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Abstract

The positive association between disturbances and biological invasions is a widely
observed ecological pattern in the Anthropocene. Such patterns have been hypoth-
esized to be driven by the superior competitive ability of invaders or by modified en-
vironments, as well as by the interaction of these factors. An experimental study that
tests these hypotheses is usually less feasible, especially in protected nature areas. An
alternative approach is to focus on community resilience over time after the anthropo-
genic disturbance of habitats. Here, we focused on ant communities within a forest to
examine their responses after disturbance over time. We selected the Yanbaru region
of northern Okinawa Island, which is a biodiversity hotspot in East Asia. We compared
ant communities among roadside environments in forests where the road age differed
from 5 to 25years. We also monitored the ant communities before and after distur-
bance from forest thinning. We found that the species richness and abundance of
exotic ants were higher in recently disturbed environments (roadsides of 5-15years
old roads), where the physical environment was warmer and drier. In contrast, the
roadsides of 25-year-old roads indicated the potential recovery of the physical en-
vironment with cooler and moister conditions, likely owing to regrowth of roadside
vegetation. At these sites, there were few exotic ants, except for those immediately
adjacent to the road. The population density of the invasive species Technoymex brun-
neus substantially increased 1-2 years after forest thinning. There was no evidence of
the exclusion of native ants by exotic ants that were recorded after disturbance. Our
results suggest that local ant communities in the Yanbaru forests have some resilience
to disturbance. We suggest that restoration of environmental components is a better
strategy for maintaining native ant communities, rather than removing exotic ants
after anthropogenic disturbance.
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1 | INTRODUCTION

The resilience of ecological communities is an important concept in the
Anthropocene for biodiversity conservation. Invasion by exotic spe-
cies is one of the main causes of biodiversity loss worldwide (Bellard
etal., 2016; Vitousek et al., 1996; Wilcove et al., 1998). This is based on
empirical data showing a negative relationship for species richness and
abundance between exotic and native species. The exclusion of native
species is caused by the superior competitive ability of exotic species,
known as the “driver” hypothesis. This relates to ecological mecha-
nisms, such as release from natural enemies (Mitchell & Power, 2003;
Torchin et al., 2003; Wang et al., 2009), the use of empty niches that
native species do not use (Elton, 1958; Shea & Chesson, 2002; Wang
et al., 2009), and the possession of novel weapons against which na-
tive species have no resistance (Wang et al., 2009). However, some
researchers have different views on biological invasions, suggesting
that if exotic species have superior competitive abilities over native
species, they ought to dominate any habitats that they can potentially
inhabit (Didham et al., 2005; Gurevitch & Padilla, 2004; Hackerott
et al., 2013). However, empirical evidence demonstrates that exotic
species in introduced areas tend to show disturbance dependence.
They usually become dominant in artificially modified environ-
ments, such as urban parks, roadsides, and agro-ecosystems (Didham
et al., 2005; Gurevitch & Padilla, 2004; Jauni et al., 2015). This has
led to the idea that the invasion of an exotic species is not due to its
superior competitive ability, but also the interaction between environ-
mental disturbance and competition, known as the “back-seat driver”
hypothesis (Bauer, 2012). The removal of dominant native competi-
tors through disturbance (Shea & Chesson, 2002) and/or the unsta-
ble equilibrium in which disturbance triggers the shift from a native
ant-dominated equilibrium to an exotic ant-dominated equilibrium
(Gause, 1935) can fall into this category. Some authors have suggested
that the disturbance is the direct cause of the invasion, which is known
as the “passenger” hypothesis (MacDougall & Turkington, 2005).
Under this scenario, it can be hypothesized that disturbance modifies
the physical environment, such as temperature and moisture, leading
to suitable conditions for an invader to flourish.

There have been many discussions about the causal relation-
ship between biological invasions and anthropogenic disturbance,
and it is often difficult to empirically disentangle the driving factors
(MacDougall & Turkington, 2005; Murray & Phillips, 2010; Salyer
et al., 2014; Weir & Salice, 2012). However, the relative importance
of competitive ability and environmental modification for inva-
sion success is especially important for policy decisions regarding
local biodiversity protection. If the back-seat driver hypothesis is
valid, conservation measures should focus on direct control of in-
vasive species and restoration of environmental properties. If the
passenger hypothesis is valid, it may be more important to restore

the habitat than to control the invader population (Bauer, 2012). By
physically restoring the habitat to its pre-disturbance condition, the
native community may also show resilience.

To examine this issue, we focused on ant communities. Ants are
dominant in many terrestrial ecosystems and exotic ants can have
a substantial impact on native biodiversity (Holway et al., 2002). A
positive relationship between exotic species dominance and dis-
turbance has also been established for ants (Arnan et al., 2018;
Holway et al., 2002; Menke et al., 2018). Although competitive in-
teraction is regarded as a hallmark of ant communities (Holldobler &
Wilson, 1990), alternative views on the disturbance-driven establish-
ment of invasive ants have also been explored (Bauer, 2012; Foucaud
etal., 2010; King & Tschinkel, 2008; LeBrun et al., 2012; Roura-Pascual
et al., 2010; Stuhler & Orrock, 2016; Vonshak & Gordon, 2015). King
and Tschinkel (2008) provided empirical evidence that artificial modi-
fication of the environment causes the settlement of the red imported
fire ant, Solenopsis invicta (Stuble et al., 2011; Roeder et al., 2021).
Dependent colony-founding (fission and budding) is a characteristic
of many invasive ants and is considered an important factor for rapid
expansion in disturbed areas (Blumenfeld et al., 2021; Nakamaru
et al., 2007, 2014; Tsuji & Tsuji, 1996). It is often difficult to decou-
ple factors involved in disturbance and invasion in observation-based
empirical studies. Therefore, an experimental approach, such as hab-
itat disturbance is also needed (Goodman & Warren Il, 2019; King &
Tschinkel, 2008, 2013; MacDougall & Turkington, 2005).

We used a semi-experimental approach that focused on an-
thropogenic disturbance caused by governmental activities, rather
than those planned by the researchers. We selected the Yanbaru
region of northern Okinawa lIsland, Japan, as the study site. This
area was designated as a national park in 2015 and as a Natural
World Heritage Site in 2021. Yanbaru is of considerable interest in
the study of community resilience. Although there are extensive
forests with large areas of wilderness, most of these have been
subjected to logging or other artificial modifications in the past
(Abe et al.,, 2021). A large number of spectacular endemic ani-
mals, such as the Okinawa Rail (Gallirallus okinawae) and Okinawa
Woodpecker (Dendrocopos noguchii) still inhabit the area, with
no faunal species extinctions reported to date. This may suggest
community resilience to human modification of the environment.
Multiple exotic ants have already invaded the region (Suwabe
et al., 2009; Tanaka et al., 2011; Yamauchi & Ogata, 1995), in-
cluding Pheidole megacephala and Anoplolepis gracilipes, which are
rated by the International Union for the Conservation of Nature
(IUCN) as being among the 100 most invasive species worldwide.
Yamauchi and Ogata (1995) reported that in Yanbaru, exotic ants
tend to be rare in old forest stands where large trees are pres-
ent with breast height diameters that exceed 50cm, in compar-
ison with younger forests and open lands. In old forest stands
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in Yanbaru, exotic ants are common in roadside environments
along paved roads (Suwabe et al., 2009; Tanaka et al., 2011). This
suggests that road construction may negatively impact the bio-
diversity of native ants. Therefore, it is important to investigate
whether native ant communities will show resilience to this envi-
ronmental modification through road construction.

We compared species richness and abundance for exotic and na-

tive ants among roadside environments in forested areas in Yanbaru,

(@ Roadside transect study

(b)

FIGURE 1 Experimental sites and
procedures of the field survey (the
Yanbaru region in the northern part of
Okinawa Island, Japan). (a) Study sites

of the roadside transect study. Blue,

red, and yellow circles indicate 5, 15,

and 25years since road construction,
respectively (left panel). Study sites for
examining the effects of forest thinning
on the ant community. Yellow and blue
circles indicate thinned and control sites,
respectively (right panel). (b) The setting
design of the line transects in a site of
the roadside transect study. Black circles
indicate the positions of the traps (survey
points). In this survey, we focused on
three value types to evaluate the ant
community. We used the number of ant
individuals collected using a pitfall trap at
each specific survey point as the record
of ant abundance. The total number of
ant species collected using two bait pitfall
traps and a pitfall trap at a survey point
was used as the species richness
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where the time since road construction varied from approximately
5-25years. We focused on whether invasion by exotic ants would
continue to expand in roadside environments following road con-
struction and whether native ant communities in roadside environ-
ments would show resilience over time. We monitored changes in
ant communities in the same plot before and after forest thinning
over 7years to examine whether changes in the ant communities

could be directly observed.

Effect of forest thinning
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Interior of the forest

Two bait traps:
For analysis of the species richness

A pitfall trap:
For the analysis of the species richness and the ant abundance



SHIMOJI eT AL.

4of14 WI LEY-ECOIOgy and Evolution

Open Access,

2 | MATERIALS AND METHODS

2.1 | Roadside transect study
The field survey for the roadside transect study was undertaken
twice in a forested area in the northern part of Okinawa Island
(Yanbaru). The first field survey was conducted in June 2005 and
the second field survey was undertaken in October 2006 (Figure 1a).
We were permitted to study the surrounding environments of six
paved forest roads that had been constructed in different years (two
each that were 5, 15, and 25years old) as study sites (Figure 1 and
Table S1). The environment along these roads was forest stands that
had not been widely cut for more than 50years. Note that there
were no other suitable study sites other than those surveyed. Forest
stands older than 50years are rare and the management of the areas
selected was under the control of the local government. However,
the backgrounds of these six sites may not have been randomized. At
each site along the forest roads, we established five transects at least
50m apart, with each transect extending 20m from the road into the
forest interior (Figure 1b). Preliminary measurements indicated that
the mean temperature and relative humidity of the forest interior
were nearly constant when the distance from the forest edge was
20m or greater (Figure S1). Therefore, this transect length was con-
sidered sufficient to investigate the relationship between the physi-
cal condition of the environment and the ant community along the
environmental gradient.

In each transect, we set five survey points at 5-m intervals (0,
5, 10, 15, and 20 m inside the forest; Figure 1b; Table S1), with a
total of 25 survey points at each study site. We collected ants by
placing a pitfall trap and two food bait traps at each survey point.
We used plastic vials (h = 14 cm, ¢ = 50.7 mm) containing approx-
imately 50 ml of ethylene glycol with 2% formaldehyde as pitfall
traps. Each vial was buried in the ground with its top edge level
with the ground surface. The opening of each vial was covered
with a plastic roof to avoid flooding by the rain. One week later,
we collected the pitfall traps and immediately placed two food
bait traps at each point. Each food bait trap comprised aluminum
foil (6x6 cm) with 0.5 g of tuna and honey mixture (2:3 w/w).
One food bait trap was placed on the ground and the other was
placed on a tree approximately 2 m from the ground on the tree
trunk closest to the study point. After 30 min, the bait traps were
collected. Ants attracted to the tree traps were collected using
an aspirator, whereas all the ground bait traps were quickly and
carefully placed together into a plastic bag along with the ants
using tweezers. These procedures enabled us to collect both the
dominant and subordinate ants that were attracted to the bait
(Suwabe et al., 2009). All the captured ants were identified in the
laboratory using the Japanese Ant Database 2003. The species
were categorized as native and exotic ants according to the ant-
map.org (Guénard et al., 2017) database (Table S2). During the
bait-trapping process, the disturbance involved in collecting the
traps made it difficult to precisely count the number of individuals
of each species, so only the presence or absence of species was
recorded.

2.2 | Effects of forest thinning on environmental
conditions and the ant community

We also monitored temporal changes in the ant community in the
same areas before and after the disturbance, with a focus on a de-
forestation project undertaken by the local government. The forest
areas studied comprised an old forest stand that had not been widely
cut for more than 50years. For the thinning plot, we chose a site that
had been thinned by the government in June 2005. The thinning had
been undertaken in accordance with the thinning procedure guide-
lines of the Okinawa Prefecture. This involved selective removal of
slow-growing understory trees with a diameter at breast height of less
than 3 cm. A potential problem with this public works project has been
highlighted (It6 et al., 2000). We had no additional thinning plots to
include in the study because the management of the areas selected
for the study was controlled by the local government. Six control plots
(non-thinning) were chosen in the same forest at distances from 1.5
to 13.8 km away from the thinning plot (Figure 1a and Table S1). In
the thinning plot, four transects of 30m in length were established
in the forest interior (approximately 20m from a paved road) at 10-m
intervals. Seven survey points were set along each transect at 5-m
intervals (total N = 28 survey points). In each control plot, we set a
20-m transect along which five survey points were established at 5-m
intervals (total N = 30 survey points in six plots). The ant community
was surveyed using a pitfall trap and two bait traps using the same
methods as the roadside transect study. Data were collected once be-
fore thinning (June 2005) and three times after thinning (November
2006, 2007, and 2012). We set a total of 28 pitfalls and 56 bait traps
in the thinning plot and 30 pitfall traps and 60 bait traps in the control
plot each year. Given that we had only one thinning plot, the data were

summarized in a table, but statistical testing was avoided.

2.3 | Measurements of environmental factors
Temperature and relative humidity were measured approximately
30cm above the ground at each survey point from around 10:00 to
14:00 on sunny days. For the roadside transect study, measurements
were undertaken twice at each point, in June 2005 and October 2006.
In the study of the effects of forest thinning on environmental condi-
tions and the ant community, we performed the same measurements
for each time step (June 2005, November 2006, 2007, and 2012).

2.4 | Statistical analyses
2.4.1 | Changes in the abiotic environment after
road construction

To analyze the effects of distance and road age on abiotic environ-
mental factors, we constructed linear models (LMs). We set tem-
perature or relative humidity as the response variable, and distance,
road age, and their interaction as explanatory variables. The sam-
pling year was set as a block factor.
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2.5 Roadside transects

I
We checked the spatial autocorrelation between the adjacent tran-
sects within each study site. Using all the combinations for two ad-
jacent transects (N = 5; see also the horizontal lines in Figure 1b), we
paired two survey points in the same distance from the road (N = 25).
To evaluate autocorrelation, we separated the ant community by the
year, site, and ant category (Tables S3 and S4), obtaining 24 com-
munities. We focused on two types of species richness, namely the
number of ant species collected by the two bait traps and pitfall trap
at a survey point, and ant abundance, namely the number of ant in-
dividuals collected by the pitfall trap at a survey point. Using each
value from the ant community, we performed Kendall rank correla-
tion analyses. For the species richness of exotic ants, we detected
a statistically significant positive correlation at one site in data from
2006 collected using the bait traps. Therefore, the study site (lji) was
excluded from the species richness analysis (Tables S3 and S4). For
the remainder of the data, we regarded each survey point as the unit
of the sample. For ant abundance, no statistically significant correla-
tion was detected (Table S4). Therefore, when regarding each survey
point as the sample unit, all the data were used for the analysis. To
elucidate the factors that affect species richness and ant abundance,
we applied a general linear model (GLM). This analysis was performed
separately for native and exotic ant species for each trap type. The
response variable was species richness or ant abundance, and the ex-
planatory variables were road age, distance from the road, and the in-
teraction between road age and distance. We set the sampling year as
a block factor. We also evaluated the site-specific effect of distance
from the road on species richness and abundance by constructing

30
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other models. We had two sites for each road of the same age and
the transects were spatially clustered according to these sites. The
response variable was abundance or species richness, and the ex-
planatory variables were site, distance from the road, the interaction
between site and distance, with year as a block factor. We focused
only on the interaction between the site and distance from the road.

For the statistical analyses, we checked the overdispersion of
the models using function testDispersion in the DHARMa package
(Hartig, 2020). All the effect sizes and pseudo R? values for the GLM
(Nagelkerke, 1991) were calculated using the r.squaredLR function in
the MuMIn package (Barton, 2020). The fixed effects of the models
were tested using a Type Il ANOVA, and p values were calculated
based on the ;(2 values. All the statistical analyses were performed

using R ver. 3.5.0 (R Development Core Team, 2010).

3 | RESULTS
3.1 | Relationship between the abiotic environment
and the road age

Temperature and relative humidity varied with distance from the
road and with the age of the road. The temperature at 30cm above
the ground significantly declined with increasing distance from the
road and road age (LM;)(2 =42.57,p<.001; Figure 2a). The tempera-
ture of the 25-year-old roadside was significantly lower than that
of the 15- and 5-year-old roadsides (;(2 =42.57,p<.001; Figure 2a).
The interaction between the distance and road age was not statisti-
cally significant (4? = 0.90, p = .344; Figure 2a). Relative humidity

Road age (years)

B
B 15
B 25

5 10 15
Distance from edge (m)

20

FIGURE 2 (a) Temperature and (b) relative humidity in the roadside environments and their association with time elapsed (years) since the

road construction and with distance from the road edge
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significantly increased with increasing distance from the road and
was higher for the 15- and 25-year-old roadsides than the 5-year-old
roadside (distance: y> = 54.092, p<.001; road age: y° = 13.614,
p<.001; Figure 2b). However, this interaction was not statistically
significant (4% = 0.052, p = .820). These results suggest that the dis-
turbance caused by road construction made the forest floor environ-
ments at the roadsides dryer and warmer for at least 15years after
road construction. At 25years after road construction, the roadside
environments were recovering, once again becoming cooler and
more humid, except immediately adjacent to the road. All the statis-
tical values are summarized in Table S5.

3.2 | Effects of distance from the forest edge and
number of years since road construction on ant
species richness

A total of 46 ant species, belonging to seven subfamilies and 28
genera, were collected using pitfall and bait traps that were set on
the ground and tree trunks along the roadside transects. They com-
prised nine exotic and 34 native ant species (Table S2).

We analyzed the effect of road age and distance from the road
on species richness using pitfall trap data. The species richness of
the exotic ants was significantly lower for the old road (25 years old)
than for the younger roads (5 and 15years old) (GLM with Poisson
error distribution; age: ;(2 = 22.472, p<.001; Figure 3a). Distance
from the road had a negative effect on the richness of exotic species,
with more exotic species closer to the edge (;(2 = 16.632, p<.001;
Figure 3a). In the forest interior (20m away from the road) of the old
road (25-year-old) sites, almost no exotic ants were found. However,
the interaction effect of distance from the road and road age on
exotic species richness was not significant (;(2 = 0.097, p = .755;
Figure 3a). The species richness of exotic ants was higher for the
2006 survey than for the 2005 survey (;(2 = 6.123, p = .013). The
species richness of native ants was negatively affected by distance
from the road, with more species closer to the edge than in the for-
est interior (GLM with Poisson distribution: distance: ;(2 = 22.326,
p<.001; Figure 3a). The road age and interaction effects of these
factors were non-significant for native species (road age:;(2 =1.634,
p =.201; interaction:;(2 = 1.162, p = .281; Figure 3a). Species rich-
ness of native ants was significantly greater in 2005 than in 2006
(4% = 25.085, p<.001).

We performed a similar analysis for species richness using
the bait trap data. Almost no exotic ants were detected on the
25-year-old road, and the species richness of exotic ants was neg-
atively correlated with road age (GLM with Poisson error distri-
bution; age: y? = 6.425, p = .011; Figure 3b). Neither the distance
from the road nor its interaction with road age had a significant
effect on the species richness of exotic ants (distance:;(2 =2.953,
p = .086; interaction: ;(2 = 1.975, p = .160; Figure 3b). In contrast
to the pitfall trap data, the survey year had no effect on the spe-
cies richness of the exotic ants (;(2 =1.683, p =.195). The species

richness of native ants had a statistically significant positive cor-
relation with road age, but did not correlate with the distance from
the road (GLM with Poisson distribution: distance: ;(2 = 0.360,
p = .548; age: y* = 4.975, p = .026; interaction: y°> = 1.299,
p = .254; Figure 3b). More ant species were captured using bait
traps in 2005 than in 2006 (;(2 = 25.109, p<.001). No significant
site-specific effects of distance from the road on species richness
were detected (pitfall trap: exotic: ;(2 = 5.846, p = .321; native:
72 = 6.272, p = .281; Bait trap: exotic: 4? = 5.305, p = 0.380; na-
tive:;(2 =1.955, p =.855). The statistical values for these analyses
are summarized in Tables S6 and S7. The statistics for the site-
specificity analysis are shown in this text but not in the table.

In summary, more exotic ant species were found on the road-
sides of young roads than on old roads, and the native ants had the
opposite tendency, which was more pronounced for the bait trap
data. Species richness was higher in the vicinity of the road than
in the forest interior, regardless of whether the ants were native or
exotic. This was with the exception of the native ant species richness
datain the bait traps that had no significant correlation with distance

from the road.

3.3 | Effects of distance from forest
edge and the number of years since road construction
on ant abundance

For exotic ants, abundance was significantly lower for the old
roads (GLM with negative binomial error distribution; road age:
4* = 23.082, p<.001; distance: * = 6.568, p = .010; Figure 4a),
whereas the interaction was statistically non-significant
(;(2 = 0.000, p = .998; Figure 4a). Ant abundance was significantly
lower in 2005 than in 2006 (;(2 = 14.404, p<.001). We found that
there was no site-specific effect (;(2 = 8.870, p = .114; Figure 4b).
The abundance of native ants was significantly higher at the forest
edge than in the forest interior and was negatively correlated with
road age (GLM with negative binomial error distribution: distance:
)(2 =16.243,p<.001; age:)(2 =5.314, p =.021; Figure 4c). However,
the effect of the distance-road age interaction was not statistically
significant (;(2 = 0.010, p = .919; Figure 4c). Native ant abundance
was significantly higher in 2005 than in 2006 (4 = 33.217, p<.001).
We also found site-specificity in the relationship with distance
(;(2 = 12.701, p = .026). The distance-dependent tendencies were
not found at some sites, including the 5- and 15-year-old roadsides
(Figure 4d). The statistics are summarized in Table S8. The statistics
for the site-specificity analysis are shown only in this section but
not in the table.

Our data indicated that exotic and native ants were more abun-
dant in the roadside environments of younger roads, whereas the
abundance of native species was higher at the forest edge than in
the interior, regardless of the road age. However, for native ants, the
results of the distance dependency analysis should be interpreted

carefully because site-specific effects were detected.
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TABLE 1 Summary of the results of the forest thinning over time. (a) Species richness and abundance of native ants and the occurrence
frequency of Technomyrmex brunneus. (b) Environmental factors: Our survey was carried out once before forest thinning (2005) and three

times after forest thinning (2006, 2007, and 2012)

Treatment 2005
(a)
Number of native species Control plots 7.7 [7-97°
Thinning plots® 6.5 [5-9]
Abundance of native species Control plots 92.2 [64-143]
Thinning pIotsb 32.5[21-44]
Occurrence frequency of T. Control plots 0.20[6/30]
brunneus Thinning plots® 0.07 [2/28]

(b)
Temparature (°C) Control plots
Thinning plots®

Relative humidty (%)

[
[
Control plots [
[

Thinning plots®

#Mean [data range].
®Data from one disturbed area.

3.4 | Effect of forest thinning on physical
condition of the environment and on the ant
species richness

After forest thinning in 2006 and 2007, we found a substantial in-
crease in the occurrence of T. brunneus, which was the only exotic
ant observed in the thinned plot. However, in the control plots, the
occurrence of T. brunneus was consistently low (Table 1a). In the
thinned plot, T. brunneus was found at all points in 2007. However,
in 2012, it was observed at only 14 of the 28 points (Table 1a). In
contrast to the population dynamics of T. brunneus in the thinning
plots, the species richness and abundance of native ants were al-
most constant throughout the study period (Table 1a). We also
monitored changes in the abiotic environment over time after thin-
ning. Thinning changed the environment on the forest floor with
an increase in temperature and a decrease in moisture availability.
However, by 2012 the environment had recovered to its original
state (Table 1b).

4 | DISCUSSION
4.1 | Potential resilience of the native ant
community

Our comparative study in the Yanbaru forests, where forest stands
were older than 50years, suggested that the construction of paved
roads created warmer and drier roadside environments. The envi-
ronmental gradient extended to cooler and moister forest interi-
ors. The effects of forest disturbance on local conditions lasted for
at least 15years after road construction. However, after 25years,
the physical conditions of the roadside environments could likely

17.9 [17.1-19.2]
18.5[17.8-19.3]
96.9 [89.4-99.9]
92.2 [87.1-96.6]

2006 2007 2012

6[5-8] 6.3 [4-8] 5[3-7]

7 [6-9] 6.5 [5-8] 7.3 [5-9]
25.2[13-37] 22.7 [8-43] 13.5[3-34]
31.3[12-49] 39 [13-75] 16.3 [10-20]
0.07 [2/30] 0.13 [4/30] 0.30[9/30]

0.79 [22/28) 1.00 [28/28] 0.50[14/28]
25.1[23.9-26.9]
27.4[27.0-27.7]
82.6 [75.5-86.6]

70.4 [67.6-75.7]

23.5[22.7-24.9]
24.4[24.0-25.0]
85.6 [81.8-88.2]
78.7 [76.7-81.5]

20.8[17.6-22.5]
18.1 [17.8-18.5]
73.8 [62.4-87.9]

73[69.6-76.2]

recover, except the areas immediately adjacent to the road (Figure 2).
Enoki et al. (2014) also compared roadside environments in Yanbaru
and reported a similar recovery 20years after road construction.
The recovery of vegetation, especially through the lateral extension
of branches, led to canopy reclosure. In our study, tree branches
overhanging the road were only observed along roads older than
25years old.

Ant communities also appear to be related to these environmen-
tal gradients. The species richness and potentially the abundance of
exotic ants were higher in the roadside environments, especially im-
mediately adjacent to the roadsides of young roads, where the phys-
ical effect of environmental disturbance (being warmer and drier)
was prominent. However, on the roadsides of the 25-year-old roads,
almost no exotic ants were collected (Figure 3a,b). The species rich-
ness of the native ants was not affected by road age, but was even
higher at the forest edge than in the forest interior (Figure 3a,b).
Experimental thinning inside and not at the edge of the forest led
to an immediate “outbreak” after one or two years of the exotic ant,
T. brunneus (Table 1). This “outbreak” seemed to have settled 7 years
after thinning. During this “outbreak,” the species richness of the
native ants was almost constant (Table 1). These data lead to the
hypothesis that in the Yanbaru forest, native ant communities have a
degree of resilience to anthropogenic disturbances such as road con-
struction and thinning. The disturbance from the road construction
led to the recruitment of exotic ants, while the native ant community
showed “recovery,” a long time after the disturbance. However, our
resilience hypothesis would have to be tested in studies where the
same roadside environment is observed for years after the road was
opened.

Our hypothesis implies that to control the spread of exotic ants
in the Yanbaru forest, it is more effective to restore the habitats
to their pre-disturbance state than to directly control the exotic



10 of 14 WI LEY_EC°|09)' and Evolution SHIMOJI ET AL.

Open Access,

ant populations, using methods such as pesticides. Conservation
efforts should be directed towards supporting the recovery of veg-
etation in roadside environments. The construction of new paved
roads has to be avoided. However, we are not sure whether this
conservation policy can be applied to potential future cases of un-
introduced invasive ants, such as Solenopsis invicta and Wasmannia

auropunctata. In such cases, appropriate measures must be care-

Sarnat et al. (2015)

Reference
Yamauchi and Ogata (1995)

Astruc et al. (2001)
Thomas et al. (2010)
Yamauchi et al. (1991)

fully chosen.

4.2 | Seasonality in the activity of exotic and
native ants

Colony structure
Polydomous
Polydomous
Supercolonial
Polydomous
Polydomous

We found a statistically significant effect of survey year, with more
native ants being collected in June 2005 than in October 2006. The
opposite was the case for the exotic ants. This does not suggest that
exotic ants are increasing in place of native ants in Yanbaru during
this period. This may confirm the influence of seasonality as sug-

Colony

foundation
Fucultative
Dependent
Fucultative

gested by Suwabe et al. (2009). In Yanbaru's roadside environments,
native ants dominate over exotic ants in summer, and more exotic
ants are trapped during spring and autumn when native ants become

less active.

Polygyny
Polygyny
Polygyny
Polygyny
Polygyny

Gyny

4.3 | Mechanisms of disturbed habitat dependence
in exotic ants

Exotic ants increased in richness and/or abundance after road con-
struction and forest thinning, although this effect may be temporary.
The disturbance dependence of exotic species was also confirmed in
this study. Many authors have discussed the mechanism underlying
the disturbance dependence of invasive species, including ants (see
Section 1). Although the precise mechanism remains unclear, our re-
sults provide some insights. The native ant species did not decrease
in the disturbed environment where exotic ants were common. The
absence of a negative relationship suggests that the removal of the
dominant native competitors is irrelevant to the observed preva-

lence of exotic ants in disturbed habitats.

Indomalaya, Oceania, Malagasy
Indomalaya, Oceania, Malagasy

Australasia, Indomalaya
Australasia, Indomalaya

A potential mechanism is that anthropogenic disturbance mod-

Palearctic, Indomalaya, Oceania, Malagasy
Palearctic, Nearctic, Australasia, Indomalaya
Palearctic, Nearctic, Afrotropical, Neotropic,
Palearctic, Afrotropical, Neotropic, Australasia,
Palearctic, Nearctic, Afrotropical, Neotropic,
Palearctic, Afrotropical, Neotropic, Australasia,

Palearctic, Indomalaya
Palearctic, Indomalaya

Distributional region

ifies the physical environment to be more suitable for exotic ants.
The high temperature and low humidity in the disturbed habitats
may improve conditions for exotic species to thrive. Among the
exotic species observed, Paratrechina longicoronis, Pheidole fervens,

Anoplolepis gracilipes, Tetramorium bicarinatum, Cardiocondyla kagut-

Australasia

suchi, Nylanderia amia, and Pheidole parva originated in more tropical

Native region
Indomalaya
Indomalaya,
Indomalaya
Indomalaya
Afrotropical
Indomalaya

regions at lower latitudes than at Okinawa (Table 2).

Another potential mechanism is that the life history or behav-
ioral characteristics shared by exotic species promote their preva-
lence in disturbed habitats through the interaction between traits
and disturbance. In addition to dwelling in disturbed habitats, sev-

eral other traits are found more frequently in exotic ant species

bicarinatum
longicornis

than in native species (Bertelsmeier et al., 2017; Passera, 1994).

Pheidole fervens

Tetramorium kraepelini

Tetramorium kraepelini

Nylanderia amia

Technomyrmex
brunneus

Pheidole parva
Tetramorium
Paratrechina

TABLE 2 Ecological characteristics of exotic ants found in the study
Species

Polygyny increases the chance of a colony propagule containing a
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reproductive queen (Buczkowski, 2010; Hélldobler & Wilson, 1977,
Linksvayer & Janssen, 2009), leading to a higher probability of col-
ony founding by chance (dependent colony founding). Tsuji and
Tsuji (1996) developed a mathematical model that proposed another
general ecological advantage of dependent colony founding in fre-
quently disturbed habitats, namely faster population growth. The
advantages of dependent colony founding can exceed costs, such as
local saturation due to limited dispersal, under a specific disturbance
regime (Nakamaru et al., 2007, 2014).

4.4 | Resource competition and disturbance

At the forest edge, the richness of native species was not negatively
associated with the richness of exotic species. The pitfall trapping
data suggested that the overall abundance of ants increased at the
forest edge (Figure 4a,c).

Heterogeneity in physical environments (Lawton, 1983) created
by the presumed intermediate-level disturbance due to road con-
struction (Connell, 1978) may have led to the coexistence of more
ant species at the forest edge. The enrichment of resources may
have also been related to this change. At roadsides, the light condi-
tions on the forest floor are improved (Griffis et al., 2001; Thomas
et al.,, 1999), allowing vegetation such as grass and herbs to increase
the biomass and diversity (Thibodeau et al., 2000; Weng et al., 2007).
In ecosystems dominated by herbaceous plants, the flow of primary
production to herbivory is greater than that in forests dominated
by woody plants (Begon et al., 2006). As a result, the richness and
abundance of arthropods at the forest edge may have increased,
leading to an increase in the abundance and diversity of ants hunt-
ing these arthropods (Maleque et al., 2007a, 2007b; Ohsawa, 2004;
Taki et al., 2010). Within the lower vegetation along the roadsides
of Yanbaru, the availability of food resources from honeydew-
producing insects (Tanaka et al., 2011) and extrafloral nectary plants
(Katayama & Tsuji, 2010) is higher than that on the floor of the forest
interior, where the stand has developed over a longer time (Tanaka
et al., 2019). These food resources are consumed by exotic (Styrsky
& Eubanks, 2006; Tanaka et al., 2011) and native ants (Katayama
& Tsuji, 2010), which may have positively affected the diversity
and abundance of the exotic ants (Helms & Vinson, 2002; Helms
& Vinson, 2008) and ants in general (Davidson, 1997; Davidson
et al., 2003).

4.5 | Antdispersal strategies and anthropogenic
disturbance

Among the nine exotic ants, T. brunneus occurred relatively fre-
quently inside the forest (Table S2). This species is native to south-
ern Asia and has recently expanded its distribution north to many
islands, showing invasiveness on some islands such as Hachiojima
(Putri et al., 2021). Although the survey sample size was small (one
site for forest thinning; see Section 2), an outbreak of T. brunneus
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occurred at the thinning site (Table 1). This difference from other
exotic ants, which were found only on roadsides, likely reflects
the dispersal strategies of T. brunneus. As noted, T. brunneus can
perform independent and dependent colony formation. Alates
can disperse over long distances and can, therefore, find a colony
in the forest interior. Nests of T. brunneus are often found in the
middle of the forest in dry, dead wood, especially in naturally dis-
turbed habitats such as gaps or windy ridges (K. Tsuji, personal
observation). These isolated colonies in the forest interior were
highly likely to have been found with alate queens. When the for-
est was disturbed by thinning, it is likely that these small artificial
gaps were quickly occupied by T. brunneus through budding from
a prior existing colony with low abundance in the middle of the
forest. Quick budding is easy for mature T. brunneus colonies be-
cause these nests contain many wingless reproductives (Yamauchi
et al., 1991). The other exotic ants are all polygynous and poly-
domous, and their main mode of colony foundation is most likely
dependent founding, although they have alate queens. Because
they are only dispersed on foot, they are likely unable to reach
an isolated gap deep in the forest. Instead, they expand their dis-
tribution along roadside disturbed habitats that are suitable for
exotic ants to flourish. Corridors that connect suitable habitats
for exotic ants can aid in their spread (Holway, 2005; Resasco
et al., 2014). The paved roads act as spatially connected corridors
for exotic ants to facilitate the expansion of their distribution. It
is vital that further construction of paved roads is avoided in the

Yanbaru Forest.
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