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ABSTRACT The ant Solenopsis invicta Buren has spread across the United States and is reported to
have signiÞcantly reduced the diversity of the native ants. Much of this spread is occurring on land
that has been repeatedly disturbed by continually changing land use practices. S. invicta seems to
outcompete andeliminateother resident ant species.However, this inferencemaynotbe truebecause
several resident native ant species are known to persist in S. invicta-infested areas. Thus, in this study,
we analyze the aggressive interaction between selected resident ants and S. invicta by evaluating
whether some of these ants are capable of attacking small worker-defended S. invicta colonies or are
instead attacked by the S. invicta colonies. Our results suggest that the native ant speciesMonomorium
minimum (Buckley), Pheidole dentata Mayr, and Solenopsis molesta (Say) and exotic tramp ants
Tetramorium bicarinatum (Nylander) and Monomorium pharonis (L.) do interact with the S. invicta
and will attack and eliminate worker-defended S. invicta colonies of varying sizes ranging from 30 to
480 workers. M. minimum, P. dentata, S. molesta, T. bicarinatum, and M. pharonis also were observed
to prey upon S. invicta brood oncemost of the defendingworkers were eliminated. The native species
Forelius sp. was not observed to invade the S. invicta colonies; instead, it prevented S. invicta workers
from leaving their nest to forage, which may have contributed to the decline of S. invicta colonies of
up to 60 workers over time.
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SINCE ITS INTRODUCTION, Solenopsis invicta Buren has
become one of the dominant species in the southeast-
ern United States (Vinson 1997). The increasing pop-
ulation density of S. invicta in the United States has
been attributed to the lack of coevolved natural en-
emies from its native South America (Jouvenaz et al.
1981, Porter et al. 1992). Numerous studies also have
reported that the spread of S. invicta in the United
States has had a major impact on the native ant fauna
(Porter and Savignano 1990, Jusino-Atresino and Phil-
lips 1994, Gotelli and Arnett 2000, Holway et al. 2002).
For example, Whitcomb et al. (1972) reported that S.
invicta reduced the native ant complex in agroeco-
systems. S. invicta also has largely replaced native
Solenopsis species Solenopsis xyloni McCook and So-
lenopsis geminata Fabricius (Hung and Vinson 1978,
Wojcik 1983, Porter et al. 1988). The implications of
this work are that native ants have had little chance of
survival against S. invicta.
Wojcik (1994) reported some native ants persist in

S. invicta-infested areas, and Stein and Thorvilson
(1989) reported that several native ant species coexist
with the S. invicta, especially in habitats with lower S.
invicta infestations. Helms and Vinson (2001) ob-
served a number of native ant species coexisting with

a small S. invictapopulation in anundisturbedpost oak
savanna in Texas. More recently, Morrison (2002)
suggested that the abundance and diversity of native
ants had returned to the level observed before the
invasion of S. invicta in Brackenridge Field Labora-
tory, University of Texas, Austin. This comparative
study was conducted 12 yr after the initial study by
Porter and Savignano (1990) on the effect of S. invicta
on the native fauna in that area. Although the mech-
anisms underlying the coexistence or the rebound of
native ants was not examined in these studies, they do
reveal thepossibility thatnative ants candefend them-
selves and maintain viable populations in certain in-
vaded areas.
Native ants are known to play a signiÞcant role in

the survival of founding S. invicta colonies initiated by
newlymatedqueens,which is a critical stage in the life
cycle of Þre ant societies (Hölldobler and Wilson
1990). Nevertheless, there have been questions on the
importance of colony founding by newly mated
queens, particularly in polygynous form, in the suc-
cessful spreadof S. invicta as single foundresses arenot
believed tobe successful (Porter et al. 1988,Keller and
Ross 1993). Also, empirical evidence from allozymes
(Ross 1992) suggests that polygyne-derived female
alates depend on fertile males from monogyne colo-
nies for mating (Shoemaker and Ross 1996), thus fail-1 E-mail: bug_asha@yahoo.com.
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ing to explain areas that are exclusively inhabited by
polygyne populations (Porter et al. 1991, Ross and
Shoemaker 1997). Polygyne populations are believed
to accept reproductive queens from other colonies
(Wilson 1971, Hölldobler and Wilson 1990), but they
are believed to spread predominantly through colony
budding (Vargo and Porter 1989). In Texas, however,
polygyne colonies form a mosaic and new polygyne
colonies far from each other are continually found
(S.B.V., unpublished data), suggesting that new poly-
gyne population may be independently formed in ad-
dition to themechanisms described above. The newly
founded colonies of S. invicta are known to suffer high
mortality before the Þrst workers have a chance to
forage (Tschinkel 1987). In areas where native ants
persist, a highpercentageof thenewlymated S. invicta
queens perish before they can even begin a nest, and
native ants are often responsible. Whitcomb et al.
(1973) reported that at least nine species of ants are
successful predators of founding S. invicta queens and
Nichols and Sites (1991) documented 12 additional
ant predators of S. invicta queens. For example, no
founding S. invicta queens were observed to have
survived to construct a brood chamber in an area
occupied by the dolichoderine antConomyrma insana
(Buckley), a successful predator of S. invicta queens
(Nickerson et al. 1975). Ants in the Solenopsis subge-
nus Diplorhopturm also are known to be important
predators of S. invicta queens within their claustral
brood chamber (Lammers 1987).
Given the successful attainment of a single S. invicta

colony to gigantic size (up to 10Ð50,000 workers) in
the Þeld, it may be assumed that once workers eclose
and begin to forage, the queenmay be protected from
many of these predatory ants. This being an assump-
tion, we initiated laboratory studies to determine and
document the ability of small S. invicta colonies to
defend against native and other tramp ant species. For
simplicity, both native and other tramp ant species
used in this study will be hereafter referred to as
“resident” ant species, unless speciÞed otherwise. The
resident species investigated, M. minimum, S. molesta,
P. dentata, T. bicarinatum, and M. pharonis, except
Forelius sp., were observed to have the ability to in-
vade small S. invicta colonies (Rao and Vinson 2002).
This article further examines whether S. invictawork-
ers, brood, or the queens are killed by resident ant
species and compares the ability of these resident ants
to destroy small S. invicta colonies after invasion. We
also report novel statistical applications with analysis
and interpretation that extend the predictive value of
the data discussed here and in Rao andVinson (2002).

Materials and Methods

The S. invicta colonies used in experiments were
reared from newly mated queens collected from sev-
eral locations in Brazos County, Texas. Colonies were
initiated by placing two dealated S. invicta queens
together that were collected immediately after a nup-
tial ßight and that were allowed to lay eggs. Once the
workers eclosed, the colonies were maintained with

honey water, and crickets or mealworm larvae and
pupae ad libitum. Mature native and other exotic ant
colonies used for the experimentswere collected from
Brazos County in Texas. The colonies were main-
tained with honey water, crickets, and mealworm pu-
pae ad libitum. Native ant species used in the exper-
iment were M. minimum, Forelius sp., S. molesta, and
P. dentata. In addition, we examined the interaction
between the S. invicta and two exotic species, M.
pharonis and T. bicarinatum. All of the resident ant
species collected occurred as polygyne colonies.
In all the experiments, size of the resident ant col-

onies was kept constant with 500-1000 workers and
Þve to six queens depending on the species used. The
experimental S. invicta colonies consisted of two
queens, brood, and either 1) 30, 2) 60, 3) 120, 4) 240,
or 5) 480 workers. Each of the resident ant colonies
was provided access to each one of the S. invicta
colony size (deÞned as colony worker numbers) cat-
egories. As a control to these experiments, other S.
invicta colonies (with 1000 workers and Þve to six
queens) were set up to interact with each of the S.
invicta colony of varying colony sizes (i.e., S. invicta
versus S. invicta). This was done to better understand
the interactions among polygyne S. invicta colonies.
Each resident ant species-S. invicta colony size com-
bination was replicated Þve times.
Confrontation between the two species was initi-

ated by placing the experimental S. invicta colony and
either a native, exotic, or control S. invicta colony next
to each other and providing worker access to both
trays, through a 2.54-cm-wide paper bridge. A rubber
cork attached at each end of the paper bridge held the
bridge in place and ensured equal access by both
species to each otherÕs nest.Movement of the resident
ant queen and workers was unrestricted.
Preliminary experiments revealed a sequence of

major events in S. invicta colonies after the invasionby
opposing resident species. These events included
1) brood abandonment by all the S. invicta workers
due to the overwhelming presence of other species in
their nest, 2) death of all S. invicta workers, and 3)
death of S. invicta queens. These events were used as
standard measurements in experiments. Time re-
quired for each of these events to occurwasmeasured
because it was considered a measure of the ability of
the ant colony in question to defend itself. Based on
the results from preliminary experiments, observa-
tions were recorded every hour for the Þrst 12 h,
followed by once every 24 h. Queen mortality was
monitored daily. The experiments were terminated
after 2 mo.

Statistical Analyses. Two methods of survival anal-
ysis, KaplanÐMeier technique and Cox proportional
hazards regression model (CPHR), were used to an-
alyze the time until brood abandonment by the S.
invicta,worker, andqueendeath of S. invicta (Cox and
Oakes 1984, Le 1997). In addition, data on the time
taken by resident ant species to invade S. invicta nests
of varying colony sizes (Rao and Vinson (2002) were
analyzed using these statistical procedures. Thus, the
terminal events analyzed were 1) invasion of the S.
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invicta colonies by a species, 2) brood abandonment
by S. invicta in presence of a particular species,
3) death of S. invicta workers in presence of a partic-
ular species, and 4) death of S. invicta queens in pres-
ence of a particular species. When evaluating time-
until-an-event data in a time-limited experiment such
as this, some species do not exhibit the events de-
scribed above within time set for the experiments.
Such observations are termed “censored” or truncated
observations (Cox and Oakes 1984). In our experi-
ments, data were considered censored if any of the
aforementioned events did not occur by the time the
experiments were terminated. Survival curves for all
the species and colony sizes were estimated with the
KaplanÐMeier technique for each event. These sur-
vivalÐestimate curves for each species and colony size
were compared using a log rank test with a �2 approx-
imation.
The independent variables species and S. invicta

colony size affecting the events described above also
wereanalyzedbyusing theCPHRmodel.Thismethod
yields the estimates of the hazard ratios for each of the
variables considered in the model. In the current
study, the hazard ratio for species (a categorical vari-
able) was interpreted as the expected change in the
hazard or risk of an event when the variable changes
from 0 to 1, with 0 being a dummy variable (Le 1997).
In all of these regressions, the S. invicta in the control
experiments (S. invicta versus S. invicta) was used as
a dummyvariable. Thus, the hazard ratio could also be
interpreted as the expected change in the risk of an
event when the intraspeciÞc interactions (S. invicta
versus S. invicta) change to interspeciÞc interactions
(e.g., S. invicta versus M. minimum, S. invicta versus S.
molesta). Similarly, the hazard ratio for S. invicta col-
ony size(acategorical variable)was interpretedas the
expected change in the hazard or risk of a terminal
eventwhen theS. invictacolony sizechanges fromone
size to another (e.g., 30Ð60, 60Ð120). Effect modiÞ-
cation by key variables species and colony size was
evaluated by including interaction terms in themodel.
Data analyses were performed using SPSS Statistical
Software version 10.1 for Windows.

Results

Invasion. There were a total of 60 observation days
in this study. In all experiments, resident ant species,
including S. invicta, with the exception of Forelius sp.,
invaded S. invicta colonies regardless of colony size.
Because Forelius sp. did not invade, this species was
not included in the model.
In CPHRmodel, both species and colony size were

strong predictors of invasion of S. invicta colonies
(species Wald �2 � 123.21, df � 5, P � 0.0001; colony
size Wald �2 � 110.26, df � 4, P � 0.0001) (Table 1).
The interaction term between species and the colony
size alsowas signiÞcant (Wald �2 � 79.09, df� 20, P �
0.0001), indicating that each resident species re-
sponded differently to increasing S. invicta colony
sizes, thus differing in invasion time, and sometimes
not invading at all beyond a certain colony size (Fig.
1). Because the interaction term was signiÞcant, the
survivalÐestimate curve for the event invasion were
created and compared for all species within each S.
invicta colony size separately. In general, M. pharonis,
T. bicarinatum, M. minimum, and S. invicta had mark-
edly shortened invasion time compared with P. den-
tata and S. molesta (Fig. 1). The former two species
with the exception of M. minimum also pose high
invasion risk for S. invicta colony with a very high
factor of 270 and a coefÞcient of 5.59, and a factor of
1.16 with a coefÞcient of 0.151 (Table 1). Conversely,
for M. minimum with a hazard ratio of 0.16 and a
coefÞcient of �1.86 means that the risk by M. mini-
mum is reduced by a factor of 0.16 compared with the
risk of being invaded by S. invicta themselves, i.e., the
risk of invasion by M. minimum is one-sixth the risk
posed by S. invicta. Similarly, the risk of invasion by P.
dentata is reduced by a factor of 0.03 and S. molesta by
a factor of 0.25. SigniÞcant differences also exist be-
tween species within each colony size. Within a col-
ony size of 30, except for M. pharonis and S. molesta,
there was a signiÞcant difference in the invasion time
between all other species (Fig. 1A).With the increase
in the S. invicta colony size to 60 workers, no signif-
icant differenceswereobservedbetweenM.minimum
and P. dentata, and these two species took longer to
invade the S. invicta colonies comparedwith the other

Table 1. Cox regression model on invasion as a function of species (relative to control S. invicta) and S. invicta colony size displaying
coefficients and hazard ratios

CoefÞcient
b

SE
Wald

�2
df P Value

Hazard ratio
Exp(b)

95% CI for Exp(b)

Lower Upper

Species 123.21 5 �0.0001
M. minimum �1.86 0.38 23.59 1 �0.0001 0.16 0.07 0.33
M. pharonis 5.59 0.588 90.77 1 �0.0001 269.83 85.31 853.4
P. dentata �3.49 0.44 62.50 1 �0.0001 0.03 0.01 0.07
S. molesta �1.39 51.66 0.001 1 0.97 0.249 0.000 2.37E � 43
T. bicarinatum 0.151 51.66 0.000 1 0.99 1.163 0.000 1.11E � 44

Colony Size 110.26 4 �0.0001
480 �5.37 60.88 0.008 1 0.93 0.005 0.000 3.13
240 �1.61 0.34 22.72 1 �0.0001 0.200 0.103 0.38
120 �2.95 0.37 62.53 1 �0.0001 0.05 0.025 0.108
60 �1.29 0.32 16.47 1 �0.0001 0.27 0.15 0.511

Size * species 79.09 20 �0.0001
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Fig. 1. (AÐE) Probability of invasion of the S. invicta nest of varying sizes by resident ant species. Each cumulative curve
for a species represented in each colony size category was based on N � 5. A species followed by the same letter are not
signiÞcantly different at P � 0.05, and the abbreviations of each species are deÞned in box 1. Note: The x-axis values differ
between the graphs above and below the divider line. The horizontal scale in the graph represents the times marked at
uncensored observations, and the vertical scale represents the probability to invade.
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species (Fig. 1B). However, when the colony size
increased to 120 and 240, S.molesta and P. dentata took
longer to invade and signiÞcantly differed from other
species (Fig. 1C and D). When the S. invicta colony
size reached 480 workers, only M. pharonis signiÞ-
cantly differed from others (Fig. 1E).
Figure 1 also suggests that the invasion times by

resident species increased with the increase in the
colony size of S. invicta colonies. Within 3 h of en-
counter, there is a 50% chance of all species, including
S. invicta themselves, invading the S. invicta colonies
with 30 or 60workers (Fig. 1A andB),whereas it takes
up to 10 h after encounter to have the same 50%
chanceof invading thecolony sizesof 120, 240, and480
workers (Fig. 1CÐE). The expected change in the risk
of invasion by a resident species, when S. invicta col-
ony size changes by a unit expressed as hazard ratio
Exp (b) is indicated in Table 1. Here a unit change in
colony size refers to the doubling of colony size, for
example, increase from a colony size of 30Ð60 is one
unit, from 60 to 120 is another unit. The hazard ratio
of each colony size except the Þrst colony size of 30 is
comparedwith the size preceding it. For example, the
hazard ratio of 0.27 for a colony size 60, with a coef-
Þcient of �1.29 means that when the S. invicta colony
size increases from 30 to 60, the risk of S. invicta being
invadeddecreasesbya factorof 0.27. Similarly, the risk
of invasion with the colony size of 120 workers is 1/20
the riskwith a colony size of 60. This indicates that the
risk of invasion is signiÞcantly reduced when the col-
ony sizechanges from30 to60and from120 to240.The
risk is not signiÞcantly reduced when the colony
changes from 240 to 480, suggesting the risk remains
the same once the S. invicta colony size exceeds the
240 worker size. The colony size of 480, in which the
two species T. bicarinatum and S. molesta did not
invade unlike other species, is reßected by a high
standard error of 60.88 of the coefÞcient.

Brood Abandonment by S. invicta. The CPHR
model for brood abandonment shows that both spe-
cies and colony size are signiÞcant predictors of the S.
invicta brood abandonment after being invaded
(Wald �2 � 109.88, df � 6, P � 0.0001; Wald �2 �
112.72, df � 4, P � 0.0001) (Table 2). The interaction
term between species and the colony size did add a

signiÞcant effect to themodel (Wald �2 � 128.08, df�
20, P � 0.0001). Due to signiÞcant interaction term,
the survival estimate curves for species within each S.
invicta colony size was generated separately and is
presented in Fig. 2. The result indicate that the prob-
ability of brood abandonment by S. invicta after 3Ð200
h of invasion was 0.5 after being invaded by M. pha-
ronis, M. minimum, and P. dentata (Fig. 2AÐE). The
risk of brood abandonment was highest with M. pha-
ronis compared with control colonies of S. invicta,
followed by P. dentata (Table 2). The least risk was in
the presence of T. bicarinatum when compared with
S. invicta itself, followed by S. molesta. The former
species caused brood abandonment by the S. invicta
rapidly at a colony size of 30 with a 50% chance of
causing the S. invicta to abandon their broodwithin 30
min of encounter, whereas it was 8 h after the en-
counter for the latter species (Fig. 2A). However,
when theS. invictacolony size increased to�120, both
T. bicarinatum and S. molesta were last ones to cause
broodabandonmentby S. invicta comparedwithother
species (Fig. 2CÐE). In contrast, M. pharonis and M.
minimum were the fastest to bring about brood aban-
donment by S. invictawhen the colony sizes increased
beyond 60 workers (Fig. 2CÐE). Brood abandon-
ment by small S. invicta colonies was not observed
when invaded by its own species or when exposed to
Forelius sp.
The hazard ratios in Table 2 indicate the expected

change in the risk of brood abandonment by a com-
petitor species, when S. invicta colony size changes by
a unit. The risk is signiÞcantly reduced when the
colony size changes from 30 to 60 and from 120 to 240.
The risk, however, is not signiÞcantly reduced when
the colony changes from240 to 480, suggesting the risk
of S. invicta abandoning the brood in the presence of
resident species remains the same once the S. invicta
colony size exceeds the 240 worker size as observed
with invasion data.

S. invicta Worker Survival. The CPHR model for
the S. invicta worker survival indicates that as with
other events mentioned above, both species and col-
ony size are signiÞcant predictors of the S. invicta
worker survival after being invaded (Wald �2 �
146.78, df � 6, P � 0.0001; Wald �2 � 131.37, df � 4,

Table 2. Cox regression model with hazard ratios for brood abandonment by S. invicta as a function of species (relative to control
S. invicta), and the S. invicta colony size

CoefÞcient
b

SE
Wald

�2
df P Value

Hazard ratio
Exp(b)

95% CI for Exp(b)

Lower Upper

Species 109.88 6 �0.0001
M. minimum 6.30 0.75 71.19 1 �0.0001 543 125 2347
S. molesta 5.52 0.73 57.13 1 �0.0001 249 59 1042
P. dentata 6.55 0.78 70.83 1 �0.0001 697 151 3203
M. pharonis 8.60 0.87 97.84 1 �0.0001 5,414 985 29,734
T. bicarinatum 5.29 0.74 51.54 1 �0.0001 199 46 845

Colony Size 112.72 4 �0.0001
480 �0.99 0.32 9.46 1 �0.0001 0.37 0.20 0.70
240 �0.97 0.31 9.80 1 �0.0001 0.38 0.20 0.69
120 �1.23 0.31 16.11 1 �0.0001 0.29 0.16 0.53
60 �1.92 0.35 29.53 1 �0.0001 0.15 0.07 0.29

Species * colony size 128.08 20 �0.0001
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Fig. 2. (AÐE) Probability estimates of brood abandonment by S. invicta after being invaded, as a function of time (hours).
Each cumulative curve for a species represented in each colony size category was based on N � 5. The species followed by
different letters are signiÞcantly different at P � 0.05, deÞned in box 1 in Fig. 1. Note: The x-axis values differ between the
graphs above and below the divider line. The horizontal scale in the graph represents the times marked at uncensored
observations, and the vertical scale represents the probability of brood abandonment.
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P � 0.0001) (Table 3). The interaction term between
species and the colony size also was signiÞcant in the
model (Wald �2 � 126.38, df � 24, P � 0.0001). Com-
pared with control (S. invicta itself), the highest risk
for S. invicta worker survival was with M. pharonis,
followed by M. minimum (Table 3). Worker survival
time also was the least in presence ofM. minimum and
M. pharonis, irrespective of colony sizes of S. invicta
(Fig. 3AÐE). After 800 h of encounter, there was 50%
chance for S. invicta to survive in presence of M.
minimum,M. pharonis, and alsoP. dentata, irrespective
of the S. invicta colony size. Within 200 h, both M.
minimum andM. pharoniswere able to cause S. invicta
worker mortality for colony sizes of up to 240 (Fig.
3AÐD), where as P. dentata caused mortality after
600 h. Compared with intraspeciÞc interaction, the
risk of S. invicta workers dying increased with every
interspeciÞc interaction irrespective of the species.
The risk to S. invicta workers in the presence of S.
molesta is more than P. dentata (Table 3) because the
former caused S. invictaworkermortality within 250 h
up to colony size of 120 compared with the latter that
took up to 500 h (Fig. 3AÐC). However, it took more
time (800 h) for S. molesta to cause worker mortality
once the colony increased to 240 comparedwith 625 h
for P. dentata (Fig. 3D). As observed in brood aban-
donment data, S. molesta and T. bicarinatum did not
cause S. invicta worker mortality in the colony size of
480. These two species signiÞcantly differed in their
survival times with the exception of S. invicta colony
size of 60. Although Forelius sp. did not invade S.
invicta colonies or cause brood abandonment (Figs. 1
and 2), there was death of the S. invicta workers and
queens in certain S. invicta colony sizes. This is evident
in Fig. 3D and E, which displays that at 280 and 390 h,
the probability of S. invicta surviving in presence of
Forelius sp. in a colony size of 30 and 60 was 0.5, thus
increasing the risk of S. invicta survival by a factor of
43.7. Control S. invicta colonies did not have any risk
on the worker survival of S. invicta colonies of various
sizes.
There also was an increase in the S. invicta worker

survival timeswith increase in colony sizes of S. invicta
(Fig. 3AÐE). SigniÞcant differences were observed

between the survival times of all species when colony
size reached 480. With colony size of 240, S. invicta
worker survival was similar in the presence of S. mo-
lesta, P. dentata,M. pharonis, andM.minimum.Survival
curves were signiÞcantly different between all the
species when the colony size of S. invicta was 60,
except T. bicarinatum and Forelius sp. Generally, the
S. invicta colony size predicted the risk of S. invicta
worker death. With the increase in the colony size
from 30 to 60, the risk of S. invicta worker death
decreases by a factor of 0.12. However, the risk de-
creases by a factor of 0.60 when the colony size
changed from 120 to 240.

S. invicta Queen Survival. The CPHR model for S.
invicta queen survival was very similar to S. invicta
worker survival (Wald �2 � 137.45, df� 6, P � 0.0001;
Wald �2 � 117.31, df � 4, P � 0.0001) (Table 4).With
the increase in the colony size, the survival times for
S. invicta queens increased (Fig. 4). Compared with
the control, every interspeciÞc interaction had an in-
creased risk for S. invicta queens (Table 4). Similar to
the S. invicta workers, the risk of the S. invicta queen
death was highest in interspeciÞc interactions withM.
pharonis and M. minimum with least survival time for
S. invicta queens in presence of the latter within col-
ony sizes of 120, 240, and 480 (Fig. 4CÐE). S. invicta
queens had the same risk of being killed by S. molesta
and P. dentata. S. molesta, however, took less time to
cause S. invicta queen death in the colony sizes of 30
and 60 (Fig. 4A and B) and took more time to kill S.
invicta queen with increase in the colony size to 240
compared with P. dentata (Fig. 4C and D). T. bicari-
natumprojected less risk because it took the longer for
this species tocauseS. invictaqueendeath irrespective
of the S. invicta colony size (Fig. 4AÐE). The least risk
was to S. invictaworker survival by Forelius sp. (Table
4). No risk was found with control S. invicta colonies
because they did not cause any queenmortality in the
S. invicta colonies of varying sizes. SigniÞcant differ-
ences alsoweredetectedbetween specieswithin each
colony size. Differences existed between all the spe-
cies within the colony size of 480, whereas within the
colony size of 240, every species differed from each
other except S. molesta and P. dentata, orM. minimum

Table 3. Cox regression model with hazard ratios for survival times for S. invicta workers as a function of species (relative to control
S. invicta), and the S. invicta colony size

CoefÞcient
b

SE
Wald

�2
df P Value

Hazard ratio
Exp(b)

95% CI for Exp(b)

Lower Upper

Species 146.78 6 �0.0001
M. minimum 7.90 0.80 97.64 1 �0.0001 2692.10 561.99 12895.90
S. molesta 6.49 0.76 72.12 1 �0.0001 657.66 147.11 2940.11
P. dentata 6.23 0.76 67.69 1 �0.0001 506.36 114.86 2232.22
M. pharonis 8.22 0.84 95.12 1 �0.0001 3711.41 711.54 19358.75
T. bicarinatum 5.14 0.72 50.42 1 �0.0001 170.32 41.25 703.30
Forelius sp. 3.78 0.73 27.09 1 �0.0001 43.71 10.54 181.27

Size 131.372 4 �0.0001
480 �1.278 0.330 15.003 1 �0.0001 0.28 0.15 0.53
240 �0.507 0.292 3.016 1 �0.0001 0.60 0.34 1.07
120 �1.799 0.306 34.621 1 �0.0001 0.17 0.09 0.30
60 �2.135 0.331 41.678 1 �0.0001 0.12 0.06 0.23

Species * colony size 126.38 24 �0.0001
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Fig. 3. (AÐE) Probability estimates of survival times of S. invicta workers after being invaded by resident ant species, as
a function of time (hours). Each cumulative curve for a species represented was based on N � 5. The species followed by
different letters are signiÞcantly different at P � 0.05, deÞned in box 1 in Fig. 1. Note: The horizontal scale in the graph
represents the times marked at uncensored observations, and the vertical scale represents the probability of worker survival.
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or M. pharonis. In the colony size of 120, differences
were not detected between M. minimum and M. pha-
ronis, and S. molesta and T. bicarinatum. However,
differenceswere signiÞcant between all other species.
For the colony size of 30, there were no signiÞcant
differences between T. bicarinatum and Forelius sp.
The same was true within the colony size of 30
workers.
The increase in thecolony sizeof30Ð60and60Ð120,

indicated similar risks for S. invicta queens (Table 4).
SigniÞcant differences were observed between the
colony sizes except 30 and 60, and 120 and 240 (Table
4). Risk to S. invicta queens generally decreased with
the doubling of colony size.

Discussion

The study demonstrates that, even after the emer-
gence of workers, S. invicta colonies under 480 work-
ers are susceptible to destruction by all the resident
ant species studied except Forelius sp., which did not
even attempt to invade the S. invicta colonies that had
the colony size beyond 60 workers. These Þndings
provide evidence that small S. invicta colonies can be
destroyed by native ant species. The two exotic ant
species M. pharonis and T. bicarinatum sp. also suc-
cessfully invaded nests and killed S. invicta colonies of
480 and 240 workers, respectively (Figs. 1Ð4). How-
ever, the former species seems to be ecologically re-
stricted to buildings and is less likely to come in con-
tact with the S. invicta (Hedges 1992).
The study also demonstrates that both resident spe-

cies and S. invicta colony size had a signiÞcant effect
on the time to invade, brood abandonment by S. in-
victa, and death of S. invicta workers and queens (Ta-
bles 1, 2, 3, and 4). Furthermore, the time to the
above-mentioned events differed between species
with an increase in S. invicta colony size (Figs. 1Ð4).
Thismay be attributed to differences in resident strat-
egies used by different species. The risk of small S.
invicta colonies being invaded by M. pharonis was the
highest followed by T. bicarinatum compared with
control colonies with a S. invicta colony invading an-
other S. invicta colony (Table 1). Among the native

species, the risk of being invaded by M. minimum, P.
dentata, and S. molesta is 1/6, 1/30, and 1/24 the risk
of being invaded by another S. invicta colony, respec-
tively (Table 1). However, invading ability was not a
good predictor of S. invicta colony destruction. For
example, Forelius sp. did not invade the S. invicta
colonies but did result in death of S. invicta colonies
withup to60workers.On thecontrary, largerS. invicta
colonies invaded smaller S. invicta colonies with up to
480 workers but did not kill them, instead both colo-
nies merged. Invasion was time dependent and also
dependent on the size of S. invicta colonies and the
resident ant species involved. For example, S. molesta
invaded S. invicta colonies under 60 workers within
20Ð30 min but took nearly 10 h when the colony size
increased beyond 60 workers (Fig. 2). This suggests
that S. molesta can stealthily invade small S. invicta
colonies without being readily detected but are
readily detected and attacked when the S. invicta
worker number increases to �160.
The risk of worker and queen death also was inßu-

enced by the species invading and the size of S. invicta
colonybeing invaded.Two species,M.pharonis andM.
minimum, caused the S. invicta worker and queen
deathat a fasterpacecomparedwith theother species,
thus resulting in the greatest risk for S. invicta colonies
(Figs. 2Ð4; Table 2).Within 200 h, the entire S. invicta
colony of sizes up to 480 was killed by these two
species (Figs. 3 and 4). Conversely, the risk for S.
invicta being killed was the lowest in presence of
Forelius sp. (Table 2). The risk of S. invicta colonies
being killed by P. dentata and S. molesta is almost the
same (Tables 3 and 4). The risk of death to S. invicta
was lowest by T. bicarinatum, although the risk of S.
invicta being invaded by this species was high. The S.
invicta colony size had a signiÞcant effect on colony
survival in the presence of resident species (Tables 3
and 4). Colony size is known to inßuence competitive
ability (Hölldobler 1981, Holway and Case 2001); for-
aging behavior (Gordon 1995, Herbers and Choiniere
1996); and the size of recruitment response of ants,
which often decides the outcome of competitive in-
teractions (Fellers 1987). These data support theoret-
ical work on the importance of colony size in the

Table 4. Cox regression model with hazard ratios for survival times for S. invicta queens as a function of species (relative to control
S. invicta), and the S. invicta colony size

CoefÞcient
b

SE
Wald

�2
df P Value

Hazard ratio
Exp(b)

95% CI for Exp(b)

Lower Upper

Species 137.45 6 �0.0001
M. minimum 6.87 0.75 83.73 1 �0.0001 962.05 220.92 4189.57
S. molesta 5.72 0.73 61.68 1 �0.0001 306.39 73.42 1278.61
P. dentata 5.81 0.73 62.64 1 �0.0001 334.80 79.35 1412.59
M. pharonis 7.64 0.81 89.27 1 �0.0001 2078.74 426.13 10140.57
T. bicarinatum sp. 4.39 0.69 40.22 1 �0.0001 80.27 20.70 311.32
Forelius sp. 3.58 0.72 24.57 1 �0.0001 35.85 8.71 147.64

Colony Size 117.31 4 �0.0001
480 �1.27 0.33 14.83 1 �0.0001 0.28 0.15 0.54
240 �0.40 0.29 1.93 1 �0.0001 0.67 0.38 1.18
120 �1.78 0.31 32.96 1 �0.0001 0.17 0.09 0.31
60 �1.53 0.31 25.07 1 �0.0001 0.22 0.12 0.39

Species * colony size 141.52 24 �0.0001
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Fig. 4. (AÐE) Probability estimates of survival times of S. invicta queens after being invaded as a function of time (hours)
generated by KaplanÐMeier survival technique. Each cumulative curve for a species in each S. invicta colony size was based
on N � 5. The species followed by different letters are signiÞcantly different at P � 0.05, deÞned in box 1 in Fig. 1. Note:
The horizontal scale in the graph represents the times marked at uncensored observations, and the vertical scale represents
the probability of queen survival.

596 ENVIRONMENTAL ENTOMOLOGY Vol. 33, no. 3

D
ow

nloaded from
 https://academ

ic.oup.com
/ee/article/33/3/587/456278 by guest on 17 M

ay 2023



functioningof social insect colonies (Pacala et al. 1996,
Anderson and Ratneiks 1999). In this study, as Pacala
et al. 1996 colony size increased, the time to destruc-
tion by resident ant species increased. These results
suggest that once Pacala et al. 1996 colonies reach 240
workers or more, the risks to their survival posed by
these ant species rapidly decreases. This may be the
point after which S. invicta may not be directly vul-
nerable to them. In control experiments, where small
S. invicta colonies interacted with a larger S. invicta
colony, invasion by the larger S. invicta into small
colonies rarely resulted in the death of the small col-
onies. The two colonies were observed to merge in
most replications. Furthermore, the risk to small S.
invicta colonies of being invaded and taken over by
larger polygyne S. invicta colonies is not related to the
size of smaller S. invicta colonies used here.
Both P. dentata andM. minimumwere good recruit-

ers during their interactionwith theS. invictacolonies,
with P. dentata mainly recruiting their major workers
after the Þrst encounter with the S. invicta colony
(A.R., unpublished data). After the invasion and at-
tack on S. invicta colonies, all resident species except
Forelius sp. were observed to carry the S. invictabrood
back to their colony (Rao 2002). In contrast to brood
carrying, Forelius sp. was observed to carry dead S.
invictaworkers to their nest. These observations were
not quantiÞed in the current study.
Although several reports (Porter and Savignano

1990, Gotelli and Arnett 2000) have shown that native
ant diversity is adversely affected by invading S. in-
victa, at least four native species discussed above seem
topersist (Fowler et al. 1990,Helms andVinson 2001).
This coexistence, along with the demonstration that
these native species are capable of successfully invad-
ing and killing small S. invicta colonies, suggests that,
if encouraged, these native species could help sustain
pressure on and possibly reduce the S. invicta popu-
lation, particularly in concert with the introduction of
biological control agents from South America (Porter
1998).
Predators may not always have a lethal effect on

their prey.Nonlethal effectsmaybeequally important
(Lima 1998), for example, reducing or preventing
workers from small S. invicta colonies from foraging.
This effect was portrayed by Forelius sp. in this study.
Further quantiÞcation and analysis of this effect is
required to draw any conclusions. However, this qual-
itative observation concurs with work on F. pruinosis,
which blocks the nest entrance of their competitors
preventing them from leaving the nest altogether and
also succeeds in displacing larger ants of Myrmecocys-
tus workers from food bait (Hölldobler 1982). This
behavioral effect on foraging of S. invicta by Forelius
sp., if proven, might be exploited in ways that would
exert pressure on S. invicta colonies.
Considering that several native ant species can re-

duce thenumberofnewlymated S. invictaqueens that
can initiate a colony and that S. invicta queens that
escape remain vulnerable even after they have reared
workers, suggests that better use of our native ant
species may be possible. Nevertheless, more detailed

work on these species in the Þeld is necessary to
establish their importance in suppressing S. invicta
densities. An ideal density of native ants that can limit
the invasion of the S. invicta into an area, andwhether
densities of native ant species can be increased
through augmentation and conservation, needs to be
determined. Furthermore, methods need to be devel-
oped to rear these native species in the laboratory and
successfully introduce them in areas after removal of
the S. invicta. After introduction, their ability to pre-
vent S. invicta reinvasion need to be investigated.
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