant Do-determine the foraging activity &heidole megacephala.
lichoderinae declined rapidly as the abundande. afega- From a management standpoint, data on the effdcts o
cephala increased. Also in agreement with these resultsemperature and season on foraging activityPbgnega-

are the findings of ¥NDERWOUDE & al. (2000) who re-  cephala can be used to estimate the most effective timing
ported only opportunistic species co-occurred Witime- of bait control applications. For example, the hastng
gacephala. This may explain the presence of the oppor-for bait is in the morning and / or in autumn, whtme-
tunistR. violacea at the same baits wifh. megacephala gacephala activity is high, as is also suggested byas

in this study. However, recent ant surveys in teet® & al. (2003) for the control o%olenopsisinvicta BUREN,
metropolitan area have suggested that &mstidoponera 1972. Moreover, information on moisture effects barap-
spp. abundance and richness were greatly reducetewh plied to the management Bf megacephala, as demons-

P. megacephala was present (ETERICK & al. 2013). In  trated by the work of MNKE & HoLwAY (2006) on the
Mexico, whereP. megacephala has been introduced, only Argentine ants in southern California. In Westeusta-
three speciesdhorymyrmex pyramicus (ROGER 1863), lia, where public open spaces (i.e., parks, gardeatsiral
Dolichoderus bispinosus (OLIVIER, 1792)and Solenopsis and semi-natural urban green) are irrigated, laadagers
geminata (FABRICIUS, 1804), out of 11 always resisted the may need to re-think water management schemeslar or
raid of P. megacephala with little or no loss of workers to prevent the spread Bf megacephala in the future.
(DEJEAN & al. 2008). Competitive resistance by native ants
has been noted in studies of other invasive antiepe
For example, BIGHT & al. (2010) showed that the dis- Ecologists have long emphasized the role of abuit-
tribution of Argentine ants in Corsica was limitegdthe  ditions in determining the activity &heidole megacephala,
presence of an ecologically dominant native speCrgs- but it has rarely been demonstrated experimentéhis
noma nigerrimum (NYLANDER, 1856). Taken together, these study shows that temperature, and potentially hitynichn

Management implications

Conclusion
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have substantial effects on the survival and forggiuc-
cess ofP. megacephala, and on the interaction between

on biodiversity in Australia and its territoriesDepartment of
the Environment and Heritage, Canberra, 44 pp.

P. megacephala and native ants. It also demonstrates thatDesean, A., KENNE, M. & MoRrEAu, C.S. 2007: Predatory abili-
P. megacephala presence in highly modified areas, such as ties favour the success of the invasive Rimidole megace-

urban bushland remnants, can reduce the foragitapss
of co-occurring native ant species. The effectlmbtic
conditions orP. megacephala may therefore determine the
potential displacement of native antsmymegacephala,
and alter the structure of ant communities in tremaan-
vaded.
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