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Abstract: Invasive alien species are one of the major threats to biological diversity, public safety,
agriculture, and economics. In recent years, a new wave of the red imported fire ant (RIFA) has been
detected in new regions, including Kobe (Japan), Daegu (South Korea), Kaohsiung (Taiwan), and other
locations in southeast Asia. Due to the increasing number of invasions, practitioners and scientists are
seeking effective strategies to respond to RIFA invasions in Pacific regions, especially in countries that
have had no presence of RIFA. This study aims to identify the strategies adopted to eradicate RIFA in
Taiwan and to elucidate some of the assumptions about RIFA prevention and treatment in infested
areas with diverse land patterns. Through a literature review and examination of eradication cases in
Taiwan, five essential eradication lessons are discussed: (1) Immediate action through partnership
with universities and the private sector; (2) engagement with the public and community with an
interest in RIFA control through technology; (3) establishment of multi-level horizontal networks of
response teams; (4) strategy implementation ranging from large-scale prevention to precise treatment;
and (5) adoption of technology and social media. These strategies will have implications and
applications for east and south Asian countries that are dealing with similar challenges.
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1. Introduction

Invasive alien species (IAS) are one of the major threats to biological diversity [1], public safety,
agriculture, and economics [2]. The red imported fire ant, Solenopsis invicta, is a native of tropical
and subtropical South America, and is known as one of the top 100 worst invaders globally [3].
In recent years, a new wave of the red imported fire ant (RIFA) has been detected in new regions;
for example, in Kobe, Japan in 2017 [4] and in Daegu, South Korea in 2018 [5]. Meanwhile, in 2018,
an increasing number of cases were reported in northern Taiwan and at a new site in Kaohsiung,
located in south Taiwan.

The first invasion wave of RIFA occurred in the United States in the 1930s and eventually
underwent global expansion [6], moving to Australia in 2001, Taiwan in 2004 [7], and China in 2004 [8,9]
through increasing international trade [10,11] and a possible bridgehead effect [12]. A second invasion
wave was reported to have originated in China in recent years. Most recently, further spread of RIFA is
inevitable because their presence is deeply entrenched in some of the world’s largest trading countries,

Sustainability 2020, 12, 3951; doi:10.3390/su12103951 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://dx.doi.org/10.3390/su12103951
http://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/12/10/3951?type=check_update&version=2

Sustainability 2020, 12, 3951 2 of 20

and, thus, lessons learned from the past are important for future prevention and sustainability [11].
Due to the increasing number of invasions in recent years, practitioners and scientists are seeking
effective strategies to respond to a new wave of RIFA invasions in Pacific regions, especially in countries
that have had no presence of RIFA previously.

Existing research details a rich experience and strategies for effective RIFA eradication. In particular,
the availability of new treatment methods for RIFA control and treatment [13,14], advancement of
technology, such as aerial surveillance [15], Geographic Information System (GIS) measurement and
modeling predictions [16,17], and biological identification [18], will improve the success rates of RIFA
eradication. Successful eradication cases have also been systematically reviewed in terms of the
treatments [19], strategies [18], and policies [11] used.

Most documented RIFA eradications have taken place in more homogenous landscapes and lower
population density areas. For instance, most eradication experiences and lessons learned have come
from the US and Australia [18,19]. However, more recent invasions have taken place in areas with
a high human population density and heterogeneous land uses. For instance, in Taiwan, instead
of application using helicopters or aircraft, prevention teams can mostly use hand-held devices or
all-terrain vehicle (ATV) quad bikes for bait spraying because of the complex landscapes involved.
Therefore, additional examination of the eradication strategies is required.

The purpose of this study is to explore effective RIFA prevention management strategies through
an analysis of effective eradication cases in urban and high population density areas in Taiwan. We ask
the following question: What effective eradication strategies are described in the existing literature
or were used previously in Taiwan in areas with diverse land uses and a high population density?
Specifically, this study aims to identify the strategies adopted to effectively eradicate RIFA in Taiwan
and to elucidate some of the assumptions about RIFA prevention and treatment in infested areas with
diverse land use patterns. We conducted a systematic literature review on the eradication of RIFA and
then selected unique cases from Taiwan. We chose Taiwan for our case study because there have been
few in-depth publications on eradication in Taiwanese cities or counties since the first discovery of
RIFA in Taiwan in 2003 [7,20]. In addition, this area is unique because it includes a variety of land
use patterns when compared to the US or Australia, which have RIFA-infested areas. For instance,
in Taiwan, the average farm area is 0.72 ha/family, which is far less than in the US and Australia.
Diverse land use types increase the difficulty of surveillance and bait spraying for RIFA. Through this
study, we provide strategies for RIFA eradication that will have implications and applications for
eastern and southern Asian countries that are dealing with similar challenges.

2. Materials and Methods

Given the rich experience detailed in the literature on RIFA prevention and controls, using the
Web of Sciences database, we first conducted a systematic literature review of publications describing
prevention strategies for RIFA and other invasive ants that have been developed in the past 20 years.
We adopted the keywords RIFA, S. invicta, invasive ant, and eradication. The initial search returned
907 articles. Then, we applied three inclusion criteria to gather relevant studies: (1) The study involves
any type of invasive ant, (2) the study describes prevention strategies and/or actions, and (3) the
study has a focus on eradication. After the initial screening, we reviewed 35 articles. The search was
complemented by the snowball sampling strategy by selecting papers that cited key RIFA eradication
papers, e.g., [19,21-23] and articles published after 2016. We focused on 63 articles.

In particular, Drees” study showed that integrated pest management (IPM), which combines
cultural, biological, regulatory, and chemical tactics, is essential to keep population levels below those
that cause economic, social, or ecological damage. IPM should include management goal(s), action
level(s), consideration of the ant social form (monogyne or polygyne), whether non-target ant species are
present, the size of the treatment area, seasonality, implementation costs, and environmental impacts [21].
Given the importance of IPM, our case study adopted the framework used by Drees et al. [21] to
illustrate the eradication process. This involved four key processes that were carried out at three
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relatively isolated infestation sites in Taiwan: (1) Discovery, (2) impacts, (3) treatments and controls,
and (4) eradication.

Case Selections

In October 2003, the Bureau of Animal and Plant Health Inspection and Quarantine, Council of
Agriculture under the Executive Yuan in Taiwan confirmed the first invasion case of RIFA via a farmer
who was stung in a village located in Taoyuan City (Northern Taiwan). Through early inspection and
a survey in March 2004, the investigation team found RIFA in Chiayi county in the southern part of
Taiwan in addition to Taoyuan City. Initial surveillance showed that at least eight cities and townships
in three counties covering an area of 4000 hectares were infested with RIFA. After the establishment of
the National RIFA Control Center (NRIFACC) in 2004, policies aimed to eradicate any occurrences of
RIFA outside the quarantined zone established around Taoyuan City, as shown in Figure 1.
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Figure 1. Geographical containment boundary of red imported fire ant (RIFA) in north-western Taiwan
established in 2012. The red zone indicates severe RIFA-infested areas under treatment for containments.
The yellow zone indicates less severe RIFA under treatment for potential eradications. According to
a policy passed in 2015, RIFA occurrences outside the containment boundary should be targeted
for eradication.

Though northern Taiwan was still seriously infested by RIFA, it did not spread widely from this
area to southern or eastern Taiwan, which are the main agricultural sectors that are more suitable for
RIFA habitation. Moreover, the sporadic RIFA presence in those areas was successfully eradicated.
Given the varying situations faced by the prevention team, we selected three cases outside the
quarantine zone and in different parts of Taiwan, namely Chiayi, Yilan, and Taichung, with different
levels of infestation. By adopting a case selection method [24], we selected three cases with different
invasion histories and characteristics in order to identify important factors that explain their different
eradication outcomes. For instance, while Yilan and Taichung are sporadic cases, Chiayi serves as
a large infested regional case. Figure 2 shows the locations of the three eradication cases that were
investigated in relation to the biosecurity zones.
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Figure 2. Geographical locations of the three eradication cases in Taiwan.

Furthermore, the compilation of eradication cases and processes presents some challenges given
that some eradication processes lasted more than 10 years (such as the Chiayi case), and there were
fewer publications in the earlier prevention stages in Taiwan. To overcome these challenges, we adopted
the triangulation method detailed by Yin [24], which involved the collection of different types of data
for each case study. Our data collection included data from research databases, government documents
and reports, and interviews with individuals who had been involved in the eradication process.

3. Results

3.1. Trends from Literature on Establishing RIFA Eradication Plans

Our review of the most recent literature reveals new trends for RIFA eradication planning
(Table 1). Recent studies focused on the identification of invasive ants [25], the prediction of the
spread and its prevention [26-31], social economic impacts [32], environmental impacts [33-36],
treatment and control [9,13,14,37-42], and genetic and biological identification methods [7,18,20,43],
as well as technology adoption, such as digital data collection [22], aerial surveillance [15], and GIS
measurements [16,17].

Table 1. New trends for RIFA eradication planning.

New Methods New Threats
New treatment options [9,13,14,37-42] Second wave of spread [4,5,11]
Advancement of technology New cases in urban and other areas that will
[7,15-18,20,22,43] have economic impacts [32]

Settlements of RIFA in high-risk areas, such

New eradication efforts [19] as schools and residential areas [44]

Moreover, there are immediate threats that required us to re-examine the control and treatment
strategies given the occurrence of a second wave of invasion [4], including increased trading [10] and
the discovery of new cases in urban and other areas that would have economic impacts [32], as well as
cases in high-risk areas, such as schools and residential locations [44]. In addition, early prediction
studies showed the aggressive spread of RIFA. For instance, Scanlan and Vanderwoude [28] adopted a
stochastic cellular automation model to show that RIFA could cover up to 4 million km? in Australia by
2036 when accounting for spread within an area of 100 x 100 km and human-mediated movement of
RIFA to new locations. Therefore, by analyzing eradication cases in Taiwan, this study aims to provide
effective strategies for potential eradication planning.
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3.2. The Development of RIFA Invasion Response and Prevention in Taiwan

The NRIFACC is a sub-unit under the Council of Agriculture. When RIFA was first discovered in
2003 in Taiwan, there was no established unit to handle this new invasive alien species. Learning from
overseas experiences, in 2004, RIFA was declared a pest and, in response to the invasion, the NRIFACC
was established by partnering with academic institutions. A number of guidelines were adopted and
implemented to prevent the spread of RIFA, including (Table 2): (1) The announcement of RIFA as
quarantined pests; (2) bans on the movement of flowers, seedlings, and soil transfer without RIFA-free
certification; (3) announcement of the quarantine and inspection guidelines for imported plants or
products; (4) consolidation of the National Three-Year Action Plan (2005-2007) for the reduction and
eradication of RIFA; and (5) increased public awareness and reporting of RIFA [45]. In particular,
the main contents of the National Three-Year Action Plan included the collection and research of RIFA,
establishment of a reporting system, purchase of treatments and equipment, plans for monitoring and
prevention, staff training, and medical treatment guidelines.

Table 2. Key strategies for RIFA management adopted by the Council of Agriculture, Executive Yuan
in Taiwan.

Governments Management Goal Key Strategies

1. Declare RIFA as a pest in need of quarantine.
Escalate movement controls for plantation, nursery
stock, potted plants, mulch, etc. (Sept. 2004).

2. Establish a National RIFA Control Center jointly
with an academic institution (Nov. 2004).

] 3. Announce “Quarantine Requirements for
Council of Agriculture; Lower}lRIFA densf;y or Importation of Plants or Plant products into the
local governments achievement o Republic of China” for quarantine regulations
eradication (Dec. 2004).

4. Initiate the “RIFA Three Year Eradication Plan”
(2005-2007) to gradually reduce infested regions
and density.

5. General RIFA awareness training for community
surveillance and prevention efforts (2004-present).

Source: Bureau of Animal and Plant Health Inspection and Quarantine, National RIFA Control Center (NRIFACC),
under the Council of Agriculture, Executive Yuan in Taiwan.

The early control strategies included large-scale joint prevention and control, strengthening the
prevention of routes through human activities, and defining the boundaries of prevention and control
areas (infested areas and buffer zones), as well as long-term monitoring of high-risk areas [45]. By 2009,
following four years of implementation of the eradication plan, there were some successful spot
eradication cases, such as in the Shihmen Reservoir in the northern part of Taiwan [44].

However, governments and experts had also learned of further RIFA spread into new areas,
despite the success of some of the monitored areas. Given the larger infested area (10 out of
11 townships in Taoyuan city), the strategies for RIFA prevention and control were modified to
“containment and progressive eradication.” In addition, an early investigation team showed that
monogynous and polygynous RIFA have different distributions across different counties, with Taoyuan
accounting for 83.16% of the polygynous RIFA in Taiwan between 2003 to 2005 [46]. Given the different
percentage distributions of monogynous and polygynous RIFA, Yang et al. [7,20] suggested that
separate management units should be adopted to treat different infested areas with two isolated RIFA
populations. Therefore, the RIFA-infested areas were divided into four zones from the north to the
south of Taoyuan (Figure 1), in which different intensities of baits were applied.

By 2012, due to the decrease in the financial budget for RIFA prevention and treatment,
new strategies and policies were implemented. These focused on the “hot spot and high-risk
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zones” rather than large-scale treatment and prevention. The boundary for containment was set
between the northern border (New Taipei County and Taoyuan County) and the southern border
(Taoyuan County and Hsinchu County) (see Figure 1). Three types of prevention and treatment
were defined: (1) Eradication of cases outside the boundary, (2) containment of cases on the defined
boundary, and (3) suppression and monitoring for cases within the boundary. Figure 3 shows the
timeline of major RIFA policies and invasion/eradication processes in the three selected cases in Taiwan.

First RIFA reported
Declare quarantine pest

Establish NRIFACC

Announce “Quarantine Requirements for Importation of
Plants or Plant products into The Republic of China”
Estimated “National Three Year Eradication Action Plan”

Arrival

- - . . - . . .
2000 2003 2004 2005 2007 2011 2014 2016 ?dﬂ 2008 2019 2020
CY CY
Confirm
First discovery
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YL Yl
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First invasion | Second invasion Control lifted
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. Third invasion
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IC control lifted =
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(Sport park)
TC IC TC
First invasion Second invasion Second invasion due

(Expo)

eradicated to be eradicated

Figure 3. Timeline of major RIFA policies (above the timeline) and invasion/eradication processes in
the three selected cases in Taiwan (below the timeline, where CY stands for Chiayi, YL stands for Yilan,
and TC stands for Taichung).

3.3. Eradication Process: Monitoring, Treatment, and Control of RIFA in Taiwan

3.3.1. Monitoring of RIFA Infestation

To understand the occurrence of RIFA in Taiwan, the prevention team modified Bao’s [47] bait
method by using potato chips to attract the foraging ants. The monitoring method used a 50 mL
centrifuge tube containing a piece of original flavored potato chip that was put on the ground
horizontally for 20-30 min. Then, the team returned the centrifuge tubes to the laboratory for
RIFA identification under a microscope. Surveillance was usually performed during the day from
09:00-16:00 in sunny conditions and at a temperature of 20-35 °C. However, records show that some
local governments may have modified the guideline with some variations.

3.3.2. Chemical Control of RIFA

A chemical strategy was the main method of RIFA control in Taiwan. Applications of bait, insect
growth regulators (pyripoxygen, methoprene, or diflubenzuron), or toxic ingredients (cypermethrin,
imidacloprid, or indoxacarb) were applied in RIFA-infested areas two—four times per year. The number
of treatments varied across different cities and counties depending on their financial budgets. For those
areas that were not easy to reach or apply bait, the long-lasting insecticide Fipronil was used instead.
Mound injection with cyhalothrin was only applied when RIFA occurred in highly sensitive areas,
such as elementary schools, densely populated parks, or outside the quarantine area.

3.3.3. Constraint and Restriction of Movement Control

Once RIFA was detected, the movement of soil and plants in the infested area was immediately
constrained. The governments or private agencies of RIFA-infested areas were responsible for the
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control and surveillance of RIFA according to standard protocols. Often, the NRIFACC offered technical
support (e.g., treatments and surveillance training), while local governments (or private agencies) hired
personnel to implement the treatments. Release from movement constraints required six consecutive
months of surveillance and documentation of the absence of RIFA after the final treatment in the
infested area.

4. Experience of Successful Eradication in Taiwan
4.1. Case of Chiayi County

Discovery

RIFA was first discovered in Chiayi County in October 2003. Following a series of sting attacks,
the public was aware of the danger of RIFA, and a quarantine was declared 11 months after the first
discovery [48]. In October 2004, the RIFA incursion squad was founded by a local farmer [48]. At the
end of 2004, survey and control efforts were developed by the Bureau of Animal and Plant Health
Inspection and Quarantine (BAPHIQ), Council of Agriculture, to define the boundary of the infested
areas [48]. The Chiayi infestation spanned 15 villages: Shuishang township (Sanjie Village (Vil.),
Guoxing Vil,, Nanxiang Vil.), Zhongpu township (Jinlan Vil., Longmen Vil., Tongren Vil., Longxing
Vil., Fushou Vil,, Yiren Vil., Yumin Vil,, Yanguan Vil., Hemei Vil., Dingpu Vil., Hemu Vil.), and Fanlu
township (Neiwang Vil.), covering over 650 ha [48]. In addition, more genetic tests showed that the
population of RIFA in Chiayi was different from that of Taoyuan city; it was originally transported
from California through cargo shipments [10]. The infestation could have occurred as early as 2000,
prior to its first discovery in 2003 [23].

Impacts

Southern Taiwan is the main agricultural area in Taiwan, and Chaiyi is well known for rice
production. It contains sunny, open areas, such as lawns, parks, pastures, meadows, and fields in which
RIFA usually prefer to nest. Agriculture has played a key role in the provision of major foods, such
as rice, in Taiwan. Invasive alien spices and weather conditions are two key factors that might affect
agricultural production. Farmers carry out agricultural operations and spend time on the farmland
quite frequently. If invasions of the southern part of Taiwan are not effectively controlled, their impact
on the environment, ecology, agricultural production, and public health would be far greater than the
damage caused in the north.

Controls and Treatments

As an initial response in Chiayi, the team set up an alert zone spanning a 20 km radius from
the first discovery site, which covered eighteen counties and cities [48], and adopted the “Two-Step
Method” treatment program in November 2004 in the severe RIFA area. The two steps involved
applying bait (spinosad, fipronil, and pyriproxyfen), and individual mound treatments using 85%
carbaryl wettable powder [48]. The first round of control efficacy evaluation was only conducted after
the second stage of treatment, due to a lack of pre-treatment of the mound density data. This was
done as an urgent attempt to control the incursion, although the delimitation survey had not been
completed [48].

The total area treated in Chiayi including the buffer zone was approximately 1100 ha.
From November 2004 to December 2006, bait was applied four times per year by applying spinosad,
fipronil, or pyriproxyfen, while pyriproxyfen served as the main type of bait [48]. After partial
suppression of RIFA in 2007 with an above 90% control rate, the control intensity was divided by the
level of RIFA density: A special treatment area and a regular treatment area [48]. Pyriproxyfen and
indoxacarb bait was applied alternately four times per year in the special treatment area where the
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RIFA density was high; otherwise, pyriproxyfen was applied twice per year in the regular treatment
area [48].

Eradication

Table 3 summarizes the RIFA eradication process in Chiayi county. In 2017, the NRIFACC
performed surveillance and detected no RIFA nests. The Council of Agriculture then declared and
confirmed complete eradication of RIFA from Chiayi county in July 2017 [49]. The total area treated
using the control and treatment methods mentioned above comprised nearly 1100 hectares. This area
also included the 100 to 500 m buffer zone around the edges of the infested areas. The eradication
process continued from 2004 to 2017, and final aerial bait treatments were applied to 35 ha near the
Bazhang River, where the last RIFA nest was found in an area that was not easy to reach. All areas
of Chiayi were surveyed by the NRIFACC in 2017 and no RIFA were found. RIFA-free approval
requires no detection of RIFA for six months. Following a panel expert meeting held by the Council
of Agriculture in 2017, an announcement was made that Chiayi county was removed from the RIFA
restricted area, and controls were lifted in 2018.

Table 3. RIFA management summary in Chiayi county.

Content References
. . Chiayi county: Shuishang (179.2 ha), Zhongpu (880 ha),
Discovered Location Fanlu (4.9 ha), townships (total about 1046 ha). [48]
Eradication Period 2003-2017. [49]

Application of spinosad, fipronil, pyriproxyfen,
Treatments/Methods Adopted  and indoxacarb; individual mound treatments with 85% [48]
carbaryl wettable powder in 2004.

Eradicated in 2015, followed by two more years of

Eradication Outcomes monitoring. Official announcement of eradication in 2017.

[49]

Intensive cooperation with local farmer associations for

Lessons learned RIFA management.

4.2. Case Study of Yilan County

Discovery

Yilan county, located in the northeastern part of Taiwan, is isolated from RIFA-infested western
Taiwan by the Xueshan mountains; however, it was still invaded by RIFA three times in 2007, 2015,
and 2019 due to the transfer of soil for plantation and new construction development. The 2014 incursion
of RIFA was first confirmed in April during the early rice-growing season, a time when it is difficult for
ants to quickly spread, since fields are overflowing with water. In April 2014, a suspected RIFA nest
was reported by the public near Dongshan River in Yilan, and samples were sent to the Hualien District
Agriculture Research and Extension Station for identification. Delimiting surveillance concentrated on
areas containing suitable habitats for RIFA, and this resulted in the detection of 200 mounds, including
10 working maps, with 147 ha requiring treatment [50].

Impact

Yilan is the main agricultural production area of northern Taiwan because of the availability of
clean freshwater for rice irrigation [51]. RIFA is a major threat to various economic activities, particularly
the recreation and tourism industry in the Dongshan township of Yilan county. The Dongshan river
drainage basin is a key tourist destination in Yilan, where the children’s play festival is held every
year. A RIFA invasion could dampen tourism growth rates, as tourists understandably will find
substitute travel destinations to avoid riverside parks packed with stinging ants or extensive amounts
of pesticides [52].
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Control and Treatment

A treatment area was established with a buffer zone of up to 100 m from the known infested areas.
In 2016, an eradication plan was developed by BAPHIQ, the Government of Yilan County, and the
NRIFACC for Yilan. This involved mound drenches and baiting the infested areas once every month
with pyriproxyfen bait and granular fipronil [50]. The key factor in effective RIFA management in
Yilan was the immediate action of the Department of Agriculture of Yilan County, which played a key
role in successful elimination of the RIFA within a short time period. Immediate actions included the
formation of the RIFA eradication response team, which included the Department of Environmental
Protection, the Department of Public Works, the Department of Business and Tourism, the Department
of Health, the Department of Economic Affairs, the Animal and Plant Disease Control Center of Yilan
County, and the NRIFACC, who teamed up as a frontline group. The team held a meeting every two
weeks to review (or survey) the progress of treatment.

Eradication

In December 2015, the eradication of RIFA in Yilan was progressing according to schedule,
and all restricted areas were receiving regular surveillance once a month. The last RIFA nest, a single
infestation, was found in Sanxing township in June 2016. Following emergency treatment, involving
mount drench and pyriproxyfen bait on 14.29 ha for six months, the infestation in Yilan was destroyed
in December 2016. Continued surveillance by the Animal and Plant Disease Control Center of Yilan
county provided verification that treated areas were free of RIFA. In December 2016, after consultation
with the NRIFACC, Yilan was removed from the list of RIFA restricted areas and controls were lifted.
From 2014 to 2015, the area of eradicated infestation was around 161 ha [50].

However, in May 2019, a new RIFA infestation involving about 24 mounds was discovered in the
Yilan Science Park flower field outside the declared restricted area. It is thought that the infestation
may have been spread via transport of infested landscaping plants from another city [53]. The county
government subsequently sent a team of professionals to exterminate the pests before they could
expand within the treatment area any further. In addition to mound drenching, the surrounding area
was treated with fipronil. The area covered approximately 38.7 ha [54] and follow-up surveillance was
conducted after the final treatment to ensure eradication.

The unique characteristics of the Yilan case are its landscape, timing, and people. The unique
landscape played a key role in large-scale spread and invasion, as the Xueshan Ridge acted as a natural
buffer to prevent continued incursion. However, sporadic cases are still inevitable; therefore, RIFA
monitoring efforts continue [55]. Table 4 summarizes the RIFA eradication process in Yilan county.

Table 4. RIFA management summary in Yilan County (with three independent invasions).

Content References

Yilan county—Toucheng township (2007) 3.44 ha
Discovered Location Yilan county—Dongshan township (2014) 127.96 ha [50]
Yilan county—Dongshan township (2019) 22.49 ha

2007 (Feb.)-2007 (Nov.)
Eradication Period 2014-2016 [50]
2019-present

Treatments/Methods Adopted  mound drenches, pyriproxyfen bait, fipronil granular [50]

Eradicated 2007, 2016
Re-invaded 2019-2020 (expected)

Eradication Outcomes [56]

Early detection and immediate action with the

Lesson Learned .
responsible agency
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4.3. Case of Taichung County

Discovery

Taichung county is located in the mid-west part of Taiwan, which is approximately 90 km from
the major RIFA infestation area and was invaded by RIFA twice, in 2011 and 2018. The first known
RIFA invasion took place in 2011; an elementary teacher reported a suspected RIFA infestation to the
NRIFACC. It was detected in an athletic park near Kanglang Elementary School in Qingshui District.
Soon, surveillance was conducted by the NRIFACC, which resulted in the detection of another two
mounds in the redevelopment district near Kanglang athletic park. RIFA was likely introduced to the
area via nursery stock or construction equipment.

Another invasion took place at the World Flora Exposition (20 km from the area of the first invasion
in 2011). On 2 November 2018, the second day of the Taichung World Flora Exposition, a volunteer
reported the first sighting of a single mound in the turf grass at the entrance to the NRIFACC. It has
been shown that human-assisted dispersal is much more damaging than natural nuptial flight spread,
as it can easily transport insects over a long distance through soil or nursery stock, as has been shown
in Australia [57].

Impact

Taichung county is located in the mid-west part of Taiwan. Differently from Chiayi and Yilan,
Taichung is known for its shipment port and industrial activities. Taichung is also the third largest
city in Taiwan by population, with nearly 3 million residents. Given that Taichung was not within
the quarantine boundary, public reporting and awareness were crucial. The success of eradication
in Taichung relied on public reports. Therefore, the public reporting system was essential for the
eradication process. Both RIFA invasions were reported by the publicin 2010 and 2018. Given Taichung’s
importance in industrial and residential developments, RIFA threaten the safety of ports and public
health, and potential spread could occur through high-level human transmission activities.

Control and Treatment

There have been three cases in the Qingshui District. On 12 December 2011, the NRIFACC
received samples from a sports park (Figure 4a), which were then confirmed as RIFA. Ten nests
received individual mound treatment with contact insecticides (indoxacarb and granular fipronil).
Furthermore, on 12 December, the NRIFACC researchers discovered another mound near the reported
site (Figure 4a) in the redevelopment area. The granular formulation, indoxacarb, and 0.0143% fipronil
were applied uniformly to the soil surface. Post-treatment surveillance was extended to 100 m beyond
the nest on all sides on 21 December. On 28 December, a suspected RIFA infestation was found at
the Siwei Road and Dayong Road intersection (769 m from the initial site). Following surveillance
by the NRIFACC, 22 nests were confirmed to be a RIFA infestation. The treatments adopted were
mound drenching (cyhalothrin 2.46% CS) and baiting with pyriproxyfen (0.5%). All three cases of
sporadic RIFA were situated in the surroundings of a sports park in the Qingshui District and the
nearby redevelopment district (Figure 4a). Figure 4b shows the size of RIFA mound found in the
discovered site.

For the second invasion, which took place at the Flora Exposition, the treatment team was led by
researchers from the National Changhua University of Education. The team conducted surveillance at
four sites of the Taichung World Flora Exposition: The Houli Horse Ranch, Forest Expo Site, the Waipu
Expo Site, and the Fengyuan Huludun Expo Site. The Houli Horse Ranch and Forest Expo Site covered
30.04 ha, the Waipu Expo Site covered 14.32 ha, and the Huludun Expo Site covered a total of 16.25 ha.
The director of the NRIFACC and the director of Kunlong BAPHIQ enlisted the Agriculture Bureau to
educate expo stakeholders and ensure that consistent and accurate information reached them.
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(a) (b)

Figure 4. (a) Location of the RIFA found in Taichung Qingshui. From left to right: RIFA colony found in
the redevelopment area, sports park, and the intersection (in red marks); (b) the size of the RIFA mound.

Figure 5 shows the location of the RIFA mound discovered at the flora expo site. Surveillance was
also conducted to ensure that RIFA had not spread beyond the current boundary and to detect
any new nests. Treated sites were surveyed every three months, with the field divided into plots.
Evaluation involved detecting the RIFA nest and collecting the ants that were present, which were
later identified. The numbers of ants of different species were pooled for analysis.

|l‘u-_ I R |
oA = =

i 4 ]
'!,,5555,,,”,,” -

(a) (b)

Figure 5. Location of the RIFA mound discovered at the flora expo site. (a) Mound on the turf surface
at the Taichung World Flora Exposition entrance in Taichung (2 November 2018); (b) removing the
mound and applying pyriproxyfen (6 November 2018).

In December 2018, one month after treatment, four RIFA nests were collected from 1661 plots
at all sites, while no RIFA were found in Houli Forest (Table 5). In January 2019, the survey found
six RIFA out of 1651 plots, and the number in Houli Forest remained at zero. The RIFA capture rate
remained at 0.2% in March and May. After 14 months (January 2020), the control efficacy rate reached
100%, with no RIFA detected in any plot (Table 5). Each survey result is shown in the tables below.



Sustainability 2020, 12, 3951 12 of 20

Table 5. RIFA surveillance in four expo sites in Taichung from Dec 2018 to Jan 2020 (Plot refers to the
number of baits placed; Count refers to number of RIFAs found; % refers to percentages of RIFA found;
Count (Other ants) refers to number of other types of ants found in the same baits; % (Ants) refers to
percentages of other ants found in the same baits.

Field Site Plot Count (RIFA) % (RIFA) Count (Other Ants) % (Ants)

Dec-18

Houli Forest 417 0 0.00% 107 25.70%

Lilonli I ez 380 1 0.30% 109 28.90%

Ranch

Waipu 500 1 0.20% 184 37.00%

Huludun 364 2 0.50% 9% 26.90%

total 1661 4 0.20% 496 30.10%
Jan-19

Houli Forest 447 0 0.00% 40 8.90%

s 357 3 0.80% 33 10.10%

Ranch

Waipu 505 1 0.30% 62 18.40%

Huludun 342 2 0.40% 34 7.10%

total 1651 6 0.40% 169 10.60%
Mar-19

Houli Forest 377 1 0.30% 39 10.60%

oG 366 0 0.00% 42 11.50%

Ranch

Waipu 376 1 0.30% 59 16.00%

Huludun 424 1 0.20% 73 17.50%

total 1543 3 0.20% 213 14.00%
May-19

Houli Forest 327 2 0.60% 71 22.30%

Sloritlgloes 297 1 0.30% 59 20.20%

Ranch

Waipu 315 0 0.00% 51 16.20%

Huludun 371 1 0.00% 79 21.30%

total 1310 3 0.20% 260 20.10%
Jan-20

Houli Forest 77 0 0.00% 54 70.10%

SlorHIE e 171 0 0.00% 89 52%

Ranch

Waipu 151 0 0.00% 100 66.20%

Huludun 0 0 0.00% 0 0.00%

total 399 0 0.00% 243 60.90%

The team formed by researchers from the National Changhua University of Education, working
closely with NRIFACC, was in charge of the expo field surveillance, and contractors were responsible
for implementing the treatments. However, the survey results suggest that there was some degree of
misuse of insecticide. In October 2019, surveillance detected no RIFA infestations in the Houli Forest
Expo site, yet a large volume of unspecified granular material was applied at the site. The Agriculture
Bureau was informed that 0.3% fipronil bait was applied instead of the 0.0143% fipronil granular
insecticide recommended for RIFA. In Taiwan, 0.3% fipronil is formulated for application on rice and
corn. Fipronil residue has frequently been found in the pollen carried by poisoned bees, mainly areca
pollen and camellia pollen. Misuses of treatments by private contractors present challenges in the RIFA
management process and the environment.

Eradication

The three cases in Qingshui District, Taichung were removed from the restricted zone on
26 September 2014. Early detection and intensive control treatments contributed to effective and
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successful RIFA eradication, and the early detection outside the quarantine zone, such as cases in
Taichung, relied on public reporting.

Since the infestation of RIFA in the flora expo had a wider spread within a short time due to
the plantation, a RIFA control meeting was immediately launched by the Taichung Government in
February 2019. This involved multiple agencies, including the Construction Bureau, Tourism and Travel
Bureau, Water Resources Bureau, Education Bureau, Urban Development Bureau, Land Administration
Bureau, and Indigenous People Commission. The NRIFACC director conducted workshops on the
management and biology of RIFA. The meeting also established “The Taichung World Flora Exposition
RIFA Eradication Program” as a guideline for industry groups, contractors, and suppliers to follow.

Controls in the Huludun Expo Site were lifted in October 2019. Surveillance indicated that the
other three expo sites (Houli Forest Site, Houli Forest Ranch Site, and Waipu Site) had been free of RIFA
continuously for 3-6 months in December 2019 and January 2020. All areas are due to be removed from
the restricted zone in June 2020. Furthermore, considering that the initial RIFA incursion at the Flora
Expo site resulted from the movement of infested soil and container plants, the Taichung government
included a “no RIFA” policy in the construction contract. A RIFA-free inspection is required at the end
of construction. Government bodies, earthwork contractors, and landscaping suppliers will have to
work together closely to prevent RIFA invasions in Taichung City center. Table 6 summarizes the RIFA
eradication process in Taichung county.

Table 6. RIFA management summary in Taichung county (two independent invasions).

Content References
1.  Qingshui District (33 mounds scattered in several areas
Discovered Location that distanced 769 m away) [55]

2. Four expo sites located in three districts (60.6 ha)

. . 1. 2011-2014
Eradication Period 5 20182020 [55]
Treatments/Methods . o .
Adopted Pyriproxyfen, 0.0143% fipronil [55]

L 1. 2014 eradicated
Eradication Outcomes 5 2000 eradicated [55]

1.  Early detection from local residents and treatment
contribute to effective eradication.

2. Itis critical to regulate the movement of certain items that
might carry ant infestations. Incorrect treatment resulted
in biological damage, and it was suggested that further
monitoring of bait application is necessary.

Lesson Learned

5. Discussion

Thelead agency for the prevention and treatment of RIFA in Taiwan, the Bureau of Animal and Plant
Health Inspection and Quarantine, has adopted general practices and scientific methodologies [18,19]
to contain and eradicate RIFA in key areas. For instance, to strengthen the control and quarantine
of RIFA, the agency has set clear zones and scope for the prevention and control areas, established
nationwide unified control operations and prevention processes, trained professionals in pesticide use
and recording, set guidelines for evaluation, established a public notification system, and set strict
guidelines for the inspection and registration of pesticides for quarantine [44]. With these policies and
treatments in place, RIFA are contained within prevention zones.

In this study, we selected three unique and representative eradication cases to illustrate the
processes of eradication under various conditions and in different geographical locations. Our findings
are in accordance with those of the empirical studies discussed above. With regard to RIFA prevention
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and eradication, our findings confirm methods adopted internationally [18,19]. These results are linked
to the following lessons.

Lesson 1: Immediate Action through Partnership with Universities and the Private Sector

The studied cases show that successful eradication begins by tapping into local resources through
partnerships with local universities and private chemical companies. This enables the government to
access specific knowledge on treating RIFA in different environments through working with the local
universities, which allows local scientists to experiment with different combinations of treatments in
order to eradicate RIFA in specific geographic locations. As mentioned earlier, through examining
different RIFA populations in Taiwan, Yang et al. [7,20] suggested that separate management units
should be established to manage different infested areas. Meanwhile, it creates more financial flexibility
for the government to work with the local private sector to implement treatments in a timely manner.

The key factor in effective RIFA management is immediate action. For instance, in Yilan,
the Department of Agriculture of Yilan County played a key role in successful elimination of RIFA in a
very short duration. The immediate actions included the formation of the RIFA eradication response
team within two weeks, as well as the NRIFACC. Through public and private partnership with a local
chemical company, the local county was able to access essential treatments for preventative work rather
than waiting for budget approval.

Lesson 2: Engagement with the Public and Community with an Interest in RIFA Control through Technology

A previous study showed the effectiveness of engaging the public through digital data
collection [22]. Those eradication experiences show the importance of public education in uninfested
areas so that the local public can report infestations immediately, allowing early prevention and
treatment to be achieved. In all three cases, given that the infestation areas were outside the prevention
and control zone, the discovery of the first cases relied on public reporting to prevent more spread of
RIFA in those popular tourist areas.

In Taiwan, several educational channels have been established along with a public reporting
platform, named Epidemic Net, which allows the public and local agencies to report cases, particularly
those outside the monitoring zones. In general, in Taiwan, the public is supportive of the treatment
and control of IAS. For instance, Liu [58] showed that visitors support prevention and control in areas
that affect their activities, such as national parks, and are willing to reduce recreational areas in order
to minimize ecological disturbance and harm during the treatment and control process.

Similarly to Taiwan, Australia has accumulated a 16 year dataset of ant specimen submissions
from data from public reports since the launch of a national red imported fire ant eradication program,
engaging citizens in the fight against fire ants. In Australia, such community engagement is described
as passive surveillance. This can increase the probability of eradication and reduce the total cost of
managing an invasion. McNaught, Wylie, and Bell [59] recently showed that 95.7% of adult respondents
(n = 601) had heard of red fire ants, 37.9% had checked their properties during 2013, and the level
of awareness among respondents (n = 1005) was 89% by 2018. They concluded that the program
was effective in educating people on how to recognize fire ants and that photograph submission is a
cost-effective and successful engagement tool.

Lesson 3: Establishment of Multi-Level Horizontal Networks of Response Teams

Uniquely, in Taiwan, while the NRIFACC has been established, the government has also established
a central and local inter-organizational prevention network to address the needs for different types of
environmental conditions. The structure of the network involves the Council of Agriculture as the head
agency, the NRIFACC as the coordination point, and the central and local governing authorities, which
are responsible for different environmental conditions as well as political boundaries. For instance,
while implementing the prevention and eradication of RIFA in the National or Metropolitan Parks,
the Ministry of the Interior is the central governing authority, but if an infestation occurs in city parks
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and other green spaces, the execution will be undertaken by the local city governments with the
Ministry of the Interior as the supervisor.

The reason for such a design is due to the various environmental conditions that all occur within
a small area and require different strategies and methods. Furthermore, the establishment of an
inter-organizational response team could be adopted to deal with the unknown diffusion patterns
of RIFA. In addition, it is also clearly cost-effective, as the government does not need to employ
full-time staff at all times. One of the biggest management programs for RIFA control is the lack of
full-time staff. With a high turnover rate of part-time staff, it is difficult to retain the experiences
and knowledge for proper RIFA controls and eradication, which can take a number of years to
accumulate. However, given that this inter-organizational process involves 22 central authorities and
22 local authorities, as well as private actors, it has required a tremendous coordination effort through
technology and policy design [60]. This bottom-up design of the RIFA prevention network allows local
authorities to experiment with different prevention methods that are suitable for the local climate, land
use, and human interactions.

Lesson 4: Strategy Implementation Ranging from Large-Scale Prevention to Precise Treatment

Using the experience and research adopted from the US and Australia, the government established
a large-scale prevention method in an earlier prevention plan [44]. The large-scale prevention approach
focused on applying treatments in the infested areas and additional prevention areas within a radius of
2 km of the infested sites for monitoring, because previous research shows that RIFA can travel up to
1.6 miles to establish new colonies. However, with a high-density population and diverse landscapes,
large-scale prevention has been ineffective. For instance, the prevention teams often have difficulty
accessing private landowners” homes, storage areas, and new development areas. In addition, different
types of landscapes require different treatment methods. For instance, mound drenching with toxic
insecticides is not allowed in water source protection areas and organic farms. Therefore, as mentioned
earlier, the four-year eradication plan targeting large-scale prevention and treatment was not sufficient.
However, at the same time, areas that have actually successfully eradicated RIFA from the entire county
have often focused on precise treatment and prevention methods.

The precise treatment and prevention methods involve the following steps: (1) Confirmation of
delimitation areas to spray insecticides, such as in Yilan and Taichung, so that the prevention teams
can treat RIFA precisely; (2) adoption of GIS to track the RIFA invasion sites, as well as the control
areas, for accurate prevention. To effectively eradicate a pest, it is important to develop a high-quality
map [61]. The team focused on treatments within a radius of 100 m of the RIFA nests (the occurrence
area), monitored a radius of 300 m, and set a control zone of 500 m. Setting up a manageable and precise
boundary allows the team to experiment with different treatment combinations for different types
of landscapes. Precise treatment is particularly important for high-risk areas, water reservoirs [23],
schools [44], nursing homes [62], and urban areas, such as residents” homes [63].

Precise treatment should also include the consideration of the timing of the year, given that weather
and temperature affect the development of ant colonies [64]. For instance, Killion and Grant’s [63]
colony-growth model shows that the number of workers in a colony is affected by the temperature.
In successful eradication cases in Taiwan, treatments were often given before the expansion of the
colony during the spring time.

Lesson 5: Adoption of Technology and Social Media

The eradication and prevention strategies established were mostly adopted from overseas,
including from the US and Australia, during the early RIFA prevention effort in Taiwan. For instance,
the NRIFACC set up a quarantine boundary with a radius of about 2.57 km, but soon realized that it
was not suitable for Chiayi county. However, from the Chaiyi example, they learned that if immediate
actions were taken, a quarantine boundary could be set within the foraging area of the RIFA, with
an estimated radius of 100 m for the treatment zone, 300 km for the prevention zone, and 500 km
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for the monitoring zone. This was made possible through the adoption of GIS to identify and
generate quality maps for precise measurement of the discovery and treatment points. The adoption of
technology increased the accuracy of information sharing among team members and contracted pest
control companies.

The prevention team from Yilan, for instance, developed another unique invention for the
eradication process. Given its relatively remote location from the major infested areas, the members of
the prevention team came from three different agencies located in two different cities. The prevention
team established a Line group, a popular social media group for sharing information (such as sharing
site photos and treatment information), thus providing immediate responses for technical support or
to address difficulties encountered during the eradication process.

6. Conclusions

Although our demonstration of RIFA eradication in three unique cases presents lessons for RIFA
prevention and control, it also shows the potential limitations of the existing practices. First, all three
cases experienced re-invasion due to the transplant of nurseries and plants from outside the cities
or counties. In other words, despite the prevention and control efforts from the local team, without
a national prevention and control plan and regulation of the main human activities that can lead to
RIFA transfer, the effort will be less effective due to re-invasion. Particularly challenging is that our
cases were all at the city or county level, so a national effort, such as the regulation of transfer of
soils and plants, was not documented. Moreover, some treatment methods applied in the early 2000s
are no longer available due to the restrictions discussed by Hoffmann et al. [19]. Frequent human
transportation of RIFA makes it more difficult to predict the movement of RIFA and initiate treatments.

Furthermore, the eradication process could take more than several years, as shown in the illustrated
cases. The long process for RIFA eradications is due to three reasons: First, treatments such as fipronil
do not kill RIFA, but control the growth of the RIFA colonies. The life cycle of RIFA queens is
approximately seven years. For certain environmentally sensitive areas, fipronil might be the only
treatment allowed and, thus, complete eradication is delayed. Second, using effective treatments
for the first three years, 90% of RIFA can be eradicated. However, the last 10% are often the most
challenging cases given their low visibility and high mobility. Therefore, conventional detection
methods through observation or baiting often fail to identify the last 10% of RIFA, and special detection
strategies, such as dog inspections, are needed. Multiple detection methods are required to certify
the eradications. Lastly, re-invasions from outside the city through trade, nurseries, or plantations
present another challenge to RIFA eradication. Nationwide policies on the monitoring of nurseries,
soil, and plantations, as well as RIFA-free certification programs, should be in place.

Future studies should examine the implications of RIFA spread by human activities, such as via
soil, plant, and nursery transfer. In addition, a combination of different treatments for different land
types is also important for the control and prevention of RIFA expansion into mixtures of diverse
habitats and landscapes. Another important area that should be considered in the design of RIFA
eradication is the impact on other species [1,21,38,65,66]. For instance, Butler et al. [65] examined
how the application of malathion ultra-low volumes (ULV) to treat boll weevil may impact RIFA
survivorship, foraging activity, and predation of lepidopteran pests. On the other hand, RIFA are like
other aggressive ants, such as Myrmica rubra [34] and the argentine ant [67], which actively displace
native ants and reduce biodiversity.

Currently, RIFA distribution is contained in northern Taiwan following its discovery in 2003, and the
government continues to invest significant effort to prevent its spread southward. The eradication
process of RIFA in Taiwan remains in the experimental stage. Much more also needs to be known about
the effectiveness of various treatments in different land types. This study should provide insights for
additional research. There is a continuing need for systematic review and documentation regarding the
practical application of IAS management for various other invasive insects, such as the fall armyworm
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and locusts, which also present great threats to the local agriculture and economy. In addition, this
study will have implications for newly invaded areas, such as East Asia [4,5] and West Africa [68].

This study has demonstrated that a plan for eradication is needed, and this is emphasized by
lessons learned from previous successful eradication cases in various land types in Taiwan. It follows
that detection, quarantine, and treatment must be strengthened, and better methods of working with
private companies, public engagement, and technology are needed for effective RIFA eradication.
However, whether this will also apply to RIFA-infested areas in other parts of the world cannot be
determined based on this study. Further research in different regions with different temperatures and
land types is warranted.

Author Contributions: Conceptualization, H.K.L. and R.-N.H.; formal analysis, C.-C.L., L.-H.H., S.-A.H. and
R.-N.H.; resources, H.K.L., C.-C.L., L.-H.H. and R.-N.H.; data curation, C.-C.L., L.-H.H., S.-A.H. and R.-N.H.;
writing—original draft preparation, HK.L. and R.-N.H.; writing—review and editing, HK.L., L.-H.H. and R.-N.H.;
visualization, C.-C.L., L.-H.H., S.-A.H. and R.-N.H.; funding acquisition, H.K.L. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan, R.O.C. [Project No.
MOST 108-2638-H-002-001-MY2].

Acknowledgments: The authors thank Elim Lin for literature review and translation assistance and Yi-huei Liu
for figures and graphs prepared for this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Moloney, S.D.; Vanderwoude, C. Potential ecological impacts of red imported fire ants in eastern Australia.
J. Agric. Urban Entomol. 2003, 20, 131-142.

2. Jemal, A.; Hugh-Jones, M. A review of the red imported fire ant (Solenopsis invicts Buren) and its impacts on
plant, animal, and human health. Prev. Vet. Med. 1993, 17, 19-32. [CrossRef]

3. Lowe, S.; Browne, M.; Boudjelas, S.; De Poorter, M. 100 of the World’s Worst Invasive Alien Species A selection
from the Global Invasive Species Database; The Invasive Species Specialist Group (ISSG) a Specialist Group
of the Species Survival Commission (SSC) of the World Conservation Union (IUCN): Gland, Switzerland,
2000; 12p. First published as special lift-out in Aliens 12, December 2000. Updated and reprinted version:
November 2004.

4. Murakami, T. Three case studies for control of invasive alien ant species, fire ant (Solenopsis invicta, Formicidae)
in Japan. Ketsudan Kagaku 2018, 4, 33-42.

5. Sung, S.; Kwon, Y.S.; Lee, D.K.; Cho, Y. Predicting the potential distribution of an invasive species,
Solenopsis invicta Buren (Hymenoptera: Formicidae), under climate change using species distribution models.
Entomol. Res. 2018, 48, 505-513. [CrossRef]

6.  Morrison, L.W,; Porter, S.D.; Daniels, E.; Korzukhin, M.D. Potential global range expansion of the invasive
fire ant, Solenopsis Invicta. Biol. Invasions 2004, 6, 183-191. [CrossRef]

7. Yang, C.C.; Shoemaker, D.D.W.; Wu, W.J.; Shih, C.J. Population genetic structure of the red imported fire ant,
Solenopsis invicta, in Taiwan. Insectes Soc. 2008, 55, 54—65. [CrossRef]

8. Zhang, R.; Li, Y,; Liu, N.; Porter, S.D. An overview of the red imported fire ant (Hymenoptera: Formicidae)
in Mainland China. Fla. Entomol. 2007, 90, 723-731. [CrossRef]

9. Zhang, Z.X,; Zhou, Y.; Song, X.N.; Xu, H.H.; Cheng, D.M. Insecticidal activity of the whole grass extract
of Typha Angustifolia and its active component against Solenopsis invicta. Sociobiology 2013, 60, 362-366.
[CrossRef]

10. Ascunce, M.S.; Yang, C.-C.; Oakey, J.; Calcaterra, L.; Wu, W.-].; Shih, C.-].; Goudet, J.; Ross, K.G.; Shoemaker, D.
Global invasion history of the fire ant Solenopsis invicta. Science 2011, 323, 1066-1068. [CrossRef]

11.  Wylie, R.; Yang, C.C.S,; Tsuji, K. Invader at the gate: The status of red imported fire ant in Australia and Asia.
Ecol. Res. 2020, 35, 6-16. [CrossRef]

12. Bertelsmeier, C.; Ollier, S.; Liebhold, A.M.; Brockerhoff, E.G.; Ward, D.; Keller, L. Recurrent bridgehead effects
accelerate global alien ant spread. Proc. Natl. Acad. Sci. USA 2018, 115, 5486-5491. [CrossRef]


http://dx.doi.org/10.1016/0167-5877(93)90051-T
http://dx.doi.org/10.1111/1748-5967.12325
http://dx.doi.org/10.1023/B:BINV.0000022135.96042.90
http://dx.doi.org/10.1007/s00040-007-0969-y
http://dx.doi.org/10.1653/0015-4040(2007)90[723:AOOTRI]2.0.CO;2
http://dx.doi.org/10.13102/sociobiology.v60i4.362-366
http://dx.doi.org/10.1126/science.1198734
http://dx.doi.org/10.1111/1440-1703.12076
http://dx.doi.org/10.1073/pnas.1801990115

Sustainability 2020, 12, 3951 18 of 20

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

McNaught, M.K.; Wylie, ER.; Harris, E.J.; Alston, C.L.; Burwell, C.J.; Jennings, C. Effect of broadcast baiting
on abundance patterns of red imported fire ants (Hymenoptera: Formicidae) and key local ant genera
at long-term monitoring sites in Brisbane, Australia. |. Econ. Entomol. 2014, 107, 1307-1315. [CrossRef]
[PubMed]

Ujiyama, S.; Tsuji, K. Controlling invasive ant species: A theoretical strategy for efficient monitoring in the
early stage of invasion. Sci. Rep. 2018, 8, 2-10. [CrossRef]

Spring, D.; Croft, L.; Kompas, T. Look before you treat: Increasing the cost effectiveness of eradication
programs with aerial surveillance. Biol. Invasions 2017, 19, 521-535. [CrossRef]

Keith, ].M.; Spring, D. Agent-based bayesian approach to monitoring the progress of invasive species
eradication programs. Proc. Natl. Acad. Sci. USA 2013, 110, 13428-13433. [CrossRef] [PubMed]

Keith, J.M.; Spring, D.; Kompas, T. Delimiting a species’ geographic range using posterior sampling and
computational geometry. Sci. Rep. 2019, 9, 1-15. [CrossRef]

Wylie, R.; Jennings, C.; McNaught, M.K.; Oakey, ]J.; Harris, E.J. Eradication of two incursions of the red
imported fire ant in Queensland, Australia. Ecol. Manag. Restor. 2016, 17, 22-32. [CrossRef]

Hoffmann, B.D.; Luque, G.M.; Bellard, C.; Holmes, N.D.; Donlan, C.J. Improving invasive ant eradication as
a conservation tool: A review. Biol. Conserv. 2016, 198, 37-49. [CrossRef]

Yang, C.C.S.; Shoemaker, D.D.; Wu, J.C; Lin, Y.K,; Lin, C.C.; Wu, W.J.; Shih, C.J. Successful establishment
of the invasive fire ant Solenopsis invicta in Taiwan: Insights into interactions of alternate social forms.
Divers. Distrib. 2009, 15, 709-719. [CrossRef]

Drees, B.M.; Calixto, A.A.; Nester, P.R. Integrated pest management concepts for red imported fire ants
Solenopsis invicta (Hymenoptera: Formicidae). Insect Sci. 2013, 20, 429-438. [CrossRef]

Will, D.J.; Campbell, K.J.; Holmes, N.D. Using digital data collection tools to improve overall cost-efficiency
and provide timely analysis for decision making during invasive species eradication campaigns. Wildl. Res.
2014, 41, 499-509. [CrossRef]

Hwang, J.S. Eradication of Solenopsis invicta by pyriproxyfen at the Shihmen reservoir in northern Taiwan.
Insect Sci. 2009, 16, 493-501. [CrossRef]

Yin, R.K. The Case Study Anthology; Sage: Thousand Oaks, CA, USA, 2004.

Schifani, E. Exotic Ants (Hymenoptera, Formicidae) invading mediterranean Europe: A brief summary over
about 200 years of documented introductions. Sociobiology 2019, 66, 198-208. [CrossRef]

Adams, A.AY,; Lardner, B.; Knox, A.J.; Reed, R.N. Inferring the absence of an incipient population during a
rapid response for an invasive species. PLoS ONE 2018, 13, e0204302. [CrossRef]

Baker, C.M.; Hodgson, J.C.; Tartaglia, E.; Clarke, R.H. Modelling tropical fire ant (Solenopsis geminata)
dynamics and detection to inform an eradication project. Biol. Invasions 2017, 19, 2959-2970. [CrossRef]
Scanlan, ].C.; Vanderwoude, C. Modelling the potential spread of Solenopsis invicta Buren (Hymenoptera:
Formicidae) (red imported fire ant) in Australia. Aust. |. Entomol. 2006, 45, 1-9. [CrossRef]

Schmidt, D.; Spring, D.; Mac Nally, R.; Thomson, ].R.; Brook, B.W.; Cacho, O.; Mckenzie, M. Finding needles
(or Ants) in Haystacks: Predicting locations of invasive organisms to inform eradication and containment.
Ecol. Appl. 2010, 20, 1217-1227. [CrossRef]

Spring, D.; Cacho, O.]. Estimating eradication probabilities and trade-offs for decision analysis in invasive
species eradication programs. Biol. Invasions 2015, 17, 191-204. [CrossRef]

Suhr, E.L.; O'Dowd, D.J.; Suarez, A.V.; Cassey, P.; Wittmann, T.A.; Ross, ].V.; Cope, R.C. Ant interceptions
reveal roles of transport and commodity in identifying biosecurity risk pathways into Australia. NeoBiota
2019, 53, 1-24. [CrossRef]

Wylie, ER.; Janssen-May, S. Red imported fire ant in Australia: What if we lose the war? Ecol. Manag. Restor.
2017, 18, 32—44. [CrossRef]

Boser, C.L.; Hanna, C.; Holway, D.A.; Faulkner, K.R.; Naughton, I.; Merrill, K.; Randall, ].M.; Cory, C.;
Choe, D.H.; Morrison, S.A. Protocols for argentine ant eradication in conservation areas. J. Appl. Entomol.
2017, 141, 540-550. [CrossRef]

Goodman, M.; Warren, R.J. Non-native ant invader displaces native ants but facilitates non-predatory
invertebrates. Biol. Invasions 2019, 21, 2713-2722. [CrossRef]

Seko, Y.; Hayasaka, D.; Fujita, T.; Nishino, A.; Uchida, T.; Sdnchez-Bayo, F.; Sawahata, T. Host-tree selection
by the invasive argentine ant (Hymenoptera: Formicidae) in relation to honeydew-producing insects.
J. Econ. Entomol. 2018, 111, 319-326. [CrossRef] [PubMed]


http://dx.doi.org/10.1603/EC14008
http://www.ncbi.nlm.nih.gov/pubmed/25195416
http://dx.doi.org/10.1038/s41598-018-26406-4
http://dx.doi.org/10.1007/s10530-016-1292-1
http://dx.doi.org/10.1073/pnas.1216146110
http://www.ncbi.nlm.nih.gov/pubmed/23878210
http://dx.doi.org/10.1038/s41598-019-45318-5
http://dx.doi.org/10.1111/emr.12197
http://dx.doi.org/10.1016/j.biocon.2016.03.036
http://dx.doi.org/10.1111/j.1472-4642.2009.00577.x
http://dx.doi.org/10.1111/j.1744-7917.2012.01552.x
http://dx.doi.org/10.1071/WR13178
http://dx.doi.org/10.1111/j.1744-7917.2009.01279.x
http://dx.doi.org/10.13102/sociobiology.v66i2.4331
http://dx.doi.org/10.1371/journal.pone.0204302
http://dx.doi.org/10.1007/s10530-017-1499-9
http://dx.doi.org/10.1111/j.1440-6055.2006.00517.x
http://dx.doi.org/10.1890/09-0838.1
http://dx.doi.org/10.1007/s10530-014-0719-9
http://dx.doi.org/10.3897/neobiota.53.39463
http://dx.doi.org/10.1111/emr.12238
http://dx.doi.org/10.1111/jen.12372
http://dx.doi.org/10.1007/s10530-019-02005-w
http://dx.doi.org/10.1093/jee/tox351
http://www.ncbi.nlm.nih.gov/pubmed/29329403

Sustainability 2020, 12, 3951 19 of 20

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Sakamoto, Y.; Hayashi, T.I,; Inoue, M.N.; Ohnishi, H.; Kishimoto, T.; Goka, K. Effects of fipronil on non-target
ants and other invertebrates in a program for eradication of the argentine ant, Linepithema Humile. Sociobiology
2019, 66, 227-238. [CrossRef]

Buczkowski, G.; Mothapo, N.P.; Wossler, T.C. Let them eat termites—Prey-baiting provides effective control of
argentine ants, Linepithema Humile, in a Biodiversity Hotspot. . Appl. Entomol. 2018, 142, 504-512. [CrossRef]
Buczkowski, G. Prey-Baiting as a Conservation Tool: Selective control of invasive ants with minimal
non-target effects. Insect Conserv. Divers. 2017, 10, 302-309. [CrossRef]

Buczkowski, G.; Wossler, T.C. Controlling invasive argentine ants, Linepithema Humile, in conservation areas
using horizontal insecticide transfer. Sci. Rep. 2019, 9, 1-7. [CrossRef]

Diamé, L.; Rey, ].Y.; Vayssieres, ].F,; Grechi, I.; Chailleux, A.; Diarra, K. Ants: Major functional elements in
fruit agro-ecosystems and biological control agents. Sustainability 2017, 10, 23. [CrossRef]

Tay, ] W.; Hoddle, M.S.; Mulchandani, A.; Choe, D.H. Development of an alginate hydrogel to deliver
aqueous bait for pest ant management. Pest Manag. Sci. 2017, 73, 2028-2038. [CrossRef]

Webb, G.A.; Hoffmann, B.D. Field Evaluations of the efficacy of distance plus on invasive ant species in
northern Australia. . Econ. Entomol. 2013, 106, 1545-1552. [CrossRef]

Ellis, S.; Procter, D.S.; Buckham-Bonnett, P.; Robinson, E.J.H. Inferring polydomy: A review of functional,
spatial and genetic methods for identifying colony boundaries. Insectes Soc. 2017, 64, 19-37. [CrossRef]
[PubMed]

Hwang, ].S. Red Imported Fire Ant Infestation and Danger on Campuses; Chinese Society for Environmental
Education: Beijing, China, 2007; Available online: http://163.21.239.16/dspace/handle/987654321/15446
(accessed on 30 March 2020). (In Chinese)

Hwang, J.S. Study of effect in environmental protection for management policy imported ire ant. Chin. .
Environ. Educ. 2005, 4, 79-107. (In Chinese)

Chen, J.5.C.; Shen, C.H.; Lee, H.]. Monogynous and polygynous red imported fire ants, Solenopsis invicta
Buren (Hymenoptera: Formicidae), in Taiwan. Environ. Entomol. 2006, 35, 167-172. [CrossRef]

Bao, S.Z.; Kafle, L.; Shih, C.J. A new baited trap for monitoring Solenopsis invicta (Formicidae: Hymenoptera)
in Taiwan. Appl. Entomol. Zool. 2011, 46, 165-169. [CrossRef]

Huang, L.H.; Chen, K.S.; Huang, S.H.; Lin, M.Y,; Tang, L.Z.; Yang, Z.Z.; Hsiao, W.E,; Su, W.Y. Red imported
fire ants (Solenopsis invicta) in Chiayi” evaluation of the spatial distribution of nests and effects. . Plant
Prot. Bull. 2013, 55, 57-78. (In Chinese)

Bureau of Animal and Plant Health Inspection and Quarantine; The Council of Agriculture. Successful Red
Imported Fire Ant Eradication in Chiayi. 2017. Available online: https://www.baphiq.gov.tw/theme_data.
php?theme=NewlInfoListWS&id=13389 (accessed on 30 March 2020). (In Chinese)

Bureau of Animal and Plant Health Inspection and Quarantine; The Council of Agriculture. Successful Red
Imported Fire Ant eradication in Yilan. 2016. Available online: https://www.baphiq.gov.tw/theme_data.php?
theme=NewInfoListWS&id=11879 (accessed on 30 March 2020). (In Chinese)

Chang, I.-C. A Case study for identifying the potential challenges of water resources in the Yilan area of
Taiwan: Using an adaptive water footprint approach. Environ. Sci. Pollut. Res. 2020, 12725-12745. [CrossRef]
Gutrich, ]J.J.; VanGelder, E.; Loope, L. Potential economic impact of introduction and spread of the red
imported fire ant, Solenopsis invicta, in Hawaii. Environ. Sci. Policy 2007, 10, 7-8, 685-696. [CrossRef]

FTV News. Red Imported Fire Ant Invasion in Yilan. May 2019. Available online: https://www.ftvnews.com.
tw/news/detail/2019527N02M1 (accessed on 20 March 2020). (In Chinese)

UDN News. Red Imported Fire Ant Spotted in Yilan. May 2019. Available online: https://udn.com/news/
story/7328/3834758 (accessed on 20 March 2020). (In Chinese)

National Red Imported Fire Ant Control Center. List of Red Imported Fire Ant Infested Areas.
2020. Available online: https://fireant.baphiq.gov.tw/RedFireAnt/Download (accessed on 20 March 2020).
(In Chinese)

Liberty Times Net. Another Red Imported Fire Ant Invasion in Less than Two Years after Control Lifted
in Yilan. 2019. Available online: https://news.ltn.com.tw/news/life/breakingnews/2802643 (accessed on
30 March 2020). (In Chinese)

Rayment, G.E. Australian efforts to prevent the accidental movement of pests and diseases in soil and plant
samples. Commun. Soil Sci. Plant Anal. 2006, 37, 2107-2117. [CrossRef]


http://dx.doi.org/10.13102/sociobiology.v66i2.3772
http://dx.doi.org/10.1111/jen.12501
http://dx.doi.org/10.1111/icad.12230
http://dx.doi.org/10.1038/s41598-019-56189-1
http://dx.doi.org/10.3390/su10010023
http://dx.doi.org/10.1002/ps.4616
http://dx.doi.org/10.1603/EC13094
http://dx.doi.org/10.1007/s00040-016-0534-7
http://www.ncbi.nlm.nih.gov/pubmed/28255180
http://163.21.239.16/dspace/handle/987654321/15446
http://dx.doi.org/10.1603/0046-225X-35.1.167
http://dx.doi.org/10.1007/s13355-011-0028-z
https://www.baphiq.gov.tw/theme_data.php?theme=NewInfoListWS&id=13389
https://www.baphiq.gov.tw/theme_data.php?theme=NewInfoListWS&id=13389
https://www.baphiq.gov.tw/theme_data.php?theme=NewInfoListWS&id=11879
https://www.baphiq.gov.tw/theme_data.php?theme=NewInfoListWS&id=11879
http://dx.doi.org/10.1007/s11356-020-07656-0
http://dx.doi.org/10.1016/j.envsci.2007.03.007
https://www.ftvnews.com.tw/news/detail/2019527N02M1
https://www.ftvnews.com.tw/news/detail/2019527N02M1
https://udn.com/news/story/7328/3834758
https://udn.com/news/story/7328/3834758
https://fireant.baphiq.gov.tw/RedFireAnt/Download
https://news.ltn.com.tw/news/life/breakingnews/2802643
http://dx.doi.org/10.1080/00103620600817069

Sustainability 2020, 12, 3951 20 of 20

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Liu, TM. Using RPL model to probe trade-offs among negative externalities of controlling invasive species.
Sustainability 2019, 11, 6184. [CrossRef]

McNaught, M.K,; Wylie, R.; Bell, R. Join the ant hunt: How accurately can the public recognise red imported
fire ant Solenopsis invicta (Hymenoptera: Formicidae) in Australia? Austral Entomol. 2019, 58, 745-752.
[CrossRef]

Liu, HK,; Liu, Y.S. Reinvent the invasive alien species prevention system through network governance.
In Proceedings of the Public Management Research Conference, Honolulu, HI, USA, 22-24 April 2020.
Baxter, PW.J.; Possingham, H.P. Optimizing search strategies for invasive pests: Learn before you leap.
J. Appl. Ecol. 2011, 48, 86-95. [CrossRef]

Rupp, M.R;; Deshazo, R.D. Indoor fire ant sting attacks: A risk for frail elders. Am. J. Med. Sci. 2006, 331,
134-138. [CrossRef] [PubMed]

Drees, B.M.; Barr, C.L.; Vinson, S.B.; Gold, R.E.; Merchant, M.E.; Kostroun, D. Managing Red Imported Fire
Ants in Urban Areas. Tex. Agric. Ext. Serv. Publ. 1996, B-6043, 18.

Killion, M.J.; Grant, W.E. A colony-growth model for the imported fire ant: Potential geographic range of an
invading species. Ecol. Model. 1995, 77, 73-84. [CrossRef]

Butler, J.; Bernal, J.S.; Knutson, A.E. Effects of malathion ULV applied for boll weevil eradication on survival
and foraging activity of the red imported fire ant, Solenopsis invicta Buren, in Texas (USA) Cotton. Int. J.
Pest Manag. 2007, 53, 69-76. [CrossRef]

Knutson, A.E.; Butler, J.; Bernal, J.; Bogran, C.; Campos, M. Impact of area-wide malathion on predatory
arthropods and secondary pests in cotton during boll weevil eradication in Texas. Crop Prot. 2011, 30,
456-467. [CrossRef]

Merrill, K.C.; Boser, C.L.; Hanna, C.; Holway, D.A.; Naughton, I.; Choe, D.-H.; Rankin, E.E.W. Argentine ant
(Linepithema Humile, Mayr) eradication efforts on San Clemente Island, California, USA. West. N. Am. Nat.
2019, 78, 829. [CrossRef]

Kouakou, LM.M.; Yeo, K.; Vanderheyden, A.; Kone, M.; Delsinne, T.; Ouattara, K.; Herrera, HW.;
Dekoninck, W. First morphological and molecular confirmed report of the invasive tropical fire ant, Solenopsis
geminata (Fabricius, 1804) (Hymenoptera: Formicidae) from Coéte d’ivoire (West Africa). Bioinvasions Rec.
2017, 6, 173-179. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/su11216184
http://dx.doi.org/10.1111/aen.12388
http://dx.doi.org/10.1111/j.1365-2664.2010.01893.x
http://dx.doi.org/10.1097/00000441-200603000-00005
http://www.ncbi.nlm.nih.gov/pubmed/16538074
http://dx.doi.org/10.1016/0304-3800(94)00029-H
http://dx.doi.org/10.1080/09670870601105964
http://dx.doi.org/10.1016/j.cropro.2010.12.003
http://dx.doi.org/10.3398/064.078.0422
http://dx.doi.org/10.3391/bir.2017.6.2.14
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Trends from Literature on Establishing RIFA Eradication Plans 
	The Development of RIFA Invasion Response and Prevention in Taiwan 
	Eradication Process: Monitoring, Treatment, and Control of RIFA in Taiwan 
	Monitoring of RIFA Infestation 
	Chemical Control of RIFA 
	Constraint and Restriction of Movement Control 


	Experience of Successful Eradication in Taiwan 
	Case of Chiayi County 
	Case Study of Yilan County 
	Case of Taichung County 

	Discussion 
	Conclusions 
	References

