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Abstract

Invasive ants are amongst the most destructive and widespread invaders across the globe; they can
strongly alter invaded ecosystems and are responsible for the displacement of numerous native ant
species. Several studies have reported that invasive ants can lead to substantial economic costs. In this
study, we search, describe and analyze 1,621 reported costs of invasive ants using the InvaCost
database. Economic costs, reported since 1930 for 12 ant species in 27 countries, totaled US$S

56.92 billion. The largest costs were associated with two species, Solenopsis invicta and Wasmannia
auropunctata (USS 36.91 and 19.91 billion respectively); and two countries, USA and Australia (USS 28.62
and 27.94 billion respectively). Potential costs (i.e., expected or predicted costs) constituted the vast
majority of the reported costs (80.4%). Overall, damage costs amounted to 96.3% of the total cost,
impacting mostly the agriculture, public and social welfare sectors, whereas management costs primarily
resulted from post-invasion management (USS 1.78 billion), with much lower amounts dedicated to
prevention (USS 235.62 million). Beside the taxonomic bias, cost information lacked for ~ 77% of the
invaded countries per species, and the geographic coverage of costs was only ~ 18% within invaded
countries with costs reported. Our synthesis suggests that the global costs of invasive ants are massive
but largely underreported, and thus most likely grossly underestimated. We advocate for more and
improved cost reporting of invasive ants through better collaborations between managers, practitioners
and researchers, a crucial basis for adequately informing future budgets and improving proactive
management actions of invasive ants.

Abstract In Spanish -resumen En Espafiol

Las hormigas invasoras estan entre las especies mas destructivas y mas ampliamente extendidas en
todo el mundo. Pueden alterar fuertemente los ecosistemas y son responsables de la pérdida de
numerosas especies de hormigas nativas en los ecosistemas invadidos. Muchos estudios han mostrado
que las hormigas invasoras pueden producir costos econdémicos importantes. En este estudio,
recopilamos, describimos y analizamos 1621 entradas de costos econdmicos de hormigas invasoras,
usando la base de datos InvaCost. Los costes econdmicos fueron reportados desde 1930, para 12
hormigas invasoras, en 27 paises, alcanzando un total de 56.92 mil millones de ddlares americanos. Los
costes mas importantes estaban asociados con dos especies, Solenopsis invictay Wasmannia
auropunctata (36.91y $19.91 mil millones respectivamente); y con dos paises, Estados Unidos y
Australia (28.62 y 27.94 mil millones respectivamente). Los costos potenciales (aquellos esperados o
previstos) constituyeron la gran mayoria de los costes reportados (80.4%). Los costes debidos a dafios
alcanzaron el 96.3% del total, e impactaron sobre todo los sectores de agricultura, y bienestar publico y
social; mientras que los costes de gestion se invirtieron en su mayoria en la gestién post-invasién (1.78
mil millones de délares), con mucha menor inversion en prevencion (235.62 millones de délares).
Ademas del sesgo taxondmico, aproximadamente un 77% de los paises invadidos por las especies
carecieron de reportes de costos econdmicos, mientras que en los paises invadidos con costos
reportados, la cobertura geografica de los costos fue de tan s6lo un 18%. Nuestra sintesis sugiere que los
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costes globales de las hormigas invasoras son masivos sin embargo muy poco reportados, y por lo tanto
gravemente subestimados. Exhortamos entonces, a un mayor y mejor reporte de los costes econémicos
de las hormigas invasoras a través de una mayor colaboracion entre gestores, profesionales e
investigadores; lo cual es la base crucial para informar adecuadamente presupuestos futuros asi como
para mejorar las actuaciones hacia una gestion proactiva de las hormigas invasoras.

Introduction

Social insects, and more particularly ants, are amongst the most impactful invasive alien species (Moller
1996; Holway et al. 2002), with certain characteristics that make them particularly strong invaders, e.g.,
their super-colonial structure, high reproducibility, and strong ability to monopolize environmental
resources to outcompete native species (Passera 1994; Holway et al. 2002; Bertelsmeier et al. 2017,
Arnan et al. 2018). The small size of ants, their generalist nesting habits and frequent association with
environmental/habitat disturbance (Fournier et al. 2019) favour their easy transport by humans, in
addition to facilitating their establishment and subsequent spread (Bertelsmeier et al. 2018).
Consequently, over 200 ant species have now established populations outside their native range (Lach et
al. 2010; Bertelsmeier et al. 2018). Nineteen of them are recorded in the IUCN list of invasive species
(http://www.iucngisd.org/gisd/), with five (the Argentine ant, Linepithema humile, the red imported fire
ant, Solenopsis invicta, the big-headed ant, Pheidole megacephala, the little fire ant, Wasmannia
auropunctata, and the yellow crazy ant, Anoplolepis gracilipes) being listed among the “100 of the world’s
worst invasive alien species” (Lowe et al. 2000), making this Family unique on that front. In addition,
about 20 more species have been proposed as potentially invasive or super-invasive using a trait-based
approach (Bertelsmeier et al. 2013; Fournier et al. 2019). It is therefore not surprising that the number of
ant species reported as invasive, or exhibiting significant extension in their invaded range, is steadily
increasing (e.g., Bertelsmeier et al. 2016; Chifflet et al. 2018, Cordonnier et al. 2020), even more with the
ever-increasing increasing globalization and international trade (Bertelsmeier 2021; Seebens et al. 2021).

The consequences of ant invasions are numerous, and they often widely impact native biodiversity and
alter local environments (Holway et al. 2002; Lach et al. 2010). Their negative impacts include the
displacement of the native ant communities, which scale up to higher trophic levels and affect native
vertebrates such as birds, reptiles and amphibians (Allen et al. 2004; Guénard and Dunn 2010; Lach and
Hooper-Bui 2010; Alvarez-Blanco et al. 2020, 2021; Bousseyroux et al 2019). Ant invasions also alter
ecosystem functions by modifying trophic web dynamics, altering nutrient cycling, or decreasing
pollination (e.g., Hansen and Muller 2009; Angulo et al. 2011). Invasive ants also substantially affect
human assets (Lard et al. 2002; Motoki et al. 2013) much like invasive insects in general (Bradshaw et al.
2016). Impacts include decreasing agricultural production, infrastructure damage, and affecting human
health (Lard et al 2002; Nelder et al. 2006). As a result, economic costs of invasive ant species, including
losses and management expenses, are frequently presented as reaching billions of dollars annually. For
instance, the estimated total annual cost for the red imported fire ant S. invicta initially estimated at
USS$1 billion annually in the US (Pimentel et al. 2005), amounted to more than US$6 billion annually in
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New Zealand (Gutrich et al. 2007), and AUS1.65 billion annually in Australia (Wylie and Janssen-May
2017).

However, economic costs associated with ant invasions have remained poorly reported across multiple-
species in the literature, with most relying on red imported fire ants because of their high impacts on
health and agriculture, together with the fact that they are among the best scientifically known invasive
ants (Sanders and Suarez 2011). Yet, other invasive ant species can also quickly build large populations
and become a nuisance, as in the case of the yellow crazy ant or the Argentine ant (Holway et al. 2002),
for which reports on economic costs have been restricted primarily to the evaluation of control costs
(Hoffmann et al. 2016). Similarly, the little fire ant (W. auropunctata) has a painful sting and tends sap-
sucking insects, leading to plantations being completely abandoned (Vanderwoude et al. 2015); however,
studies evaluating its economic costs are scarce. Also, the African big-headed ant (P megacephala) and
the Singapore ant (Trichomyrmex destructor) incur substantial economic losses, particularly due to
damages to electrical equipment, i.e, they chew through wires which sometimes cause fires (Wetterer
2012), but the quantification of the monetary losses resulting from these damages are rarely published.
Moreover, information of the economic costs of other invasive ants is even more fragmented across the
literature.

To exacerbate the issue of underreported costs, a large part of published costs have not been directly
observed. For example, earlier estimations of costs of red imported fire ant across a variety of economic
sectors in Texas (Lard et al. 2002) have been extrapolated both temporally and spatially across the world,
where this invasive ant has expanded far beyond its native range (e.g., Lard et al. 2006; Gutrich et al.
2007; Wylie and Janssen-May 2017; Gruber et al. 2021). More accurate cost reporting through direct
estimations can lead invasive ants to gain visibility, and in turn, ensure that managers, stakeholders and
practitioners address the serious concerns they represent more effectively - in particular, the ongoing
threat to biodiversity (Diagne et al. 2020).

The newly developed InvaCost database (Diagne et al. 2020) is the first comprehensive and standardized
compilation of the economic costs associated with biological invasions worldwide. This database
provides unique opportunities to thoroughly assess and understand the economic impacts of invasions.
Here, we used and enriched this database with additional data to present a detailed and up-to-date, global
assessment of the economic costs of invasive ants. Our analyses aimed to: (i) describe the ant species
associated with the reported economic costs; (ii) describe the spatial and temporal distribution of
reported costs; (iii) highlight the type of costs reported; (iv) decipher the economic sectors impacted by
these costs; and (v) identify the potential geographic gaps in the cost reporting.

Methods
Data collection
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We used the latest version of the InvaCost database (InvaCost_3.0; 9,823 entries; Diagne et al. 2020,
https://doi.org/10.6084/m9.figshare.12668570 ), consisting of cost data extracted from documents
obtained through standardized literature searches (i.e., using ISI Web of Science platform, Google Scholar
and the Google search engine) and opportunistic targeted searches (i.e., expert consultations for which
data gaps were identified, such as in 10 languages other than English, Angulo et al. 2021). Costs
extracted from these sources were converted from local currencies to USS by correcting the value with the
official market exchange rate corresponding to the year of the value and then adjusting to 2017 US$
using inflation factors (Diagne et al. 2020). We extracted data for invasive ant species (selecting for the
family Formicidae). Each database entry contains a cost value associated with a unique combination of
cost descriptors (see “Data structure” section).

We complemented the InvaCost data by adding costs found from four different targeted searches: (i) in
non-English languages, specifically focusing on the economic costs of the 19 invasive ants recognized by
the IUCN ( http://www.issg.org/database ); using the same search strings as those considered in the
standardized searches led in the Web of Science platform by Diagne et al. (2020), but with economic
terms translated in different languages (Arabic, Chinese, French, German, Greek, ltalian, Japanese,
Portuguese, Russian, Spanish, and Ukrainian) alongside the scientific names of the 19 ant species; (ii) in
the digital database SciELO (Scientific Electronic Library Online) ( https://www.scielo.br ), which provides
access to scientific literature mainly originating from the South American continent, with journal articles
usually published in Spanish and Portuguesse; (iii) in the bibliographic database FORMIS (
http://www.ars.usda.gov/saa/cmave/ifahi/formis ), a composition of several ant literature databases,
that contains citations for a large proportion of the world’s ant literature. More specifically, using EndNote
X9, we searched all fields in the database version FORMIS 2018 for each invasive ant species, with the
following search items “econom*”, “monetary”, “dollar”, “S”, “€”, “sterling pound”; (iv) contacting key
people (mainly managers and researchers) in relation with invasive ant management programs that we
knew of but financial data was either not available or was incomplete. The results of this search, together
with the original InvaCost entries, resulted in a total of 643 entries ranging from 1930 to 2084 inclusive of
future predictions (herein raw data, Online Resource 1 Tab “Raw_data”).

Data structure

The Raw data contained over 60 descriptive cost variables divided into the following groups (Online
Resource 1, tab “Descriptors”): (i) the bibliographic information of the documents where the costs were
reported, (ii) the area impacted or where the costs were incurred (e.g., spatial scale, location), (iii) the
taxonomy of the focal species, (iv) the temporal extent over which the costs either occurred or were
predicted to occur, (v) the typology of each cost reported, and (vi) the economic cost values. To describe
the economic costs of invasive ants we used information mainly from the following four cost descriptors:
the type of costs, the type of management, the economic sector impacted by invasive ants, and the
nature of the implementation of the cost value.

The type of costs (column type_of_cost_merged) assigned costs to either “damage” costs (most often
corresponding to marketed costs, e.g., the economic losses due to direct and/or indirect impacts of
Page 5/28



invaders, such as yield loss, medical care, infrastructure damage, or income reduction) or “management”
costs (economic resources allocated to actions to avoid the invasion, or to deal with established
populations). A third category “diverse/unspecified” grouped costs included in the previous categories or
were not specified.

Because we were interested in the types of management actions, we split the “management” category of
the previous column using the type of management (column Management_type), which categorizes
management as: (i) “pre-invasion management”: monetary investments for preventing successful
invasions in an area (e.g., early detection); (ii) “post-invasion management”: money spent for managing
invasive ants in invaded areas (e.g., control, eradication, monitoring); (iii) “knowledge/funding”: money
allocated to all actions and operations that could be of interest at all steps of management at pre- and
post-invasion stages (e.g., research, information, education). A “diverse/unspecified” category was
assigned when costs included at least two of the above categories (within management), when costs
included simultaneously damage and management expenditures or when management costs were
unspecified.

The impacted economic sectors (column economic sector) were: “agriculture” (e.g., yield losses);
“authorities-stakeholders” (governmental services and/or official organizations — such as conservation
agencies, forest services that allocate efforts for the management of biological invasions); “health” (costs
directly or indirectly related to human medical conditions); and “public and social welfare” (activities,
goods or services contributing to human well-being, including local infrastructures such as electrical
systems, quality of life such as recreational activities, personal goods such as private properties, public
services or market activities). A “diverse/unspecified” category was assigned when costs included at
least two categories or were unspecified.

Finally, we also considered the implementation of the costs (column implementation) to be important
when describing the economic costs of invasive ants (Diagne et al. 2020). This column classifies the cost
entries as “observed” if the cost was actually incurred, or “potential” if the cost was expected or predicted
to occur beyond the original spatial and/or temporal observation range. While this variable indicates
whether the cost was realized or not, the “potential” costs include per se different aspects: the temporality
of the cost (past/current costs versus predicted or planned costs) and the spatial distribution in relation
with the distribution of the invasive species (if the ant is already invading or could invade). However,
making clear distinctions within these “potential” costs is beyond the scope of our study.

Data processing

Prior to the analysis, the raw data were screened to detect duplicates and overlaps, as a means to avoid
overestimating the economic costs of invasive ants. Potential duplicates and overlaps were analysed,
and assessed whether to retain or remove some cost entries (see columns “removeForAntProject” and
“Comments” in Online Resource 1, where decisions regarding the removal of data are explained). This
process accounted for the column reliability which evaluates whether the estimation method of the cost
was documented, repeatable and/or traceable. As a result, 6 raw costs of “low” reliability were retained as
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they completed the temporal or spatial patterns (See Online Resource 1) but a total of 41 raw cost entries
were removed from the analyses.

Description of the economic costs of invasive ants

To compare the number of cost entries for each invasive ant species among descriptors, we
homogenized all costs recorded on an annual basis using the expandYearlyCosts function of the
‘invacost’ package version 0.3-4 (Leroy et al. 2020) in R version 3.6.3 (R Core Team 2020). This function
relies on the duration time of each cost entry provided as the number of years between the cost entry’s
starting and ending years given in the database. Hence, we obtained comparable annual costs for all cost
entries. The expanded dataset resulted in 1,621 entries, from which 329 were not considered for reasons
explained in the data processing section (also see, Online Resource 1, Tab “Expanded_data”). Thus, for
our analyses, we considered a total of 1,292 expanded cost entries.

We also calculated the temporal trends of the economic impacts of invasive ant species using the
function calculateRawAvgCosts from the invacost package version 0.3-4 (Leroy et al. 2020) in R version
3.6.3 (R Core Team 2020). This function calculates average annual costs for the whole study period,
providing 10-year average costs based on the annualized cost entries calculated.

Other descriptions of the economic costs of invasive ants were formed by using the categorical
descriptors in the InvaCost database (see section on Data structure), for instance taking into account the
nature of the costs (observed vs potential costs) we describe: (i) the magnitude of costs for each invasive
ant and the trend of observed costs entries per invasive ant along time; (ii) the geographic distribution of
costs by country, splitting the cost in each country by each invasive ant species; (iii) the percentage of
each type of cost (damage and the types of management) and we further split the type of cost with the
sectors impacted; (iv) and finally, the percentage of each type of management costs (i.e., excluding
damages) for each ant species.

Geographic coverage of the economic costs reported for
invasive ants

We mapped and compared the geographic locations of the costs reported in the raw database (excluding
cost entries marked as “remove”) with the invasive range of the ant species with reported costs. In order
to obtain geographic coordinates of the costs, we used the column "Location" in the dataset, and the
original documents were cross-checked to confirm location; in some cases, more than one location was
reported for the same cost entry. Thus, the number of recorded geographic coordinates of the costs
reported summed more than the number of cost entries. We then obtained occurrence records of the
current invasive distribution of each ant species from both the GBIF (Global Biodiversity Information
Facility, https://www.gbif.org), and AntWeb (www.antweb.org). Countries were assigned to geographic
coordinates once we removed duplicates and records for which coordinates either fell out of the terrestrial
borders or had a 0 (zero) as geographic coordinates.
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For each species and invaded country, we calculated the percentage of the number of locations with
reported costs in relation to the number of locations found for the species (ant occurrences). Then, we
calculated the average percentage of locations with costs per species, referred to as the geographic
coverage of reported costs per invasive ant species. Locations with various costs were considered only
once, and costs at the country level were not considered (in fact, only S. invicta in Australia, China, Japan
and USA, and L. humilein Japan had costs at the country level). Also, ant occurrences in countries within
their native range were not considered.

Results

The recorded cost of invasive ant species amounted to USS 56.92 billion in total with losses amounting
to USS 11.13 billion since 1930 (reported in 697 expanded observed entries) and an additional USS

45.79 billion until 2084 (reported in 595 expanded potential entries). From the 1,292 cost entries
considered, 14% originated from documents written in non-English languages (Japanese, French, Dutch,
Chinese, Spanish and Portuguese, listed here by descending number of cost entries); while >15% were
obtained from managers or researchers. By analysing the temporal distribution of annual costs, the mean
observed cost of invasive ants between 1930 and 2020 were USS 120.97 million, while the mean
potential costs between 1980 and 2084 were USS 444.58 million. Most of these costs were documented
between 2010 and 2019 (Online Resource 2).

The largest number of cost entries and highest economic costs were reported for Solenopsis spp. (721
expanded cost entries, USS 36.91 billion, Fig. 1a,b), followed by W. auropunctata (273 expanded cost
entries, USS 19.91 billion). Although costs were reported for three species of Solenopsis, S. invicta
constituted the most cost entries and economic costs; S. geminata was only reported in 8 expanded cost
entries for Galapagos Islands (Ecuador) and Ashmore reef (Australia), and the costs for S. richteri were
reported in the USA but always together with S. invicta. Solenopsis spp. was the main driver behind the
temporal dynamics of the trends in observed costs, in contrast to the rest of the invasive ant species
(Fig. 1b). Also, the number of observed cost entries (of Solenopsis spp. and to a lesser extent, other ant
species) increased with time, suggesting that cost reporting is expected to continue to increase in the
near future.

Both Solenopsis spp. and W. auropunctata had higher ‘potential’ than ‘observed’ costs reported (33.22
versus 3.69 and 12.56 versus 7.35, respectively, in USS billion), and this was also the case for A.
octospinosus (Fig. 1a). The potential costs for S. invicta were mainly related to the expected (planned)
costs of the eradication program in Australia (Queensland), as well as with the spatial extrapolations of
costs to different locations, e.g., some states in the USA or the Pacific Islands. Most of the potential costs
for W. auropunctata were extrapolations for Hawaii and the Vanuatu Islands; whereas most of the costs
for A. octospinosus were the planned costs of this species’ future eradication program in Guadeloupe
(Carribean oversea territory of France). For other species such as A. gracilipes and L. frauenfeldi, potential
costs were also reported for the ongoing eradication programs in Australia (Queensland and Darwin,
respectively). For the remainder of the invasive ants only observed costs were reported.
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Most of the economic costs were reported from the USA (403 expanded cost entries, USS 28.62 billion)
and Australia (573 expanded cost entries, USS 27.94 billion) (Fig. 2). S. invicta was associated with the
greatest costs incurred, followed by W. auropunctata, wherever these species occurred in a country,
however, in the case of Australia, A. gracilipes ranked as the second costliest. In most of the Pacific
islands, S. invicta was the only species with reported costs, which were all classified as potential costs
since this ant is currently not present there (Fig. 2, Online Resource 3). In countries such as Seychelles,
Portugal, Netherlands and Spain, where the lowest costs were documented, all of the monetary losses
corresponded to observed costs. No costs were reported from many other regions of the world, such as
Africa and almost all of South America (with the exception of the Galapagos Islands in Ecuador).

Most of the economic costs of invasive ants (96.26%) were categorized as damage costs, of which US$
45.53 billion were potential damages and USS$ 9.26 billion were already incurred (Fig. 3a). Management
costs amounted to 3.74% of the total costs, with most of the observed management costs (83.63%)
assigned to post-invasion management, such as control and eradication (USS USS 1.71 billion). In
contrast, much lower costs were spent on pre-invasion management actions, such as prevention or early
detection (USS 88.54 million), and for research activities (USS 28.84 million). When focusing on potential
costs, future spending on pre-invasion management actions is expected to be higher than the amount
spent on post-invasion actions (USS 147.08 million vs 70.42 million).

Most of the total observed costs (63.40%) were unassigned to specific economic sectors or affected
multiple sectors simultaneously (“diverse/unspecified”) (Fig. 3b). “Agriculture” was thus the specific
sector with the greatest observed costs (25.57%). In the case of potential costs more than half impacted
“public and social welfare” (52.57%). This general pattern in total costs was strongly driven by damage
costs. In relation to (the much smaller) management costs, the greatest impacted sector was “authorities
and stakeholders” for both potential and observed costs and for all types of management (pre-invasion
and post-invasion management, “knowledge/funding” and “diverse/unspecified”). Post-invasion costs
reported a small percentage of potential costs affecting primary sectors such as agriculture (3%) and
forestry (0.4%, Fig. 3b).

On considering only management costs, “pre-invasion management” costs constituted a significant part
of the total costs only for Solenopsis spp., with potential costs forming a higher percentage than
observed costs (Fig. 4). These costs were included in a ten year eradication plan in Queensland, Australia,
and constituted 59.25% of the total potential costs for this species (this plan also included post-invasion
management actions, and “knowledge and funding” actions). For W. auropunctata and A. octospinosus
the cost category “knowledge and funding” was considerable in observed costs (Fig. 4); it constituted
43.19% of observed costs in Wasmannia spent in general research, and 31.50% of Acromyrmex observed
costs spent in research for the optimization of the control strategies in Guadaloupe island). The observed
pre-invasion management costs for multiple invasive ants ("Diverse/Unspecified" category) was for
biosecurity and the development of educational programs with focus on invasive ants in New Caledonia
(France) (Fig. 4).

Page 9/28



Taxonomic and geographic coverage in the economic costs
of invasive ant species

Although our dataset contained costs for 12 of the 19 invasive ants reported by the IUCN (and none for
the other species reported as invasive by other studies), most (99.83%) of the reported costs were only for
two species, S. invicta and W. auropunctata. Yet, even for these two species, many costs are likely
missing. For the other 10 species, lower costs were reported. Notably, an analysis at the species-level
found that only 19.76% of the locations per country where S. invicta occurs (using occurrences in GBIF
and AntWeb) have reported costs (Table 1). This outcome was predominantly driven by the USA, where
there were a high number of ant occurrences but few reports. Geographic coverage of cost reporting in
some other countries was significantly higher, such as in Australia (52.65%, Fig. 5a). It is worth noting
that from 18 out of the 20 countries which reported costs on S. invicta did not have this species present,
since costs were potential there, while other countries reporting observed costs such as New Zealand or
Japan had no ant occurrences in the global databases (Table 1; Fig. 5a; Online Resource 4). Similar
geographic coverage per country was found for L. humile (15.94%) and P megacephala (13.63%),
although for L. humile costs were reported in 6 out of the 28 invaded countries, they were significantly
varied with high reporting in Japan (90.00%) and very low reporting in other countries such as Spain
(0.98%), Portugal (0.83%), Australia (0.63%) and the USA (0.13%, Fig. 5¢). For P megacephala, costs were
reported in only 3 out of the 54 invaded countries and with less variability in the geographic coverage at
the country-level (Table 1). For W. auropunctata the mean geographic coverage per country was 4.84%,
and on comparing to specific countries, it was higher in Australia (12.50%), but lower in Ecuador (3.85%),
France (2.03%) and the USA (0.98%, which had the highest number of occurrences for this species)

(Fig. 5b). For other species, geographic coverage was higher, although the number of countries with
reported costs were low, resulting in a mean geographic coverage of reported costs per country for all
invasive ants of 17.65% and a mean percentage of invaded countries without costs of 76.67% (Table 1,
Online Resource 5).
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Table 1

Geographic coverage of reported costs with respect to ant occurrences. For the
countries with reported costs, we compute the geographic coverage (no. of ant
occurrences/no. of costs per country, %) and also provide the number of
countries with costs (n). The number of invaded countries without costs and
corresponding percentage (in parenthesis) is also given. Only ant species
present in more than one country were included (See Online Resource 4 for the
other species).

Countries with costs Countries
Species geo.coverage n without costs
Anoplolepis gracilipes 3.15 3 17 (85.00)
Lasius neglectus 30.56 2 12 (85.71)
Lepisiota frauenfeldi 50.00 2 2 (66.67)
Linepithema humile 15.94 6 28 (82.35)
Pheidole megacephala 13.63 3 54 (94.74)
Solenopsis geminata 43.33 2 26 (92.85)
Solenopsis invicta 19.76 20 13 (76.47)
Wasmannia auropunctata 4.84 5 23 (85.18)
Mean 17.65 (76.67%)

Discussion

General costs of invasive ant species

Our findings have documented actual costs attributed to ant invasions of at least USS 11.13 billion
between 1930 and 2020 with additional potential costs (expected and/or predicted) of USS 45.79 billion
from 1980 until 2084. Most reported costs were associated with two invasive ant species, S. invicta, the
red imported fire ant, and W. auropunctata, the little fire ant, which mainly occurred in two countries, USA
and Australia. Most of the reported costs were associated with damages, in particular, impacting the
agriculture and public and social welfare sectors. Management costs constituted only 3.74% of the total
amount, the majority of which was spent in post-invasion actions, such as control or eradication. Also,
costs were geographically biased: on average 76.67% of invaded countries per species lacked cost
reports, and within invaded countries the mean geographic coverage of reported costs per species and
country was only 17.65%.

With respect to previous estimates describing invasive ants as causing losses and expenditures reaching
>USS$ 1 billion annually in specific countries (Pimentel et al. 2005; Gutrich et al. 2007, Wylie and Janssen-
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May 2017), our more conservative estimates show that we lose and/or spend annually USS 121 million
due to invasive ant species all around the world. This estimate could increase by US$ 444 million
annually when including potential costs (i.e., costs planned, expected or predicted to occur). Note that our
annual estimations are on a global scale for all invasive ant species and over the whole time range of
available costs (see Online Resource 1). Cost extrapolations to the USA from Pimentel et al. (2005) were
examined and not considered as they overlapped with the estimates provided by Lard et al. (2006). More
specifically, both articles used data from Texas (Lard et al. 2002) to extrapolate to other US states, and
we considered only Lard et al. (2006) which documented the estimation method used and detailed costs
for each activity sector.

Information on the economic costs incurred by invasive ants is critically needed as it aids cost-benefit
analysis to determine timely management actions. Here, we have shown that incurred costs constituted
less than 20% of the total costs reported for invasive ants across the world. Nevertheless, better
information on these observed costs can help to further develop predictive models of the monetary
impacts of invasive species under different scenarios, thus providing data-oriented suggestions for
improved management. In fact, most of the potential costs reported here for invasive ants were
extrapolations based on observed data, across both time and space. For example, extrapolations to
predict future costs under different management scenarios for Solenopsis in Queensland (Australia, Hafi
et al. 2014), or for Wasmannia in Hawaii (USA, Motoki et al. 2013), or extrapolations to predict costs
(past, present or future costs) in other areas where the same ant species invades, such as using the costs
caused by Solenopsisin Texas to predict costs in other invaded states in the USA (Lard et al. 2006;
Gutrich et al. 2007) or in Australia (Wylie and Janssen-May 2017). Also, all the reported costs for
Solenopsis in the Pacific islands were extrapolated - such areas are expected to be invaded in the near
future due to their trade history with other areas where ant invasions are prevalent, such as Australia or
China (Gruber et al. 2021). While extrapolation is deemed to be useful, they are by nature highly uncertain;
thus, our study highlights the urgent need to provide actual observed costs through accurate monitoring
and reporting. Moreover, improved cost reporting by managers, practitioners and researchers can be used
to raise awareness on the impacts of ant invasions and in turn, better inform policy makers and enhance
public education.

Economic activity sectors impacted by invasive ants

The activity sectors incurring the most damages from invasive ants were mainly agriculture, and public
and social welfare. Unfortunately, a large part of the documented costs was not detailed to specific
economic sectors in the source information, and thus a high proportion of costs had to be classified as
diverse or unspecified. Total costs for agriculture amounted USS 3.61 million for A. octospinosus in the
French Caribbeans, where this ant is known to be a serious pest (Mikheyev 2008; Celini et al. 2012).
Reported economic losses in agriculture have also been reported for W. auropunctata in Hawaii (USA)
where the nursery floristic exporting sector is expected to be mostly affected (Motoki et al. 2013;
Vanderwoude et al. 2015). The most detailed costs in the agriculture sector were reported for S. invicta
where both damage loss and damage repair as well as control actions have been quantified, affecting
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different crops, livestock, farm equipment, or the health of farmers or their animals (Lard et al. 2002; Lard
et al 2006; Gruber et al. 2021). Agricultural impacts of invasive ants could mainly be attributed to the
mutualistic relationship of ants with sap-sucking insects, such as aphids and mealybugs, which directly
damage the plants and spread plant diseases (Eubanks 2001). Although some benefits to crops from
invasive ants have also been reported, for example S. invicta feeding on other pests, such as insects that
feed on corn, cotton or sugarcane crops, when all crop types and interactions are considered together, the
overall influence of invasive ants in the agricultural sector is overwhelmingly negative (Lard et al 2002;
Lard et al. 2006). Also, invasive ants can negatively impact livestock production by making it difficult for
animals such as chickens to eat or sleep, and may also kill and eat newly hatched chicks (Wylie and
Janssen-May 2017).

Invasive ants widely affect human infrastructure in different ways and to varying degrees, e.g. destroy
electrical equipment, cause damages to property (e.g., cars, TV, telecommunication), resulting in high
economic losses (Bradshaw et al. 2016). Costs specifically linked to impacts on human health are also
frequently reported in the literature, in particular for those invasive ants that bite humans if disturbed, and
whose sting can induce anaphylactic or allergic reactions (Boase 2007). For instance, more than

14 million people are stung annually in the US alone (Taber 2000), and of these more than 200,000
people require medical treatment (Holway et al. 2002). In our data, only S. invicta was reported as having
quantified economic impacts specifically in the health sector in the USA (Lard et al. 2002), while potential
medical costs were estimated for the Pacific islands, where outdoor activities are frequent, given that ant
invasions could occur in such countries in the near future (e.g. Gruber et al. 2021). However, damage loss
caused by Wasmannia, assigned to the public and social welfare sector, such as reduced property values
or lodging in Hawaii (USA), are due to a reduction in recreational activities in outdoor areas, as this sector
is prone to biting and stinging insects (Motoki et al. 2013; Lee et al. 2015). Ant species can also act as
pathogen vectors, with some species carrying diseases that can be transmitted to humans, likely causing
a wide range of serious infections (Moreira et al 2005). For instance, several ant species collected in
Brazilian hospitals showed associated bacterial growth, e.g., the invasive species Pheidole megacephala
(Fontana et al. 2010). Despite the above implications for health impacts, economic costs are scarcely
available, demonstrating yet another important knowledge gap that needs urgent attention.

Economic damages and the costs of management

Although the economic costs of management were substantially lower in comparison with the cost of
damages, the literature reports that the management of invasive ants itself is difficult, and can be very
expensive (Hoffmann et al. 2010; 2016). However, early responses and other prevention measures
implemented to avoid the expansion of early introductions can reduce post-invasion costs and damages,
that are in many cases much higher (Leung et al. 2002, 2012; Essl et al. 2020; Diagne et al. 2021). With
our data, we found that the already incurred costs of post-invasion management of invasive ants greatly
exceed the costs spent for pre-invasion management measures. Clearly current ant invasions should be
managed, and budgeting post-invasion management is necessary; however, budgets should also
prioritize prevention, as preventing incursions or avoiding further expansion might be more cost effective

Page 13/28



than eradication attempts (Faulkner et al. 2020). Interestingly, when focusing on potential costs, expected
or planned pre-invasion management actions were more expensive than post-invasion actions (US$S
147.08 million vs 70.42 million). Higher post-invasion costs stand for all the species, although it is
notable that for S. invicta for which USS 87.81 million are already spent in pre-invasion strategies (versus
USS 1.60 billion spent in post-invasion management), and it is planned to further invest USS

147.08 million for pre-invasion measures (while only USS 53.93 million for post-invasion actions)
(Janssen 2017).

Many reports of invasive ant control focus on studies from the USA or Australia (Holway et al. 2002;
Sanders and Suarez 2011; Hoffmann et al. 2016), which is in line with the fact that higher reported
economic costs of invasive ants are found in these regions. Moreover, the spatial coverage of the
reported costs of management measures is very similar to the spatial coverage of ant eradication
programs reported by Hoffmann et al. (2016), indicating that at least the costs for eradication programs
are well reported, although some species for which eradications were described in Hoffmann et al. (2016)
had no reported costs (i.e. Tapinoma melanocephalum, Monomorium indicum or Myrmecia brevinoda).
For example, in the USA, incurred costs especially concerned with the eradication program of W.
auropunctata in Hawaii (USS 10.63 million), and the control strategies in the continent for S. invicta (~
USS 3 billion). Similarly, in Australia the eradication plan of Solenopsis invicta in Queensland constituted
the majority of observed costs, together with the control and eradication programs of A. gracilipesin
Queensland, Northern Territory and on Christmas Island (Hoffmann et al. 2016).

Interestingly, costs reported for L. humile, which is widely distributed worldwide and causes massive
ecological impacts in urban, agricultural and natural environments (Holway et al. 2002; Sanders and
Suarez 2011) were much lower than for Solenopsis spp., W. auropunctata and A. gracilipes. Additionally,
all costs for this species were incurred and mostly (~ USS 4 million) in post-invasion management
actions, such as eradication programs on the Channel Islands (USA), Norfolk Island (Australia), Tirititi
Matangi Island (New Zealand), and mainland Japan. Given the global notoriety of this invasive species it
remains unclear why reports have not been produced that estimate its financial implications. Potentially it
is because this species became widespread so long ago that focus has instead been given to the other
newly arrived or ‘horizon’ species.

Notably, most of these eradication programs are ongoing, which is in agreement with the increasing trend
in the number of reported cost entries for invasive ants worldwide (Fig. 1b) and with the high amount of
potential - expected- costs described before. Accordingly, the cost of these programs may not be available
as long as they are ongoing. Most of the costs mentioned were obtained directly from the managers of
the eradication programs, proving the fundamental importance of the communication between scientists
and practitioners and of combining data from different sources and languages (Angulo et al. 2021).

Gaps in the economic data for invasive ants: taxonomy,
geography and research
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We only have costs reported for the 12 ant species stated, yet most of the costs (76.93% of the cost
entries and 99.83% of the economic amount) are for S. invicta and W. auropunctata, and costs for the rest
of highly invasive ants are lacking. Lower or nonexistent costs for other invasive ant species could be due
to them being less destructive, or to significant underreporting. Most certainly, a lot of economic costs are
neglected, especially of those invasive ant species that are not yet referenced as invasive in the global
lists of invasive species, such as Tetramorium tsushimae (Steiner et al. 2006), Cardiocondyla obscurior
(Heinze et al. 2006), Plagiolepis alluaudi (Wetterer 2014), Formica paralugubris (Frizzi et al. 2018) among
others. Although only 19 invasive ant species are referenced in the IUCN database, Lach et al. (2010)
already considered that 147 ant species had successfully established populations outside their native
range, and 186 species are registered as introduced in the Antweb “Introduced” project in 2020. Moreover,
recent studies proposed more than 200 ant species that have established outside of their native range
through human-mediated transport (Bertelsmeier et al. 2017), while around ~ 20 more ant species have
been identified as potentially invasive based on their life history traits, i.e. at risk of becoming the next
invaders such as Lepisiota canescens or Technomyrmex difficilis (Bertelsmeier et al. 2013; Fournier et al.
2019). The economic costs associated with these species have been, as a consequence, less studied,
whereas they could constitute an economic black hole.

Some invasive alien species have even identifiable characteristics leading them to be more susceptible to
induce economic costs. For instance, the invasive garden ant L. neglectus, which invaded all over Europe
from Asia Minor (Espadaler et al. 2007), is an opportunistic species with intensive exploitation of aphids,
that could cause massive damage to infested greenhouses (Rey and Espadaler 2005). Lasius neglectus
ants also have continual presence within homes, inducing food contamination in the catering facilities,
and is attracted to electrical installations, light switches, power sockets and electrical security systems,
damaging them by its activity (Rey and Espadaler 2005). As a result, this pest species could have an
economic impact comparable to the Argentine ant L. humile, although the costs reported were much
lower given that its geographic expansion is only starting (Espadaler et al. 2007; Ugelvig et al. 2008).

With respect to the geographic coverage of the reported costs even for the most-studied invasive species,
many costs are lacking. On average, 77% of the number of invaded countries per species had no reports
of costs. Further, when costs were reported in a country, less than 18% of locations on average in those
invaded countries had reported costs. In addition, we only mapped occurrence records that were readily
available with geographic coordinates compiled for each ant species, which excluded many records that
would have increased the gap if included. Beside these taxonomic and geographic gaps, many costs
were also ignored in this paper because they were published collectively with other taxa and not only
ants. For example, Hequet (2009) presented some costs specifically for W. auropunctata in New
Caledonia, but other costs linked to population sensitization to invasive alien species or linked to control
of Wasmannia were considered together with rodent and plant control in isolated islands.

There are certainly many other types of costs related to invasive alien ants that are not recorded in
InvaCost, or under-recorded, and that likely contributes to a gross underestimation of their global
economic costs. As an example, research grants for scientists studying invasive alien ants are typically
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not recorded as economic costs and therefore largely absent from the InvaCost database. When asking
colleagues worldwide about their research grants on invasive alien ants throughout the last 30 years, we
came up with 45 responses providing an estimated USS 27,000 average per research article (Online
Resource 6). If one considers about 4,742 research articles during this period on this topic (with the same
keyword search in WoS as described in the Methods, except for the economic components), this suggests
that this research grants component alone could be in the order of USS 127 million (Online Resource 6).
This crude estimation does not account for the true cost of a research project (typically a fraction of the
money received by researchers), nor the researchers salary (often not included in grants), both of which
could significantly increase this estimated amount. This information underlines the existence of
substantial additional costs that are not taken into account in the global estimate we provide in this
study, and should be considered as an invitation to make publicly available all possible monetary costs
related to ant invasions.

The limited cost information that we are reporting also highlights the difficulty to value the impacts
caused by invasive ants. Ants most likely hold multiple negative effects, and these impacts may differ
from one species to another. Multiple assessment efforts are thus required for improving our
understanding of the costs caused by these insects.

In conclusion, we present the most comprehensive assessment of the worldwide economic costs of
invasive ants to date. Our description suggests that the global costs of invasive ants are massive, yet
largely underreported, and as a result the actual costs are most likely grossly underestimated. We found
economic costs documented mainly for two invasive ant species from mainly two countries, despite
many other ant species being aggressive invaders worldwide. We also highlight the potential difficulty of
obtaining a reliable assessment of the total economic costs incurred by invasive ants and advocate for
improved cost reporting from managers, practitioners and researchers. Such efforts will help to
understand ant invasions costs at the global scale and in turn, improve management performance and
coordination amongst experts from different countries, which is urgently needed as impending ant
invasions are expected to increase worldwide.

Declarations

Funding and acknowledgements

We thank the “non-English InvaCoster team” that searched the web for the invasive ants with non-English
economic terms; as well we are grateful to all environmental managers, practitioners and researchers who
kindly answered our request for information about the costs of invasive ants, specifically those managers
that provide data that completed and refined previous reported estimates. This research was funded
through the 2017-2018 Belmont Forum and BiodivERSsA joint call for research proposals, under the
BiodivScen ERA-Net COFUND program. The French National Research Agency (ANR-14-CE02-0021) and

the BNP-Paribas Foundation Climate Initiative funded the InvaCost project that allowed the construction
Page 16/28



of the InvaCost database. The work was conducted following a workshop funded by the AXA Research
Fund Chair of Invasion Biology and is part of the AlienScenario project funded by BiodivERsA and
Belmont-Forum call 2018 on biodiversity scenarios, which also funded CD contract (BMBF/PT DLR
01LC1807C). Funds for EA and LBM came from the AXA Research Fund Chair of Invasion Biology of
University Paris Saclay. DA was funded by the Kuwait Foundation for the Advancement of Sciences
(KFAS) (Grant number: PR1914SM-01) and the Gulf University for Science and Technology (GUST)
internal seed fund (Grant Number: 187092). DR thanks INEE-CNRS who supports the national network
‘Biological Invasions’ (Groupement de Recherche InvaBio, 2014-2022).

Conflict of interest
The authors declare that there is no conflict of interest.
Availability of data and material

All data generated and analysed during this study are included in this published article (available in the
Online Resource 1).

Code availability
Not available
Author’s contributions

EA, FC and CD conceived the idea. BH, PB, YW, DR, FC and EA, searched for data to populate InvaCost. EA
carried out the analysis with the help of AT, FC, LBM and CD. EA and MC took lead in writing the original
draft, with inputs from all the co-authors. All authors read and approved the final version of the
manuscript.

Ethics approval

Not applicable
Consent to participate
Not applicable
Consent for publication

All authors have read and approved the submitted version of the manuscript.

References

1. Allen C, Epperson D, Garmestani A (2004) Red imported fire ant impacts on wildlife: a decade of
research. Am Mid Nat 152:88-103. https://doi.org/10.1674/0003-

Page 17/28



10.

11

12.

13.
14.

15.

16.

17.

0031(2004)152[0088:rifaio]2.0.co;2

. Alvarez-Blanco P, Broggi J, Cerda X, Gonzalez-Jarri O, Angulo E (2020) Breeding consequences for a

songbird nesting in Argentine ant'invaded land. Biol Invas 22:2883-2898.
https://doi.org/10.1007/s10530-020-02297-3

. Alvarez-Blanco P et al (2021) Effects of the Argentine ant venom on terrestrial amphibians. Conserv

Biol 35:216—-226. https://doi.org/10.1111/cobi. 13604

. Angulo E, Caut S, Cerda X (2011) Scavenging in Mediterranean ecosystems: effect of the invasive

Argentine ant. Biol Invas 13:1183-1194. https://doi.org/10.1007/s10530-011-9953-6

. Angulo E et al (2021) Non-English languages enrich scientific knowledge: the example of economic

costs of biological invasions. Sc Tot Environ. https://doi.org/10.1016/j.scitotenv.2020.144441

. Arnan X et al (2018) Dominance-diversity relationships in ant communities differ with invasion.

Global Change Biol 24:4614-4625

. Bellard C, Thuiller W, Leroy B, Genovesi P, Bakkenes M, Courchamp F (2013) Will climate change

promote future invasions? Global change Biol 19:3740-3748. https://doi.org/10.1111/gcb.12344

. Bertelsmeier C (2021) Globalization and the anthropogenic spread of invasive social insects. Current

Opinion Insect Sc 46:16—23. https://doi.org/10.1016/j.cois.2021.01.006

. Bertelsmeier C, Luque GM, Courchamp F (2013) Antprofiler — a database of ecological

characteristics of ants. Myrmecol News 18:73-76

Bertelsmeier C, Blight O, Courchamp F (2016) Invasions of ants (Hymenoptera: Formicidae) in light of
global climate change. Myrmecol News 22:25-42

. Bertelsmeier C, Ollier S, Liebhold AM, Brockerhoff EG, Ward D, Keller L (2018) Recurrent bridgehead

effects accelerate global alien ant spread. PNAS 115:5486—-5491.
https://doi.org/10.1073/pnas.1801990115

Bertelsmeier C, Ollier S, Liebhold A, Keller L (2017) Recent human history governs global ant invasion
dynamics. Nature Ecol Evol 1:0184. https://doi.org/10.1038/s41559-017-0184

Boase C (2007) The trouble with tramp ants. International Pest Control 49:120-122

Bousseyroux A, Blanvillain C, Darius T, Vanderwoude C, Beaune D (2019) Ecological impacts of the

little fire ant (Wasmannia auropunctata) in Tahiti. Pacific Conserv Biol 25:299-307.
https://doi.org/10.1071/pc18035

Bradshaw CJ, Leroy B, Bellard C, Roiz D, Albert C, Fournier A, Courchamp F (2016) Massive yet
grossly underestimated global costs of invasive insects. Nat Commun 7:1-8.
https://doi.org/10.1038/ncomms12986

Celini L, Roy V, Delabie J, Questel K, Mora P (2012) Présence et origine d'Acromyrmex octospinosus
(Reich, 1793) a Saint-Barthélemy, Petites Antilles (Hymenoptera, Formicidae, Attini). Bull Soc Entomol
France 117:167-172

Chifflet L, Guzman NV, Rey O, Confalonieri VA, Calcaterra LA (2018) Southern expansion of the
invasive ant Wasmannia auropunctata within its native range and its relation with clonality and

Page 18/28



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

human activity. Plos one 13:€0206602. https://doi.org/10.1371/journal.pone.0206602

Cordonnier M, Bellec A, Escarguel G, Kaufmann B (2020) Effects of urbanization—climate
interactions on range expansion in the invasive European pavement ant. Bas Appl Ecol 44:46-54.
https://doi.org/10.1016/j.baae.2020.02.003

Diagne C et al (2020) InvaCost, a public database of the economic costs of biological invasions
worldwide. Sc Data 7:1-12. https://doi.org/10.1038/s41597-020-00586-z

Diagne C, Leroy B, Vaissiéere A-C, Gozlan RE, Roiz D, Jari¢ |, Salles JM, Bradshaw CJA, Courchamp F
(2021) High and rising economic costs of biological invasions worldwide. Nature doi.
https://doi.org/10.1038/s41586-021-03405-6

Espadaler X, Tartally A, Schultz R, Seifert B, Nagy C (2007) Regional trends and preliminary results on
the local expansion rate in the invasive garden ant, Lasius neglectus (Hymenoptera, Formicidae)
Insectes Soc 54:293-301. https://doi.org/10.1007/s00040-007-0944-7

Essl F et al (2020) The Convention on Biological Diversity (CBD)'s Post-2020 target on invasive alien
species—what should it include and how should it be monitored? NeoBiota 62:99-121.
https://doi.org/10.3897/neobiota.62.53972

Eubanks MD (2001) Estimates of the direct and indirect effects of red imported fire ants on
biological control in field crops. Biol Cont 21:35-43. https://doi.org/10.1006/bcon.2001.0923

Faulkner KT, Robertson MP, Wilson JR (2020) Stronger regional biosecurity is essential to prevent
hundreds of harmful biological invasions. Global Change Biol 26:2449-2462.
https://doi.org/10.1111/gcb.15006

Fontana R et al (2010) Pathogenic bacteria dissemination by ants (Hymenoptera: Formicidae) in two
hospitals in northeast Brazil. Neotrop Entomol 39:655-663

Fournier A, Penone C, Pennino MG, Courchamp F (2019) Predicting future invaders and future
invasions. PNAS 116:7905-7910. https://doi.org/10.1073/pnas.1803456116

Frizzi F, Masoni A, Quilghini G, Ciampelli P Santini G (2018) Chronicle of an impact foretold: the fate
and effect of the introduced Formica paralugubris ant. Biol Invas 20:3575-3589.
https://doi.org/10.1007/s10530-018-1797-x

Guénard B, Dunn RR (2010) A new (old), invasive ant in the hardwood forests of eastern North
America and its potentially widespread impacts. PLoS ONE 5:e11614.
https://doi.org/10.1371/journal.pone.0011614

Gruber MA, Janssen-May S, Santoro D, Cooling M, Wylie R (2021) Predicting socio-economic and
biodiversity impacts of invasive species: Red Imported Fire Ant in the developing western Pacific.
Ecol Manage Restorat 22:89-99. https://doi.org/10.1111/emr.12457

Gutrich JJ, VanGelder E, Loope L (2007) Potential economic impact of introduction and spread of the

red imported fire ant, Solenopsis invicta, in Hawaii. Environ Sci Policy 10:685-696.
https://doi.org/10.1016/j.envsci.2007.03.007

. Hafi A, Spring D, Croft L, Kompas T, Morey K (2014) Cost-effectiveness of biosecurity response

options to red imported fire ants in South East Queensland. Australian Bureau of Agricultural and
Page 19/28



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Resource Economics and Sciences, Department of Agriculture, Canberra

Hansen DM, Miiller CB (2009) Invasive ants disrupt gecko pollination and seed dispersal of the
endangered plant Roussea simplex in Mauritius. Biotropica 41:202-208.
https://doi.org/10.1111/j.1744-7429.2008.00473.x

Heinze J, Cremer S, Eckl N, Schrempf A (2006) Stealthy invaders: the biology of Cardiocondyla tramp
ants. Insectes soc 53:1-7

Hequet V (2009) Propositions pour la mise en place d'une cellule de veille et de détection précoce des
espéeces envahissantes en Nouvelle-Calédonie. IRD/AMAP

Hoffmann BD, Abbott KL, Davis P (2010) Invasive ant management. Ant ecology, 287-304.
https://doi.org/10.1007/s00040-005-0847-4

Hoffmann BD, Luque GM, Bellard C, Holmes ND, Donlan CJ (2016) Improving invasive ant
eradication as a conservation tool: A review. Biol Conserv 198:37-49.
https://doi.org/10.1016/j.biocon.2016.03.036

Holway DA, Lach L, Suarez AV, Tsutsui ND, Case TJ (2002) The causes and consequences of ant
invasions. Annual Rev Ecol Systemat 33:181-233.
https://doi.org/10.1093/acprof:0s0/9780199544639.003.0015

Janssen S (2017) Ten year eradication plan. National red imported fire ant eradication program,
South East Queensland, 2017-18 to 2016-27. State of Queensland

Lach L, Hooper-Bui LM (2010) Consequences of ant invasions. In Lach L, Parr C, Abbott K (eds) Ant
ecology. Oxford university press. 261-286.
https://doi.org/10.1093/acprof:0s0/9780199544639.003.0015

Lach L, Parr C, Abbott K (2010) Ant ecology. Oxford university press.
DOI:10.1093/acprof:0s0/9780199544639.001.0001

Lard C, Willis DB, Salin V, Robison S (2002) Economic assessments of red imported fire ant on Texas’
urban and agricultural sectors. Southw Entomol 25:123-137.
https://doi.org/10.1007/springerreference_88471

Lard CF, Schmidt J, Morris B, Estes L, Ryan C, Bergquist D (2006) An economic impact of imported
fire ants in the United States of America. Texas A&M University, Department of Agricultural
Economics, Texas Agricultural Experiment Station, College Station, TX

Lee DJ, Motoki M, Vanderwoude C, Nakamoto ST, Leung P (2015) Taking the sting out of Little Fire
Ant in Hawaii. Ecol Econom 111:100-110. https://doi.org/10.1016/j.ecolecon.2015.01.010

Leroy B et al (2020) Analysing global economic costs of invasive alien species with the invacost R
package. bioRxiv. https://doi.org/10.1101/2020.12.10.419432

Leung B, Lodge DM, Finnoff D, Shogren JF, Lewis MA, Lamberti G (2002) An ounce of prevention or a
pound of cure: bioeconomic risk analysis of invasive species. PRS Biol Sc 269:2407-2413.
https://doi.org/10.1098/rspb.2002.2179

Page 20/28



46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Leung B et al (2012) TEASIng apart alien species risk assessments: A framework for best practices.
Ecol Let 15:1475-1493. doi:10.1111/ele.12003

Lowe S, Browne M, Boudjelas S, De Poorter M (2000) 100 of the world's worst invasive alien species:
a selection from the global invasive species database (Vol. 12). Invasive Species Specialist Group.
Auckland. https://doi.org/10.1525/9780520948433-159

Mikheyev AS (2008) History, genetics and pathology of a leaf-cutting ant introduction: a case study
of the Guadeloupe invasion. Biol Invas 10:467—-473. https://doi.org/10.1007/s10530-007-9144-7
Moller H (1996) Lessons for invasion theory from social insects. Biol Conserv 78:125-142.
https://doi.org/10.1016/0006-3207(96)00022-5

Moreira D, Morais VD, Vieira-da-Motta O, Campos-Farinha AEDC, Tonhasca A Jr (2005) Ants as
carriers of antibiotic-resistant bacteria in hospitals. Neotrop Entomol 34:999-1006

. Motoki M, Lee DJ, Vanderwoude C, Nakamoto ST, Leung P (2013) A bioeconomic model of Little Fire

Ant Wasmannia auropunctata in Hawaii. https://doi.org/10.1590/s1519-566x2005000600017

Nelder MP, Paysen ES, Zungoli PA, Benson EP (2006) Emergence of the introduced ant Pachycondyla
chinensis (Formicidae: Ponerinae) as a public health threat in the southeastern United States. J Med
Entomol 43:1094-1098. https://doi.org/10.1603/0022-2585(2006)43[1094:eotiap]2.0.co;2

Passera L (1994) Characteristics of tramp species. In: Williams D (ed) Exotic Ants: biology, impact
and control of introduced species. Westview Press, Boulder, pp 23-43

Pimentel D, Zuniga R, Morrison D (2005) Update on the environmental and economic costs
associated with alien-invasive species in the United States. Ecol Econom 52:273-288.
https://doi.org/10.1201/b10938-21

Rey S, Espadaler X (2004) Area-wide management of the invasive garden ant Lasius neglectus
(Hymenoptera: Formicidae) in Northeast Spain. J Agric Urban Entomol 21:99-112

Sanders NJ, Suarez AV (2011) Elton’s Insights into the Ecology of Ant Invasions: Lessons Learned
and Lessons Still to be Learned. In: Richardson DM (ed) Fifty Years of Invasion Ecology: The Legacy
of Charles Elton, 1st edition. Blackwell Publishing Ltd https://doi.org/10.1002/9781444329988.ch18
Seebens H et al (2021) Projecting the continental accumulation of alien species through to 2050.
Global Change Biol 27:970-982. https://doi.org/10.1111/gcb.15333

Steiner FM, Schlick-Steiner BC, Trager JC, Moder K, Sanetra M, Christian E, Stauffer C (2006)
Tetramorium tsushimae, a new invasive ant in North America. Biol Inv 8:117-123.
https://doi.org/10.1007/s10530-004-1249-7

Taber SW (2000) Fire ants (No. 3). Texas A&M University Press. https://doi.org/10.1007/s10530-004-
1249-7

Ugelvig LV, Drijfhout FP, Kronauer DJC, Boomsma JJ, Pedersen JS, Cremer S (2008) The introduction
history of invasive garden ants in Europe: integrating genetic, chemical and behavioural approaches.
BMC Biol 6:11. https://doi.org/10.1186/1741-7007-6-11

Page 21/28



61. Vanderwoude C, Montgomery M, Forester H, Hensley E, Adachi MK (2015) The history of little fire ant
Wasmannia auropunctata Roger in the Hawaiian Islands: spread, control, and local eradication. Proc
Hawaiian Entomol Soc 48:39-50

62. Wetterer JK (2012) Worldwide spread of the African big-headed ant, Pheidole megacephala
(Hymenoptera: Formicidae). Myrmecol News 17:51-62

63. Wetterer JK (2014) Worldwide spread of Alluaud’s little yellow ant, Plagiolepis alluaudi
(Hymenoptera: Formicidae). Myrmecol News 19:53-59

64. Wylie FR, Janssen-May S (2017) Red imported fire ant in Australia: what if we lose the war? Ecol
Manage Restorat 18:32-44

Figures

Page 22/28



Fig. 1. (a) Total economic costs reported for invasive ants (US5, log scale). The total cost per species is expressed in
billions (b}, millions {m) or thousands [t} with the number of cost entries (given in parenthesis). (b} Cumulated number
of cost entries. Mote that, only species with a high cumulated number of cost entries are presented. A 1imm-scale bar
has been added to show species difference in mean worker body size.
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Figure 1

(a) Total economic costs reported for invasive ants (USS, log scale). The total cost per species is
expressed in billions (b), millions (m) or thousands (t) with the number of cost entries (given in
parenthesis). (b) Cumulated number of cost entries. Note that, only species with a high cumulated
number of cost entries are presented. A Tmme-scale bar has been added to show species difference in
mean worker body size.
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Fig. 2. Global distribution of costs caused by invasive ant species. The brown colour categorical gradient on the countries reflects the countries with the highest
(i.e. dark) to lowest {i.e. light) costs; in the absence of any cost reports the countries are coloured in grey. Bar graphs on the green scale represent the economic
cost per ant species (log scale) in each country. For each country the total costs (b for billion, m for million, t for thousand) and the number of cost entries
(numbers in parenthesis) are added above the bar graph. Circles represent the proportion of observed (blue) and potential (violet) economic costs (outer
circle), and number of entries (inner circle). For Ecuador, all costs are reported for Galapagos Islands; for France, all costs are reported for overseas islands;
Pacific island countries are grouped. Species codes are: Acr: Acromyrmex octospinosus; Ano: Anoplolepis gracilipes; Las: Lasius neglectus; Lep: Lepisiota
frauenfeldi; Lin: Linepithema humile; Mon: Monomorium pharaonis; Phe: Pheidole megacephala; Sol: Solenopsis spp.; Tri: Trichomyrmex destructor; Was:

Wasmannio auropunctata.
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Figure 2

Global distribution of costs caused by invasive ant species. The brown colour categorical gradient on the
countries reflects the countries with the highest (i.e., dark) to lowest (i.e. light) costs; in the absence of any
cost reports the countries are coloured in grey. Bar graphs on the green scale represent the economic cost
per ant species (log scale) in each country. For each country the total costs (b for billion, m for million, t
for thousand) and the number of cost entries (numbers in parenthesis) are added above the bar graph.
Circles represent the proportion of observed (blue) and potential (violet) economic costs (outer circle), and
number of entries (inner circle). For Ecuador, all costs are reported for Galdpagos Islands; for France, all
costs are reported for overseas islands; Pacific island countries are grouped. Species codes are: Acr:
Acromyrmex octospinosus; Ano: Anoplolepis gracilipes; Las: Lasius neglectus; Lep: Lepisiota frauenfeldi;
Lin: Linepithema humile; Mon: Monomorium pharaonis; Phe: Pheidole megacephala; Sol: Solenopsis
spp.; Tri: Trichomyrmex destructor; Was: Wasmannia auropunctata. Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by

the authors.
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Fig. 3. Distribution of costs between cost type and associated impacted sectors. For the
impacted sector, upper (opague) bars match observed costs and lower (semi-transparent) bars

match potential costs.
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Figure 3

Distribution of costs between cost type and associated impacted sectors. For the impacted sector, upper
(opaque) bars match observed costs and lower (semi-transparent) bars match potential costs.
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Fig. 4. Distribution of management costs types for each ant
species. Upper {opaque) bars match observed costs and lower
{semi-transparent) bars match potential costs
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Figure 4

Distribution of management costs types for each ant species. Upper (opaque) bars match observed costs
and lower (semi-transparent) bars match potential costs.
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Figure 5. Geographic coverage of economic costs reported for (a) Solenopsis invicta, (b) Wesmennia curopunctete. and [c] Linepithama
humile. Countries invaded are marked in dark grey. Orange circles represent ant occurrences while green triangles represent locations where
costs are reported. For each country, two linked circles represent with their size the totzl number of ant occurrences [orange] and the total
number of cost locations [green); the number of cost entries (n) as well as the USS is given for each country, in billion {b) or million {m}. In (]
Pacific countries are grouped with an ellipse. together with French overseas territories repr | by New Caledonia. French Polynesia and
Wallis and Futuna.
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Figure 5

Geographic coverage of economic costs reported for (a) Solenopsis invicta, (b) Wasmannia
auropunctata, and (c) Linepithema humile. Countries invaded are marked in dark grey. Orange circles
represent ant occurrences while green triangles represent the locations where costs are reported. For each
country, two linked circles represent with their size the total number of ant occurrences (orange) and the
total number of cost locations (green). For illustrative purposes, the maximum circle size is set to 500, so
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that a higher number of ant occurrences has the same size. The number of cost entries (n) as well as the
cost in USS is given for each country, in billion (b), million (m) or thousand (t). In (a) Pacific countries are
grouped with an ellipse, together with French overseas territories represented by New Caledonia, French
Polynesia and Wallis and Futuna. Note: The designations employed and the presentation of the material
on this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.
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