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Abstract. Although the ecological success of introduced species hinges on biotic
interactions and physical conditions, few experimental studies—especially on animals—have
simultaneously investigated the relative importance of both types of factors. The lack of such
research may stem from the common assumption that native and introduced species exhibit
similar environmental tolerances. Here we combine experimental and spatial modeling
approaches (1) to determine the relative importance of biotic and abiotic controls of Argentine
ant (Linepithema humile) invasion success, (2) to examine how the importance of these factors
changes with spatial scale in southern California (USA), and (3) to assess how Argentine ants
differ from native ants in their environmental tolerances. A factorial field experiment that
combined native ant removal with irrigation revealed that Argentine ants failed to invade any
dry plots (even those lacking native ants) but readily invaded all moist plots. Native ants
slowed the spread of Argentine ants into irrigated plots but did not prevent invasion. In areas
without Argentine ants, native ant species showed variable responses to irrigation. At the
landscape scale, Argentine ant occurrence was positively correlated with minimum winter
temperature (but not precipitation), whereas native ant diversity increased with precipitation
and was negatively correlated with minimum winter temperature. These results are of interest
for several reasons. First, they demonstrate that fine-scale differences in the physical
environment can eclipse biotic resistance from native competitors in determining community
susceptibility to invasion. Second, our results illustrate surprising complexities with respect to
how the abiotic factors limiting invasion can change with spatial scale, and third, how native
and invasive species can differ in their responses to the physical environment. Idiosyncratic
and scale-dependent processes complicate attempts to forecast where introduced species will
occur and how their range limits may shift as a result of climate change.
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INTRODUCTION

A central goal of invasion biology is to predict where

introduced species will occur. Progress towards this goal

requires an understanding of what factors limit invasion

success and how they change in importance with spatial

scale. As with range limits in general, two broad

categories of factors affect where introduced species will

occur: the physical environment (Moyle and Light 1996,

Blackburn and Duncan 2001, Gabriel et al. 2001) and

species interactions (Simberloff and Von Holle 1999,

Stachowicz et al. 1999, Torchin et al. 2003). Because the

outcomes of species interactions hinge on the environ-

ment in which they occur, it is essential to quantify how

biotic and abiotic factors interact to influence spread

and establishment of introduced species. Surprisingly,

few experimental studies have tested the relative

importance of species interactions and physical condi-

tions in determining the distribution of introduced

species (but see D’Antonio 1993, Byers 2002, Dethier

and Hacker 2005).

A second major challenge in invasion biology, as in

ecology generally, lies in understanding how factors that

control species distribution change in importance with

spatial scale (Levin 1992, Levine and D’Antonio 1999).

For example, correlations between native and intro-

duced species diversity may commonly reverse in sign

with increasing spatial scale. Negative relationships

between diversity and invasibility are often predicted

at the community scale, while positive relationships are

often reported at larger spatial scales (Shea and Chesson

2002). Both relationships are predicated on the assump-

tion that native and introduced species closely resemble

one another with respect to their resource requirements

and environmental tolerances (Levine and D’Antonio

1999). But what about cases where invaders and natives

differ? The existence of such differences may commonly

result from the fact that invasive species originate in

regions often unlike those where they are introduced.

For example, introduced species that are strong
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competitors may, by definition, be more limited by

physical conditions than by interspecific competition
from native species (Moyle and Light 1996, Holway et

al. 2002b). If such introduced species also differ from
natives in their environmental tolerances, then the

factors that control native diversity may not be the
same as those that determine invader abundance, and
the relationship between diversity and invasibility may

be weak irrespective of scale. Such cases are highly
important: strongly competitive invasive species would

be expected to cause large effects on the communities
they invade.

Given present concerns about introduced species and
controversies surrounding why they are successful,

studies that test the relative importance of species
interactions and abiotic factors across different spatial

scales are needed to further our understanding of
controls on introduced species occurrence. It is also

important to assess the extent to which the factors that
determine occurrence of introduced species are the same

as those that influence native diversity. Here we use a
combination of experimental and analytical approaches

to test the relative importance of biotic and abiotic
factors in determining the local and regional occurrence

of Argentine ants (Linepithema humile). At the commu-
nity scale, we conduct a series of field manipulations (1)
to gauge the relative importance of interspecific compe-

tition from native ants and the abiotic environment in
determining invasion success and (2) to determine if

native ants and Argentine ants respond similarly to key
physical conditions. To complement these community-

level experiments, we use GIS-based approaches to
examine patterns of occurrence at the landscape-scale:

(1) to test if the environmental variables that determine
invader occurrence at the community scale are also

important at the landscape scale, and (2) to test if the
environmental correlates of native species diversity are

the same as those that determine introduced species
occurrence. As recent reviews attest (Herben et al. 2004,

Levine et al. 2004), most empirical studies in this area of
research involve plants with few manipulative experi-

ments that address animal invasions (but see Petren and
Case 1998, Byers 2002). For these reasons, our study
represents a novel test of hypotheses concerning

community susceptibility to invasion.

METHODS

Study system

The Argentine ant is a widespread, abundant, and

ecologically damaging invasive species (Holway et al.
2002a). Although common in urban and agricultural

environments, L. humile readily invades natural habitats
(Suarez et al. 2001), where it displaces many native ants

(Ward 1987, Human and Gordon 1996, Holway 1998a,
Suarez et al. 1998). Local extinctions of native ant
species resulting from Argentine ant invasions may

negatively affect species that interact strongly with
native ants (Bolger et al. 2000, Laakkonen et al. 2001,

Fisher et al. 2002, Carney et al. 2003). Argentine ants are

easily introduced into new areas because they often

associate with humans, exhibit general nesting and

dietary requirements, and maintain colonies with

numerous queens (Newell and Barber 1913). In part

because of these characteristics, human-mediated intro-

ductions are the predominate mode of spread in this

species (Suarez et al. 2001; see Plate 1).

Native to northern Argentina and surrounding

regions (Tsutsui et al. 2001, Wild 2004), L. humile now

occurs worldwide in areas with suitable climates and is

particularly successful in mediterranean-type ecosystems

(Suarez et al. 2001). At a global scale, this species

appears to be limited by cold winter and high summer

temperatures (Roura-Pascual et al. 2004, Hartley et al.

2006). Temperature and precipitation determine the

temperature-humidity envelope influencing the surface

activity of ants at small spatial scales. Accordingly, the

environmental tolerances of the Argentine ant (Schilman

et al. 2005) restrict its local distribution to areas with

appropriate physical conditions. In seasonally dry

southern California, for example, Argentine ants are

restricted to areas with suitable levels of soil moisture

(Ward 1987, Holway 1995, Menke and Holway 2006).

Field experiment I: Argentine ant response

to irrigation and native ant removal

We conducted a factorial experiment that combined

native ant removal with soil moisture manipulation at

the University of California Elliot Chaparral Reserve.

This site contains a long (.1.5 km) contact zone

between L. humile and native ants that has been stable

for at least the last decade (Holway and Suarez 2004).

Argentine ants occupy a large Eucalyptus grove that

borders the reserve’s northern edge but do not penetrate

more than 50 m into adjacent chaparral. We established

28 plots along this contact zone (Fig. 1). Each plot

measured 10 3 10 m with a 7-m buffer; the distance

between buffers was at least 20 m. Active colonies of

Argentine ants and native ants were present inside each

plot at the start of the experiment. We assigned seven

plots to each of four experimental groups: irrigation þ
native ant removal, irrigationþ native ants present, dry

þ native ant removal, dry þ native ants present.

Removal treatments were randomly assigned to plots

prior to the onset of the experiment. Irrigated plots were

alternated or separated from one another by a minimum

of 75 m. To locate native ant colonies, we used a grid of

25 evenly spaced baits placed every 2 m inside each plot

and every 2 m in the buffer zone outside each plot. We

used baits together with standardized visual surveys to

build a species list for each plot. After we located and

marked native ant colonies, we placed Maxforce

granular ant bait (Bayer Environmental Science, Mont-

vale, New Jersey, USA), fire ant bait, and ant gel just

outside the nest entrances of native ants in all removal

plots and their buffer zones. These baits are non-toxic to

birds and mammals, are not assimilated by plants, do
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not dissolve in water, and degrade within 48 hours

(Krushelnycky et al. 2004).

To minimize the risk of nontarget effects, we

continuously monitored toxicant-containing baits to

confirm that native ants were the only arthropods

present and that Argentine ants were never present.

Native ant activity in the vicinity of all treated nests

ceased after two consecutive days of treatment with

poison baits. Every two weeks, we used baits (nontoxic)

and visual surveys to confirm the absence of native ants

in removal plots, and we retreated removal plots as

needed throughout the experiment. Toxicants greatly

reduced native ant presence in removal plots. At the end

of the experiment, for example, native ants were almost

entirely absent in both pitfall traps and at baits in

treated dry plots versus untreated dry plots (1 ant/trap

vs. 10 ants/trap, two-sample t test, t12¼ 2.47, P , 0.05;

8% vs. 55% of baits, t12 ¼ 7.42, P , 0.0001).

To elevate soil moisture levels, we used a drip

irrigation system similar to that described in Menke

and Holway (2006). In each plot we placed five 10 m

long irrigation hoses parallel to and equidistant from

one another such that the entire plot was watered

uniformly for one hour per day. Irrigation lines were

also placed in the same configuration in dry plots, but

these hoses delivered no water. Drip irrigation increased

soil moisture levels to an extent achieved in other

manipulative experiments; these levels were roughly

equivalent to those typical of natural riparian corridors,

urban lawns, and agricultural fields (Holway and Suarez

2006, Menke and Holway 2006). During the course of

the experiment soil moisture levels in non-irrigated plots

remained very low. Changes in soil moisture levels alter

the temperature–humidity envelope important to worker

activity and survival (Hölldobler and Wilson 1990).

We began irrigation in July 2005, within two weeks of

the first application of Maxforce, and stopped irrigation

in September 2005. We used pitfall traps to estimate L.

humile abundance at the beginning and end of the

experiment. In each plot, we placed five traps in the

pattern of the five on a die and left traps in the ground

for five days. Pitfall trapping occurred only before and

FIG. 1. Design of field experiment I. (A) Aerial view showing the location of all 28 plots at the University of California Elliot
Chaparral Reserve. (B) Configuration of a typical 10 3 10 m plot, its 7-m buffer, and the location of the invasion front (dashed
line).
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after the experiment to avoid altering ant density while

the experiment was in progress. Each month, we used a

grid of 25 baits placed in each plot to quantify the extent

to which Argentine ants were nesting.

We used a two-way MANOVA to test how the two

treatments influenced the ability of Argentine ants to

spread in experimental plots. In this MANOVA, the two

response variables were measures of ant activity from

the pitfall trap and bait surveys. For both response

variables we calculated the difference in Argentine ant

abundance between the beginning and end of the

experiment and used these differences as data points in

the analysis. Pitfall trap data were log-transformed and

bait data (which consisted of proportions) were arcsine-

square-root transformed prior to analysis. To examine

temporal changes in L. humile presence in irrigated

plots, we used a repeated-measures MANOVA. This

analysis used data from the three monthly baiting

surveys; these data were arcsine square root trans-

formed. All statistics were performed using JMP 5.1

(SAS Institute, Cary, North Carolina, USA).

Field experiment II: Native ant response to irrigation

We conducted a second field experiment to assess the

response of native ants to irrigation. This experiment

was also conducted at the University of California Elliot

Chaparral Reserve. We established five pairs of 12 3 12

m plots in areas away from those occupied by L. humile.

Each pair of plots consisted of an irrigated plot and a

dry plot. Irrigated plots were watered by sprinkler from

April to September 2003. We used pitfall traps to

monitor native ant activity in each plot. The dependant

variable in this analysis was the difference in ant

abundance in pitfall traps for each pair of irrigated

and dry plots at the end of the experiment. We then used

one sample t tests to compare these differences from zero

for each of four common above ground foraging native

ants (Crematogaster californica, Forelius mccooki, Phei-

dole vistana, and Solenopsis xyloni). These species are

common and widespread in coastal San Diego County

(Suarez et al. 1998, Holway 2005). Pitfall trap data were

log transformed and all statistics were performed using

JMP 5.1.

Patterns at the landscape scale

To complement the community-level experiments, we

also examined landscape-level patterns of Argentine ant

occurrence and native ant diversity. This analysis used a

data set of 393 sites distributed throughout southern

California (Fig. 2); 69 of these sites had Argentine ants.

At each site, we placed five traps in the ground in the

pattern of the five on a die, with corner traps separated

by 40 m. Pitfall traps were left open for 10 days. All sites

were sampled a minimum of four times, including both

summer and winter sampling in each of 2 years between

1999 and 2005. To standardize sampling effort among

sites, we used data for only the first two summer and two

winter sampling periods.

We selected the following environmental variables as

potential predictors of Argentine ant occurrence and

native ant diversity: maximum July temperature, mini-

mum January temperature, average rainfall, normalized

difference vegetation index (NDVI), distance to nearest

urban area, and distance to nearest perennial stream.

These predictors were selected from a range of possible

(often intercorrelated) variables because of their putative

importance in influencing both Argentine ants (Holway

1998b, Holway et al. 2002b, Hartley et al. 2006, Holway

and Suarez 2006) and native ants (Hölldobler and

Wilson 1990, Kaspari et al. 2000). The three climate

variables—maximum July temperature, minimum Janu-

ary temperature, and average rainfall—are averages

from 1966 to 1995 at 1000-m resolution and are

described in detail in Franklin et al. (2001). NDVI was

averaged from 16 day composites (28 July–12 August)

taken between 2000 and 2002 by the National Oceanic

and Atmospheric Administration’s advanced high reso-

lution radiometer satellite series (resolution: 250 m).

Distance to nearest urban area was calculated using the

Multi-source Land Cover Data (v02_2) (resolution: 100

m) compiled by the California Department of Forestry

and Fire Protection. Distance to nearest perennial

stream was derived from high resolution datasets in

the National Hydrographic Database.

We used a generalized linear modeling approach

(logistic regression; GLM, binary with logit link) to fit

each environmental variable with the landscape-level

pattern of Argentine ant occurrence. We used the same

general approach (Poisson regression; GLM, Poisson

with log-link) to identify the environmental correlates of

the number of native ant species. We refrained from a

direct test of the relationship between the number of

native ant species and Argentine ant presence, because

L. humile displaces above ground foraging native ants in

California (Ward 1987, Human and Gordon 1996,

Holway 1998a, b). Therefore, we restricted the native

ant portion of our analysis to the 324 sites lacking

FIG. 2. Locations of pitfall trap arrays (n¼ 393 sites) in six
southern California counties.
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Argentine ants. To gauge the importance of each

variable, we assessed its ability to reduce the Akaike

information criterion (AIC), a widely used and largely

unbiased measure of model fit (Swets 1988, McPherson

et al. 2004). All statistics were performed using R 2.3.0

(available online).4

RESULTS

Field experiment I: Argentine ant response

to irrigation and native ant removal

Both irrigation and native ant removal led to

increased abundance of Argentine ants in experimental

plots after three months (two-way MANOVA: Wilks’ k
¼ 0.25, P , 0.0001; Fig. 3A, B). Argentine ants

responded positively and strongly to irrigation (F2,21 ¼
23.52, P , 0.0001). There was also a positive effect of

native ant removal (F2,21 ¼ 5.27, P , 0.05). While the

interaction term was nonsignificant (F2,21 ¼ 2.27, P ¼
0.13), the importance of native ant removal was evident

only in irrigated plots (Fig. 3A, B). In dry plots without

native ants, Argentine ants did not change in abundance

(one-sample t tests: bait surveys t6 ¼�0.32, P . 0.05;

pitfall traps t6 ¼ 0.20, P . 0.05), whereas in irrigated

plots without native ants, Argentine ants increased in

abundance at least 10-fold over the course of the

experiment both at baits and in pitfall traps (Fig.

3A, B; one-sample t tests: bait surveys t5 ¼ 5.68, P ,

0.01; pitfall traps t5¼ 11.34, P , 0.0001). Although the

presence of native ants was a significant factor, bait

surveys revealed that native ants merely slowed the

spread of Argentine ants in the early stages of the

experiment and did not prevent L. humile from invading

as the experiment progressed (repeated-measures MAN-

OVA: time F2,9¼17.98, P , 0.001; time3 removal F2,9¼
4.88, P , 0.05; Fig. 3C). Pesticides appeared to have no

unintended effects. Argentine ants showed the strongest

increases in irrigated plots in which we used Maxforce to

remove native ants (Fig. 3).

Field experiment II: Native ant response to irrigation

Native ants exhibited divergent responses to irrigation

(Fig. 4). Solenopsis xyloni increased in abundance nearly

100-fold in pitfall traps after six months of irrigation

(one-sample t test: t4¼ 4.63, P , 0.01), whereas Forelius

mccooki (t4 ¼ 2.15, P . 0.05) and Crematogaster

californica (t4 ¼ �1.43, P . 0.05) did not appear to

respond to irrigation. Pheidole vistana appeared to

respond to an intermediate degree (t4 ¼ 2.65, 0.05 , P

, 0.10).

Patterns at the landscape scale

At the landscape scale Argentine ants and native ants

responded differently to environmental variables known

to determine ant activity and occurrence. The presence

of L. humile was best explained by its positive

association with urban areas (Table 1). The second

most important correlate was minimum winter temper-

ature: the colder the temperature, the less likely

Argentine ants were to be present. High temperatures

also decreased the likelihood of L. humile occurrence,

but like precipitation, maximum summer temperature

was a relatively poor predictor, yielding only a small

reduction in AIC (Table 1, Fig. 5).

Compared to environmental correlates of Argentine

ant occurrence, the number of native ant species

exhibited a nearly opposite pattern. Native ants

increased in species number with increasing precipitation

(the best predictor variable) and, less strongly, with

increasing NDVI (a measure of the greenness of

vegetation) (Table 1, Fig. 5). High maximum summer

temperatures significantly depressed the number of

native ant species. Areas with higher minimum winter

temperatures had fewer native ant species (Fig. 5),

whereas Argentine ants require warmer winter temper-

atures. Proximity to urban environments had no

FIG. 3. Results of field experiment I. (A) Change in
Argentine ant activity (mean 6 SE) as measured by the
proportion of baits recruited to at the beginning and end of the
experiment. (B) Change in Argentine ant abundance (mean 6
SE) in pitfall traps at the beginning and end of the experiment.
(C) Proportion of baits (mean 6 SE) recruited to by Argentine
ants in irrigated plots.

4 hhttp://www.r-project.org/i
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detectable effect on the number of native ant species

(Table 1).

Cross-scale comparison of ant responses

Argentine ants and native ants differed in their

responses to environmental factors at the landscape

and community scales. Although our field experiments

identified soil moisture as the preeminent factor limiting

Argentine ants, at the landscape scale, variables that

strongly influence soil moisture (e.g., maximum summer

temperature and precipitation) appear unimportant in

determining L. humile occurrence (Tables 1 and 2). In

contrast, native ants exhibited variable responses to

elevated soil moisture at the community scale with only

one of four species strongly increasing in activity. At the

landscape scale, the number of native ant species

responded variably to environmental conditions known

to influence ant activity; diversity increased with

precipitation but decreased with maximum summer

temperature (Tables 1 and 2).

DISCUSSION

Our field experiments build on previous work that

demonstrates the importance of soil moisture in

controlling the spread of Argentine ants in seasonally

dry environments (Holway 1998b, Holway et al. 2002b,

Menke and Holway 2006). The present study, however,

tests two novel hypotheses. First, we examined the

relative importance of interspecific competition and

physical conditions in limiting the local spread of L.

humile. When the abiotic environment was unsuitable

for Argentine ants, they failed to spread in experimental

plots regardless of presence or absence of native ants

(Fig. 3A, B). At irrigated sites, in contrast, interspecific

competition from native ants slowed but did not prevent

the spread of Argentine ants (Fig. 3C). Second, our field

experiments allowed us to test the assumption that

native ants respond in a similar manner to the same

environmental variation that encourages the spread of

Argentine ants. No native ant species decreased its

activity in response to irrigation, and only one species, S.

xyloni, appeared to benefit (Fig. 4). Interestingly, S.

xyloni, like the Argentine ant, can act like a behaviorally

dominant species (S. B. Menke, personal observation),

but unlike L. humile, S. xyloni can occupy extremely arid

environments. The variation observed among the native

ant species in response to elevated levels of soil moisture

(Fig. 4) presumably reflects species-level differences in

physiological tolerances (Schilman et al. 2005, 2007).

While Menke and Holway (2006) noted that native ant

activity increased with irrigation, the results of the

present study are the first to demonstrate species-specific

disparities in how altered physical conditions affect

activity.

The abiotic factors controlling ant activity and

abundance at the community scale were dissimilar to

those correlated with invader occurrence and native

diversity at the landscape scale (Table 2). Interestingly,

precipitation, which best predicted the number of native

ant species, did not explain patterns of Argentine ant

FIG. 4. Results of field experiment II. Difference in native
ant abundance in pitfall traps (irrigated � dry plots) after six
months of irrigation. Plots used for this experiment all lacked
Argentine ants. Values are mean 6 SE.

TABLE 1. Single-predictor effects of six environmental variables on Argentine ant occurrence (393 sites; logistic regression) and the
number of native ant species at sites where Argentine ants were absent (324 sites; Poisson regression) across southern California.

Variable

Argentine ant occurrence No. native ant species

Slope z DAIC Slope z DAIC

Null 85.62 78.8
Maximum temperature �0.264 �4.803**** 52.45 �0.034 �7.107**** 23.4
Minimum temperature 1.087 5.212**** 5.21 �0.015 �2.141** 72.4
NDVI 0.217 4.267**** 67.47 0.005 7.980**** 17.4
Precipitation 0.029 2.505* 81.15 0.014 9.011**** 0.0
Distance to perennial stream �0.324 �3.848**** 72.79 �0.002 �0.162 80.8
Distance to urban area �0.941 �7.881**** 0.00 �0.022 �1.380 78.9

Notes: In each analysis, the two best-fitting one-predictor models (judged by lowest AIC) are presented in boldface type. NDVI is
the normalized difference vegetation index. DAIC is the difference of each model from the strongest model in the analysis.
Significance of regression models is indicated with asterisks (* P , 0.05, ** P , 0.01, **** P , 0.0001). Results from the Wald test
are shown (z).
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occurrence, suggesting that local levels of soil moisture

are to some extent decoupled from landscape-level

patterns of precipitation. The most important environ-

mental determinant of Argentine ant presence at the

landscape scale was minimum winter temperature; low

temperatures decreased the probability of L. humile

occurrence, reflecting the fact that Argentine ants do not

occur in environments with prolonged freezing temper-

atures (Suarez et al. 2001, Krushelnycky et al. 2005,

Hartley et al. 2006). In the same cold winter environ-

ments of southern California in which L. humile do not

occur, native ants exhibit their highest diversity (Fig. 5).

Argentine ant occurrence was strongly predicted by

proximity to urban areas. This positive association

presumably results from the Argentine ant’s inherent

dispersal limitations, an increased frequency of human-

mediated introductions (i.e., propagule pressure), the

status of urban areas as source habitats, and anthropo-

genic modifications to the physical environment that

favor Argentine ants (e.g., elevated soil moisture).

Taken together our results suggest a mismatch

between the factors that determine Argentine ant

occurrence and those that control native ant activity

and diversity across multiple spatial scales (Table 2).

Although introduced and native species may often

respond similarly to environmental factors independent

of spatial scale (Levine and D’Antonio 1999, Stohlgren

et al. 1999, Naeem et al. 2000), our results demonstrate a

case where an ecologically and economically destructive

invasive species responds to the environment differently

compared to natives. At the community-scale Argentine

ants and most native ants respond divergently to

FIG. 5. Results of landscape-level analyses showing how Argentine ant presence and native ant diversity relate to maximum
summer temperature, minimum winter temperature, and precipitation. (A–C) Argentine ant presence and absence at 394 sites.
Standard box plots show the 25th percentile, median, and 75th percentile (solid lines), means (dashed lines), the 10th and 90th
percentiles (whiskers), and 95% confidence limits (circles). (D–F) The number of native ant species at 324 sites that all lacked
Argentine ants. Regression lines are based on GLM; these regression lines do not qualitatively differ from those of the Poisson
regressions in Table 1.

TABLE 2. A summary of the responses of Argentine ants and native ants to abiotic and biotic
factors from experiments at the community scale and predictive models at the landscape scale.

Ant
group

Community scale Landscape scale

Soil
moisture�

Competition
from ants�

Maximum
temperature�

Minimum
temperature� Precipitation�

Argentine þ 0 � þ 0
Native 0/þ � � 0 þ

Notes: Biotic factors were not included at the landscape scale because as Argentine ants spread,
they displace native ants. Symbols indicate: þ, positive response; �, negative response; 0, no
response.

� Abiotic factor.
� Biotic factor.
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elevated levels of soil moisture. This result may help

explain why competition from native ants slowed but

did not stop the spread of Argentine ants in experimen-

tal plots (Fig. 3C). While Holway (1998b) reported no

relationship between the rate of spread of Argentine ants

and the number of native ant species, the current study

illustrates that the presence of native ants can slow the

invasion of Argentine ants under certain environmental

conditions (e.g., in wet environments). Disparities in

how native and introduced ants respond to the physical

environment were also observed at the landscape scale.

The number of native ant species and the occurrence of

Argentine ants were associated with distinctly different

environmental variables (Tables 1 and 2).

General significance

With the proliferation of global environmental data-

sets and heightened concerns about climate change,

ecologists are increasingly relying on predictive models

that use coarse environmental data to forecast the

spread and distribution of introduced species (Levin

1992, Neubert and Caswell 2000, Peterson 2003,

Hastings et al. 2005). For this reason, it is important

to develop a more quantitative understanding of how

factors associated with species occurrence change in

importance across contrasting spatial scales. As is the

case for other organisms (Rosenzweig 1995), the factors

influencing ant diversity and patterns of occurrence

dramatically change with spatial scale (Kaspari et al.

2000, 2003). In the present study, the environmental

factors associated with invader occurrence also exhibited

strong scale dependency. Factors explaining occurrence

at the community scale, such as soil moisture, appeared

largely independent of factors operating at the landscape

scale, such as temperature and precipitation (variables

often used to delimit large-scale patterns of distribution

[Peterson 2003]) (see Table 1). Efforts to model ranges of

native and introduced species that rely on coarse

environmental data may often exclude factors that

determine occurrence at the community scale (McPher-

son et al. 2006).

Scale-dependent factors limiting the occurrence of

invasive species, such as those discussed above, also

relate to the potential distribution and persistence of

native species (Sax and Gaines 2003, Melbourne et al.

2007). Although native populations may persist in the

presence of strongly competitive introduced species,

invasions may nonetheless increase the risk of extinction

for native taxa. In addition to direct displacement,

effects of invasions on native species include secondary

PLATE 1. Coastal sage scrub in Los Peñasquitos Canyon Preserve, California, USA. Human alterations to the abiotic
environment from irrigation and urban runoff contribute to the spread of Argentine ants into seasonally dry scrub habitats
throughout southern California. Alterations to the abiotic environment that determine spread at the local scale are disassociated
from the climate variables that predict occurrence at the landscape scale. Photo credit: S. B. Menke.
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effects such as reductions in the size, quality, or

connectivity of suitable habitat (Mack et al. 2000). In

the Argentine ant system, for example, the direct

displacement of native ants may work in concert with

the modification, destruction, and fragmentation of

habitat to restrict the area over which native ant species

can occur (Suarez et al. 1998). Human modifications to

the environment that expand areas suitable to invasive

species will in turn increase the fragmentation and

isolation of native populations, factors known to

increase extinction risk. Increased isolation and frag-

mentation of native populations will further elevate

future extinction risk under scenarios of global climate

change (Warren et al. 2001).

ACKNOWLEDGMENTS

This research was supported through a National Estuarine
Research Reserve System Graduate Research Fellowship grant
from NOAA’s Office of Ocean and Coastal Resource Manage-
ment, Estuarine Reserves Division to S. B. Menke and a
USDA-NRI award (2006-35302-17255) to D. A. Holway. We
thank C. Brown and C. Rochester of the USGS for help with
the ant database. T. Matsuda, K. Pease, A. Suarez, and P.
Ward helped with ant identifications. The BLM, Nature
Reserve of Orange County, The Nature Conservancy, Cal-
ifornia Department of Fish and Game, City of San Diego,
USGS, Bureau of Reclamation, Cabrillo National Monument
Foundation, Chino Hills State Park, and Mountain Recreation
Conservation Authority funded ant collections. S. Hathaway
and A. Vandergast (USGS) and D. Martin (UCSD) helped with
GIS. A. Calo, C. Cignarella, and C. Sidhu helped with field
experiments. N. Rivera and M. Jolstead of the Animal Care
Program and L. Cozzens and I. Kay of the NRS provided
access to field sites. We also thank P. Dayton, R. Lande, P.
Ward, and two anonymous reviewers for helpful comments on
the manuscript. The use of trade, product, or firm names in this
publication is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

LITERATURE CITED

Blackburn, T. M., and R. P. Duncan. 2001. Determinants of
establishment success in introduced birds. Nature 414:195–
197.

Bolger, D. T., A. V. Suarez, K. R. Crooks, S. A. Morrison, and
T. J. Case. 2000. Arthropods in urban habitat fragments in
Southern California: area, age, and edge effects. Ecological
Applications 10:1230–1248.

Byers, J. E. 2002. Physical habitat attribute mediates biotic
resistance to non-indigenous species invasion. Oecologia 130:
146–156.

Carney, S. E., M. B. Byerley, and D. A. Holway. 2003. Invasive
Argentine ants (Linepithema humile) do not replace native
ants as seed dispersers of Dendromecon rigida (Papaveraceae)
in California, USA. Oecologia 135:576–582.

D’Antonio, C. M. 1993. Mechanisms controlling invasion of
coastal plant communities by the alien succulent Carpobrotus
edulis. Ecology 74:83–95.

Dethier, M. N., and S. D. Hacker. 2005. Physical factors vs.
biotic resistance in controlling the invasion of an estuarine
marsh grass. Ecological Applications 15:1273–1283.

Fisher, R. N., A. V. Suarez, and T. J. Case. 2002. Spatial
patterns in the abundance of the coastal horned lizard.
Conservation Biology 16:205–215.

Franklin, J., T. Keeler-Wolf, K. A. Thomas, D. A. Shaari, P. A.
Stine, J. Michaelsen, and J. Miller. 2001. Stratified sampling
for field survey of environmental gradients in the Mojave
desert ecoregion. Pages 229–253 in A. C. Millington, S. J.

Walsh, and P. E. Osborne, editors. GIS and remote sensing
applications in biogeography and ecology. Kluwer Academic
Press, Boston, Massachusetts, USA.

Gabriel, A. G. A., S. L. Chown, J. Barendse, D. J. Marshall,
R. D. Mercer, P. J. A. Pugh, and V. R. Smith. 2001.
Biological invasions of Southern Ocean islands: the Collem-
bola of Marion Island as a test of generalities. Ecography 24:
421–430.

Hartley, S., R. Harris, and P. J. Lester. 2006. Quantifying
uncertainty in the potential distribution of an invasive
species: climate and the Argentine ant. Ecology Letters 9:
1068–1079.

Hastings, A. K., et al. 2005. The spatial spread of invasions:
new developments in theory and evidence. Ecology Letters 8:
91–101.

Herben, T., B. Mandak, K. Bimova, and Z. Munzbergova.
2004. Invasibility and species richness of a community: a
neutral model and a survey of published data. Ecology 85:
3223–3233.

Hölldobler, B., and E. O. Wilson. 1990. The ants. The Belknap
Press of Harvard University Press, Cambridge, Massachu-
setts, USA.

Holway, D. A. 1995. Distribution of the Argentine ant
(Linepithema humile) in Northern California. Conservation
Biology 9:1634–1637.

Holway, D. A. 1998a. Effect of Argentine ant invasions on
ground-dwelling arthropods in northern California riparian
woodlands. Oecologia 116:252–258.

Holway, D. A. 1998b. Factors governing rate of invasion: a
natural experiment using Argentine ants. Oecologia 115:206–
212.

Holway, D. A. 2005. Edge effects of an invasive species across a
natural ecological boundary. Biological Conservation 121:
561–567.

Holway, D. A., L. Lach, A. V. Suarez, N. D. Tsutsui, and T. J.
Case. 2002a. The causes and consequences of ant invasions.
Annual Review of Ecology and Systematics 33:181–233.

Holway, D. A., and A. V. Suarez. 2004. Colony-structure
variation and interspecific competitive ability in the invasive
Argentine ant. Oecologia 138:216–222.

Holway, D. A., and A. V. Suarez. 2006. Homogenization of ant
communities in mediterranean California: the effects of
urbanization and invasion. Biological Conservation 127:
319–326.

Holway, D. A., A. V. Suarez, and T. J. Case. 2002b. Role of
abiotic factors in governing susceptibility to invasion: a test
with Argentine ants. Ecology 83:1610–1619.

Human, K. G., and D. M. Gordon. 1996. Exploitation and
interference competition between the invasive Argentine ant,
Linepithema humile, and native ant species. Oecologia 105:
405–412.

Kaspari, M., S. O’Donnell, and J. R. Kercher. 2000. Energy,
density, and constraints to species richness: Ant assemblages
along a productivity gradient. American Naturalist 155:280–
293.

Kaspari, M., M. Yuan, and L. Alonso. 2003. Spatial grain and
the causes of regional diversity gradients in ants. The
American Naturalist 161:459–477.

Krushelnycky, P. D., S. M. Joe, A. C. Medeiros, C. C. Daehler,
and L. L. Loope. 2005. The role of abiotic conditions in
shaping the long-term patterns of a high-elevation Argentine
ant invasion. Diversity and Distributions 11:319–331.

Krushelnycky, P. D., L. L. Loope, and S. M. Joe. 2004.
Limiting spread of a unicolonial invasive insect and
characterization of seasonal patterns of range expansion.
Biological Invasions 6:47–57.

Laakkonen, J., R. N. Fisher, and T. J. Case. 2001. Effect of
land cover, habitat fragmentation and ant colonies on the
distribution and abundance of shrews in southern California.
Journal of Animal Ecology 70:776–788.

S. B. MENKE ET AL.3172 Ecology, Vol. 88, No. 12



Levin, S. A. 1992. The problem of pattern and scale in ecology.
Ecology 73:1943–1967.

Levine, J. M., P. B. Adler, and S. G. Yelenik. 2004. A meta-
analysis of biotic resistance to exotic plant invasions. Ecology
Letters 7:975–989.

Levine, J. M., and C. M. D’Antonio. 1999. Elton revisited: a
review of evidence linking diversity and invasibility. Oikos
87:15–26.

Mack, R. N., D. Simberloff, W. M. Lonsdale, H. Evans, M.
Clout, and F. A. Bazzaz. 2000. Biotic invasions: causes,
epidemiology, global consequences, and control. Ecological
Applications 10:689–710.

McPherson, J. M., W. Jetz, and D. J. Rogers. 2004. The effects
of species’ range sizes on the accuracy of distribution models:
ecological phenomenon or statistical artefact? Journal of
Applied Ecology 41:811–823.

McPherson, J. M., W. Jetz, and D. J. Rogers. 2006. Using
coarse-grained occurrence data to predict species distribu-
tions at finer spatial resolutions: possibilities and limitations.
Ecological Modelling 192:499–522.

Melbourne, B. A., et al. 2007. Invasion in a heterogeneous
world: resistance, coexistence or hostile takeover? Ecology
Letters 10:77–94.

Menke, S. B., and D. A. Holway. 2006. Abiotic factors control
invasion by Argentine ants at the community scale. Journal
of Animal Ecology 75:368–376.

Moyle, P. B., and T. Light. 1996. Fish invasions in California:
Do abiotic factors determine success? Ecology 77:1666–1670.

Naeem, S., J. M. H. Knops, D. Tilman, K. M. Howe, T.
Kennedy, and S. Gale. 2000. Plant diversity increases
resistance to invasion in the absence of covarying extrinsic
factors. Oikos 91:97–108.

Neubert, M. G., and H. Caswell. 2000. Demography and
dispersal: calculation and sensitivity analysis of invasion
speed for structured populations. Ecology 81:1613–1628.

Newell, W., and T. C. Barber. 1913. The Argentine ant. USDA
Bureau of Entomology Bulletin 122:1–98.

Peterson, A. T. 2003. Predicting the geography of species’
invasions via ecological niche modeling. Quarterly Review of
Biology 78:419–433.

Petren, K., and T. J. Case. 1998. Habitat structure determines
competition intensity and invasion success in gecko lizards.
Proceedings of the National Academy of Sciences (USA) 95:
11739–11744.

Rosenzweig, M. L. 1995. Species diversity in space and time.
Cambridge University Press, Cambridge, UK.

Roura-Pascual, N., A. V. Suarez, C. Gomez, P. Pons, Y.
Touyama, A. L. Wild, and A. T. Peterson. 2004. Geograph-
ical potential of Argentine ants (Linepithema humile Mayr) in
the face of global climate change. Proceedings of the Royal
Society of London B 271:2527–2534.

Sax, D. F., and S. D. Gaines. 2003. Species diversity: from
global decreases to local increases. Trends in Ecology and
Evolution 18:561–566.

Schilman, P. E., J. R. B. Lighton, and D. A. Holway. 2005.
Respiratory and cuticular water loss in insects with contin-
uous gas exchange: comparison across five ant species.
Journal of Insect Physiology 51:1295–1305.

Schilman, P. E., J. R. B. Lighton, and D. A. Holway. 2007.
Water balance in the Argentine ant (Linepithema humile)
compared with five common native ant species from southern
California. Physiological Entomology 32:1–7.

Shea, K., and P. Chesson. 2002. Community ecology theory as
a framework for biological invasions. Trends in Ecology and
Evolution 17:170–176.

Simberloff, D., and B. Von Holle. 1999. Positive interactions of
nonindigenous species: invasional meltdown? Biological
Invasions 1:21–32.

Stachowicz, J. J., R. B. Whitlatch, and R. W. Osman. 1999.
Species diversity and invasion resistance in a marine
ecosystem. Science 286:1577–1579.

Stohlgren, T. J., D. Binkley, G. W. Chong, M. A. Kalkhan,
L. D. Schell, K. A. Bull, Y. Otsuki, G. Newman, M. Bashkin,
and Y. Son. 1999. Exotic plant species invade hot spots of
native plant diversity. Ecological Monographs 69:25–46.

Suarez, A. V., D. T. Bolger, and T. J. Case. 1998. Effects of
fragmentation and invasion on native ant communities in
coastal Southern California. Ecology 79:2041–2056.

Suarez, A. V., D. A. Holway, and T. J. Case. 2001. Patterns of
spread in biological invasions dominated by long-distance
jump dispersal: insights from Argentine ants. Proceedings of
the National Academy of Science (USA) 98:1095–1100.

Swets, J. A. 1988. Measuring the accuracy of diagnostic
systems. Science 240:1285–1293.

Torchin, M. E., K. D. Lafferty, A. P. Dobson, V. J. McKenzie,
and A. M. Kuris. 2003. Introduced species and their missing
parasites. Nature 421:628–630.

Tsutsui, N. D., A. V. Suarez, D. A. Holway, and T. J. Case.
2001. Relationships among native and introduced popula-
tions of the Argentine ant (Linepithema humile) and the
source of introduced populations. Molecular Ecology 10:
2151–2161.

Ward, P. S. 1987. Distribution of the introduced Argentine ant
(Iridomyrmex humilis) in natural habitats of the Lower
Sacramento Valley and its effects on the indigenous ant
fauna. Hilgardia 55:1–16.

Warren, M. S., et al. 2001. Rapid responses of British butterflies
to opposing forces of climate and habitat change. Nature
414:65–69.

Wild, A. L. 2004. Taxonomy and distribution of the Argentine
ant, Linepithema humile (Hymenoptera: Formicidae). Annals
of the Entomological Society of America 97:1204–1215.

December 2007 3173BIOTIC AND ABIOTIC CONTROLS OF INVASION


