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ABSTRACT OF THE DISSERTATION

Predicting Argentine Ant (Linepithema humile) Invasions at Multiple Spatial Scales: The

Relative Importance of Abiotic and Biotic Factors

by

Sean B. Menke

Doctor of Philosophy in Biology

University of California, San Diego, 2007

Professor David Holway, Chair

A prominent and unresolved question in ecology concerns why communities

differ in their susceptibility to invasion. A complete knowledge of this issue will only

result from an understanding of how biotic interactions and abiotic suitability interact

with one another and change in importance across spatial scales. Factors important in

determining the spread of invasive species at the community scale, such as local

environmental conditions and biotic resistance, may be completely different from the

factors that determine occurrence at the regional or global scale.

xi



Argentine ants (Linepithema humile) are an ecologically and economically
damaging species that have been spread globally. Strongly competitive species such as
this, are predicted to be more limited by abiotic than by biotic factors, but this prediction
has rarely been tested. In Chapter 1 I use manipulative field experiments to demonstrate
that abiotic factors (elevated soil moisture levels) increased both the abundance of
Argentine ants and their ability to invade native ant communities. Using a factorial field
experiment, in Chapter 2 I show that biotic resistance from native ants was unimportant
and abiotic factors were preeminent in determining invasion success. Interestingly, an
analysis of similar variables at the landscape scale revealed that Argentine ant occurrence
was not correlated with precipitation. Through the application of predictive distribution
models for Argentine ants across southern California, I demonstrate in Chapter 3 that
insufficient sampling of environmental parameters leads to incorrect predictions of their
distribution. Also, in multiple variable models, environmental variables differed in their
relative importance across regions and spatial grain.

The results of this dissertation are of general 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, this research illustrates surprising complexities with respect to how the
abiotic factors limiting invasion success change in importance with spatial scale. Lastly,
my results suggest that it is essential to account for the sufficiency of sampling when
creating predictive distribution models and that it is important to use variables that are

meaningful with respect to the spatial resolution of the data being analyzed.

xii



Chapter 1

Abiotic factors control invasion by Argentine ants at the community scale



Abiotic factors control invasion by Argentine ants at the

community scale

SEAN B. MENKE'and DAVID A. HOLWAY
Drivision af Bislogical Sciences, D500 Gilman Dvive, MO 0116, University af California at San Diego, La Jolla, CA

Qo0A-0dfa, US4

Sunmimary

1. A prominent and unresolved question in ecology concerns why communities differ in
their susceptibility to imvasion. While studies often emphasize biotic resistance, it is less
widely appreciated how the physical environment affects community vulnerability to
invasion.

1. In this study we performed field experiments to test how abiotic variation directly
and indirectly influences the extent to which Linepithema humile Mayr (Argentine ants)
invade seasonally dry environments in southern California.

3. Incontrolled and replicated experiments involving drip irrigation, we demonstrate
(i) that elevated levels of soil moisture increased both the abundance of Argentine ants
and their ability to invade native ant communities and (ii) that cessation of irrigation
caused declines in the abundance of Argentine ants and led to their withdrawal from
previcusly cccupied areas.

4. Because drip irrigation stimulated plant growth, in an additional experiment we
manipulated both soil moisture and plant cover to assess the direct vs. indirect effects of
added water on the abundance of L. fuwmile.

5. Local abundance of Argentine ants increased in irrigated plots but was 38% higher
in irrigated plots with plants compared to irrigated plots where plant growth was
suppressad. The results of this experiment thus argue for a direct role of seil moisture in
influencing Argentine ant abundance but suggest that that the indirect effects of added
water may also be important.

6. Our study illustrates more generally that fine-scale variation in the physical environ-
ment can control whether communities become invaded by non-native species and
suggests that an understanding of community susceptibility to invasion will be improved
by a better appreciation of interactions between the biotic and abiotic environment.

Fey-words: Argentine ants, biological imvasion, physical conditions, soil moisture.

Jowrnal of Animal Ecology (2006) 75, 368-376

doi: 101TT14.1365-2656.2006.01056.%

Introduction

An important goal of ecology lies in understanding
why some communites are readily mvaded, whereas
others appear clossd to the addition of new species.
While many recent studies focus on how diversity
may influence susceptibility to mnvasion {Levine &
DAntonio 1999; Stachowicz, Whitlatch & Csman
1999: Levine 2000; Kennedy er ol 2002), much less

Cormspondence: Sean B. Menke, Saction of Ecology, Behay-
iour and Evolution, Division of Biological Sciences, 9500 Gil-
man Cirive, MOC 0116, University of California at San Diego,
La Jolla, CA 920930116, TISA. Tel: (858) 822 4500, Fax:
{858) 534 71 08; E-mail: smenked@bio mail uead adu

attention, in com parison. is given to the importance of
abiotic suitability. When physical conditions do receive
consideration, their importance 15 usually emphasized
for large spatial scales: for example, how clmate con-
trols the establishment of introduced species in new
regions (Blackburn & Duncan 2001 ) ar s=ts distribu-
tional hmits at a global scale (Mormson e af. 2004;
Roura-Pascual er af. 2004, At smaller spatial scales,
abiotic variability seldom receives attention as a factor
influencing a community’s vulnerability to invasion.
This seems surprisng, given that abiotic heterogensity
and species-level differences m ervirormmental tolerances
are of ten emphasized as factors promoting coexistence
among interspecific competitors (Chesson & Huntly
1957},



In this study we test the mportance of fine-scale
variation in the plysical environment as a determinant
of community susceptibility to invasion by the
Argentine ant, a widespread. abundant and ecolo-
gically damaging vasve species ( Holway ef ol 2002a).
Mative to northern Argentina and surrounding regions
{Teutsul er al. 2001; Wild 2004), L. feemile now ocours
world-wide in areas with suitable climates and appears
particularly successful m Mediterranean-type ecosys-
tems (Suarez, Holway & Case 2001). Alihough often
associated with anthropogenically disturbed habitats
{Passera 1994, Argentine ants readily invade natural
environments where they displace native ants aggres-
sivehy in many parts of the world (Tremper 1976; Bond
& Slingsby 1984; Ward [987; Human & Gordon 1996,
Way er al. 1997; Mivake er al. 2002),

Correlational evidence suggests that fine-scale vari-
ation in the physical ervironment may limit the extent
towhich Argentine ants invade native ant communities
In areas with seasonally dry Mediterranean-tvpe
climates, for example, L. hwwale abundance changes
dramatically across soil moisture gradients: heavily
mvaded meskc sites oocur n proximity to mamhy unin-
vaded xeric sites (Holway 1998a; Suarez. Bolger &
Case 1998; Holway, Suarez & Case 2002b; Holway
20105). Smilar associations have been reported for the
red imported fire ant (Selenopsis imicta) (Tschinkel
1987). Although such observations point to a role for
ablotic factors, studies on this topic have not measured,
let alone manipulated, so1l moisture { Holway 19980,
Human er af. 1998; Suarez ef af. 1998; DiGirolamo &
Fom 2006). Because confounding variables cloud the
miterpretation of these studies, expermments are required
to evaluate how abictic factors contribute to patterns
of imvasion at the commumty level. Here, we nse a series
of expermental approaches to examine the direct and
midirect effects of soll molsture m controlling mvasion
suceess of Argentme ants Owr focusis timely, gven the
recognized and growing importance of invasions, the
scarcity of comparable experimental studies on ani-
mals and the secondary role often assigned to fine-scale
variation in the physical environment as a determinant
of imvasion success.

Materials and methods

EXPERIMENT 1. EFFECTS OF SOIL MOISTURE
OM ARGENTIMNE AMT ABUMDAMNCE

W first conducted an experiment to test the relation-
ship between soil moisture variation and L. humile
abundance, because the ability of Argentmne ants to
displace native ants depends m large part on numerical
advantages (Hobaay 1999; Human & Gordon 1959,
Holway & Case 2001 1. We used drip rrigation to Increase
soll molsture levels in a 2-ha bare, dry field at the UC
San Dhego Biology Field Station m August—October
2003, Conspicucus above-ground foragng native ants
are absent at this site, but low densities of Argentine

ants occur throughout. We arranged control (n = 5)
and treatment (® = 5} transects in an alternating con-
figuration such that no two transects were closer than
20m at sy point. Each transect measured 3« 30 m.
Diriparrigation delivered approsimately equal amounts
of water uniformly along the length of each treatment
transect and ran ford hdmy', 3 days week™ for 36 days,
Control transects were identical to treatment transects,
except that irrigation lines carried no water. While
irrigation was being used, scil moisture kaels along
treatment transects ranged from 5074 to B0% saturation
depending on the time since last watering, whereas
control transects averaged = 3% saturation throughout
the experiment. AL scil modsture measurements { mclud -
ing those discussed in experments 2-3) were obtained
using an Aquaterr EC-200E scil probe {(Aquaterr
Instruments Incorporated, Costa Mesa, €A, 93637,
USA), which estimates the percentage of saturation of
the top 10 am of =oil.

We used two methods to estimate L. hwmeile abun-
dance: occurrence in pitfall traps and cccupation of
cxperimentally provided nesting sites, 'We conducted
pitfall trap sampling every 18 davs for 72 days: 36 days
while irrigation was runnmg and for an additional 26
daws after rrigation stopped. During each of the five
sampling pericds, we placed five traps evenly along
every transect. Each trap consisted of a 50 mL, plastic
centrifuge tube buried with the 2:8 cm rim flush with
soil level. All traps contamed 20 mL of a dilute saline—
detergent solution and were leftin the ground for 43 h.
To quantify cccupation of nesting sites, we partially
embedded five bricks (20-5 x 95 = 35 cm) in the soil
every 5 m along each transsct at the start of the study
and examined the s0ll beneath the bricks for nesting
activity at 36 days. Mesting sites were considered ocou-
pied if queens, brocd or both were present m the soil
immediately underneath the bricks

In the analysis of the pitfall trap data we calculated
the mean number of ants per trap for each transect and
sampling pericd and used these means as data points.
We then used r-tests to compare ant abundances between
cantrol and treatment transects for three different time-
points: the start of the experment, the end of rigation
{after 36 days) and the end of the experiment (after 72
daws). We log-transformed abundance data prior to
analysis to correct for unequal variances, and used the
Bomferronicormction to adjust o for thres comparisons.
In the analysis of the nesting site data we used the pro-
portion of sites ocoupied per transect as data points,

EXPERIMENT 2: ARGENTINE ANT INVASION
OF MATIVE ANT COMMUNITIES

To test whether soil moisture hmits imvasion of Argen-
tine ants mto native ant communities, we used drip
irrigation tomampulate soil moisture levels across five
contact zones between Argentine ants and native ants.
Study sites were distributed across a large portion of
south-western San Dhiego County, CA (Fig. 1), The
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Fig. 1. Map of south-western San Diego County, CA. Filled
circles show loeations of study sites used in experiment 2.

abrupt contact zones at each site appear to result from
pre-existing gradients of soil moisture with Argentine
ants occupying relatively moist arcas and native ants
ocourring i drier, exposed areas. Mative ants known to
be highly susceptible to displacement by Argentine
ants ( Hobway 2005 Ward [987) were found at or near
every contact zone, T his pattem indicates that the native
ant communities at these sites have not experienced
recent invasion by Argentine ants. Sites varied with
respect todistances from the coast (Fig. 1) and elevation
(10-9% ). Drorninant vegetation consisted of a mixture
of armual grasses and serub, with scrub cover ranging
from 10 to 60%. At each site we set up single treat-
ment and control transects (each measured 3« 100 m),
which beganiin the L. fwrile occupied area and extended
100 m into the area with native ants,

We et the spatial and temporal scale of this experi-
ment to exploit kev aspects of the Argentine ant’s
ecology and the prevailng seasonality of precipitation.
Transect kength corresponded to empirically determimed
annual rates of spread for L. hwsnle (Holway [9986).
We predicted that spread alomg irrigated transects
wonld result from spatially continuous budding of col-
onies established at the base of each transect. Colonies
of this species relocate opportumistically the location
of nests in response to changing environmental cir-
cumstances | Newell & Barber 1213). In addition, all
transects ntersected multipk colonies of native ants.
We monitored transects in May—October 2004: wrigation
ran for the first 3 months. This 6-month span includes
the seasonal peak m colony growth for Argentine ants
mmesic habitats ( Markm 1970) as well as the prolonged
summer drought m Califorma.

Irrigation and monitoring took place as follows
Along the length of cach transect, we extended two
parallel drip irrigation lines separated by -5 m. As in
expermment |, control lmes were identical to treatment
lines except that they delivered no water. Treatment

and control transects at each site wers separated by at
least 50 m. Irrigation lnes were joined to a mam water
line, which was fitted with a timer and fow regulator to
ensure that treatment transects received approximately
equal amounts of water. We ranirrigation from 0900 to
1000 every day for 3 months, At monthly intervals,
we measured the followmg: (1) the proportion of each
transect (divided into 5-m intervals) with nesting
Argentive ants; (2) the rumber of native ant species and
thelrrecruitment activity at baits; and (3) soil moisture.
We located nests of Argentine ants by following recruit-
ment trails back tonest entrances. We placed pawed |¢
tuna baits every 3 m along cach transect and recorded
the species present after 60mm and whether recruit-
ment (> 10 conspecific workers present) had occurred
at each bait. All baitng took place over temperaturs
mtervals at which Argentine ants and the common
native ant species are known to forage ocutside their
nests (Holway 1999; Holway er al. 2002b). We also
conducted standardized monthly visual surveys ateach
transect to detect nesting activity and species that
might have been misssd during bait transects. Patfall
traps could not be ussd here because of the risk of
excessive mortality resulting from repeated sampling in
aspatially restricted area. We measured soll moisture
at 20-m mtervals along each transect every month, At
Imonths we estimated the percentage of vegetative
cover m 1-m” quadrats placed at 10tm intervals along
each transect.

To compare the extent of net spread by Argentine
ants between treatment and control transects, we
determimed the farthest pomnt at which Argentine ants
were nesting along each transect relative to where they
nested at the beginning of the study., We used one-
sample r-tests to determine if differences m net spread
between treatment and control transects differed from
zero, We made two such comparisons: (1) at 3 months
(Le. at the end of irrigation) and (2) at 6 months (e at
the end of the experiment). We used a Bonferrom
correction m this analysis to adjust @ for two compar-
isoms, We also tested whether native ant actwity at baits
changed as aresult of irngation. The dependent variabke
in this analysis was the proportion of balts to which
native ants recruited in the uninvaded sections of
each transect. For each transect, we averaged native ant
activity across all time periods d urmg which irrigation
ran and used these time-averaged values as a measure
of native ant activity (Holway 1998b). Because data
on Argentine ant spread and native ant activity consist
of proportions, these data were arcsine square root-
transformed prior to analysis.

EXPERIMENT 2 DIRECT V5. INDIRECT
EFFECTS OF SOIL MOISTURE

Because irrigation can enhance plant growth, we con-
ducted a third field experiment in which we manipu-
lated both soillmolsture and plant cover to test whether
hypothesized increases in Argentine ant abundance



resulting from rrigation might be due to elevated soil
molsture acting in the absence of plant growth or from
some combination of increased soil moisture and
augmented plant growth, We cond ucted this experiment
in June—August 2004 at the site used in experiment
1. We established 20 expermmental plots (sach measur-
mg 5x 5m) and assigned mdmidual plots to one of
four treatment groups: (1) irrigation and herbicide;
{2} irrigation but no herbicide; (3) herbicide but no
irrigation; and (4) no wrigation or herbicide. None of
the plots had anv plant cover when the experiment
began. The spatial configuration of treatments was
such that no two plots i the same treatment group
were adjacent toone another and no twoirrigated plots
were adjacent to cne another. Plots were separated by
at least 20 m. As with the previous two experiments,
we used drip irrigation to increase soil moisture and
placed 1rrigation lines that delivered no water in dry
plots. Soil moisture levels in irrigated and dry plots
were similar to those observed m experiment 1. Two
weeks after the startof the experiment, whenirngation
began to stimulate plant growth, we misted Rouwndupi
{Monsanto) onto half the plots to suppress plant growth.
All plots treated with herbicide received a once-only
application of 11 L of a 2% solution of Roundup n
water.

We used pitfall traps and artificial nesting sites to
estimate Argentme ant abundance m each plot. Methods
were identical to those used nexperiment 1. except as
follows, Pitfall trap sampling took place just before
irrigation began and again at the end of the experiment
{40 days). For these two sampling periods, we placed
five traps in eachexperimental plot in the configuration
of the five on a die. At the start of the experiment we
placed three bricks in each plot and determmed whether
these nesting sites were occupied after 40 day=. At the
end of the experiment, we also estimated the percentage
of plant cover in five haphazardly selected 30 30 cn
quadrats withineach plot (avoiding areas where traps or
bricks were located . We used plot means as data pomts for
analvses involving plant cover and patfall trap captures,

Although no harmful effects of Boundupi® on ants
would beexpected (Jackson & Pitre 2004, we conducted
a laboratory experiment to examine whether direct
exposure to this herbicide induces mortality in
Argentine ants. We constructsd 18 pairs of experimental
colonies: each pair originated from a different location
m San Dhego County. Collectmg sites were all separated
by = 5 km. Each experimental colony consisted of
thres queens and approximately 325 workers, Colonies
were rearsd under standard laboratory conditions
{ Thomas, Teutsu & Holway 20050, After |4 daysin the
laboratory, we misted treatment colomes with 25 mL
of a 2% Roundup® solition and misted control colo-
nies with 25 mL of water. Forty davs after apphication
of either Roundup® or water, worker survivorship did
not differ between treatment (4536 12 living workers)
imean £ | S5E) and control 453 £ 11 Inmg workers)
colonies (r-test: 1; = 0-138, P =0-89),

ED
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Fig. . Results of experiment 1. Mean (£ 1 SE) mumber of
Argentine ants in pitfall traps along control (= 5) and
irrigated (r = 5} transects over the course of 72 days, Control
transects received no irngation.

Resulis

EXPERIMENT 1. EFFECTS OF S0IL MOISTURE
OM ARGENTINE AMT ABUNDANCE

In experimental transects, the local abundance of
L. brmile mereased withezpermental additionof water
and then decreased once irrigation ceased (Fig. 2).
Priortothe onset of irrigation, thenumber of Argentine
ants captured in pitfall traps did not differ betwesn
control and treatment transects (i-test: g = 0378, P =
072}, but disparities in abundance quickly aross once
irrigation started (Fig. 2). Thirty-six davs after irriga-
tion began Argentine ants were, on average, 16 times
more abund ant i pitfall traps along treatment transects
than along control transects (i-test: 73 = 636, P =
0-0001 ) and had relocated nests extensively along
treatment transects [60%4 of nesting sites cocupied
{304+ 04 bricks plot™)]. whereas no such relocation
cocurred along control transects (MMarm—Whitney
Ustest; 7= 2-693, F = (0] ), After irrigation stopped.
L. humile exhibited o symmetrical decrease in abun-
dance, retummg to control levels after 72 days (f-test:
fp=2-55, P= 003 not significant after Bonferroni
correction, o = 0017}

EXPERIMENT 2 ARGEMTIMNE AMT INVASION
OF MATIVE ANT COMMUMITIES

Argentine ants tvaded native ant communities subject
to urigation, but retreated once rrigation ceased and
soil modsture declined (Fig. 3). During the first 3 months
of the experiment, L. humife advanced steadily along
irrigated transects whiks retreating slightly from control
transects, At 3 months, Argentine ants nested in 534%%
maore of each irrigated transect, on average, compare:d
to each control transect {one-sample r-test: 7y =801,
P =001). During monthly sampling pericds at all
sites, L. humile consistently excluded native ants from
baits along sections of transect wheres 1t was nesting.
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In the uninvaded sections of transects. irnigation also
appeared to stimulate native ant activity, Although
native ant activity at baits did not differ betwesn
control and treatment transects prior to the onset of
irrigation (one-sample t-test: 1, = 1-31, P = 0-26), while
irrigation was running native ants recruited to more
baits along treatrment transscts than along control
transects (one-sample -test: = 2-79, P =< 0:05) (see
Table | for native ant species). Increassd native ant
actwvity at baits was insufficient, however, todiscourage
the spread of Argentine ants {Fig. 3). Once rmgation
was shut off, Argentine ant presence on treatment
transects declined monotomically, Although the differ-
ence between treatment and control transects still
exceeded zeroat & months (one-sample r-test: 1, = 607,
F = 001}, Argentine ants had abandoned more than
half of the transect area that they occupied after
3 months of irngation (Fig. 3).

Diespite heterogeneity in the five study sites with
respect to soill type, extent of summer fog, dominant
wvegetation and degree of exposure, drip irrigation cle-
wated soll moisture to anextent similar to that observed
under more homogeneous conditions (e.g. experiment
L. After 3 months of irrigation scil moisture was, on
average, an order of magnitude higher along irrigated
transects compared to control transects (Fig, 3; 566+
4-5%u saturation va 4-2 £ 0-6% saturation ) { one-sample
t-test: ¢, = 168, F = (+0001 ). No rain fell during the
f-monthexperiment. except for one precipitation event
i mid-Octaber 2004, just before the end of the study
In part because of this long drought, irngation stimu-
lated plant growth. Percentage plant cover was almost
seven times higher mirrigated transects (485 £ 11-1%)
compared to control transects (725 £ 1-38%) (one-
sample s-test: 1, = 555, F =< 001 ). Most plant gresth
consisted of non-woody introduced species (esp.

Table 1. Above-ground foraging native ants obeerved at baits and during standardized visuals surveys at control and treatment

transects
Tijuana Slough
CabrlloMational —Dawson-Mone  Elliot Chaparral — Los Pefiasquitos Mational Wildlife
Momiment Ui Reserve TIC Reserve Camyon Preserve  Refuge
Carmponeiies wielnms X
Crematogaster califormica X X X X
Crematogaster hespera X
Darymyrmex inzams X X X
Foreliis me cooki X
Formioa moki X
Messor andred X
Myrmmecocysius testacens X
FPheidole hyate x
FPheidole viztana X X
Solenapais xplomi X X X X
Tapinoma sessile X X

Wa deposited voucher specimens in the Bohart Museum of Entomology, University of California, Drawvia { LHTDEC ),
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Carduus sp., Centaurea solstitialis, Chrysanthemum
COPPROTIM ).

EXPERIMENT 2 DIRECT V5. INDIRECT
EFFECTS OF S0IL MOISTURE

In the factonal experiment in which we manipulated
soil moisture and plant cover, irngation and herbicide
affected plant growth in a predictable manner. In
wrrigated plots the extent of plant growth after 40 days
depended strongly on whether plots were treated with
herbcide: 786+ 40P cover (no herbicide) vs. 78 &
4P cover (herbicide) (-test: 1 = 9707, P < 0-0001).
Dy plots experienced little plant growth after 40 days:
G813 1% cover (no herbicide) v 02 201%™ cover
(herbicide).

Prior to the onset of irrigation, the mean number of
Argentine ants captured in pitfall traps did not differ
across plots {one-way analysis of variance | ANOVA):
Fi =078 P=032; 23203 ants trap™ — all plots
pooled). After 40 days of wrigation L. humile presence
depended primarily on whether plots recemved irriga-
tion, but was also influenced positively by plant growarth
iFig. 4). Worker abundance i pitfall traps mcreased
with irrigation (two-way ANOVA: F .= [00:93, P =
00001 ) and decreased with herbicide (tao-way ANOVA:
Fls=821 F=005), but there was a significant
mteraction between these two factors { two-way ANOVA:
Fls =343, F=0403). Pitfall trap captures were
uniformly low i dry plots but were, on average, five to
eight times higher in irrigated plots depending on
whether herbicide had been appli=d { Fig. 4). The oocu-
pation of expermentally added nestng sites reveaksd a
pattern qualitatively similar to that observed for the
pitfall data. In dry plots none of the nesting sites were
occupied by Argentme ants after 40 days, whereas
irrigated plots occupation ranged from 33% 10+ 00
bricks plot™!) in plots that received herbicide to 47%
(1:4 + 02 bricks plot™) in plots that did not receive
herbicide.

Dhiscussion

This studv provides a striking experimental demon-
stration of how community vulnerability to imvasion
can hings upon fine-scale variation o emvironmental
conditions. Irrigation led to mcreases in the local
abundance of L. husnie (Fig. 2) and fuelled the
imvasion of natmve ant communities (Fig. 3). Smilarly,
when we stopped watering Argentine ants dechned in
abundance (Fig. 2) and retreated from arcas that were
cocupied when added water was present (Fig. 3). The
Argentine ant’s rapid and strongly positive response to
irrigation was probably the combined result of colony
reproduction by budding. nest rel ccation and enhanced
colony productivity:

Elevated soil moisture may contribute both directly
and indirectly to the spread of L. hemile. Argentine ant
abundance moreassd in irrigated plots even when plant
growth was suppressed (Fig. 4). and there was no
indication that Argentine ants were attracted to food
rescurces m these plots These findings argue for an
important and direct role for soll molsture and are
consisterit with the physiological imitations of L. fumile
{Hobvay et al. 2002b). We stress the importance of scdl
moisture, but recognize that this variable acts in com-
bination with ground temperature variation to create a
“temperature-humidity ervelope” within which workers
can remain active without experiencing lethal physio-
logical stress ({Héalldobler & Wilson 1990, Indirect
effects of soll molsture may also be important and
include those caused by plants: further amelioration of
the physical environment (e.g. shade) and mcreased
resource availability (eg. nectar. aggregations of
honeydew-producing insects). The latter 1s of interest,
given how strongly Angentine ants respond to the
presence of honeydew-producing insects (Mewell &
Barber 1913). In experiment 3. censuses conducted
immediately after we stopped rrigating revealed aphid
aggregations m all plots that received added water but
no herbicide: we did not detect aphids elsewhere. The
presence of aphids provides a probable explanation for
why Argentine ant abundance in irrigated plots was
38% higher in plots with plants compared to those
treated with herbicide (Fig. 4). Future rescarch might
explore further the interactions between added water,
plant growrth and changes m resource avalability result-
ing from primary production.

A somewhat unexpected resultof our study was that
native ants also reacted positively toirrigation. As with
Argentine ants native ants may have responded both
directly and indirectly to added water. At two sites we
record ed the natve Tapinoma sessife relocating its nests
to areas within irrigated transects, perhaps to take
advantage of a more favourable physical environment.
At another site we observed a harvester ant, Messor
andrer, formmg recruitment trails to urigated transscts,
where it fed on seeds produced by weeds that grew in
responss to the added water. Mone of the common
native ant species obssrved m our study exhibited



dimmizhed actmvity in response to irrigation. Despite
increased native ant activity, L. feewile advanced along
irrigated transects. Holway ( 1998b) reported a com-
parable finding: in that study the rate that Argentine
ants spread in riparian corridors correlated positively
with native ant presence at baits. These results suggest
that competition from native ants may not be a power-
ful force lmiting the spread of Lo hwsaile in areas that
are ablotically suitable from the perspective of this
imvader.

COMEERVATION IMPLICATIONS

In seasonally drv emvironments under threat of mvasion
by Argentine ants, sensible water use practices should
be a more prominent consideration of reserve design
and management. Cur results illustrate, for example,
how the interception and diversion of urban run-off
could restrict the Argentine ant’s spread mto natural
areas. The common use of drip irrigation in habitat
restoration projects should also be evaluated carefully
for unimtendsd consequences & g. encouraging invasive
species ). Mo simple relationship exists between the
extent of invasion by Argentine ants and the magnitude
of surface water inputs. Our manipulations, however,
were modest in terms of volume, duration and spatial
scale, vet the abundance of L. humile increasad or
decreased dramatically o response to the presence or
abzence of added water. These results suggest that even
small reductions in urban run-off may act to limit
L. hmile in areas that are otherwise too dry. Although
this study focuses on a smgle invasive species, our rsults
may be of broader practical sigmificance. Because many
of the plants and animals that ivade mediterranean
habitats in southem Califormia require mesic conditions
(Alberts er al. 1993 Bolger er @l 2000}, our findings are
generally relevant to conservation planmimng and land
management i this biclogically rich but compromised
Tegion.

RELEVANCE TO LARGE-SCALE MODELLING
EFFORTS

As problems caused by invasive species grow in public
awareness, ecologists may rely ncreasingly on gecgraphic
information systems (GI5) models and related pro-
cedures [e.g. Genetic Algorithm for Bule St Production
(GARP) to forecast potential range limits of mvasive
species (Peterson 2003; Arriaga ef af. 2004, Mornson
et al. 2004; Boura-Pascual ef @l 2004). While these
approaches have obvious merit, our study highlights
the necessity of considering fine-scale ervironmental
heterogeneity. First, we demonstrated that abiotic
factors varying over just a few metres can determine the
presence or abssnce of an invasme specles in natural
communities, Typical GIS models, in contrast. use
erwvirommental data that average local variation across
much larger spatial scales (eg. = | km®). Moreover,
variation in the key abiotic factor from our study was

only partly a function of local climate; both stream
flow and urban run-off no doubt contribute mpor-
tantly tor soil molsture variation in our system and are
decoupled to varying degrees from local climatic
variation. For these reasons, sites that a temperature
envelope model might identify as being unsuitable for
an invasive species could, none the less, support heavy
infestations Efforts to model potential range limits of
irvasive specizs may be improved through o more
sophisticated understanding of scaling issues such as
those discussed here { Mack 20007,

Conclusions

Crur study illustrates how fine-scale variation in the
physical environment may act both directly and mdi-
rectly to influence community susceptibility to inva-
sion. These results carmot be used to clarfy the role of
bictic resistance in this svstem (sites did not differ in the
number of native ant species present; Table 1), but
ressults from other studies { Holway 1998b) suggest that
the number of native ant species does little to curb the
rate at which L. humile spreads innatural communities,
Given the Argentine ant’s extreme competitive domi-
nance, we suspect that if blotic resistance does act in
this system, 1t may be most important m areas where
L. humile experiences stressful physical conditions. In
hot, dry environments, for example, Argentine ants
will have reduced foraging actvity and high worker
mortality, both of which will reduce its competitive
strength against native ants better adapted to this
range of abicticvariation ] Holway er al. 2000b). [t seems
probable that interspecific competition from native
ants may combine with abiotic stress to lmit the extent
to which Argentine ants mwvade zeric environments
(Thomas & Holway 2005). Analogous conclusions
have beendiscussed for plant imvasions (Amsberrver al,
2000, In a recent meta-analysis, for example, Levine,
Adler & Yelenik (2004} found that bictic resistance
acted most strongly to reduce the spread of mvasive
plants in emvironments that were plysiclogically stress-
fulto the imvader. Taken together, these results generally
argue for an improved understanding of how blotic and
abiotic factors interact with one another to generate
varation m community susceptibility to mvasion.
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Chapter 1, in full, is a reprint of the material as it appears in 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. The dissertation author was the primary

investigator and author of this paper.



Chapter 2

Biotic and abiotic controls of Argentine ant invasion success at local and landscape scales
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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, 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
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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.
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
environment 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 conditions 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 introduced 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

assumption that native and introduced species closely resemble one another with respect
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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 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 community
scale we conduct a series of field manipulations (1) to gauge the relative importance of
interspecific competition from native ants and the abiotic environment in determining

invasion success, and (2) to determine if native ants and Argentine ants respond similarly
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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) 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
experiments 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 introductions

are the predominate mode of spread in this species (Suarez et al. 2001).
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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 UC Elliot Chaparral Reserve (http://elliott.ucnrs.org/). 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. 2-1). Each plot measured 10 x 10 m with a 7 m buffer; 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 + native ant removal, irrigation + native ants present, dry + native ant

removal, dry + native ants present.
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Figure 2 — 1: Design of field experiment I (A) Aerial view showing the location of all 28
plots at the UC Elliot Chaparral Reserve. (B) Configuration of a typical plot, its buffer,
and the location of the invasion front.
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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 lists for each plot. After
we located and marked native ant colonies, we placed Maxforce® granular ant bait, 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 not dissolve in water, and degrade within 48 h (Krushelnycky et al. 2004).

To minimize the risk of non-target 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 (non-toxic) 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:
t12 =2.47, p <0.05; 8% vs. 55% at baits, t1o = 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
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configuration in dry plots, but these hoses delivered no water. Drip irrigation increased
soil moisture levels to an extent achieved in other manipulative experiments and 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 (H6lldobler 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 5
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 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;
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these data were arcsine square root transformed. All statistics were performed using JMP
5.1
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 UC Elliot Chaparral Reserve. We
established 5 pairs of 12 x 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, Pheidole 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
dataset of 393 sites distributed throughout southern California (Fig. 2-2); 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 4 times, including both summer and winter
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Figure 2 — 2: Locations of pitfall trap arrays (n = 393) in six southern California counties.
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sampling in each of 2 years between 1999 and 2005. To standardize sampling effort
among sites, we used data for only the first 2 summer and 2 winter sampling periods.

We selected the following environmental variables as potential predictors of
Argentine ant occurrence and native ant diversity: maximum July temperature, minimum
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 inter-correlated) 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 (Holldobler and
Wilson 1990, Kaspari et al. 2000). The three climate variables, maximum July
temperature, minimum January temperature, and average rainfall are averages from 1966-
1995 at 1000 m resolution and are described in detail in Franklin et al. (2001). NDVI was
averaged from 16 day composites (July 28 — August 12) taken between 2000-2002 by the
National Oceanic and Atmospheric Administration’s advanced high resolution 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
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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 1998b, Holway 1998a). Therefore, we restricted the native ant portion of our
analysis to the 324 sites lacking 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.
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 3 months (two-way MANOVA: Wilk’s A =0.25, p <
0.0001) (Fig. 2-3AB). Argentine ants responded positively and strongly to irrigation (F»,
21=23.52, p <0.0001). There was also a positive effect of native ant removal (F, 21 =
5.27, p <0.05). While the interaction term was non-significant (F2 21 =2.27, p = 0.13),
the importance of native ant removal was evident only in irrigated plots (Fig. 2-3AB). In
dry plots without native ants, Argentine ants did not change in abundance (one-sample t-
tests: bait surveys tg = -0.32, p > 0.05; pitfall traps ts = 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. 2-3AB) (one-
sample t-tests: bait surveys ts = 5.68, p < 0.01; pitfall traps ts = 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
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(repeated-measures MANOVA: time F,9=17.98, p <0.001; time x removal F,9 = 4.88,
p < 0.05) (Fig. 2-3C). 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. 2-3).
Field experiment Il: Native ant response to irrigation

Native ants exhibited divergent responses to irrigation (Fig. 2-4). Solenopsis
xyloni increased in abundance nearly 100 fold in pitfall traps after 6 months of irrigation
(one-sample t-test: t4 = 4.63, p < 0.01), whereas Forelius mccooki (t; = 2.15, p > 0.05)
and Crematogaster californica (t; = -1.43, p > 0.05) did not appear to respond to
irrigation. Pheidole vistana appeared to respond to an intermediate degree (4 = 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 2-1).
The second most important correlate was minimum winter temperature: 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 2-1, Fig. 2-5).

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
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Table 2 — 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. In each analysis the two best-fitting one-predictor models (judged by lowest
AIC) are highlighted in bold.

Argentine ant occurrence Number of native ant species
Variable slope z-value AAIC slope z-value AAIC
Null 85.62 78.8
Maximum
-0.264 -4.803 ***k 52.45 -0.034 -7.107 **** 23.4
temperature
Minimum
1.087 5.212 **** 5.21 -0.015 -2.141 ** 72.4
temperature
NDVI 0.217 4267 *Fx** 67.47 0.005 7.980 **** 17.4
Precipitation 0.029 2.505 * 81.15 0.014 9.011 **** 0.0
Distance to
-0.324 -3.848 **kk 72.79 -0.002 -0.162 80.8
perennial stream
Distance to
-0.941 -7.881 **** 0.00 -0.022 -1.380 78.9

urban area

AAIC is the difference of each model from the strongest model in the analysis.
Significance of regression models is marked with asterisks (* < 0.05, ** <0.01, *** <
0.001, **** <0.0001).
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increasing NDVI (a measure of the greenness of vegetation) (Table 2-1, Fig. 2-5). High
maximum summer temperatures significantly depressed the number of native ant species.
Areas with higher minimum winter temperatures had fewer native ant species (Fig. 2-5),
in contrast to Argentine ants, which require warm winter temperatures. Proximity to
urban environments had no detectable effect on the number of native ant species (Table
2-1).
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 & 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 & 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



Table 2 — 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. Biotic factors were not included at the landscape scale because as
Argentine ants spread, they displace native ants.

Community scale Landscape scale
Abiotic factors Biotic factors Abiotic factors
Soil moisture Competition from ants ~ Max temp  Min temp Precip
Argentine

- 0 - - 0

ants

Native

0/+ - — 0 +

ants

+ = positive response, — = negative response, 0 = no response.

3
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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. 2-3AB). At irrigated sites, in contrast, interspecific competition from native
ants slowed but did not prevent the spread of Argentine ants (Fig. 2-3C). 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. 2-4). Interestingly, S. xyloni, like the Argentine ant,
can act like a behaviorally dominant species (pers. obs.), 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. 2-4) presumably reflects
species-level differences in physiological tolerances (Schilman et al. 2005, 2007). While
Menke & 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 2-2). Interestingly, precipitation, which best predicted the number
of native ant species, did not explain patterns of Argentine ant occurrence, suggesting
that local levels of soil moisture are to some extent decoupled from landscape-level
patterns of precipitation. The most important environmental 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
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do not occur in environments with prolonged freezing temperatures (Suarez et al. 2001,
Krushelnycky et al. 2005, Hartley et al. 2006). In the same cold winter environments of
southern California in which L. humile do not occur, native ants exhibit their highest
diversity (Fig. 2-5). 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 anthropogenic
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 2-2). 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 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 experimental plots (Fig. 2-3C). 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



34

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 (Table
2-1, 2-2).
General Significance

With the proliferation of global environmental datasets 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 (Table 2-1) -
variables often used to delimit large-scale patterns of distribution (Peterson 2003). 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 (McPherson
et al. 20006).

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
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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 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 fragmentation of native populations will further elevate
future extinction risk under scenarios of global climate change (Warren et al. 2001).
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Abstract. Predictive modeling of species distributions is a rapidly proliferating research
area, especially in studies relating to climate change and the spread of introduced species.
Although these modeling approaches have clear merit, important pitfalls exist that can
bias predictions. These problems include the following: models that use presence only
data, insufficient or unrepresentative sampling of environmental parameter space, models
that are not tested with independent data sets or that predict distributions beyond known
parameter space, and the use of variables at the incorrect spatial resolution. To quantify
the extent to which these problems can potentially bias model predictions, we use actual
presence and absence data for Argentine ants (Linepithema humile) independently
collected in two adjacent regions of southern California to examine 1) effects of
insufficient sampling of environmental variables, 2) the generality of landscape-scale
models created in different regions, and 3) the importance of predictive variables across
different levels of spatial resolution. First, we demonstrate that insufficient sampling of
environmental parameter space incorrectly predicts species distributions when models are
applied to adjacent regions. Second, despite extensive sampling and the geographical
proximity of the two regions in our study, prominent differences existed with respect to
the univariate predictors of Argentine ant occurrence. Models using data that sufficiently
sampled the environmental parameter space resulted in the best and most general models.
Lastly, in multiple variable models, environmental variables differed in their relative
importance across spatial grain. For example, the best models at the finest spatial grain
did not overlap with those at the coarsest spatial grain. Taken together, our results suggest
that it is essential to account for the sufficiency of sampling when creating predictive

distribution models and that care should be used when projecting these models into novel



46

environments. Finally, it is important to use variables that are meaningful with respect to
the spatial resolution of the data being analyzed.
Introduction

Predictive models of species distributions will increasingly be used as a
forecasting tool as climate change and species introductions continue to rearrange the
earth’s biota. Although efforts to predict distributional changes in the face of climate
change and other sources of environmental variation are now common (Guisan and
Zimmermann 2000, Peterson 2003, Elith et al. 2006), current predictive modeling
approaches are subject to a number of limitations (Fielding and Bell 1997, Pearson and
Dawson 2003). One such limitation concerns the inability to test model predictions with
independent data sets (Araujo and Rahbek 2006, Hawkins et al. 2007). Moreover,
predictive models cannot account for the creation of novel climates nor do they consider
how species will respond to the loss of existing climates (Williams et al. 2007). Lastly,
biotic interactions may mitigate the effects of environmental change on patterns of
species occurrence (Suttle et al. 2007).

A current focus of species distribution models (SDMs) centers on predicting the
occurrence of species introduced into new environments by humans (Peterson 2003).
Two challenges exist in modeling the distribution of introduced species. First, biotic
interactions may influence where species will invade (Levine and D'Antonio 1999,
Guisan and Zimmermann 2000, Peterson 2003, Bruno et al. 2004). Second, obtaining
accurate absence data for species that are actively expanding their ranges remains
problematic (Guisan and Thuiller 2005). However, modeling efforts that involve

introduced species have the advantage that multiple invaded regions and the native range
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can all be used to independently test model predictions (Fitzpatrick et al. 2006, Roura-
Pascual et al. 2006). Efforts to model the distribution of introduced species are conducted
on a wide range of organisms and a over a diversity of spatial scales (Korzukhin et al.
2001, Morrison et al. 2004, Rew et al. 2005, Munoz and Real 2006).

Accurate predictions of species distributions hinge on adequately sampling
environmental variation. Because geographical regions differ in both their range of
environmental variation and how this variation is distributed, unrealistic extrapolations
may result when the environmental profile of the region into which predictions are made
does not match that of the sampling region (Fig. 3-1A). Problems may also arise when
the distribution of environmental variation is insufficiently sampled. Sampling may be
incomplete when intervals of environmental variation are not included in the sampled
distribution (Fig. 3-1B) - for example, as a result of small sample size. Biased sampling
may occur when particular ranges of environmental variation are either under or over
sampled relative to their frequency (Fig. 3-1B). With respect to issues of sampling, most
studies investigate how sample size affects model accuracy (Stockwell and Peterson
2002, McPherson et al. 2004), rather than the sampling pitfalls summarized in Figure 3-
1A&B (but see Kadmon et al. 2003). Another sampling problem concerns environmental
data that are collected at one spatial scale and then used to predict species occurrence at a
different spatial scale (McPherson et al. 2006). Prediction errors may also result when
environmental variables change in importance at different spatial grains (Luoto et al.
2007, Whittingham et al. 2007).

To quantify the extent to which these problems may bias predictions of SDMs, we

use actual presence and absence data for Argentine ants (Linepithema humile) to examine
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the following: 1) the effect of insufficient sampling of environmental variation on model
predictions, 2) the generality of landscape-scale models created in different regions, and
3) how the importance of specific predictive variables changes across different levels of
spatial resolution. Other studies have addressed related questions including performance
comparisons of different modeling techniques (Elith et al. 2006), the role of sample size
(Stockwell and Peterson 2002, McPherson et al. 2004), and the effect of spatial grain
(McPherson et al. 2006, Guisan et al. 2007). These studies are often constrained by the
use of presence only data (Kadmon et al. 2003) or the use of pseudo-absence data
(Fitzpatrick et al. 2006, Roura-Pascual et al. 2006). Unlike these previous studies we use
true absence data to simultaneously and comprehensively analyze how sampling, scale,
and regional disparities affect the predictions of species distribution models for a
widespread invader. Our study is unique in its simultaneous treatment of these three
factors. An additional advantage of our system is that biotic resistance from native
species appears to be of weak importance in influencing where introduced populations of
Argentine ants occur (Holway 1998b, Menke et al. In Press). Taken together, our
analyses illustrate how violations in model assumptions can lead to serious biases in
predicted species distributions.
Methods
Study system

The Argentine ant is a widespread, abundant, and ecologically damaging invasive
species (Holway et al. 2002a). 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.
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2001). Although common in urban and agricultural environments, L. humile readily
invades natural habitats (Suarez et al. 2001), where it displaces above ground foraging
native ant species (Ward 1987, Human and Gordon 1996, Holway 1998a, Suarez et al.
1998). 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 introductions are the predominate mode of spread in this species
(Suarez et al. 2001). In seasonally dry California, Argentine ants have been present for
approximately a century (Woodworth 1908), but are restricted to areas with suitable
levels of soil moisture, especially riparian corridors and human-modified environments
(Ward 1987, Holway 2005, Menke and Holway 2006).

Attempts to predict the distribution of Argentine ants have been the focus of
several recent studies. Roura-Pascual et al. (2004) used ecological niche modeling to
predict the global distribution of L. humile. Using native range presence data, these
authors applied the Genetic Algorithm for Rule-set Prediction (GARP) to generate
predictions about where Argentine ants would occur under different climate change
scenarios. Building on the results of their 2004 study, Roura-Pascual and colleagues
again used GARP to asses model generality in different invaded regions (Roura-Pascual
et al. 2006). Hartley et al. (2006) adopted a more mechanistic approach in that they used
physiological tolerances of the Argentine ant to develop a bioclimatic envelope model.
Although their predicted global distribution of L. humile overlapped with that of Roura-
Pascual et al. (2004), the model produced by Hartley and colleagues yielded a broader

potential distribution on every major continent. Hartley and Lester (2003) and
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Krushelnycky et al. (2005) created predictive models at a regional scale based on
temperature-dependent colony growth in New Zealand and Hawaii respectively. In this
study, we use actual presence and absence data collected in two different regions to build
on this body of previous work.
Sampling regions

We focus our efforts on the three bioregions of southern California (Fig. 3-2A).
The south coast bioregion has a mediterranean climate and a large urban population.
Inland from the south coast bioregion, the Mojave and Colorado desert bioregions differ
from one another primarily with respect to the Colorado desert’s hotter summer
temperatures, milder winter temperatures, and larger areas devoted to agriculture. To
assess how differences in sampling effort affect model generality, we analyzed two
independent datasets collected in adjacent regions of southern California (Fig. 3-2A). The
first dataset was collected in the herpetological survey region (HS); this region is 25,550
km?” and includes all of Orange County, and parts of Los Angeles, Riverside, and San
Bernardino Counties (Fig. 3-2B). This sampling effort was initially designed by the US
Geological Survey (USGS) to monitor reptiles and amphibians in natural areas with
differing levels of fragmentation throughout southern California (Fisher et al. 2002); an
ant sampling protocol was later added to these existing sites (Laakkonen et al. 2001). The
second dataset was collected in the Argentine ant survey region (AAS), which is 22,584
km?” and includes all of San Diego and Imperial Counties (Fig. 3-2C). This dataset was
tailored specifically to known patterns of Argentine ant distribution in southern

California.
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Ants were sampled differently in the two regions, but both sampling protocols
yield accurate presence / absence data for L. humile. The HS region included 348 sites;
69 of which were invaded by Argentine ants (Fig. 3-2B). At each HS site, ants were
sampled using five pitfall traps placed in the ground in the configuration of the five on a
die, with corner traps separated by 40 m. All HS sites that were classified as L. humile
absences were sampled a minimum of 4 times, including both summer and winter
sampling in each of two years between 1999 and 2005.

The AAS region included 399 sites, 139 of which were invaded by Argentine
ants. Sampling points in this region were randomly assigned to 8 land-cover
classifications (Agriculture, Barren, Conifer, Desert, Hardwood, Herbaceous, Shrub, and
Urban). The number of sampling locations in each land-cover area was based on the
extent of each land-cover type and by the probability of L. humile occurrence. These
probabilities were empirically derived from patterns of Argentine ant occurrence in each
land-cover type from the pitfall trap results in the HS region. Land-cover types were then
subdivided into 30 vegetation categories, and sampling points were assigned based on the
proportion of the land-cover type occupied by each vegetation category. Sampling points
were then randomly assigned locations using Hawth’s Analysis Tools for ArcGIS™. This
distribution of sampling points was specifically designed to sample the full habitat and
climate heterogeneity of the AAS region. To determine whether or not Argentine ants
were present at a site, we used tuna baits placed every 5 m along two 50 m transects in
the shape of a cross and visual surveys (e.g., inspection of tree trunks, open bare ground,
potential nesting sites). Each site was baited and searched for 45 minutes or until

Argentine ants were positively identified; surveys took place in the spring and early
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summer during times of the day when L. humile is known to be active. Because
Argentine ants forage diurnally throughout the year and displace nearly all above ground
foraging native ant species, it is possible to unambiguously determine whether or not L.
humile is present (Ward 1987, Holway 1995).
Environmental predictor layers

Potential predictor variables of Argentine ant occurrence include a set of 13
environmental layers. Climate variables included aspect, elevation, maximum July
temperature (maxT), minimum January temperature (minT), average annual rainfall (ppt),
and normalized difference vegetation index (NDVI). Aspect and elevation were derived
from the 30 m California digital elevation model (DEM). MaxT, mint, and ppt are
averages from 1966-1995 at 1000 m resolution and are described in detail in Franklin et
al. (2001). NDVI was averaged from 16 day composites (July 28 — August 12) recorded
between 2000-2002 by the National Oceanic and Atmospheric Administration’s
advanced high resolution radiometer satellite series (resolution: 250 m). Habitat variables
included land-cover type (veg), soil hydrogroup (soil), distance to intermittent water body
(Iwater), and distance to perennial water body (Pwater). Veg is based on the life_form
category in the Multi-source Land Cover Data (v02_2) (resolution: 100 m) compiled by
the California Department of Forestry and Fire Protection. Soil is based on the U.S.
Department of Agriculture, Soil Conservatin Service (STATSGO) at 2.5 km resolution.
Iwater and Pwater were derived from high resolution datasets in the National
Hydrographic Database. Human impact variables are distance to agricultural area,
distance to highways, and distance to urban area. Distance to agriculture and urban areas

were determined using the Multi-source Land Cover Data (v02_2), and distance to



55

highways calculated using the US Census Bureau Tiger 2k (version: June 7, 2002) data
layer. Distance to nearest highway or urban area was combined into one variable to
approximate human alterations to the environment (human). These environmental layers
were selected from a range of possible (and often inter-correlated) variables because of
their common usage in bioclimate and niche models and their putative importance in
influencing Argentine ant occurrence (Holway 1998b, Hartley et al. 2006, Menke and
Holway 2006, Roura-Pascual et al. 2006, Menke et al. In Press). All variables were
resampled from their native resolution to 100 m resolution and natural log + 1
transformed except for minT which was natural log + 10 transformed for analyses.
Aspect, elevation, and soil were excluded from the final analyses due to their poor
predictive ability or co-linearity with other predictors.
Univariate models

We first identified the important predictors of Argentine ant occurrence in the HS
and AAS regions as in Menke et al. (In Press). For each of the nine environmental
predictors we performed univariate logistic regression (GLM, binary with logit link). For
every environmental predictor we randomly selected two thirds of the presences and
absences as training data. The predictive ability of each univariate model in each region
was then quantified with the remaining third of the data points using the area under the
curve (AUC) of receiver operating characteristic (ROC) plots (Cumming 2000). This
analysis was iterated 30 times and the average results are reported. ROC plots assess
model performance by plotting sensitivity (proportion of presences correctly predicted)
versus 1 — specificity (proportion of absences correctly predicted). AUC is a threshold-

independent measure of model accuracy ranging in value from 0 to 1, with values larger
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than 0.5 indicating performance better than random (Swets 1988). Univariate models
with AUC values above 0.75 were considered to be strong predictors of Argentine ant
occurrence, and those environmental predictors were used in further analyses.
Model generality across regions

Using the univariate GLM approach, it was unclear whether the predictors that
explain L. humile occurrence are the same in each region and how they should be
combined to create the best overall model. This uncertainty results from predictors
possessing similar degrees of explanatory power and inter-correlations among predictors.
We therefore used an additional, alternative approach to test how the relative fits of
models containing all possible combinations of predictors varied between the two
regions. To do this we used a model averaging technique described by Burnham &
Anderson (2002). This approach compares the relative fits of a suite of candidate models
using Akaike’s Information Criterion (AIC) (Stephens et al. 2005). The absolute size of
the AIC is unimportant; instead differences in AIC values among models indicate the
relative support for the different models. We calculated an “Akaike weight”, w;j, for each
model. For a set of models, the wj sum to 1 and have a probabilistic interpretation: of
these models, w; is the probability that model i would be selected as the best fitting model
if the data were collected again under identical circumstances. Our confidence set is the
smallest subset of candidate models for which the w; sum to 0.95. This set represents a set
of models for which there is 95% probability that the set would contain the best
approximating model to the true model were the data collected again under the same

circumstances.
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To determine how well distributional data collected in one region predict
occurrence elsewhere, we created 95% confidence sets using a modeling approach that
compares the relative fits of models containing all combinations of predictors for each
region. We calculated separate confidence sets for the HS and AAS regions. We included
seven environmental predictors that had either an AUC value greater than 0.75 in at least
one region or that was a predictor commonly used in bioclimatic models. Interaction
terms were not included in the creation of the confidence sets because all of the variables
were log transformed; this transformation improved linearity of the predictors. The
performance of the best two models from the confidence set for each region was tested in
the opposite region using AUC.

Model generality across spatial grain

To determine how the coarseness of environmental layers affects their importance
as predictor variables, we re-sampled the seven environmental layers (100 m resolution)
used in the regional analysis at three increasingly coarser resolutions (1 km, 5 km, 10
km). All analyses were conducted on a dataset that combined the two regional datasets.
At coarser spatial grains, cells with multiple samples were assigned a “present” value if
any of the sub-samples included a presence. The importance of individual environmental
variables at each spatial grain was calculated using AUC on the univariate logistic
regressions. Confidence sets were then created for each spatial grain using all
combinations of the seven environmental predictors.

Results

Environmental variation and sufficiency of sampling
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Although the two regions in this study are adjacent and extend from the coast to
inland deserts, their environmental distributions differ. Compared to the AAS region, the
HS region has colder winter temperatures (Fig. 3-1C). The distributions of maximum
summer temperatures also appear to differ between the two regions. While the range of
summer temperatures is approximately similar, the AAS region exhibits strong
bimodality with the desert portions of this region frequently experiencing maximum
summer temperatures greater than 40°C (Fig. 3-1E).

The thoroughness of data collection can magnify prediction errors concerning the
limits of species ranges, especially when regions differ in their distributions of climate
variables (Fig. 3-1D, F). Based on the sampled environmental variation in the two regions
in our study, insufficient sampling may be a concern in the HS region. For example, with
respect to minT, the sampling distribution differed from the environmental distribution in
the HS region (Kolmogorov-Smirnov test: D = 0.47, p = 0.03) but not the AAS region
(K-S test: D=0.11, p > 0.5). This difference appears to result in large part from the HS
sample failing to include extreme temperature values (Fig. 3-1C&D). A similar trend
appears evident with respect to maxT. The sampling regime in the HS region failed to
sample temperatures above 37°C, while the sampling in the AAS region was conducted
across the full extent of maxT (Fig. 3-1E& F). While the sampling distributions were not
significantly different from the environmental distribution, the AAS data (K-S test: D =
0.17, p > 0.5) appeared to sample the environmental variation better compared to the HS
data (K-S test: D=0.31, p=0.12).

Differences in the distributions and sampling of environmental variables between

regions, as discussed above, can lead to large errors in predicted ranges (Fig. 3-3). For
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example, a bioclimate model for southern California that is based on the HS data and that
is composed of four commonly used climate variables (maxT, minT, NDVI, & ppt) both
over and under predicts L. humile occurrence. The model predicts Argentine ant
occurrence in multiple desert locations where they do not occur (Fig. 3-2B&C, Fig. 3-3A)
but fails to predict their presence along much of the coast where L. humile is widespread
and abundant (Fig. 3-2B&C, Fig. 3-3A). In contrast, when the same model was created
with the AAS data, the resulting predictions closely match the known distribution of
Argentine ants in southern California (Fig. 3-2B&C, Fig. 3-3B).
Univariate models

Despite extensive sampling and despite the geographical proximity of the HS and
AAS regions, the univariate predictors of Argentine ant occurrence differed between
regions (Table 3-1). Although minT, veg, and human were all useful univariate predictors
in both regions, each region also included univariate predictors unique to that region.
While maxT was the best predictor in the AAS region (AUC = 0.91), it failed to predict
Argentine ant occurrence in the HS region (AUC = 0.69). Conversely, Pwater was a
strong predictor in the HS region (AUC = 0.77), but performed not much better than
random in the AAS region (AUC = 0.58). Even though veg was important in both
regions, parameter estimates for two land-cover categories (hardwood trees and
herbaceous) shifted in sign depending on which region they were in (Table 3-1).
Proximity to nearest agricultural area, NDVI, and ppt were all unimportant univariate

predictors in both regions.
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Table 3 — 1. Single predictor effects of nine environmental variables on Argentine ant
occurrence from univariate logistic regression. The best explanatory variables (AUC >
0.75) are highlighted in bold and the correlation coefficients that switched signs in each

region are italicized.

Region
HS AAS
Parameter Parameter
Variable AUC AAIC  Estimates AUC AAIC  Estimates
Maximum summer temperature 0.69 74.3 -8.15 0.91 0.0 -22.28
Minimum winter temperature 0.91 0.0 26.62 0.90 30.0 22.46
NDVI 0.67 74.8 3.93 0.46 164.7 0.09
Precipitation 0.64 77.7 3.76 0.57 143.4 0.97
Land-cover 0.80 52.1 Cat. 0.85 51.4 Cat.
Distance to intermittent water 0.51 84.4 -0.19 0.70 150.0 -0.45
Distance to perennial water 0.77 59.6 -0.91 0.58 156.3 0.22
Distance to agricultural zone 0.56 80.7 -0.26 0.55 156.7 0.10
Distance to human modified area  0.82 45.7 -0.91 0.88 423 -0.51
Land-cover
Agriculture -0.12 -1.56
Barren -0.53
Conifer -18.45 -16.00
Desert -18.45 -16.00
Hardwood -1.82 0.63
Herbaceous -1.28 0.74
Shrub -1.84 -0.39
Urban 2.69 3.33
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Model generality across regions

Though there was a great deal of overlap in model confidence sets between the
two regions, two lines of evidence suggest that models created from the AAS data
exhibited greater generality. First, the models shared between the two regions have a 62%
probability of being the best model according to AIC in the AAS region, but only a 23%
probability of being the best model in the HS region (Fig. 3-4C). Second, models created
using the AAS data perform better in the HS region compared to how well models
created using the HS data perform in the AAS region. For example, the top two models
from the AAS region (y ~ minT + NDVI + ppt + veg + Pwater: AIC w; =0.14; y ~ minT
+ ppt + veg + Pwater: AIC w; = 0.14) tested using the data from the HS region yield
AUCs 0f 0.927 and 0.925 respectively (Table 3 — 2). Conversely the top two models from
the HS region (y ~ minT + veg + Pwater + Human: AIC w; = 0.14; y ~ minT + veg +
Pwater: AIC w; = 0.13) tested using the data from the AAS region yield lower AUCs of
0.897 and 0.864 respectively (Table 3 — 2).

Results of the model averaging analysis (Fig. 3-4A) reveal surprising differences
when compared to the results from the univariate models (Table 3-1). The importance of
individual univariate predictors does not necessarily correspond to how often they appear
in the model confidence sets. For instance, human appears in only 55% of the models in
the HS region and 43% of the models in the AAS region (Fig. 3-4A), even though it was
a universally strong univariate predictor (Table 3-1). Similarly, maxT was the most
important univariate predictor in the AAS region (Table 3-1), but does not occur in any of

the top five models in the AAS confidence set (Table 3 —2). Conversely, ppt is an



63

LO-A
8 -
5% 08
58
88
22 06f
T E
gS
=3 04 ¢
E3
EE
= .5 02¢
0.0
—_ I,O-C
£ 08
Z 5
b 9
= =
gﬁ 0.6
= =
2 3
= 2 04
= [ ¥
= =
“ 2
8 F 02
B i
0.0

HS AAS 100 m 1 km 5km 10 km
Model region Model scale

++ @+ Maximum July temperature (°C)

-+e++ Minimum January temperature (°C)
.- NDVI 1 Unique models in the confidence set

-4+ Average annual precipitation (cm) mmmm Shared models in the confidence set

—C— Land-cover type
—/— Distance to perennial water source
—{ Distance to human modified area

Figure 3 — 4: Model differences across region and scale. The proportion of models in
confidence sets that contained each predictor (A) between regions, and (B) across spatial
grains. Amount of the AIC summed probability (w;) explained by the models (C) when
comparing each region, and (D) when comparing the confidence sets of each spatial grain
to the 100 m spatial grain.



Table 3 — 2. Model averaging analysis of the regional confidence sets. Confidence sets were generated by finding the set of best-
fitting models that yielded an AIC summed probability (w;) of 0.95, separately for the HS and AAS regions.

HS region AAS region
maxT minT NDVI ppt veg  Pwater human  AIC Wi maxT minT NDVI ppt veg  Pwater human  AIC Wi
Five best models Five best models
X X X X 171.03 0.14 X X X X X 134.82 0.14
X X X 171.09 0.13 X X X X 134.82 0.14
X X X X X 171.93 0.09 X X X X X X 135.33 0.11
X X X X X 171.95 0.09 X X X X X 135.45 0.10
X X X X 172.04 0.08 X X X 136.45 0.06
0.52 0.55
All models in common with AAS region All models in common with HS region
X X X X X 173.15 0.05 X X X X X 134.82 0.14
X X X X 173.20 0.05 X X X X 134.82 0.14
X X X X X X 173.92 0.03 X X X X X X 135.33 0.11
X X X X X X 174.06 0.03 X X X X X 135.45 0.10
X X X X X 174.14 0.03 X X X X X 136.76 0.05
X X X X X 174.42 0.02 X X X X X X X 137.05 0.05
X X X X X X X 175.05 0.02 X X X X X X 137.43 0.04
0.23 0.62
... 5 other models 0.20 ... 7 other models 0.28

Abbreviations: maxT-maximum July temperature (°C); minT-minimum January temperature (°C); ppt-precipitation (cm); veg-
land-cover type; Pwater-distance to nearest perennial water source (m); human-distance to nearest human modified area (m).
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unimportant univariate predictor in both regions (Table 3-1) but appears in 99% of the
models in the confidence set for the AAS region (Fig. 3-4A).
Model generality across spatial grain

Our analyses of model averaging revealed that model composition changed
dramatically with relatively small changes in spatial grain (Fig. 3-4B). The extent to
which model confidence sets overlapped with the confidence set at the 100 m scale
diminished with increasingly coarse spatial resolution to the point that by 10 km no
models were shared (Fig. 3-4D). This loss in model overlap results in large part from
habitat variables decreasing in importance at coarser spatial grains (Fig. 3-4B). For
example, at the 100 m scale, the confidence set is comprised of three models, each with at
least 6 out 7 predictor variables, while at the 10 km scale, the confidence set included 15
models with only three predictor variables of overwhelming importance (Table 3-3).

In the model averaging results, most predictors became less common in model
confidence sets with coarsening spatial grain, but other predictors became more common
or displayed variable patterns (Fig. 3-4B). For example, NDVI appeared in a greater
percentage of models at coarser spatial scales, whereas veg and Pwater became less
common (Fig. 3-4B). Human remained in at least 99% of all models until the 10 km
spatial grain where it only occurred in 36% of the models and also became an
unimportant univariate predictor (Fig. 3-4B, Table 3-4). Unlike the model averaging
results, no other univariate predictors aside from Human changed in importance at
coarser spatial resolutions (Table 3-4).

The best AIC model for each region and spatial grain all performed similarly and

well, but important discrepancies existed (Fig. 3-5). Differences between models
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Table 3 — 3. Model averaging analysis of the spatial grain confidence sets. Confidence
sets were generated by finding the set of best-fitting models that yielded an AIC summed
probability (w;) of 0.95, separately for the 100m, 1km, 5k, and 10km spatial grains. See
Table 3 — 2 for abbreviations.

100 m scale 5 km scale
maxT minT NDVI ppt veg  Pwater human  AIC W maxT  minT NDVI ppt veg  Pwater human  AIC Wi
The best models Five best models

326.61 0.64 162.15 0.17

328.21 0.29 162.89 0.11

332.41 0.04 163.04 0.11

0.97 163.30 0.09

163.94 0.07

0.55

One model in common with 100 m resolution

X X X X X X 166.951 0.01

0.01

... 11 other models 0.39

1km scale 10 km scale
maxT minT NDVI ppt veg  Pwater human  AIC W maxT  minT NDVI ppt veg  Pwater human  AIC Wi
Five best models Five best models

295.84 0.23 66.38 0.24

297.17 0.12 67.43 0.14

297.48 0.10 67.61 0.13

297.62 0.09 68.22 0.10

297.81 0.08 68.43 0.09

0.62 0.70

Two models in common with 100 m resolution No models in common with 100m resolution

297.48 0.10 0.25
298.73 0.05
0.15
0.29



Table 3 — 4. Single predictor effects of seven environmental variables on Argentine ant occurrence at four different spatial grains
using logistic regression (100m = 747 points: 208 pres, 539 abs; 1km = 588 points: 176 pres, 412 abs; Skm = 374 points: 117 pres,
257 abs; 10km = 191 points: 64 pres, 127 abs). In each analysis the best explanatory variables (variables with AUC > (.75) are
highlighted in bold.

100m 1km S5km 10km

Parameter Parameter Parameter Parameter

Variable AUC AAIC Estimates AUC AAIC Estimates AUC AAIC Estimates AUC AAIC Estimates

Maximum summer temperature 0.81 74.4 -12.67 0.85 41.8 -14.30 0.91 0.0 -20.05 091 0.0 -20.94
Minimum winter temperature 0.88 0.0 20.03 0.88 0.0 20.88 0.90 24 21.92 0.88 16.8 16.43
NDVI 0.55 208.3 1.07 0.53 180.9 0.71 0.56 123.9 1.06 0.65 63.3 2.43
Precipitation 0.51 190.7 0.96 0.54 156.7 1.09 0.61 103.7 1.20 0.71 53.0 1.61
Land-cover 0.83 13.8 Cat. 0.82 44.9 Cat. 0.84 325 Cat. 0.89 5.8 Cat.
Distance to perennial water 0.57 211.3 -0.05 0.46 183.7 0.03 0.52 127.5 0.10 0.55 73.1 -0.14
Distance to human modified ar 0.88 40.5 -0.54 0.89 14.5 -0.53 0.86 38.5 -0.47 0.47 73.8 -0.03

Land-cover

Agriculture -1.45 -2.60 -2.22 -2.26
Barren -0.79 1.29 NA NA
Conifer -17.12 -15.97 -16.34 NA
Desert -17.12 -15.97 -16.34 -16.96
Hardwood -0.07 1.31 1.33 NA
Herbaceous 0.32 1.27 222 2.17
Shrub -0.51 1.55 1.35 1.92
Urban 3.30 3.96 3.70 4.60

L9
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created from the regional datasets were mostly due to the importance given to proximity
to nearest perennial water source and precipitation (Table 3-1). The HS model predicted
Argentine ant occurrence of be highly probable in the agricultural areas of the Colorado
desert (Fig. 3-5A), which receives little rainfall, but contains numerous irrigation canals
and has a large inland sea. In contrast, the AAS model predicted that L. humile does not
occur in these areas (Fig. 3-5B). Both regional models predicted that Argentine ants
should occur in urban environments at lower elevations irrespective of whether or not
they are in deserts (Fig. 3-5A&B). The models created from the combined datasets at 100
m and 1 km closely resemble the model created for the AAS region (Fig. 3-5C&D).
Models at the coarsest two spatial grains only predicted L. humile occurrence in the
coastal areas west of the coastal mountain ranges (Fig. 3-SE&F). As the spatial grain was
coarsened, predictions of Argentine ant occurrence became broader with the ranges
extending further inland and consolidating along the coast in un-urbanized environments
(Fig. 3-5C-F).
Discussion

Efforts to model species distributions increasingly attempt 1) to identify factors
that determine current range limits, and 2) to predict potential ranges of introduced
species and range shifts resulting from climate change. In this study, we systematically
analyzed how the accuracy of model predictions hinges on sufficient sampling,
independently collected data from different regions, and the spatial grain of
environmental predictor variables. First, we demonstrate that insufficient sampling of
environmental parameter space (Fig. 3-1) incorrectly predicted species distributions when

models were applied to independent data sets in adjacent regions (Fig. 3-3). Second,
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despite extensive sampling in two geographically adjacent regions in our study (Fig. 3-2),
differences existed with respect to the univariate predictors of occurrence (Table 3-1).
Models using data that sufficiently sampled the environmental parameter space resulted
in the most general models (Fig. 3-4C). Lastly, in models with multiple variables,
environmental factors changed in their relative importance across spatial grain (Fig. 3-
4B) and there was no overlap in model confidence sets between the finest and coarsest
spatial grains (Fig. 3-4D). The findings of this study illustrate that caution is warranted
when making biological inferences from species distribution models, especially in cases
where predictions are being made across time and space.

The first important result concerns how insufficient sampling (Fig. 3-1) can
compromise model accuracy (Fig. 3-3). Even though we fully sampled across the
environmental tolerances of L. humile in the HS region (Fig. 3-1D&F, Fig. 3-2B), our
sampling did not fully encompass the known parameter space for this region and in part
as a consequence resulted in incorrect model predictions when using a multi-variable
model (Fig. 3-3). This finding provides an example of how it is not only important to
sample outside the environmental tolerances of the focal species but also to sufficiently
sample the multivariate environmental space of the region. When using presence only
data, however, Kadmon et al. (2003) demonstrated that model performance decreased
when sampling extended across the full range of the species distribution. This
discrepancy may in large part be due to issues relating to the change in model prediction
error from omission to commission based on the increasing ratio of presence-to-absence
points in a sample (McPherson et al. 2004). Because widely distributed species may often

have higher presence-to-absence ratios compared to locally distributed species,
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interspecific comparisons of model parameters are problematic (McPherson et al. 2004).
Furthermore, in presence only models, locally distributed species will have better model
performance compared to widely distributed species (Elith et al. 2006). Most current
work on species distribution models uses presence only data because species occurrence
data sets seldom includes absences (Peterson 2003, Elith et al. 2006).

Independent regions that were in close geographic proximity (Fig. 3-2) and were
sampled with different levels of thoroughness (Fig. 3-1) produced multivariable models
that differed in their composition (Fig. 3-4) and ability to accurately predict species
occurrence patterns. These findings illustrate that it is essential to use independently
collected data to assess model accuracy (Fielding and Bell 1997). For example, one
important issue concerns the ability of models to accurately predict patterns of
distribution outside the original study area (Hawkins et al. 2007). But the accuracy of
most models is tested with data collected from the same region or with a subset of the
data that were withheld from model creation (Kadmon et al. 2003, Elith et al. 2006).

When independent data are used to assess model accuracy, two potential pitfalls
may commonly result. First, a variety of errors can occur if the resolution of the testing
data set differs from that of the predictive model (McPherson et al. 2006, Guisan et al.
2007). Second, when the model is not parameterized for the environmental gradient in the
predicted area, large errors in predicted species distribution may occur (Fig. 3-3). Studies
attempting to predict the spread of introduced species are often faced with these problems
because they consider independent regions, which often have novel environments, differ
in the resolution of their environmental data layers, or differ in the resolution at which

occurrence data are recorded (Fitzpatrick et al. 2006, Roura-Pascual et al. 2006). These
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problems are further compounded in studies that attempt to predict range shifts caused by
climate change because current predictions call for the appearance of environments with
no present analog (Pearson and Dawson 2003, Williams et al. 2007).

In addition to issues relating to sufficient sampling and independently collected
data, model accuracy may also be affected by environmental factors that change in
relative importance across spatial grain (Fig. 3-4B). In general, coarsening the spatial
grain of data tends to decrease model performance (Guisan et al. 2007). In our analyses,
for example, this loss of accuracy appears to result from an increase in the over-
prediction of occurrences, which is caused in large part by the diminishing importance of
habitat variables (e.g. land-cover, distance to perennial water, distance to human
modified area) with increasing scale (Fig. 3-4, Fig. 3-5). A number of recent studies have
also noted that habitat variables as well as variables influenced by anthropogenic activity
decrease in explanatory power at coarser spatial grains (Luoto et al. 2007, Pautasso 2007,
Whittingham et al. 2007). This form of scale dependence may be related to the size of
species ranges; narrowly ranging or specialist species are presumably more strongly
associated with fine grain variables than more wide ranging or generalist species
(McPherson et al. 2004, Menendez et al. 2007). With respect to Argentine ants, a species
strongly limited by its physiological tolerances, patterns of occurrence at the community
scale in southern California are strongly dependent on fine-scale differences in soil
moisture (Holway 2005, Menke and Holway 2006, Menke et al. In Press). This
association weakens at coarser spatial scales where climatic factors become more

important (Fig. 3-4B). Taken together, these findings illustrate that care should be
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exercised to match the spatial resolution of predictions to the environmental correlates
used to create the models (Karl et al. 2000, McPherson et al. 2006).
Conclusions

The primary goal of this study was to quantitatively assess how the performance
of species distribution models is affected by the following: sampling of the environmental
envelope, testing with independently collected data from different regions, and
manipulating the spatial resolution of environmental predictor variables. Model accuracy
is strongly influenced by the sufficiency of sampling of the species’ distribution as well
as the environmental parameter space in which predictions are going to be made.
Moreover, we found that variables change dramatically in importance at different spatial
resolutions; climatic factors become more important at coarser resolutions, and habitat
variables become less important. In light of these findings, we recommend that efforts to
model species distributions take into consideration 1) inclusion of both presence and
absence data, 2) sufficient sampling of the species’ environmental range, 3) sufficient
sampling of the environmental parameter space of the region into which predictions will
be made, 4) testing model predictions in a distinct region with independently collected
data, 5) using variables at the appropriate spatial grain, and 6) making model predictions
at the same resolution as model parameterization. Exercising appropriate levels of caution
in efforts to model species distributions will increase the likelihood that predictions are
biologically meaningful.

Acknowledgements

This research was supported through a National Estuarine Research Reserve System

Graduate Research Fellowship grant from NOAA’s Office of Ocean and Coastal



74

Resource Management, Estuarine Reserves Division to S.B. Menke and a USDA-NRI
award (2006-35302-17255) to D.A. Holway. We would like to thank C. Brown and C.
Rochester of the USGS for help with the ant database. S. Hathaway and A. Vandergast
(USGS), S. Daeschner, D. Martin (UCSD), G. Nichols, P. Zarnetske helped with GIS. R.
Freckleton, E. Goldberg, and J. McPherson helped with coding. The BLM, Nature
Reserve of Orange County, The Nature Conservancy, California Department of Fish &
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. 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.



75

Literature Cited

Araujo, M. B., and C. Rahbek. 2006. How does climate change affect biodiversity?
Science 313:1396=1397.

Bruno, J. F., C. W. Kennedy, T. A. Rand, and M. B. Grant. 2004. Landscape-scale
patterns of biological invasions in shoreline plant communities. Oikos 107:531-
540.

Burnham, K. P., and D. R. Anderson. 2002. Model Selection and Multimodel Inference:
A Practical Information - Theoretic Approach, 2nd edition. Springer - Verlag,
New York, NY.

Cumming, G. S. 2000. Using between-model comparisons to fine-tune linear models of
species ranges. Journal of Biogeography 27:441-455.

Elith, J., C. H. Graham, R. P. Anderson, M. Dudik, S. Ferrier, A. Guisan, R. J. Hijmans,
F. Huettmann, J. R. Leathwick, A. Lehmann, J. Li, L. G. Lohmann, B. A.
Loiselle, G. Manion, C. Moritz, M. Nakamura, Y. Nakazawa, J. McC. M.
Overton, A. Townsend Peterson, S. J. Phillips, K. Richardson, R. Scachetti-
Pereira, R. E. Schapire, J. Soberon, S. Williams, M. S. Wisz, and N. E.
Zimmermann. 2006. Novel methods improve prediction of species' distributions
from occurrence data. Ecography 29:129-151.

Fielding, A. H., and J. F. Bell. 1997. A review of methods for the assessment of
prediction errors in conservation presence/absence models. Environmental
Conservation 24:38-49.

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.

Fitzpatrick, M. C., J. F. Weltzin, N. J. Sanders, and R. R. Dunn. 2006. The biogeography
of prediction error: why does the introduced range of the fire ant over-predict its
native range? Global Ecology and Biogeography 15.

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



76

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

Guisan, A., C. H. Graham, J. Elith, and F. Huettmann. 2007. Sensitivity of predictive
species distribution models to change in grain size. Diversity and Distributions
13:332-340.

Guisan, A., and W. Thuiller. 2005. Predicting species distribution: offering more than
simple habitat models. Ecology Letters 8:993-1009.

Guisan, A., and N. E. Zimmermann. 2000. Predictive habitat distribution models in
ecology. Ecological Modelling 135:147-186.

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.

Hartley, S., and P. J. Lester. 2003. Temperature-dependent development of the Argentine
ant, Linepithema humile (Mayr) (Hymenoptera: Formicidae): a degree-day model
with implications for range limits in New Zealand. New Zealand Entomologist
26:91-100.

Hawkins, B. A., D. Montoya, M. A. Rodriguez, M. A. Olalla-Tarraga, and M. Zavala.
2007. Global models for predicting woody plant richness from climate: comment.
Ecology 88:255-259.

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.



77

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

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.

Kadmon, R., O. Farber, and A. Danin. 2003. A systematic analysis of factors affecting
the performance of climatic envelope models. Ecological Applications 13:853-
867.

Karl, J. W., P. J. Heglund, E. O. Garton, J. M. Scott, N. M. Wright, and R. L. Hutto.
2000. Sensitivity of species habitat-relationship model performance to factors of
scale. Ecological Applications 10:1690-1705.

Korzukhin, M. D., S. D. Porter, L. C. Thompson, and S. Wiley. 2001. Modeling
temperature-dependent range limits for the fire ant Solenopsis invicta

(Hymenoptera : Formicidae) in the United States. Environmental Entomology
30:645-655.

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 & Distributions 11:319-331.

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.

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

Luoto, M., R. Virkkala, and R. K. Heikkinen. 2007. The role of land cover in bioclimatic
models depends on spatial resolution. Global Ecology and Biogeography 16:34-
42,

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.



78

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

Menendez, R., A. Gonzalez-Megias, Y. Collingham, R. Fox, D. B. Roy, R. Ohlemuller,
and C. D. Thomas. 2007. Direct and indirect effects of climate and habitat factors
on butterfly diversity. Ecology 88:605-611.

Menke, S. B., R. N. Fisher, W. Jetz, and D. A. Holway. In Press. Biotic and abiotic
controls of Argentine ant invasion success at local and landscape scales. Ecology.

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.

Morrison, L. W., S. D. Porter, E. Daniels, and M. D. Korzukhin. 2004. Potential global
range expansion of the invasive fire ant, Solenopsis invicta. Biological Invasions
6:183-191.

Munoz, A.-R., and R. Real. 2006. Assessing the potential range expansion of the exotic
monk parakeet in Spain. Diversity and Distributions 12:656-665.

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

Pautasso, M. 2007. Scale dependence of the correlation between human population
presence and vertebrate and plant species richness. Ecology Letters 10:16-24.

Pearson, R. G., and T. P. Dawson. 2003. Predicting the impacts of climate change on the
distribution of species: are bioclimate envelope models useful? Global Ecology
and Biogeography 12:361-371.

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

Rew, L. J., B. D. Maxwell, and R. Aspinall. 2005. Predicting the occurrence of
nonindigenous species using environmental and remotely sensed data. Weed
Science 53:236-241.



79

Roura-Pascual, N., A. V. Suarez, C. Gomez, P. Pons, Y. Touyama, A. L. Wild, and A. T.
Peterson. 2004. Geographical potential of Argentine ants (Linepithema humile

Mayr) in the face of global climate change. Proceedings of the Royal Society of
London Series B-Biological Sciences 271:2527-2534.

Roura-Pascual, N., A. V. Suarez, K. McNyset, C. Gomez, P. Pons, Y. Touyama, A. L.
Wild, F. Gascon, and A. T. Peterson. 2006. Niche differentiation and fine-scale

projections for Argentine ants based on remotely sensed data. Ecological
Applications 16:1832-1841.

Stephens, P. A., S. W. Buskirk, G. D. Hayward, and C. Martinez Del Rio. 2005.
Information theory and hypothesis testing: a call for pluralism. Journal of Applied
Ecology 42:4-12.

Stockwell, D. R. B., and A. T. Peterson. 2002. Effects of sample size on accuracy of
species distribuntion models. Ecological Modelling 148:1-13.

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 98:1095-1100.

Suttle, K. B., M. A. Thomsen, and M. E. Power. 2007. Species interactions reverse
grassland responses to changing climate. Science 315:640-642.

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

Tsutsui, N. D., A. V. Suarez, D. A. Holway, and T. J. Case. 2001. Relationships among
native and introduced populations 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.



80

Whittingham, M. J., J. R. Krebs, R. D. Swetnam, J. A. Vickery, J. D. Wilson, and R. P.
Freckleton. 2007. Should conservation strategies consider spatial generality?

Farmland birds show regional not national patterns of habitat association. Ecology
Letters 10:25-35.

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.

Williams, J. W., S. T. Jackson, and J. E. Kutzbach. 2007. Projected distributions of novel
and disappearing climates by 2100 AD. PNAS 104:5738-5742.

Woodworth, C. W. 1908. The Argentine ant in California. University of California
College of Agriculture, Berkeley Circular No. 38 38.





