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Abstract

Invasive species have caused severe impacts on biodiversity and human society. Although the estima-
tion of environmental impacts caused by invasive species has increased in recent years, economic losses
associated with biological invasions are only sporadically estimated in space and time. In this study,
we synthesized the losses incurred by invasions in Asia, based on the most comprehensive database of
economic costs of invasive species worldwide, including 560 cost records for 88 invasive species in 22
countries. We also assessed the differences in economic costs across taxonomic groups, geographical re-
gions and impacted sectors, and further identified the major gaps of current knowledge in Asia. Reported
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economic costs of biological invasions were estimated between 1965 and 2017, and reached a total of
USS$ 432.6 billion (2017 value), with dramatic increases in 2000-2002 and in 2004. The highest costs
were recorded for terrestrial ectotherms, for species estimated in South Asia, and for species estimated at
the country level, and were related to more than one impacted sector. Two taxonomic groups with the
highest reported costs were insects and mammals, and two countries with the highest costs were India
and China. Non-English data covered all of 12 taxonomic groups, whereas English data only covered
six groups, highlighting the importance of considering data from non-English sources to have a more
comprehensive estimation of economic costs associated with biological invasions. However, we found
that the estimation of economic costs was lacking for most Asian countries and for more than 96% of
introduced species in Asia. Further, the estimation is heavily biased towards insects and mammals and
is very limited concerning expenditures on invasion management. To optimize the allocation of limited
resources, there is an important need to better and more widely study the economic costs of invasive alien
species. In this way, improved cost reporting and more collaborations between scientists and stakeholders
are needed across Asia.

Abstract in Chinese
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Abstract in French

Coiits économiques des invasions biologiques en Asie. Les especes exotiques envahissantes ont de
graves répercussions sur la biodiversité et les sociétés humaines. Bien que I'estimation des impacts
environnementaux causés par ces especes a augmenté ces derni¢res années, les pertes économiques as-
sociées aux invasions biologiques ne sont estimées que sporadiquement dans I'espace et le temps. Dans
cette étude, nous présentons la synthese des pertes économiques associées aux invasions biologiques en
Asie, en nous appuyant sur la base de données la plus compléte sur les cotits économiques des especes
exotiques envahissantes dans le monde, comprenant 560 rapports de colits pour 88 espéces exotiques
envahissantes dans 22 pays d’Asie. Nous avons également évalué les différences de colts économiques
entre les groupes taxonomiques des especes exotiques envahissantes, les régions géographiques et les
secteurs touchés, et nous avons identifié les principales lacunes des connaissances actuelles en Asie.
Les colits économiques déclarés des invasions biologiques ont été estimés entre 1965 et 2017 et ont
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atteint un total de 432.6 milliards de dollars (valeur de 2017), avec des augmentations spectaculaires
en 2000-2002 et en 2004. Les colts les plus élevés ont été enregistrés pour les ectothermes terrestres,
pour les especes estimées en Asie du Sud et pour les espéces estimées au niveau des pays, et étaient liés
a plus d’un secteur impacté. Les insectes et les mammiféres sont les deux groupes taxonomiques dont
les colits déclarés éraient les plus élevés, les deux pays ol les colits étaient les plus élevés érant 'Inde
et la Chine. Les données en langue non anglaise couvraient 'ensemble des 12 groupes taxonomiques
étudiés, tandis que les données en anglais ne couvraient que six groupes, ce qui souligne 'importance
de tenir compte des données provenant de sources non non reportés en anglais pour avoir une estima-
tion plus compléte des colits économiques associés aux invasions biologiques. Cependant, nous avons
constaté que I'estimation des cofits économiques est insuffisante pour la plupart des pays asiatiques et
pour plus de 96% des especes introduites en Asie. De plus, elle est fortement biaisée envers les insectes
et les mammiferes et est trés limitée en ce qui concerne les dépenses pour la gestion des invasions. Pour
optimiser I'allocation des ressources limitées, il est important d’étudier de fagon plus vaste et plus ap-
profondie les colits économiques des espéces exotiques envahissantes. Egalement, il faut améliorer la
standardisation des études sur les colits et accroitre la collaboration entre les scientifiques et les porteurs
d’enjeu en Asie.

Abstract in Japanese
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Abstract in Russian

DKOHOMUYECKUE MOTEPU OT OHMOAOTMUYECKUX HMHBA3MI B A3um. IIHBa3HOHHDBIC BHABI OKa3bIBAIOT
cepbesHOe BO3ACHCTBIE Ha OHOpasHOODOpasme m deAoBedeckoe obmectso. Heemorpsa mHa TO, 9T0 B
ITOCACAHHC TOABI BO3ACHCTBIC MHBA3MOHHBIX OPraHN3MOB Ha OKPYKAIOIIYIO CPEAY 3AMETHO BEIPOCAO,
SKOHOMUYECKUE IOTEPH, CBA3AHHBIC C OMOAOIMYICCKUMU HHBA3HUAME, OICHHUBAFOTCA BCE CIIE PEAKO.
McmoAp3ys KOAMYIECTBEHHBIC AAHHBIC N3 HANOOAEE ITOAHONH MHUPOBOI 0A3BI AAHHBIX SKOHOMHIYCCKIX
yIIEepOOB OT MHBA3MOHHBIX BHAOB, MBI ITPOAHAAM3HPOBAAM CBCACHHA OO SKOHOMHYECCKHAX ITOTEPAX
B PE3yABTATC OHMOAOTHYCCKUX HMHBA3HMNA B A3HMN: AaHHBIC HacunTeiBaAn 500 mosmiruii yOBITKOB AAf 88
MHBA3MOHHBIX BUAOB B 22 a3MaTCKUX CTpaHax. MBI TakKe OIEHHAH pa3Mep SKOHOMHYECKHX ITOTEPH B
PA3HBEIX TAKCOHOMIYCCKHX TPYINIAX MHBAHACPOB, reOrpapUYecKuX PErMOHAX I CEKTOPAX 9KOHOMHUKI,
1 KpOME TOTO, OIPEACAMAN OCHOBHEIC IIPOOCABI B 3HAHMAX O ITOTEPAX OT OMOAOTMYECKHX HHBA3HI
B Asmm. B 1965-2017 rr. skoHOMIYECKHE IOTEPH OT HHBAHACPOB COCTABHAN OKOAO 432.6 MAPA
asoarapos CIITA (o xypey Baarorsr Ha 2017 1.) ¢ pesknm yBeamdernem yourtkos B 2000—2002 rr. u B
2004 r. HauboAee BBICOKHE TPAThl OBIAM CBA3AHBI C HA3CMHBIMI HHBA3HOHHBIMU XOAOAHOKPOBHBIMIT
opranmsmamu Kak B FOHOI Asuu B IeAOM, TaK I B €€ OTACABHBIX CTPAHAX M OTMEYAANCH B Doaee
YeM OAHOM SKOHOMITIECCKOM CEKTOpe. ABE TAKCOHOMUYECKHE TPYIIIEl — HACEKOMBIC M MACKOITHTAFOIIIIE
— OOYCAOBHAM CaMbIC BBICOKHE SKOHOMUYCCKHE ITOTECPH; HAHMOOABIIHE 9KOHOMHYCCKHN yIIepO
OT HUX 6I)I/\ OTMECYCH B AByX CTpaIIaX bt I/IIIAI/II/I n KI/ITae. A’&IIIH)IC II0 3KOHOMMYCCKUM HOTepﬂM 15K)
HEAHTAOA3BIYHBIX (T.€. MECTHBEIX) AHTEPATYPHBIX HCTOYHUKOB KACAANCH BCEX 12 TAKCOHOMHYECCKHX
IPYIII, TOTAA KAK AAHHBIC U3 AHTAOASBIYHOMN AHTEPATYPHI ITO ASHE OXBATBIBAAM TOABKO IIECTH TPYIIIL,
YITO TOBOPHT O BAKHOCTHU YYETOB AAHHBIX M3 HAI[HOHAABHBIX HCTOYHHKOB AAA OOACE IIOAHOH OIICHKI
SKOHOMUYCCKUX IOTEPh OT MHBA3ME. MBI OTMETHAH, ITO OICHKH SKOHOMHYCCKHX ITOTEPh OT HMHBA3HI
OTCYTCTBYFOT B OOABIIIIHCTBE A3HATCKUX CTPAH; AO CHX IIOP IIOTEPH HE OIICHHBAAUCE AAA 96% BHAOB,
HHTPOAYIHPOBAHHEIX B Asmro. Vmeroruecs AaHHEBIE, IPEHMYIIECTBEHHO CBA3AHHBIC C HHBA3HAMI
HACEKOMBIX M MACKOIIUTAFOIIINIX, yKa?)bIBa}OT Ha HH3KHEC pﬁCXOAbI Ha NIOHI/ITOPI/IHF qy){(epOAHbIX
BuAOB. CymiecTByer GOABIIAA TOTPEOHOCTD B DOACE TIMATCABHBIX OICHKAX SKOHOMHYCCKUX yIIEpOOB
OT MHBA3UH UYKEPOAHBIX BHAOB B PasHBIX permoHax Asmum. TakuM oOpasom, CTaTbd IPHU3BBACT K
VAYUIICHHIO OTYCTHOCTU II0 SKOHOMHYECKHM ITOTEPAM OT MHBA3HH U PACIINPEHUIO COTPYAHHYCCTBA

MCKAY YICHBIMH K BQI/IHTCPCCOB‘&HHI:IMI/I CTOpOHaMI/I B ASI/II/I.

Abstract in Spanish

Los costos econémicos de las invasiones biolégicas en Asia. Las invasiones bioldgicas han causado
serios impactos en la biodiversidad y en las sociedades humanas. Aunque las estimaciones de los impactos
ambientales causados por las especies invasoras han aumentado en los tltimos afios, las pérdidas econémi-
cas asociadas han sido estimadas esporddicamente tanto espacialmente como temporalmente. En este
estudio sintetizamos las pérdidas econémicas producidas por las invasiones bioldgicas en Asia, baséndonos
en la base de datos mds exhaustiva sobre los costos econdémicos de las especies invasoras que existe a nivel
mundial, incluyendo 560 entradas de costos para 88 especies invasoras en 22 paises. También evaluamos
las diferencias en los costos econémicos entre grupos taxondmicos, entre regiones geograficas y entre
sectores econémicos impactados, e identificamos las lagunas del conocimiento actual en Asia. Los costos
econémicos reportados para las invasiones bioldgicas fueron estimados entre 1965 y 2017, y alcanzaron un
total de 432.6 mil millones de délares americanos (valor de 2017), incrementando dramdticamente en el
periodo 2000-2002 y en 2004. Los costos mds altos fueron reportados para los ectotermos terrestres, para
especies reportadas en el sur de Asia, para especies estimadas a nivel de pais, y estuvieron relacionados con
mids de un sector econdmico. Los mayores costos reportados fueron para los insectos y los mamiferos (en
cuanto a grupos taxondmicos), y para India y China (en cuanto a paises). Los datos obtenidos a partir de

documentos no ingleses cubrieron los 12 grupos taxondmicos reportados, mientras que los documentos
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en inglés solo cubrieron 6 grupos, poniendo de manifiesto la importancia de considerar los documentos
no ingleses para tener una estimacién mds exhaustiva de los costes econdémicos asociados a las invasiones
biolégicas. A pesar de ello, encontramos que hay una falta de estimaciones econémicas para la mayoria
de los paises Asidticos y para mds del 96% de las especies introducidas en Asia. Mds atn, las estimaciones
reportadas estdn sesgadas hacia insectos y mamiferos y muy limitadas en cuanto a los gastos en el manejo
de las invasiones. Para optimizar el reparto de los recursos limitados que existen, es muy importante estu-
diar mejor y mds ampliamente los costos econdmicos de las especies invasoras. Por lo tanto, es necesario el
aumento de los informes sobre costos y las colaboraciones entre cientificos y gestores en Asia.

Keywords

Economic damages, InvaCost, invasive alien species, monetary losses, non-English data, non-native species

Introduction

Biological invasions are one of the most serious threats to biodiversity and human so-
ciety (Vander Zanden and Olden 2008; Seebens et al. 2018). With increasing anthro-
pogenic activities, thousands of species have been introduced across the globe, causing
substantial impacts on ecosystem service and social welfare (Essl et al. 2011; Bradshaw
etal. 2016; Hanley and Roberts 2019). To better understand invasion impacts and de-
velop cost-effective management strategies, recent years have seen remarkable increases
in the estimation of environmental impacts caused by invasive species (i.e. alien species
that have caused impacts on the economy and environment in new ranges) (Lodge et
al. 2016; McGeoch et al. 2016). At the global scale, environmental impacts have been
estimated for different taxonomic groups, including invasive plants (Vila et al. 2011),
amphibians (Nunes et al. 2019), crayfish (Twardochleb et al. 2013), and marine spe-
cies (Anton et al. 2019). However, the estimation of their economic impacts lags be-
hind and is still in its infancy (Lodge et al. 2016). Despite the crucial importance for
informing invasion management (Aukema et al. 2011; Diagne et al. 2020a), economic
impacts of invasive species have only been estimated for certain taxa (e.g. insects; Brad-
shaw et al. 2016), countries (e.g. China; Xu et al. 2006), regions (e.g. Southeast Asia;
Nghiem et al. 2013), or sectors (e.g. agriculture; Paini et al. 2016). Estimating eco-
nomic impacts is further hampered by the difficulty of compiling a comprehensive
list of invasive species (Wilson et al. 2018), and the uncertainty associated with the
methods applied for estimation (Bradshaw et al. 2016; Cuthbert et al. 2020). To date,
systematic estimation of economic impacts is lacking for most species and regions, lim-
iting our ability to manage biological invasions at a broad scale (Diagne et al. 2020a).

Asia is among the continents suffering most from biological invasions (Pimentel
et al. 2001; Ding et al. 2008; Shepard et al. 2013). As the continent with the larg-
est human population and fastest economic growth (International Monetary Fund
2019; hteps://www.imf.org/), Asia has become a key recipient area for invasive species
(Turbelin et al. 2017). Expanding trading activities in Asian countries not only acceler-
ate the introduction of species, but also exacerbate invasion-induced economic impacts
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(Nghiem et al. 2013; Seebens et al. 2017). Sardain et al. (2019) reported that Chinas
share of maritime transportations increased from 1.4% in 1990 to 20.1% in 2013,
and that Northeast Asia would become the global hotspot of marine invaders in the
near future. Paini et al. (2016) predicted that China would suffer the highest economic
loss in agriculture from invasive pests worldwide. Many species are also intentionally
introduced to increase food production and mitigate environmental impacts (Ding et
al. 2008; Wang et al. 2020), or are released for religious purposes (Liu et al. 2012). Asia
is the leading continent for aquaculture, with a number of species being introduced for
aquaculture practices. But many of them have escaped from facilities and successfully
established in the wild (Liu et al. 2017; Ju et al. 2019). In East and Southeast Asia,
Buddhist and Taoist practices regularly result in the intentional release of captive alien
animals, such as American bullfrogs Lithobates catesbeianus and common carp Cypri-
nus carpio, to gain spiritual merit (Liu et al. 2012; Xiong et al. 2015). These species
not only cause widespread environmental problems, but also are recognized as a great
threat to economic development (Ding et al. 2008; Seebens et al. 2017).

Despite lacking information at the continental scale, economic impacts of invasive
species have been estimated in different countries and regions in Asia. In Southeast
Asia, Nghiem et al. (2013) reported that the annual economic loss in agriculture,
environment and public health accounted for an estimated US$ 33.5 billion. Xu et
al. (2006) mentioned that economic loss in China was US$ 14.5 billion in the year
2000, which approximately accounted for 1.36% of China’s annual GDP. A more
striking case is India, in which invasive weeds were estimated to incur a 30% loss in
crop yields, with extrapolated annual economic loss of US$ 91 billion (Pimentel et al.
2001). Economic costs can also be markedly high for individual invasive species. For
example, yellow fever mosquito Aedes aegypti is reported to cause an annual economic
burden of US$ 950 million in 12 countries in Southeast Asia alone, due to its capac-
ity of rapidly transmitting the dengue virus (Shepard et al. 2013). Although these
pioneering studies provide useful information, their findings are spatially and tempo-
rally sporadic, thus preventing a comprehensive understanding of ongoing economic
impacts of invasive species.

Language is another barrier impeding the synthesis of economic impacts across
Asian countries. While English dominates current scientific activities (Amano et al.
2016; Tao et al. 2018), it is not the mother tongue in most Asian countries, whereas
economic costs of invasions are often reported in grey literature (e.g. government re-
ports and graduate school theses) written in national languages (Hanley and Rob-
erts 2019). Moreover, studies published in non-English languages (e.g. Chinese and
Japanese) are substantial (Tao et al. 2018; Konno et al. 2020), suggesting that data of
economic impacts from non-English sources might be abundant. In the field of biodi-
versity conservation, Amano et al. (2016) found that more than one third of scientific
studies were published in non-English languages. Language, thus, acts as a hurdle in
accessibility and searchability when compiling data of economic impacts in Asia. To
account for information gaps of cost estimation due to language barriers, it is, there-
fore, important to consider studies published in non-English languages.
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In this study, we used the most comprehensive database of economic costs of in-
vasive species worldwide (InvaCost; Diagne et al. 2020b) to understand the damages
invasive species have caused to the Asian economy. Specifically, we aimed to address
three overarching questions: (1) what are the costs and expenditures of invasions in
Asia, and how do they change over time; (2) what are the differences in economic costs
across taxonomic groups, geographical regions and impacted sectors, and (3) what are
the major gaps in current knowledge on invasion costs in Asia across languages, taxo-
nomic groups, geographical regions, and impacted sectors?

Methods

Data compilation

The dataset of economic costs caused by invasive species in Asia was compiled from
the original version of the InvaCost database (Diagne et al. 2020b), which was supple-
mented with data from non-English documents searched in Chinese, Japanese, Russian,
and Indian languages (Angulo et al. 2021; data accessible at: https://doi.org/10.6084/
m9.figshare.12928136). Economic costs of all records were standardized in US dollar
(2017 value). In this study, we selected economic costs solely estimated in Asia, and
thus excluded those covering other continent(s). We specifically focused on economic
impacts that actually occurred, and excluded costs estimated based on computational
modelling and predictions beyond the spatial and/or temporal extents in which species
currently exist. To refine recorded information, we carefully checked the data to correct
potential mistakes and remove overlaps (i.e. cost records included in another record with
larger spatial scale or longer temporal scale) and duplicates (i.e. costs records with the
same descriptors were reported by two different sources). Xu et al. (20006) is the only
study for which the data are available in both English and Chinese. We only kept the
Chinese data which were reported species by species, whereas English data only provided
aggregated estimates by ecological groups and impacted sectors. Similarly, a cost for an
eradication project of invasive fruit flies was reported in English and Japanese. The latter
was kept, as it described the costs with more details (Watari et al. 2021). The final dataset
used in this study is provided as a supplementary material (Suppl. material 1: Table S1).

Species were classified into 12 taxa belonging to five ecological groups: aquatic
species (crustaceans, fishes, and molluscs), microorganisms (bacteria, fungi, and vi-
ruses), plants, terrestrial ectotherms (insects, amphibians and reptiles), and terrestrial
endotherms (birds and mammals). In the study, for simplicity, we listed viruses among
microorganisms, despite not being cellular. Costs estimated for multiple species be-
longing to more than one ecological group were labeled as “Unspecified”. Countries
were classified into four geographical regions: East Asia, South Asia, Southeast Asia,
and Western Asia, following the classification in United Nations Statistics Division
(https://unstats.un.org/unsd/methodology/m49/). Our dataset did not include re-
cords from Central Asia and North Asia (see Results for more details). Spatial scales of
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costs were classified into three categories: region-level (i.e. costs estimated across more
than one country), country-level, and site-level (i.e. costs estimated within one coun-
try subdivision). We further re-assigned costs into seven impacted sectors: agriculture,
authorities, environment, fishery, forestry, health, and social welfare (Suppl. material
2: Table S2), and four types of cost: damage, management, knowledge, and damage
& management (Suppl. material 3: Table S3). Costs that could not be assigned to one
specific sector were labeled as “Multiple”. Cost data were further identified as being of
low or high reliability based on the source of the data. Specifically, data were consid-
ered of high reliability if they were reported from sources validated by experts, includ-
ing peer-reviewed articles and official documents; otherwise, data were considered to
be of low reliability. InvaCost did not determine data reliability specifically based on
the approaches applied to estimate costs, because approaches were quite heterogenous
among sources.

Data analyses

The temporal trends of cost estimation were assessed based on the changes in the number
of species and cumulated economic costs, for the five ecological groups, for four geo-
graphical regions, and for three spatial scales, respectively. Costs labeled with “Unspeci-
fied” were excluded from the assessment for ecological groups, and costs covering more
than one geographical region were excluded from the assessment for geographical regions.

We then assessed the compositions of species that have been estimated for eco-
nomic costs in Asia, and the compositions of the total amount of economic costs
among different taxonomic groups and countries, respectively. We also assessed the
compositions of species that have been introduced in Asia for comparison. Costs esti-
mated for multiple taxa and/or labeled with “Unspecified” were excluded from the as-
sessment for the composition of taxonomic groups. All above analyses were performed
using English and non-English data separately to better understand the specific con-
tributions of reporting languages. For 22 countries included in the study (see Results
for more details), ten countries only included data of A. aegypri. We therefore excluded
these countries from the assessment of species composition among countries. To as-
sess the difference in compositions of species already introduced in Asia and species
estimated for economic impacts, we collected the data of species that have been intro-
duced in Asia (i.e. introduced species) (see Results for more details) from the Global
Alien Species First Records Database (Seebens et al. 2018, accessed in June 2020). To
assess the completeness of cost estimation among groups and countries, we calculated
the proportion of species being estimated for economic impacts and species being in-
troduced for each of five ecological groups per country. We also assessed the variations
in the number of cost records and economic costs among impacted sectors and types
of cost. Last, we identified invasive species that were introduced in Asia but were only
reported with economic costs in other continents (i.e. outside of Asia) using data from
InvaCost database. All analyses were conducted in R software (v 3.5.0.) (R Develop-
ment Core Team 2018).
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Results

Data summary

Our dataset included 560 cost records for 88 invasive species, with the total economic
loss reaching US$ 432.6 billion (Table 1). The economic costs captured within this
dataset range between 1965 and 2017, with substantially less cost recorded in the
20™ century (US$ 64.4 billion) than in the 21% century (US$ 368.2 billion) (Suppl.
material 1: Table S1). Instead of increasing steadily over time, the number of species
for which costs were estimated showed spikes in 2000 (36 species) and in 2013-2016
(58 species) (Fig. 1a), which were driven by the inclusion of Chinese data (26 species)
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Figure I. The temporal trends in the cumulated number of species and the amount of economic costs be-
tween 1995 and 2017. Focal invaders are classified into: Plants, Microorganisms, Terrestrial endotherms,
Terrestrial ectotherms, and Aquatic species. Geographical regions are classified into: East Asia, Southeast
Asia, South Asia, and Western Asia. Spatial scales are classified into: Region, Country, and Site. Economic
costs are standardized in US billion dollars (2017 value). Note that the contribution of each group at a
point in time is represented by the proportionate height width (not the absolute height) of the correspond-
ing color at that particular year. Given some cost data cannot be classified into specific groups of invaders
or geographical regions, the number of species and economic costs are different between panels. One
species can be estimated in different years and/or different publications. The temporal scale is set since
1995, because economic costs are rarely estimated between 1965 and 1995 (see Results for more details).

Table 1. Data of economic costs of invasive species compiled from English and non-English studies.

Economic costs are standardized in US dollar (2017 value).

Language Temporal range Number of countries Number of species Number of records  Economic costs (US$)
English 1976-2017 22 21 140 415.3 billion
Non-English 1965-2017 2 74 421 17.3 billion
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and Japanese data (48 species), respectively (Suppl. material 1: Table S1). Dramatic
increases in economic cost occurred in 2000-2002 (US$ 137.4 billion) and in 2004
(US$ 180.3 billion) (Fig. 1d), driven by a few records of high economic cost in China
and India, respectively (Suppl. material 1: Table S1). Twenty-two countries reported
economic costs; however, nine of these countries only had one record each. Japan had
the highest number of records (326); retrieved primarily from non-English studies
(99.7%). Among species, economic costs of A. aegypti were estimated in the highest
number of countries (15), whereas costs of 80 species were only recorded in only one
country. Economic costs were markedly different among species: the mosquito A. ae-
gypti incurred the highest cost (US$ 44.6 billion) and the whitetop weed Parthenium
hysterophorus caused the lowest cost (US$ 34.0).

We found marked differences in the number of species and records, and total amount
of economic costs between English and non-English data (Table 1). English data covered
all of the 22 countries included in the dataset, but the number of species was only 28.4%
of the non-English data, which was consisted only of data from China and Japan; all data
retrieved in Russian was for the European part of the country and not used here, no data
were returned using either of four Indian languages (Hindi, Telugu, Tamil, and Bengali),
and other Asiatic languages were not searched. More strikingly, one species (A. aegypti)
contributed to 47.9% of the English records, and there were only seven species included in
both English and non-English data. The costs from non-English data tended to be more
numerous and smaller (Table 1). Despite the number of English records being around one
third (33.3%) of that of non-English records, the total cost from English references was 24
times higher than that from non-English references. The proportion of records with high
reliability was marginally greater for non-English (91.2%) than English data (82.7%), but
both were very high. Most of the English records were estimated at country level (65.5%),
compared to the majority of records being at site level (56.8%) for non-English data. In
addition, we found that 23.8% of species in the English data were among 100 of the
world’s worst invasive alien species (Global Invasive Species Database; http://www.iucng-
isd.org/gisd/100_worst.php), and the proportion in non-English data was only 13.5%.

Taxonomic compositions

There are clear differences in the number of species and the total economic costs re-
ported among five ecological groups (Fig. 1a, d). In our dataset, the highest number of
species (40.5%) belonged to terrestrial ectotherms, followed by terrestrial endotherms
(36.1%), aquatic species (8.2%), plants (6.6%), and microorganisms (2.6%) (Fig. 1a).
Surprisingly, only around one third of the total economic costs (US$ 158.2 billion) was
attributed to particular species, with most costs (63.4%) being recorded for multiple
species (Fig. 1d). Terrestrial ectotherms reportedly caused the highest costs (US$ 98.2
billion), followed by terrestrial endotherms (US$ 39.7 billion); whereas aquatic species
caused the lowest costs (US$ 3.6 billion) (Fig. 1d). Economic costs estimated from
English data were much higher than records from non-English data for terrestrial ecto-
therms (18.0 times), terrestrial endotherms (51.8 times), aquatic species (10.6 times),
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and plants (5.1 times). For marine invaders, our dataset only included two records
related to the red tide (i.e. vast concentrations of aquatic single-celled microorganisms,
such as protozoans and diatom algae) and one record related to jellyfish invasion.

The completeness of cost estimations was low across countries (Suppl. material 4:
Table S4). China was the only country with cost estimation for all of five ecological
groups, whereas seven countries only had cost estimation for one group. Microorgan-
isms were the group for which the costs were estimated in most countries (N = 10),
whereas the cost of terrestrial endotherms was only estimated in four countries.

The compositions of species introduced in Asia, as well as the invasive alien spe-
cies for which costs were estimated, and the proportions of economic costs that they
have caused were not evenly distributed among taxonomic groups (Fig. 2). For 2,703
species introduced in Asia, plants constituted the group with the highest proportion
of introduced species (44%), followed by insects (13.2%), birds (11.5%), and fishes
(10.4%) (Fig. 2a). The 88 species estimated for economic costs only accounted for
3.3% of all introduced species.

The two groups having the most species with cost estimates were insects (34.2%)
and mammals (29.3%) (Fig. 2b), despite their relatively small contributions to the
number of introduced species. The other three groups contributing the most in-
troduced species (plants, birds and fishes) were relatively less estimated in terms of
cost. The taxonomic differences in amounts of economic costs were also pronounced
(Fig. 2¢): insects and mammals caused more than 80% of the total losses (48.9% and
33.2%, respectively), while seven out of 12 taxa contributed to < 1% of the total losses,
including amphibians, bacteria, birds, crustaceans, fishes, fungi, and reptiles. We also
found that non-English data covered all these 12 taxonomic groups, whereas English
data only covered six groups (Fig. 2¢). The amount of economic costs showed remark-
able variations among species. For example, Raztus spp. caused a loss of US$ 34.6
billion in social welfare and A. aegypti caused US$ 44.2 billion to the health system.
Social welfare and health system were two sectors suffering the greatest economic losses
from particular species (US$ 68.3 billion; Fig. 3), which were mainly caused by mam-
mals and insects. Most costs were related to damages caused by invasive species (US$
91.2 billion), which were reported in East Asia, South Asia and Southeast Asia (Fig. 3).

There were 135 species introduced in Asia for which economic costs were reported
in other continents (no reported economic cost in Asia yet) (Suppl. material 5: Ta-
ble S5). The total amount of their costs outside of Asia reached US$ 126.1 billion.
Among seven species with the highest costs, there were six insect species, with the
Asian long-horned beetle Anoplophora glabripennis (native in China and invasive in
Europe, North America and other parts of Asia) causing the highest economic cost

(US$ 5.84 billion).

Geographical compositions

The number of species and total economic costs also substantially differed among
geographical regions (Fig. 1b, e). Most species were estimated in countries from
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Figure 2. The compositions of (a) species introduced in Asia (b) species with estimated economic costs, and
(€) economic costs across 12 taxonomic groups. Data retrieved from English studies are shown in a darker shade
and those from non-English studies are in a lighter shade. The percentage of each taxonomic group is shown
above the bar. Colors of taxonomic groups correspond to colors of five ecological groups shown in Figure 1.
Data of () are from the Global Alien Species First Records Database, while data of (b) and (c) from our dataset.
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Figure 3. The network showing the composition of economic costs among ecological groups, impacted
sectors, types of cost and geographical regions. Only economic costs estimated for particular species were
considered, and those estimated for multiple species were excluded. Colors of ecological groups corre-
spond to colors of five ecological groups shown in Figure 1.

East Asia (80.7%), which was mainly driven by species in Chinese and Japanese
studies (74.7%) (Fig. 1b). Our dataset did not cover records from Central and
North Asia (consisting of the Russian regions eastward of the Ural Mountains):
data were unavailable for Central Asia, whereas data for North Asia were com-
bined with those from European Russia and no data were specifically reported for
North Asia (Kirichenko et al. 2021). Economic costs were highest in South Asia
(US$ 185.8 billion), followed by East Asia (US$ 175.7 billion), with only US$
0.2 billion in Western Asia (Fig. le). Similar patterns were was also found among
spatial scales (Fig. 1c, f): economic costs at the site level comprised nearly half of
records but only contributed to 3.6% of the total cost, with most of economic costs
(86.1%) at the country level (Fig. 1f). Economic costs were nearly all estimated at
the country (50.2%) and site (47.6%) levels, with comparatively few (2.2%) at the
region level (Fig. 1c).

The variations in introduced species, invasive alien species with estimated costs,
and amounts of economic costs were also marked among countries (Fig. 4). Around
half (46.9%) of introduced species were recorded in countries from East Asia, with
only 7.1% in countries from South Asia. Israel was the country with the highest
number of introduced species (596), followed by China (560) and Japan (480)
(Fig. 4a). However, records of economic costs were heavily driven by Japan (327)
and China (113); all other countries, including Israel, had fewer than 10 records
(Fig. 4b). Despite only having eight records, India was the country with the highest
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Figure 4. The compositions of (@) species introduced in Asia (b) species with estimated economic costs,
and (c) economic costs across 12 countries. Data from English studies are shown in a darker shade and
those from non-English studies are in a lighter shade. The percentage of each country is shown above the
bar. Colors of countries correspond to colors of four geographical regions shown in Figure 1. Data of (a)
are from the Global Alien Species First Records Database, while data of (b) and (c) from our dataset.
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studies are in a lighter shade.

economic cost (US$ 176.7 billion). Economic cost was also very high in China (US$
174.7 billion), whereas all other countries contributed to less than 1% to the total
losses (Fig. 4c¢).

Impacted sectors and types of cost

There were clear differences in the number of records and economic costs among im-
pacted sectors and types of cost (Fig. 5). Economic costs were most frequently esti-
mated for authorities (41.4%) and agriculture (29.2%), but were rarely estimated for
social welfare (2.3%), fishery (2.1%), and forestry (1.6%). However, we found that
most economic costs (65.2%) were related to more than one sector. Agriculture was
the specific sector with the highest economic cost (13.7%), and fishery was the sector
with the lowest cost (0.06%). Despite the number of records being similar between
types of damage (43.1%) and management (40.3%), economic costs associated with
management were much lower than that of damage (2.1% and 89.0%, respectively).
Costs associated with knowledge were also quite low (US$ 24.6 billion; 5.7%).
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Discussion

Our study synthesized the reported economic impacts of invasive species in Asia and
found that the total amount was approximately US$ 432.6 billion, which is much
higher than that recorded in South America (US$ 204.0 billion), Oceania (US$ 180.9
billion), Europe (US$ 125.6 billion), and Africa (US$ 18.8 billion) but much lower
than that in North America (US$ 6.1 trillion) (Diagne et al. 2020b). Despite this
great figure, economic losses are very likely underestimated across Asia. This is because
more than 96% of known introduced species have not yet been estimated for costs,
corroborating a previous assumption that only a very small proportion of invaders
have been economically analyzed so far (Aukema et al. 2011). Although not every
introduced species can cause impacts in new ranges, previous studies have found that
around 30% of introduced species have been reported with ecological impacts (Measey
etal. 2020). As such, we suggest the accumulated economic losses would be inevitably
higher if more invaders were estimated, even if their impacts were to be intermediate
or even low (Bradshaw et al. 2016; Hanley and Roberts 2019). We also found a clear
bias in the number of estimated species and the amount of reported cost across years,
suggesting the irregular reporting and improved data accessibility of economic costs of
invasive species. For example, the marked increases in the number of estimated species
in 2000 and 2013-2016 were driven by the increased data of economic costs reported
from Chinese and Japanese references at those times, respectively.

Nevertheless, our study demonstrates the vital importance of considering data from
non-English sources in order to have a more completed estimation of economic costs.
Non-English data covered all major taxonomic groups of species introduced in Asia
and contributed more records than English data, confirming the language barrier in
conservation biology (Amano et al. 2016). Despite non-English data contributing more
cost records, the total cost of non-English data was much less than that from English
data. This finding is probably related to the spatial scale of the English and non-English
data. Most of the English records were reported at country level, therefore the cost of
English data is inevitably higher than that of non-English data, for which the majority
of records were estimated at site level (see Results for more details). Although publishing
studies in English has largely facilitated the transfer of scientific knowledge, it remains
a big challenge for conservation practitioners and stakeholders for whom English is not
the primary language for work and communication (Amano et al. 2016; Nunez et al.
2019). Most conservation actions at the national level are coordinated in non-English
languages in many Asian countries (Nufez et al. 2019), and the under-representation of
national studies might cause biases in scientific information transferred to policy mak-
ers and stakeholders in international forums. Despite non-English data being explicitly
integrated in the present study, this was insufficiently comprehensive to capture all
Asian languages in which invasion costs may be reported. However, India, Russia, Chi-
na and Japan have been the focus of a more extensive research effort (e.g. local language
searches and direct contact with local experts) because: (i) lower income countries often
lack resources to conduct national economic analyses (generally in their own language)
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and (ii) NGOs generally write in English and their reports should therefore have been
captured by our search and be included in InvaCost. Consequently, even though our
non-English data clearly shows the effect of a lower research effort for many Asian
countries, we believe our strategy has allowed us to minimize the number of overlooked
records. To tackle language barriers, publishers and/or authors could regularly translate
non-English studies to English to maximize the accessibility and effectiveness of these
studies (Amano et al. 2016; Tao et al. 2018). It is, thus, essential to initiate the collabo-
rations between English and non-English speakers so that scientists could disseminate
information that is not available in English. Moreover, non-English speakers could up-
load the local data to the global database to facilitate the international collaborations.

The lack of information in most Asian countries suggests a strong geographical
bias in the estimation of economic costs. One reason for the biased coverage may be
the difference in economic activities among countries, because invasion impacts are
assumed to be poorly documented in countries with lower income (Nghiem et al.
2013). However, we argue that it is probably not a key determinant, because our study
largely lacks data from South Korea (only one ‘Unspecified” record), Saudi Arabia (no
record), Turkey (no record), Thailand (only records of A. aegypti and A. albopictus),
and Iran (no record), which are all among the ten countries with the highest GDP in
Asia (International Monetary Fund 2019; https://www.imf.org/). Data insufliciency
is more marked in Central and North Asia, which covers a large proportion of the
territory of Asia and is recognized as a priority area for the management of biological
invasions (Turbelin et al. 2017). This geographical bias might be partly diminished af-
ter including non-English studies from those countries/regions but would still remain
widespread, limiting the capacity to manage invasions at the regional scale (Bellard and
Jeschke 2016). In addition, we realize the potential limitation in methods of estimat-
ing economic impacts at the country level. For example, despite Pimentel et al. (2001)
estimating economic impacts in India with much caution, they still applied a rather
simple method which just attributed a fixed proportion (12.6%) of the loss in all crop
productions to invasive species. A standardized method is thus urgently needed to
unify the estimation of economic impacts across countries (Hanley and Roberts 2019).
The development of a more holistic strategy of invasion management also necessitates
the close collaboration of countries, because species invasions are not stopped by politi-
cal boundaries (Bellard and Jeschke 2016; Early et al. 2016).

The estimation of economic costs is heavily biased towards insects and mam-
mals, despite their smaller proportions of introduced species in Asia. It has been well
acknowledged that the estimation of invasion impacts mainly focuses on species for
which the impacts can be readily quantified (Wilson et al. 2018; Hanley and Roberts
2019). Compared to other taxa, insects and mammals have caused more severe im-
pacts on health systems and social welfare, which can be easily monetized (Bradshaw
et al. 2016; Lodge et al. 2016; Hanley and Roberts 2019). The marked taxonomic
biases indicate the urgent need of conducting estimation for species from other taxa,
especially for taxa currently with limited data. For example, aquatic invasive species
(e.g. algae and molluscs) have caused remarkable changes in community structure and
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ecosystem functioning (Xiong et al. 2015; Anton et al. 2019). Indeed, aquatic spe-
cies only contributed to 8.5% of cost records and 3.4% of total amount of economic
losses in Asia, indicating the considerable knowledge gap concerning both freshwater
and marine invaders. A similar trend has been found at the global scale, where aquatic
invasions have cost US$ 345 billion in recent decades, but are an order of magnitude
lower than terrestrial invasion costs (Cuthbert et al. 2021). One possible reason for
this knowledge gap is that current assessment of invasion costs largely ignores the
decreased economic value associated with changing biodiversity (e.g. the decrease in
the abundance and richness of native species), which is very difficult to estimate (Brad-
shaw et al. 2016; Lodge et al. 2016). Moreover, invasion costs may be more difficult
to observe in submerged environments, or could result from generally fewer assets or
research biases compared to terrestrial systems (Cuthbert et al. 2021). Our synthesis
does not include any study specifically estimating economic impacts of marine invad-
ers, although countries in Asia produce more than 80% of all marine cultured biomass
(The State of World Fisheries and Aquaculture 2020). Moreover, the opening of the
Suez Canal sparked the massive invasions of organisms from the Red Sea to the coast
of Israel (Galil et al. 2019). Hence, future studies should not only characterize species
with high economic impacts, but also assess the relationship between ecological and
economic impacts, given the current information of ecological impacts is much more
abundant (Jeschke et al. 2014; Lodge et al. 2016; McGeoch et al. 2016).

Compared to the great damages caused by invaders, the expenditures on manage-
ment contributed to only 2.3% of total economic costs in Asia. Management costs
were similarly very low in Central and South America (2.1%, Herigner et al. 2021).
In other continents, management expenses were always higher than in Asia, yet con-
sistently much lower than damage and loss costs: Africa (27%, Diagne et al. 2021),
Europe (16%, Haubrock et al. 2021), or North America (<20%, Crystal-Ornelas et al.
2021). This suggests the necessity of increasing funding for invasion management in
Asia. Although preventing species introduction is the most cost-effective way to man-
age future invasions (Hulme 2006; Lodge et al. 2016), the majority of Asian countries
are still under-equipped to mitigate invasions (Early et al. 2016; Turbelin et al. 2017).
The difference in economic costs among impacted sectors echoes the bias among taxo-
nomic groups, with much fewer records being reported for fishery and forestry. Esti-
mating economic impacts is further complicated by the notorious difficulty in some
sectors, such as ecosystem-regulating services, for which species impacts depend on
recipient contexts and invasion stages (Bradshaw et al. 2016; Lodge et al. 2016; Wilson
et al. 2018; Hanley and Roberts 2019). To better inform invasion management, more
attention should be paid to estimating sectors currently with limited information.

Invasive species have caused great economic losses in Asia, but we should be aware
that reported economic impacts are more related to historical rather than current so-
cioeconomic activities (i.e. invasion debt; Essl et al. 2011): we are now mainly seeing
the impacts caused by species that were introduced in the last century, and are yet to
endure the impacts of following invasions. In the future, we would expect heightened
economic impacts of invasive species in Asia, due to the consequence of considerable
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increases in trade activities and international travel and tourism (Seebens et al. 2017;
Sardain et al. 2019). Rapidly changing climates would further facilitate the expan-
sion of invasive species and exaggerate their impacts (Bellard et al. 2013; Hanley and
Roberts 2019; Essl et al. 2020). To optimize the allocation of limited resources, the
management of invasions should be prioritized towards species causing higher eco-
nomic impacts and regions suffering higher losses (Vander Zanden and Olden 2008;
McGeoch et al. 2016). We also suggest economic costs should be more comprehen-
sively estimated for species with known environmental impacts, and reported in a cen-
tralized and standardized manner to ensure reliable quantifications of impacts at mul-
tiple scales. Finally, we call for more collaboration at the national (especially between
researchers, stakeholders and decision-makers) and international scales to provide fur-
ther incentive to estimate economic costs associated with biological invasions in Asia.
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