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Abstract Climate change may exacerbate invasions by
making conditions more favorable to introduced species
relative to native species. Here we used data obtained dur-
ing a long-term biannual survey of the distribution of ant
species in a 481-ha preserve in northern California to assess
the influence of interannual variation in rainfall on the
spread of invasive Argentine ants, Linepithema humile, and
the displacement of native ant species. Since the survey
began in 1993, Argentine ants have expanded their range
into 74 new hectares. Many invaded hectares were later
abandoned, so the range of Argentine ants increased in
some years and decreased in others. Rainfall predicted both
range expansion and interannual changes in the distribution
of Argentine ants: high rainfall, particularly in summer
months, promoted their spread in the summer. This sug-
gests that an increase in rainfall will promote a wider distri-
bution of Argentine ants and increase their spread into new
areas in California. Surprisingly, the distribution of two
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native ant species also increased following high rainfall,
but only in areas of the preserve that were invaded by
L. humile. Rainfall did not have a negative impact on total
native ant species richness in invaded areas. Instead, native
ant species richness in invaded areas increased significantly
over the 13 years of observation. This suggests that the
impact of Argentine ants on naive ant communities may be
most severe early in the invasion process.
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Introduction

Both climate change and invasive species alter the structure
and function of native ecosystems, and their effects may
interact (Dukes and Mooney 1999; Benning et al. 2002;
Weltzin et al. 2003; Mooney and Hobbs 2005). Climate
change associated with greenhouse gas emissions is alter-
ing temperature and precipitation as well as the magnitude
and pattern of climate variation (IPCC 2007). Under differ-
ent climate conditions, locations currently unfavorable to a
particular invasive species may become more favorable
(Kriticos et al. 2003; Peterson 2003; Roura-Pascual et al.
2004), and species coexistence and resource use may
change (Levine and Rees 2004; Sanders and Gordon 2004),
thus altering the susceptibility of communities to invasion
(Chesson 2000; Davis et al. 2000; Cleland et al. 2004).

In the study reported here, we employed a long-term sur-
vey (1993-2005) of the distribution of ant species in a
reserve in northern California to explore how interannual
and seasonal variation in rainfall affects the rate of spread
of invasive Argentine ants and their impact on native ant
species. Experimental manipulations have shown that
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increases in water availability can affect the invasibility of
communities (Harrington 1991; Dukes and Mooney 1999;
Davis and Pelsor 2001; Menke and Holway 2006), and
some long-term studies have shown that the abundance
of invasive species can increase in years of high rainfall
(Burgess et al. 1991; Hobbs and Mooney 1991) or in years
with early warm temperatures (Stachowicz et al. 2002).

The Argentine ant, Linepithema humile, has been intro-
duced and continues to spread in many regions around the
world, often with devastating impacts on biodiversity and
ecosystem function (reviewed in Holway et al. 2002a). The
rate of spread of L. humile populations can vary consider-
ably across habitats, seasons, and years (Way et al. 1997;
Sanders et al. 2001; Suarez et al. 2001; Krushelnycky et al.
2004; DiGirolamo and Fox 2006). Rainfall is likely to
influence the invasion dynamics of L. humile. Its nest distri-
bution is limited by soil moisture availability in some loca-
tions (Ward 1987; Holway 1998; Holway et al. 2002b), and
its abundance in pitfall traps increases in years with high
rainfall (DiGirolamo and Fox 2006) and in areas with high
soil moisture (Holway et al. 2002b; Menke and Holway
2006). Menke and Holway (2006) experimentally manipu-
lated soil moisture and found that Argentine ants spread
further along irrigated than along control transects in native
ant communities in southern California. Due to frequent
nest relocation and reproduction by budding (Heller and
Gordon 2006), the response of Argentine ants to changes in
rainfall can be rapid (Menke and Holway 2006) compared
to that of other ant populations (i.e., Kaspari and Valone
2002).

Jasper Ridge Biological Preserve (JRBP), a 481-ha pre-
serve in northern California, has been surveyed twice
yearly since 1993, in May and September, to monitor distri-
butions of Argentine ants and other ant species (Human
et al. 1998; Sanders et al. 2001; Sanders et al. 2003; Heller
et al. 2006). In the course of this long-term study, we have
examined several aspects of the Argentine ant invasion,
including seasonal and annual patterns in their rate of
spread (Human and Gordon 1996; Sanders et al. 2001), abi-
otic correlates of their distribution (Human et al. 1998),
their interactions with native arthropods and impact on
native ant community organization (Human and Gordon
1997; Human and Gordon 1999; Sanders et al. 2001; Sand-
ers et al. 2003), and the effect of their colony organization,
including seasonal polydomy and reproduction by budding
(Heller and Gordon 2006) on dispersal (Ingram and Gordon
2003) and rate of spread (Heller et al. 2006). The long-term
data show that L. humile has continued to invade new areas
in JRBP since 1993. However, its rate of expansion into
new areas has varied considerably across years, and the dis-
tribution within JRBP contracted in some years because the
ants abandoned some previously invaded areas. In the study
reported here, we explored the influence of natural variation
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in rainfall on the long-term pattern of distribution and range
expansion of Argentine ants in JRBP. We predicted that
L. humile would spread more in years of high rainfall because
higher soil moisture would increase both nest site availabil-
ity and food supply and promote colony growth and that
increased expansion would lead to a decrease in the activity
and distribution of native ant species. We asked: (1) is
interannual variation in the distribution of L. humile, and its
rate of expansion into new areas, influenced by interannual
variation in rainfall? (2) is the interannual variation in the
distribution of three native ant species influenced by
interannual variation in rainfall? (3) do rainfall and time,
measured by time since the survey began in 1993, affect
the richness of native ant species in areas invaded by
L. humile?

Methods
Study system

Jasper Ridge Biological Preserve (JRBP) is located in
northern California (San Mateo County, 37°24'N and
122°13'30"W, 67-207 m a.s.l.). Thirteen distinct habitat
types occur in JRBP, including serpentine and annual
grassland, chaparral, oak woodland, wetland, riparian, and
evergreen and redwood forest (http:/jrbp.stanford.edu).
The JRBP is surrounded on all sides by low-density devel-
opment, agriculture, and open space, much of which is
invaded by L. humile.

Ant survey

This study used data obtained from surveys of the distribu-
tions of native ant species and L. humile in JRBP made
each May and September from 1993 to 2005. In 1993, the
481-ha JRBP was divided into 1-ha quadrats using an aerial
photograph. Argentine ants form large compound colonies
consisting of many nests linked by trails (Markin 1968;
Holway and Case 2000; Heller and Gordon 2006) that
cover spatial areas up to approximately 1000 m> (Heller
2005). Some quadrats were not surveyed due to dense poi-
son oak (Toxicodendron diversilobum) or other vegetation,
flooding, or the presence of a lake. In the center of each
accessible 1-ha quadrat, a 20-m radius circle (referred to as
a ‘sample plot’) was searched for 5 person-min, and the
presence of native ant species and L. humile was recorded.
Sampling techniques included searching under rocks, scan-
ning trees and vegetation, and sifting through leaf litter
(methods applied in Human etal. 1998; Sanders et al.
2001). Previous studies at JRBP compared the results of
this sampling method to both pitfall trapping (Human and
Gordon 1996) and to more intensive searches at a finer
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scale (Sanders et al. 2001) and found no difference in the
number of species detected, although some differences were
found in which species were detected. The survey methods
may overlook cryptic and rare species, but reliably detect
conspicuous, active species that forage above the leaf litter
(Bestelmeyer et al. 2004), including L. humile and the three
native ant taxa discussed below.

On an average, 255 (range 169-310) sample plots were
searched in each survey. In all surveys, except May and
September 1993 and May 1996, native ants were identified
to species or genus level. All surveys were conducted by
graduate students with the help of undergraduate assistants.
From 1993 to May 1996, surveys were managed by
K. Human; from September 1996 to 1999 by N. Sanders; from
May 2000 to 2004 by N. Heller; in 2005 by J. Shors. There
was no significant difference among people managing the
survey in terms of the mean number of species found per
sample plot (ANOVA, F; 4, =0.81, P =0.50).

Climate data

Data on precipitation and temperature were collected from
the JRBP weather station (37°23'12''N, 122°14'26''W).
The site has a Mediterranean-type climate, characterized by
cool wet winters (November—April) and warm dry sum-
mers (May—September). On an average, 96% of the annual
rainfall occurs in the winter months. The timing and quan-
tity of rainfall is strongly variable across years, marked by
periodic years of highly abnormal rainfall, often in response
to the El Nifio southern oscillation (ENSO) (Schoner and
Nicholson 1989). In the 1990s there was a series of El
Nifio/La Nifia events, including the 1997-1998 El Nifio,
which is the strongest on record, producing a 100%
increase in rainfall throughout California (Chagnon 2000).
Annual precipitation at the site from 1992 to 2005 is shown
relative to the 30-year average in Fig. 1.

Ant community

Thirty-one ant species have been collected at JRBP, of
which 13 are detected frequently in our biannual ant survey
(see Appendix 1 in the Electronic Supplementary Material).
Voucher specimens are stored at the Bohart Museum at the
University of California, Davis. Here we examine patterns
of species richness in invaded plots over time, which
includes data from all 31 ant species. In addition, we focus
on the distributions of L. humile and three native ant spe-
cies which were observed frequently in our survey and
which are active across the range of temperatures in which
the surveys were conducted (Human et al. 1998): (1) Pre-
nolepis imparis, (2) Formica moki, and (3) Tapinoma ses-
sile. Prenolepis imparis, the winter ant, is a common ant
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Fig. 1 Annual total precipitation at the Jasper Ridge Biological Pre-
serve (JRBP), California from October 1992 to October 2005. Winter
precipitation (black bars) occurs from October to April, and summer
precipitation (white bars) from May to September in the year indicated.
The horizontal line shows the 30-year average of annual precipitation

species throughout North America (Creighton 1950).
Despite high diet overlap with L. humile (K. Barton, unpub-
lished data; Lynch et al. 1980), it co-occurs with L. humile
more frequently than do other native ant species in JRBP
(Human and Gordon 1996; Sanders et al. 2001) and else-
where (Tremper 1976; Ward 1987; Holway 1998; Suarez
etal. 1998), perhaps because P. imparis is most active in
the winter months when L. humile is less active (Ward
1987). At JRBP, P. imparis is active throughout the year in
riparian and woodland areas, and in both the May and Sep-
tember surveys it remains the most common ant species
that overlaps with L. humile (Sanders et al. 2001). Formica
moki is the next most likely to co-occur with L. humile in
JRBP, both in May and September, and it is very common
in areas of the reserve in which L. humile is absent. The
activity of F. moki peaks in the summer, like that of
L. humile (Human et al 1998). Formica moki was sometimes
not distinguished from Formica subpolita in the survey
data. Formica subpolita is restricted to chaparral habitat at
JRBP. To exclude F. subpolita from data for F. moki, we
removed 21 survey plots in chaparral habitat from the anal-
ysis. The colonies of 7. sessile, like those of L. humile, relo-
cate nests in response to changes in resource availability,
and this ant rapidly increases in abundance in response to
irrigation (Menke and Holway 2006).
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Distribution of ant species and rainfall

To examine the influence of rainfall on the interannual vari-
ation in the distribution of ant taxa, we used data from the
185 sample plots that were sampled in every survey
between 1993 and 2005 in which native ants were identified
to the species or genus level (1994-1995, September 1996,
1997-2005). We divided these 185 plots into two catego-
ries: Invaded, the 130 sample plots that were invaded by
L. humile in at least one survey from 1993 to 2005, and
Intact, the 55 sample plots that were never invaded.

We tested for an association between rainfall and the dis-
tribution of the ant species in May and September using
stepwise multiple regression. We modeled the effects of
four different rainfall variables: (1) rainfall in the winter
preceding a survey (same year winter), (2) rainfall in the
winter in the year before a survey (previous year winter),
(3) rainfall in the summer in the year before a survey (pre-
vious year summer), and, for September data only, (4) rain-
fall in the summer directly preceding a survey (same year
summer). Winter and summer precipitation in the same
year were strongly positively correlated (r=0.75, P=
0.003), but in some years winter rainfall was very low and
summer rainfall was high (i.e., 1993-1994; Fig. 1), so we
included them as separate effects.

For all four ant species studied (L. humile, P. imparis,
F. moki, T. sessile), we estimated interannual changes in dis-
tribution as the change from year ¢ to year ¢ + / in the num-
ber of sample plots occupied. The response variable in all
analyses was the total number of occupied sample plots in
each survey for each species, not whether a particular sam-
ple plot was invaded or intact. Therefore, the response vari-
able is not subject to spatial autocorrelation. The response
of native ant species to rainfall was evaluated separately in
Invaded and Intact plots because their response to rainfall
may be influenced indirectly by the effect of rainfall on
L. humile. We used stepwise multiple regression analyses that
included each of the four rainfall variables listed above as
independent factors, and interannual changes in distribution
of ant species as dependent factors.

For each ant species, we selected the best-fit model by
calculating all possible models and then selecting the model
with the highest F statistic, lowest Akaike information cri-
terion (AIC) score, and variance inflation factors lower than
1.5. Each final fitted model was tested to ensure the validity
of the equation and suitability of the parametric regression
approach. Residuals were examined for normality (Shap-
iro—Wilk W test, P> 0.15 for all) and constant variance.
Durbin—Watson tests indicated that none of the models
showed a serial correlation in error terms (Table 1; P > 0.05
for all).

Time-series data analyzed parametrically with regres-
sion are sensitive to violations of the assumption of
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independent random errors. While the data did not show
serial correlation, to ensure the validity of our results we
also used EcoSmm ver. 7.0 (Gotelli and Entsminger 2006) to
conduct separate randomization-based regressions between
each rainfall variable and each ant distribution variable,
including range expansion and species richness (described
in following section). The randomization method does not
depend on Gaussian assumptions and instead compares the
observed correlation coefficient with a probability distribu-
tion of correlation coefficients generated by re-shuffling the
data 1000 times. The results of these analyses were qualita-
tively similar to those generated by linear regression mod-
els and are, therefore, not reported further.

Range expansion of L. humile and rainfall

To study how rainfall influences the rate of range expansion
of L. humile, we examined the relationship between the
number of sample plots invaded by L. humile for the first
time during our survey and the four winter and summer
rainfall variables, using stepwise regression as described
above. We considered newly invaded sample plots as range
expansion for two reasons. First, the impact of Argentine
ants on the structure and diversity of the native ant commu-
nity occurs when an area is first invaded (Sanders et al.
2003). Second, because Argentine ants invaded new sample
plots and abandoned others in the same year, overall
change in interannual distribution may not reflect the num-
bers of newly occupied sites where impact is high.

In this analysis, we included all years of data and the 245
sample plots for which there were no gaps in sampling prior
to invasion and we could therefore clearly infer when the
invasion first occurred. We included time since the survey
began as a predictor variable in the stepwise regression
model to test if there were directional trends in invasion
rate over time. Since slight autocorrelation occurred in the
best-fit model for the September data (Durbin—Watson
statistic = 1.34), we transformed both the independent and
dependent variables using the Cochrane—Orcutt procedure
to estimate parameters for linear regression (Cochrane and
Orcutt 1949).

Native ant species richness, rainfall, and time since survey
began

In each survey, native ant species were found in some of
the invaded sample plots. We expected that in years of high
rainfall, native ant species richness in these plots would
decrease due to the suppression of native ant activity by
increased L humile activity. We examined the relationship
between mean native ant species richness across invaded
plots and the four winter and summer rainfall variables
using stepwise regression, as described above. To test for
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Table 1 Results of stepwise

. ; Predictor variable Model
multiple regression best-fit
models for interannual Precipitation
distribution of ant species in
September and May surveys Same year Previous year
Summer Winter Summer Winter R? P value Durbin—Watson
September
Invaded plots
Linephitema humile — + + 0.61 0.01 1.73
0.47%* 0.21%*
Tapinoma sessile + - 0.43 0.10 1.63
Prenolepis imparis + 0.15 0.24 2.61
Formica moki % 0.71 0.001 2.31
Intact plots
T. sessile - 0.05 0.51 1.83
P. imparis + 0.17 0.20 2.48
F. moki + 0.06 0.47 2.63
May
Invaded plots
L. humile - 0.08 0.39 2.19
T. sessile - 0.05 0.53 1.67
P. imparis +* 0.52 0.02 1.97
F. moki + 0.19 0.20 2.60
*P <0.05, **P < 0.01 Intact plots
Predictor variables with (+) or T. sessile - 0.16 0.26 1.46
negative (—) coefficients noted. P. imparis + 0.11 034 2.90
For significant models, partial r* F. moki + 0006 0.82 2.96

values are shown

changes in the impact of L. humile on native ant species
richness over time, we also included time since the survey
began as a predictor variable in the stepwise regression.

In this analysis, we calculated the mean native ant
species richness for the subset of sample plots in which
L. humile was found when the survey was started in 1993
and in which native ants were always identified to species
(n =95). Data on the presence of any of the 31 native ant
species occurring at the preserve (Appendix 1 of Electronic
Supplementary Material) were included in the calculation
of the mean. If only L. humile was detected in a plot, the
species richness value for that plot was zero. Data from
both surveys in 1993 and the May 1996 survey were not
included because native ants were not identified to species.
September data were logarithmically transformed so that
residuals were normal random variables.

Results
Distribution of ant species and rainfall

The distribution of L. humile in September was greater fol-
lowing high rainfall. Interannual variation in the spatial

distribution of L. humile in September was best predicted
by a model that included both same year and previous year
summer rainfall (R?>=0.61, n=12, P=0.01). Same year
summer rainfall explained the majority of the variation in
the model (Table 1; Fig. 2a). Same year winter rainfall also
predicted a significant amount of variation in the distribu-
tion of L. humile in September (R2 =040,n=12, P=0.03;
Fig. 2b), but it did not enter the best-fit regression model
because winter and summer rainfall in the same year are
highly correlated. In contrast to September, the distribution
of L. humile in May was not significantly related to any of
the rainfall variables (Table 1).

For some native ant species in some seasons, distribu-
tions also depended on high rainfall, but only in Invaded
sample plots. The best-fit model for the distribution of
P. imparis in Invaded plots in May included previous year
summer rainfall (R>=0.52, n =11, P = 0.02). There was no
effect of rainfall on P. imparis distribution in September or
in Intact plots (Table 1). The best-fit model for the distribu-
tion of F. moki in Invaded plots in September included same
year summer rainfall (R2 =0.71, n=12, P =0.001). There
was no effect of rainfall on F. moki distribution in May sur-
veys or in Intact plots (Table 1). The distribution of 7. sessile
did not depend on rainfall in either season (Table 1).
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Fig. 2 Interannual change in the distribution of Linepithema humile in
September from 1993 to 2005 as a function of same year precipitation
in summer (a) (+* = 0.40, P = 0.03) and winter (b) (+* = 0.40, P = 0.03)
in the same year, with best-fit regression lines

Range expansion of L. humile and rainfall

Argentine ants expanded into approximately 74 new sam-
ple plots over the 12 years of the survey (Fig. 3). In Sep-
tember, the rate of range expansion showed a trend toward
a decline over time (R2 =0.28, n=12, P =0.08), but was
more strongly associated with interannual variability in
rainfall. The best-fit model for September data included
same year and previous year summer rainfall (R* = 0.59,
n=12, P=0.02; Fig. 4a), with same year summer rainfall
explaining the majority of the variation (Table 2). The
effects of winter rainfall on range expansion in September
were less clear. The year of 1994 was detected as an outlier
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Fig. 3 Range expansion of L. humile from 1994 to 2005, measured as
the number of newly invaded sample plots in each May and September
survey

value (outlier analysis, JMP ver. 6.0) in the analysis with
same year winter rainfall (Fig.4b). Argentine ants
expanded into many new plots in September 1994 when
winter rainfall was the lowest of the 13 years but summer
rainfall was relatively high (Fig. 4a). When we removed
1994 from the analysis, the best-fit stepwise regression
included only same year winter precipitation (R =0.47,
n=11,P=0.01).

In May, by contrast, rainfall had little effect on the rate of
range expansion and, instead, the rate of range expansion
significantly declined over time (Fig. 3). The best-fit model
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Fig. 4 Annual range expansion of L. humile in September as a func-
tion of same year precipitation in summer (a) (% = 0.38, P = 0.03) and
winter (b) (#* = 0.30, P = 0.07)

included time since the survey began and same year winter
rainfall, with time since the survey began explaining most
of the variation (R 2=0.59, n =12, P =0.02; Table 2).

Native ant species richness, rainfall, and time since survey
began

Fewer native ant species were detected in Invaded plots
(0.20 £ 0.41) than in Intact plots (1.57 £ 0.62) (¢ test,
t;,=10.44, P <0.001). Native ants were found less
frequently in September than in May in Intact plots
(1.3 £ 0.18 for September, 1.9 + 0.79 for May; 1, = 2.1,

P =0.04) and in Invaded plots (0.07 &= 0.05 for September,
0.28 £ 0.07 for May; t,, = 8.2, P < 0.001).

Native ant species richness in the subset of 95 plots
invaded since the start of the survey tended to increase over
time. In the later years of the survey compared to the early
years, there were more plots with native ant species and
L. humile found together, and there were more plots with
more than one native ant species and L. humile found
together. Mean native ant species richness in May signifi-
cantly increased with time since the beginning of the survey
(R2 =0.47, n=11, P =0.02; Fig. 5). The best-fit model for
May data included time since the survey began, previous
year summer rainfall, and same year winter rainfall
(R*=0.83, n=11, P<0.01; Table 2). In September, the
best-fit model included same year summer rainfall and time
since the survey began, but the model was not significant
(Table 2; Fig. 5).

Discussion

Rainfall appears to influence the spread of Argentine ants,
presumably through effects on soil moisture availability.
Between 1993 and 2005, Argentine ants increased their
range in JRBP. Their distribution and rate of expansion was
highly variable from year to year (Sanders etal. 2001;
Heller et al. 2006). Here we found that the spread of Argen-
tine ants during the summer was strongly related to interan-
nual variation in rainfall patterns. The distribution of
L. humile in September, relative to the previous September,
increased following wet weather and decreased following
dry weather (Fig. 2), and L. humile invaded more new areas
following high rainfall (Fig. 4).

Although annual rainfall influenced the spread of Argen-
tine ants in summer, it was not associated with spread from
one May to the next. Range expansion from one May to the
next tended to decrease from 1993 to 2005, and there was
no trend in rainfall over those years. In the early years of
the survey, beginning in 1993, the range of L. humile
expanded from one spring to the next, but since 2001 no
new sample plots were invaded in May (Fig. 3). The total
number of invaded sample plots in both May and Septem-
ber has also remained relatively constant since about 2000
(see also Fig. 2, Heller et al. 2006).

Rainfall cycles at longer time scales appear to influence
the invasion. Argentine ant colonies are seasonally polyd-
omous; in the winter groups of nests linked by trails con-
tract to form large aggregations, and in the spring and
summer these aggregations break apart and disperse (Heller
and Gordon 2006). Worker production peaks from August
through October (Markin 1970). Ants spread both in the
winter, apparently by establishing new winter aggregations,
and in the summer, by dispersing nests from the winter
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Table 2 Results of stepwise

. . Predictor variable Model
multiple regression best-fit
models for Argentine ant range Precipitation Time
expansion and native ant species
richness in invaded plots Same year Previous year
Summer Winter Summer Winter R? P value  Durbin—Watson
Range expansion
September  + + 0.59 0.02 1.73
0.45%* 0.21
May - - 0.59 0.02 2.65
0.09 0.55%%*
*P < 0.05, **P < 0.01 Native ant species richness
Predictor variables with positive September + 035 0.15 1.83
(+) or negative (—) coeflicients May _ + 4 0.83 <0.01 1.80
noted. For significant models, 0.04 0.24%%* 0.67%%

partial /2 values are shown

0.5 1
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Year

Fig. 5 Native ant species richness (mean + SE) in invaded sample
plots in May (a) and September (b) as a function of time since the sur-
vey began in 1993.Ninety-five sample plots invaded since 1993 are
included in the calculation of the mean. Line is best-fit regression

aggregations. Our survey began after a 5-year drought
(1987-1992) during which only 55% of average rainfall
fell. The increase in rainfall in 1993 may have promoted
Argentine ant survival and population growth, leading to
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the rapid range expansion seen in both May and September
in the early years of the survey (Fig. 3). In later years, range
expansion was observed only in the September surveys,
perhaps due only to summer nest dispersal without the
establishment of new winter aggregations.

When the survey began in 1993, the range of Argentine
ants in JRBP was expanding in lower elevation grasslands
and woodlands, near permanent water sources and human
infrastructure (Human et al. 1998). The current invasion
edge occurs at transitions to drier habitat, such as chaparral
and high elevation grasslands and woodlands. Linepithema
humile may have recently approached its maximum distri-
bution in JRBP, due to abiotic constraints. If so, few new
sites will be invaded in coming years, except in years of
high rainfall. When another severe drought occurs, we
anticipate a rapid range reduction.

Our results are consistent with those from other studies,
mostly in plants, showing that fluctuations in resource
availability influence the establishment and population
growth of invasive species (Tilman 1999; Davis et al. 2000;
Shea and Chesson 2002). An invasive annual grass species,
Bromus mollis, invaded native-dominated serpentine
grassland patches in JRBP in the wet El Nifio years of
1982-1984 but was virtually eliminated in the drier years
that followed (Hobbs and Mooney 1991). Other studies
report that populations of invasive plants, birds, and insects
became established in response to altered resource condi-
tions during strong El Nifio events (Rosenberg et al. 1990;
Burgess et al. 1991; Roque-Albelo and Causton 1999; Dech
and Nosko 2004).

The distribution of L. humile at JRBP increased rapidly
during the summer following the very wet year associated
with the 1997-1998 El Nifio event (Fig. 2), and it showed
more modest increases in other above-average rainfall
years or in years with above-average summer rainfall. Since
there is little evidence that native ant species richness
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affects Argentine ant invasion success in California (Erick-
son 1972; Holway 1998; Holway et al. 2002b; Sanders
etal. 2003; Menke and Holway 2006), it appears that
Argentine ant populations are primarily limited by soil
moisture availability. Workers are small-bodied and desic-
cate easily (Tremper 1976; Walters and Mackay 2003).
They move frequently to find high humidity nest sites
(Heller and Gordon 2006) and in response to changes in
weather (Gordon et al. 2001). Survival, reproductive rates,
rate of spread, and abundance are higher in sites with high
soil moisture (Holway et al. 2002b; Menke and Holway
2006). In a site near JRBP, DiGirolamo and Fox (2006)
found that the abundance of L. humile in pitfall traps was
significantly greater in 1998 following the high rainfall El
Nifio event than in 1999, 2000 and 2001. At JRBP, nest
density (nest surface area x number of nests, m~2) was up
to fivefold higher at the invasion edge and twofold higher in
the core of the invasion following the wet winter in 2002—
2003 relative to the drier winter of 2001-2002 (Heller
2005). We cannot rule out alternative explanations for this
increase in nest density between years, but it does suggest
that in high rainfall years, nest site availability increases, as
does Argentine ant abundance.

Two previous studies that examined the relationship
between the spread of L. humile and rainfall — one in
Hawaii over a 11-month period (Krushelnycky et al. 2004)
and one in northern California over 4 years (DiGirolamo
and Fox 2006) — did not find significant effects. The effect
of rainfall on spread may become apparent only in a long-
term study. For example, at JRBP, rainfall would not
appear to be a significant predictor of spread if we exam-
ined any of the four-year increments in our 13-year study.
Experimental manipulations of soil moisture, however,
indicate that it can be important in the short term (Menke
and Holway 2006).

Our results do not support our prediction that rainfall
would increase the impact of L. humile on native ant spe-
cies. Native ant species richness in invaded plots was not
strongly related to rainfall, and two of the three native spe-
cies we examined increased in high rainfall years in
Invaded plots, and not in Infact plots. The response of each
native species to rainfall probably depends on its life his-
tory. We found P. imparis in more sample plots in May
following wet summers in the previous year, perhaps
because rainfall in one year promoted dispersal or success-
ful colony reproduction the following year. By contrast,
the distribution of F. moki increased in September follow-
ing wet summers in the same year, suggesting that rainfall
promotes a short-term increase in foraging activity or col-
ony size. Other studies show that abiotic conditions affect
the activity of other native ant species in California (e.g.,
Holway et al. 2002b for Forelius mccooki). Our result that
rainfall affects native ant distribution only in Invaded plots

may not be due to any direct effect of rainfall on the inter-
actions of native species with L. humile. In areas where L.
humile is established, the structure of ant communities is
disrupted (Sanders et al. 2003), and in these conditions,
some native species may be able to benefit from increased
rainfall.

Native ant species richness in invaded plots increased
with time since the survey began (Fig. 5). In the early years
of the survey, fewer native ant species co-occurred with
L. humile than in later years. The impact of invasive ant
species on native communities is often greatest immediately
after the invasive species becomes established (Haskins
and Haskins 1965; Crowell 1968; Lieberberg et al. 1975;
Haskins and Haskins 1988; Morrison 2002; Sanders et al.
2003). For example, Morrison (2002) found that native ant
species richness had reached pre-invasion levels 12 years
after the invasion of a reserve in Texas by Solenopsis
invicta, perhaps because the abundance of S. invicta
decreased. We found a smaller increase in native ant spe-
cies richness over 13 years than did Morrison (2002). We
know little about changes in the abundance of Argentine
ants at JRBP, but available evidence suggests they are
increasing in abundance, rather than decreasing (Heller
2005). Most invaded sample plots at JRBP continued to be
dominated exclusively by Argentine ants; the average
proportion of invaded plots, over 13 years, that had only
L. humile was 83 £ 10%. Thus, the slight rebound of the
native ant community following invasion occurred in some
— but not in most — of the sample plots.

Forecasting the effects of climate change on the distribu-
tion and dominance of invasive species is an important and
complex task (Dukes and Mooney 1999; Mooney and
Hobbs 2005). There are few long-term studies that link
invasive species ecology to climate variability (Stachowicz
et al. 2002). In California, regional climate models suggest
that increases in temperature that result from greenhouse
gas emissions may be accompanied by a decrease in both
winter and summer precipitation (Kueppers et al. 2005), but
predictions for precipitation are uncertain (Hayhoe et al.
2004). Global climate models predict that within the Pacific
climate system there will be more years of climatic
extremes and more extreme year-to-year variation in rain-
fall (Timmermann et al. 1999; IPCC 2007). Our results
suggest that an increase in rainfall will increase the rate of
spread of L. humile into new areas. If high rainfall years
tend to alternate with dry years, it is likely that its distribu-
tion will expand and contract.

Acknowledgments We wish to thank the many Stanford undergrad-
uates and other students who helped with the ant survey at JRBP, espe-
cially Patrick Hsieh, Tomas Matza, and Eli Sarnat who provided very
valuable assistance. Many thanks to Phil Ward for ant identification
and for curating the JRBP ant collection. Peter Vitousek, Phil Lester,
and one anonymous reviewer provided constructive comments on

@ Springer



Oecologia

drafts of this manuscript. Raquel Prado provided valuable statistical
advice. Support for this study came from a NSF pre-doctoral fellowship
to NEH, the National Research Initiative of the USDA Cooperative State
Research, Education and Extension Service grant no. 2001-35302-09981
to DMG, and Mellon grants to JRBP.

References

Benning TL, LaPointe D, Atkinson CT, Vitousek PM (2002) Interac-
tions of climate change with biological invasions and land use in
the Hawaiian Islands: modeling the fate of endemic birds using a
geographic information system. Proc Natl Acad Sci USA
99:14246-14249

Bestelmeyer BT, Agosti D, Alonso LE, Brandao CRF, Brown WL,
Delabie JC, Silvestre R (2004) Field techniques for the study of
ground dwelling ants: an overview, description, and evaluation.
In: Agosti D, Majer JD, Alonso LE, Schultz TR (eds) Ants: stan-
dard methods for measuring and monitoring biodiversity. Smith-
sonian Institution, Washington D.C., pp 122-144

Burgess TL, Bowers JE, Turner RM (1991) Exotic plants of the desert
laboratory. Madrofio 38:96-114

Chagnon SA (2000) El Nifio, 1997-1998: the climate event of the cen-
tury. Oxford University Press, New York

Chesson P (2000) Mechanisms of maintenance of species diversity.
Annu Rev Ecol Syst 31:342-366

Cleland EE, Smith MD, Andelman SJ, Bowles C, Carney KM, Horner-
Devine MC, Drake JM, Emery SM, Gramling JM, Vandermast DB
(2004) Invasion in space and time: non-native species richness
and relative abundance respond to interannual variation in
productivity and diversity. Ecol Lett 7:947-957

Climate change (2007) The physical science basis. In: Fourth assess-
ment report of the intergovernmental panel on climate change.
Available at: http://ipcc-wgl.ucar.edu

Cochrane D, Orcutt GH (1949) Application of least squares regression
to relationships containing autocorrelated error terms. J Am Stat
Assoc 44:32-61

Creighton W (1950) Ants of North America. Bull Mus Comp Zool
Harvard Univ 104:1-585

Crowell KL (1968) Rates of competitive exclusion by the Argentine
ant in Bermuda. Ecology 49:551-555

Davis MA, Pelsor M (2001) Experimental support for a resource-based
mechanistic model of invasibility. Ecol Lett 4:421-428

Davis MA, Grime JP, Thompson K (2000) Fluctuating resources in
plant communities: a general theory of invasibility. J Ecol
88:528-534

Dech JP, Nosko P (2004) Rapid growth and early flowering in an inva-
sive plant, purple loosestrife (Lythrum salicaria L.) during an El
Nifio Spring. Int J Biometerol 49:26-31

DiGirolamo LA, Fox LR (2006) The influence of abiotic factors and
temporal variation on local invasion patters of the Argentine ant
(Linepithema humile). Biol Invas 8:125-135

Dukes JS, Mooney HA (1999) Does global change increase the success
of biological invaders? TREE 14:135-139

Erickson JM (1972) The displacement of native ant species by the
introduced Argentine ant [ridomyrmex humilis Mayr. Psyche
78:257-266

Gordon DM, Moses L, Falkovitz-Halpern M, Wong Emilia H (2001)
Effect of weather on infestation of buildings by the invasive
Argentine ant, Linepithema humile (Hymenoptera: Formicidae).
Am Midl Nat 146:321-328

Gotelli NJ, Entsminger GL (2006) EcoSmv: null models software for
ecology. In, 7.0. edn. Acquired Intelligence/Kesey-Bear, Jericho

Harrington GN (1991) Effects of soil moisture on shrub seedling sur-
vival in a semi-arid grassland. Ecology 72:1138-1149

@ Springer

Haskins CP, Haskins EF (1965) Pheidole megacephala and Iridomyr-
mex humilis in Bermuda, equilibrium or slow replacement? Ecol-
ogy 46:736-740

Haskins CP, Haskins EF (1988) Final observations on Pheidole
megacephala and Iridomyrmex humilis in Bermuda. Psyche
95:177-184

Hayhoe K, Cayan D, Field CB, Frumhoff PC, Maurer EP, Miller NL,
Moser SC, Schneider SH, Cahill KN, Cleland EE, Dale L, Drapek R,
Hanemann RM, Kalkstein LS, Lenihan J, Lunch CK, Neilson RP,
Sheridan SC, Verville JH (2004) Emissions pathways, climate
change, and impacts on California. Proc Natl Acad Sci USA
101:12422-12427

Heller NE (2005) Colony structure, climate and spread in invasive
Argentine ants. In: Department of Biological Sciences. Stanford
University, Stanford

Heller NE, Gordon DM (2006) Seasonal spatial dynamics and causes
of nest movement in colonies of the invasive Argentine ant (Lin-
epithema humile). Ecol Entomol 31:499-510

Heller NE, Sanders NJ, Gordon DM (2006) Linking spatial and tempo-
ral scales in the study of an Argentine ant invasion. Biol Invas
8:501-507

Hobbs RJ, Mooney HA (1991) Effects of rainfall variability and gopher
disturbance on serpentine annual grassland dynamics. Ecology
72:59-68

Holway DA (1998) Factors governing rate of invasion: a natural exper-
iment using Argentine ants. Oecologia 115:206-212

Holway DA, Case TJ (2000) Mechanisms of dispersed central-place
foraging in polydomous colonies of the Argentine ant. Anim
Behav 59:433-441

Holway DA, Lach L, Suarez AV, Tsutsui ND, Case TJ (2002a) The
causes and consequences of ant invasions. Annu Rev Ecol Syst
33:181-233

Holway DA, Suarez AV, Case TJ (2002b) Role of abiotic factors in
governing susceptibility to invasion: a test with Argentine ants.
Ecology 83:1610-1619

Human KG, Gordon DM (1996) Exploitation and interference compe-
tition between the invasive Argentine ant, Linepithema humile,
and native ant species. Oecologia 105:405-412

Human KG, Gordon DM (1997) Effects of Argentine ants on invertebrate
biodiversity in northern California. Conserv Biol 11:1242-1248

Human KG, Gordon DM (1999) Behavioral interactions of the inva-
sive Argentine ant with native ant species. Insect Soc 46:159-163

Human KG, Weiss S, Weiss A, Sandler B, Gordon DM (1998) Effects
of abiotic factors on the distribution and activity of the invasive
Argentine ant (Hymenoptera: Formicidae). Environ Entomol
27:822-833

Ingram KK, Gordon DM (2003) Genetic analysis of dispersal dynam-
ics in an invading population of Argentine ants. Ecology
84:2832-2842

Kaspari M, Valone TJ (2002) On ectotherm abundance in a seasonal
environment—studies of a desert ant assemblage. Ecology
83:2991-2996

Kiriticos DJ, Sutherst RW, Brown JR, Adkins SW, Maywald GF (2003)
Climate change and the potential distribution of an invasive alien
plant: Acacia nilotica ssp. indica in Australia. ] App Ecol 40:111-124

Krushelnycky PD, Lloyd LL, Joe SM (2004) Limiting spread of a uni-
colonial invasive insects and characterization of the seasonal pat-
terns of range expansion. Biol Invas 6:47-57

Kueppers LM, Synder MA, Sloan LC, Zavaleta ES, Fulfrost B (2005)
Modeled regional climate change and California endemic oak
ranges. Proc Natl Acad Sci USA 102:16281-16286

Levine JM, Rees M (2004) Effects of temporal variability on rare plant
persistence in annual systems. Am Nat 164:350-363

Lieberberg IP, Kranz M, Seip A (1975) Bermudian ants revisited: the
status and interaction of Pheidole megacephala and Iridomyrmex
humilis. Ecology 56:473-478



Oecologia

Lynch J, Balinsky E, Vail S (1980) Foraging patterns in three sympatric
forest ant species, Prenolepis imparis, Paratrechina melanderi
and Aphaenogaster rudis. Ecol Entomol 5:353-371

Markin GP (1968) Nest relationship of the Argentine ant, Iridomyrmex
humilis (Hymenoptera: Formicidae). J Kans Entomol Soc
41:511-516

Markin GP (1970) The seasonal life cycle of the Argentine ant, Irido-
myrmex humilis in southern California. Ann Entomol Soc Am
635:1238-1242

Menke SB, Holway DA (2006) Abiotic factors control invasion by
Argentine ants at the community scale. J] Anim Ecol 75:368-376

Mooney HA, Hobbs RJ (eds) (2005) Invasive Species in a changing
world. Island Press, Washington D.C.

Morrison LW (2002) Long-term impacts of an arthropod-community
invasion by the imported fire ant, Solenopsis invicta. Ecology
83:2337-2345

Peterson AT (2003) Predicting the geography of species invasions via
ecological niche modeling. Q Rev Biol 78:419-431

Roque-Albelo L, Causton C (1999) El Nifio and introduced insects in
the Galapagos Islands: different dispersal strategies, similar
effects. Noticias Galapagos:30-36

Rosenberg DK, Wilson MH, Cruz F (1990) The distribution and abun-
dance of the smooth-billed Ani crotophaga-anl L. in the Galapa-
gos Islands Ecuador. Biol Control 51:113-124

Roura-Pascual N, Suarez Andrew V, Gomez C, Pons P, Touyama Y,
Wild AL, Peterson AT (2004) Geographic potential of Argentine
ants (Linepithema humile Mayr) in the face of global climate
change. Proc R Soc Lond B 271:2527-2534

Sanders NJ, Gordon DM (2004) Interactive effects of climate, life his-
tory, and specific neighbours on mortality in a population of red
harvester ants. Ecol Entomol 29:632-637

Sanders NJ, Barton KE, Gordon DM (2001) Long-term dynamics
of the distribution of the invasive Argentine ant, Linepithema
humile, and native ant taxa in northern California. Oecologia
127:123-130

Sanders NJ, Gotelli NJ, Heller NE, Gordon DM (2003) Community
disassembly by an invasive ant species. Proc Natl Acad Sci USA
100:2474-2477

Schoner T, Nicholson SE (1989) Relationship between California rain-
fall and ENSO events. J Clim 2:1258-1269

Shea K, Chesson P (2002) Community ecology theory as a framework
for biological invasions. TREE 17:170-176

Stachowicz JJ, Terwin JR, Whitlatch RB, Osman RW (2002) Linking
climate change and biological invasions: ocean facilitates nonin-
digenous species invasions. Proc Natl Acad Sci USA 99:15497-
15500

Suarez A, Bolger D, Case T (1998) Effects of fragmentation and inva-
sion on native ant communities on coastal southern California.
Ecology 79:2041-2056

Suarez A, Holway D, Case T (2001) Patterns of spread in biological
invasions dominated by long-distance jump dispersal: insights
from Argentine ants. Proc Natl Acad Sci USA 98:1095-1100

Tilman D (1999) The ecological consequences of changes in biodiver-
sity: a search for general principles. Ecology 80:1455-1474

Timmermann JO, Bacher A, Esch M, Latif M, Roeckner E (1999) In-
creased El Nifio frequency in a climate model forced by future
greenhouse warming. Nature 389:694-697

Tremper BS (1976) Distribution of the Argentine ant, I[ridomyrmex
humilis Mayr, in relation to certain native ants of California:
ecological, physiological, and behavioral aspects. University of
California Berkeley, Berkeley

Walters AC, Mackay DA (2003) An experimental study of the relative
humidity preference and survival of the Argentine ant, Linepithe-
ma humile (Hymenoptera, Formicidae): comparisons with a native
Iridomyrmex species in South Australia. Insect Soc 50:355-360

Ward PS (1987) Distribution of the introduced Argentine ant (Irido-
myrmex humilis) in natural habitats of the Lower Sacramento Val-
ley and its effects on the indigenous ant fauna. Hilgardia 55:1-16

Way MJ, Cammell ME, Paiva MR, Collingwood CA (1997) Distribu-
tion and dynamics of the Argentine ant Linepithema (Iridomyr-
mex) humile (Mayr) in relation to vegetation, soil conditions,
topography and native competitor ants in Portugal. Insect Soc
44:415-433

Weltzin J, Belote R, Sanders N (2003) Biological invaders in a green-
house world: will elevated CO, fuel plant invasions? Front Ecol
Environ 1:146-153

@ Springer



