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Abstract

Despite the large body of knowledge recognising the impact of biological invasions on biodiversity, their
economic impact has been less evaluated. However, the associated economic costs ought to provide useful
information on many different aspects to prevent and manage invasions. Here, we describe the economic
costs of biological invasions in Japan using InvaCost, a recently-published global database on monetary
costs extracted from English and non-English sources, as well as a complementary search, thereby filling
a gap in regional knowledge. We focused on the following four dimensions when analysing the economic
costs of biological invasions: damage to biodiversity, damage to human livelihood, management for bio-
diversity and management for human livelihood. Interestingly, there was no information about biological
invasion costs for Japan in English, but the Japanese search and our additional survey provided a total of
630 cost entries, with a total economic cost of 728 million USD (2017 value, equivalent to 62 billion
JPY). These entries appeared in 33 documents and corresponded to a total of 54 species. We showed that:
1) damage costs from biological invasions tend not to be assessed as frequently as management costs and
are more underestimated; 2) despite the numerous entries, an overwhelmingly limited amount of the
management budget was allocated to biodiversity conservation compared to protecting human livelihood;
3) budgets have been intensively invested in invasive species management on small islands, which reflects
the vulnerability of small island ecosystems and economies to biological invasions; 4) the recorded costs
still seem to be greatly underestimated, mainly due to the lack of recording (and potentially limited access
to recorded cost information). These findings are not only specific to Japan, but may also be widely ap-
plicable to most other countries. The future recording of economic costs will help to close the gap between
actual and recorded costs, leading to more realistic guidelines for tackling biological invasions.
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Abstract in Japanese
AARICE I ZIRMORAD G | ZET TR APDYIRE. FORBEORADG ST E
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Abstract in French

Premiére synthése du coiit économique des invasions biologiques au Japon. Malgré le vaste cortége de
connaissances qui reconnait 'impact des invasions biologiques sur la biodiversité, leur impact économique
a été moins évalué. Pourtant, les colits économiques associés sont sensés constituer des informations utiles
pour bien des aspects de prévention et de gestion des invasions biologiques. Dans cette étude, nous décriv-
ons le colit économique des bioinvasions au Japon en utilisant d’une part InvaCost, une base de données
globale récemment publiée sur les colits monétaires des invasions et extraites a partir de sources rédigées
en langues anglaise et non-anglaises, et d’autre part des recherches complémentaires plus spécifiques,
comblant ainsi des lacunes de connaissance régionale. Notre analyse des cofits économiques des invasions
biologiques est déclinée selon les quatre dimensions suivantes : les dégits sur la biodiversité, les dégats sur
les moyens humains de subsistance, la gestion de la biodiversité et la gestion des moyens humains de sub-
sistance. De fagon intéressante, il n’y a aucune information concernant le cofit des invasions biologiques
au Japon qui soit disponible en anglais, mais une recherche en Japonais et nos investigations complémen-
taires ont permis de compiler 630 mentions de cotits, pour un total de 728 millions USD (valeur de 2017,
équivalents 2 62 milliards yens). Ces mentions ont été identifiées & partir de 33 documents et correspond-
ent 2 54 espéces. Nous montrons que: 1) les cotits des dégits liés aux invasions biologiques ont tendance
a ne pas étre évalués aussi fréquemment que les cotits liés a leur gestion, et sont davantage sous-estimés ;
2) malgré les nombreuses mentions, le budget alloué 4 la conservation de la biodiversité est étonnamment
faible comparé 4 celui alloué pour préserver les moyens humains de subsistance ; 3) des budgets ont été
massivement investis dans la gestion des espéces envahissantes sur les petites iles, ce qui refléte la vulnéra-
bilité de ces écosystemes et économies insulaires face aux invasions biologiques ; 4) les colits mentionnés
semblent largement sous-estimés, essentiellement a cause du manque de documentation rapportant ces
colits (et potentiellement d’un acces limité aux informations sur les cofits rapportés). Ces résultats ne sont
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pas spécifiques au Japon, mais pourraient aussi étre largement applicables a la plupart des autres pays. De
futurs efforts sur I'estimation et la documentation des cotts économiques permettra de combler I'écart en-
tre les colits réels et les cotits effectivement enregistrés, ce qui meénera a des recommandations plus réalistes
pour lutter contre les invasions biologiques.

Abstract in Spanish

Primera sintesis de los costos econémicos de las invasiones bioldgicas en Japén. A pesar de la gran
cantidad de informacién cientifica sobre las invasiones bioldgicas que reconoce los impactos en la bio-
diversidad, los impactos econdémicos han sido menos evaluados. Sin embargo, los costos econémicos
asociados a las invasiones deberfan proporcionar informacién tatil en muchos aspectos, para prevenir y
gestionar las invasiones. En este trabajo, describimos los costos econdémicos de las invasiones bioldgicas
en Japdn, usando la recientemente publicada base de datos InvaCost, que contiene los costes econémicos
extraidos a partir de documentos en lengua inglesa y en otras lenguas no inglesas, asi como datos obtenidos
en una busqueda complementaria, lo cual ha llenado una laguna del conocimiento regional. Enfocamos
el andlisis de los costos econémicos de las invasiones bioldgicas en las siguientes cuatro dimensiones: los
dafios a la biodiversidad, los dafios al bienestar humano, la gestién para la biodiversidad y la gestion para
el bienestar humano. Es de destacar que no hubo informacion en inglés para Japén, mientras que nuestra
busqueda adicional resultd en 630 entradas de costos, con un total econdémico de 728 millones de délares
americanos (valor de 2017, equivalente a 62 mil millones de yenes). Estas entradas de costos procedieron
de 33 documentos y correspondieron a un total de 54 especies. Mostramos que: 1) los dafios de las in-
vasiones bioldgicas parecen no haber sido evaluados tan frecuentemente como las estrategias de gestién
y por lo tanto parecen mds subestimados; 2) a pesar de las numerosas entradas, la cantidad de dinero
de gestion asignada a biodiversidad fue abrumadoramente limitada en comparacién con la asignada al
bienestar humano; 3) el dinero se ha invertido de forma intensiva en el manejo de las especies invasoras
en islas pequefias, lo que refleja la vulnerabilidad de los ecosistemas de las islas pequenas y sus economias
a las invasiones bioldgicas; 4) los costos reportados parecen estar atin fuertemente subestimados, debido
sobre todo a la falta de registros (y por un acceso a la informacion sobre costos potencialmente limitado).
Estos resultados no son especificos de Japdn, sino que pueden ser aplicados ampliamente a la mayor parte
de los paises. Si en el futuro se registran los costes econdmicos, esto ayudard a cerrar la brecha que existe
entre los costes que ocurren y los reportados, lo cual llevard a proponer medidas mds realistas para abordar
las invasiones bioldgicas.

Keywords
Actual costs, biodiversity, island, InvaCost, invasive species, Japanese, non-English language, underesti-
mated costs

Introduction

Biological invasions are known to be a leading cause of biodiversity degradation world-
wide (Clavero and Garcia-Berthou 2005; Bellard et al. 2016). However, their eco-
nomic impacts and costs on several sectors, such as the environment, agriculture and
fishery, as well as the economic expenses associated with their management, have been
less evaluated (Courchamp et al. 2017). The economic evaluation of invasive species
may provide useful information at many levels (Dana et al. 2013). For example, it may
contribute to raising awareness about the threat posed by invasive species. In addi-
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tion, prioritising management actions and assessing their cost-effectiveness can help to
improve local strategies towards invaders. Up to now, there have been some economic
assessments for regions like the United States (Pimentel et al. 2005), Europe (Kettunen
et al. 2008) and Southeast Asia (Nghiem et al. 2013). However, regional coverage is
lacking and the overview of the economic costs is still unknown (but see Diagne et al.
2020a, 2021; Angulo et al. 2021), indicating the necessity for further research to evalu-
ate the economic costs in many countries and regions. In particular, comprehensive
estimates at the national level — the most important unit for designing and implement-
ing management — are in dire need.

Japan has the third largest GDP (International Monetary Fund 2018) in the
world, with the fourth largest international trade market (World Trade Statistical Re-
view 2019) and a large pet trade (Auliya et al. 2016; Kitade and Naruse 2020). As a
result, Japan is a world centre of both biological invasions and invasion science (Mito
and Uesugi 2004; Mizutani and Goka 2010). Although the Global Invasive Species
Database (2020) lists 263 invasive species for Japan, the Ecological Society of Japan
identified 2,230 species in its list of alien species for the country almost 20 years ago
(Ecological Society of Japan 2002). Amongst these species, many invasive species are
known to induce severe ecological impacts and agricultural damage. Examples of eco-
logical impacts include predation on endangered species by invasive predators, such as
the small Indian mongoose Urva auropunctata (Watari et al. 2008), the black rat Raz-
tus rattus (Chiba 2010), free-ranging cats Felis silvestris catus (Shionosaki et al. 2015;
Kobayashi et al. 2019; Maeda et al. 2019; Azumi et al. 2021) and the green anole
Anolis carolinensis (Abe et al. 2008). Examples of agricultural damage include damage
to agricultural products by common raccoons Procyon lotor (Suzuki and Ikeda 2019)
and alien invasive insects (Kiritani 1998). In addition, the management of invasive
alien species is conducted across the country, with several large-scale projects, such as
an eradication project on islands (Kiritani 1998; Koyama et al. 2004; Fukasawa et al.
2013a; Watari et al. 2013; Komine et al. 2016; Sato 2019; Yagihashi et al. 2021).

Japan features more than 6,800 islands (Higuchi and Primack 2009) with a wide
geographical expanse ranging 3,000 km in both east-west and north-south directions
(Fig. 1) and its climate ranges from subarctic to temperate and subtropical (Higuchi
and Primack 2009; Japan Meteorological Agency 2016). Therefore, various invasive
species in Japan are expected to incur a wide range of costs, although the comprehen-
sive assessment of these economic costs has yet to be conducted. Such an assessment
could enable us to estimate the optimal budget size and distribution for targeted man-
agement, promote biosecurity policies to prevent future potential costs and assess the
cost performance of management strategies. According to the global definition of an
island, the entire Japanese territory is an island. However, most Japanese people dis-
tinguish between the four largest islands (Honshu, Hokkaido, Kyushu and Shikoku)
as the mainland (hereafter, mainland) and the other thousands of smaller islands as
islands (hereafter, islands) (Fig. 1). This classification is mainly based on the discon-
tinuous nature of the area (the smallest mainland is Shikoku measuring 18,298 km?,
while the largest island used in this study is Okinawa-jima Island measuring 1,207
km?) and it features differences in most biogeographical aspects. For example, all four
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Figure |. Map of the four main islands (mainland: Hokkaido, Honshu, Shikoku, Kyushu) and Nansei
Islands and Ogasawara Islands in Japan.

mainlands have multiple native mammalian carnivore species, whereas they are absent
from most islands (Ohdachi et al. 2015), which, instead, have very unique and vulner-
able ecosystems, where the impact of invasive species tends to be greater (Courchamp
et al. 2003). Across the Japanese territory, high conservation priority has been given
to the islands isolated from both the Japanese mainland and the Eurasian continent
(Glen and Hoshino 2020), as they harbour many endemic and endangered species and
are therefore a major component of biodiversity in Japan. For example, the Ogasawara
Islands have been designated as a Natural World Heritage Site (UNESCO World Her-
itage Centre 2012) and part of the Nansei Islands is a candidate for a Natural World
Heritage Site (UNESCO World Heritage Centre 2016). Many of these islands are
extremely vulnerable to alien predators, because their native species have evolved in the
absence of native predatory mammals. Therefore, assessing the economic costs of bio-
logical invasions in these regions can contribute to improving the measures to protect
their valuable biodiversity. However, this has not yet been done.

A recently-published database of the economic costs of biological invasions (An-
gulo et al. 2020, 2021; Diagne et al. 2020b) provides comprehensive information on
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the economic damage and expenditure associated with invasive species around the
world, with an extension that focuses on the entries of economic costs in non-English-
speaking countries. Using this database and the results of a complementary search
performed for this study, we aimed to describe the outline and details of the recorded
economic costs of biological invasions for Japan. In particular, we described the eco-
nomic costs of invasive species in Japan following two approaches. First, we focused on
the difference between the economic damage caused by invasive species and the cost
of their management. Invasive species damage represents a substantial economic loss
(reactive) that requires scientific knowledge and administrative systems to evaluate the
damage, whereas invasive species management is an expense (proactive) that allows us
to calculate the cost incurred directly from the management budget. Consequently, the
qualities of damage and management as economic costs differ from each other. Second,
we differentiate between the targets of each type of damage and management, i.e. be-
tween human livelihood (e.g. agricultural productions and human health) and biodi-
versity. The impact of invasive species on human livelihood is clearly visible and can be
easily monetised. Therefore, their management appears to be relatively straightforward
to implement (Nufez and Pauchard 2010; Rose et al. 2018). By contrast, the impacts
on biodiversity can have a profound effect on human life in the long term (Rose et al.
2018), but the impacts on human livelihood are indirect, less visible and, hence, dif-
ficult to monetise (Courchamp et al. 2017). Therefore, expenses associated with the
management of biodiversity conservation probably require increased public awareness
of the value of biodiversity and the economic margins involved (Nufiez and Pauchard
2010; Rose et al. 2018). Clarifying the gaps between damage and management costs
and between human production and biodiversity will help us to better understand the
current situation and challenges in Japan. Ultimately, this would provide us with clues
about how to better tackle the problem of invasive species in the future. Based on this
framework, we further describe economic costs with a focus on: 1) the differences in
taxonomic groups of the reported costs, 2) annual trends in the reported costs and 3)
difference in costs between the mainland and islands. Finally, we explore the problems
of data accessibility encountered during the compiling of the Japanese entries, consider
the possible underestimation of the recorded costs and point out the importance of
recording costs in an accessible form.

Methods

Data acquisition and categorisation

To analyse the economic cost of biological invasions in Japan, we used InvaCost (ver-
sion 3.0, openly available at https://doi.org/10.6084/m9.figshare.12668570), a recent-
ly-compiled database which compiles the monetary impacts of invasive species reported
in English and non-English documents worldwide (Diagne et al. 2020b; Angulo et al.
2021). InvaCost was developed following a systematic and standardised methodology
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to collect information from scientific articles, grey literature, stakeholders and expert
elicitation. The most up-to-date version (v3.0) of InvaCost contains 9,823 cost en-
tries; each entry refers to a unique cost value with specific descriptors (columns) that
describe the spatial and temporal information of the cost, the taxonomy of the species
causing the cost, the typology of the cost and the document reporting the cost. A set
of columns reports the cost value in both local currencies and in USD, i.e. converted
by dividing the cost estimate by the official market exchange rate corresponding to the
year of the cost estimation and then to 2017 USD using inflation factors (Diagne et
al. 2020b).

Given the importance of the search in Japanese, we summarise here how this
search was performed (for more details, see Angulo et al. 2021). First, in the Web of
Knowledge, the same search strings were used as in English, i.e. a combination of terms
related to the economic costs and invasive species, but setting the Language to Japa-
nese; 64 articles were retrieved but none with costs. Second, we used a similar search
string in Google Scholar with Japanese terms: 205 articles were retrieved, including
eight with economic costs. Finally, in the Google search engine, the Japanese terms
for “budget” AND “exotic organisms” were used, directing the search to the webpage
JUDGIT! (JUDGIT! 2019), a volunteer organisation that compiles the budgets of
the Japanese government, which provided most of the Japanese-language entries in
InvaCost_v3.0. The search of the Japanese entries was conducted for economic costs
incurred through 2017.

A total of 329 cost entries was obtained from InvaCost_v3.0. Only one source
came from the English database; the remaining 328 entries were Japanese and came
from the non-English database (Suppl. material 1: Table S1). However, the English
cost entry, based on the description of Armstrong and Ball (2005) citing Kiritani
(1998), was excluded from our analyses, because Kiritani (1998) did not present a
cost description and, therefore, may be considered misquoted. Moreover, this English
entry represented the cost of the eradication project of melon flies Bactrocera cucurbitae
and oriental flies Bactrocera dorsalis, while the Japanese entries (Reference ID: JP_6 in
Suppl. material 1: Table S1) described these costs in more detail.

We also conducted additional surveys to avoid the omission of cost data from im-
portant invasive alien species in Japan, because the searches conducted in English and
non-English emphasised the uniformity of the search methods across countries, which
may lead to the omission of locally-important invasive species. Thus, we conducted
searches in the JUDGIT! database (JUDGIT! 2019) using the common names (in
Japanese) of all species listed in the “100 worst invasive alien species in Japan” (Ecologi-
cal Society of Japan 2002) as search strings. The JUDGIT! database mostly compiles
budgets since 2014 with the exception of a few in 2013. Moreover, JUDGIT! not only
extracts each entry, but also shows the budget subjects in which the entries are located,
which, in turn, allows us to search for other projects located in each budget subject.
Using this function, we also extracted cost entries related to invasive species other than
the 100 worst species. Similar to the InvaCost, the search was conducted for economic
costs incurred through 2017. The cost entries obtained from this additional search
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were finally combined with the entries obtained from InvaCost_v3.0 (Suppl. material
1: Table S1).

We re-classified the type of costs associated with the entries by dividing them into
two categories: "Damage" and "Management". "Damage" includes the economic loss
caused by the invasive alien species and the expenses incurred to repair its impacts,
while "Management" includes the expenses associated with managing invasive alien
species itself, including prevention, eradication, control, research, buying equipment
and environmental education to promote a better understanding of invasive species
management. These two categories are then further divided into two categories: "Hu-
man" and "Biodiversity", where "Human" refers to the costs directly related to human
livelihood-impacted sectors, such as agriculture, fisheries, forestry and human health.
"Biodiversity" refers to the costs with respect to natural ecosystems, including the im-
pact of invasive species on native species and ecosystem services (e.g. ecotourism). The
classification scheme is shown in Suppl. material 2. Amongst the costs categorised un-
der "Management", it is sometimes difficult to clearly determine whether the purpose
of management applies to "Human" or "Biodiversity". For example, the management
implemented by the Ministry of Agriculture, Forestry and Fisheries can be clearly cat-
egorised as "Human", while the management implemented by the Ministry of the
Environment can be categorised as either "Biodiversity" or "Human", because the ob-
jectives stated in the law include, not only the conservation of biodiversity, but also
the protection of human health. Furthermore, species that can pose a risk to human
health also pose a potential and future risk to biodiversity. Therefore, in this study, for
species with notable characteristics that may be harmful to human health, such as ven-
omous insects and for which large-scale management is undertaken at the beginning
of an invasion, we assumed that the government implemented the management action
mainly to prevent risks to human health. In this case, we classified the management
costs for such species as Management_Human (e.g. the red imported fire ant Solenopsis
invicta). Based on these four categories — i.e. damage to biodiversity (Damage_Bio-
diversity), damage to human livelihood (hereafter, Damage_Human), management
for biodiversity (Management_Biodiversity) and management for human livelihood
(Management_Human), subsequent analyses were conducted focusing on the number
of entries and the amount of economic costs.

Data analyses

We first compared the economic costs reported for each taxonomic group using the
Class and species taxonomic classification. Second, to examine the annual change
in economic costs, we plotted the costs against the year. Most of the Japanese en-
tries are based on projects conducted by the government, in which the temporal
unit of entries is the Fiscal Year (e.g. FY2017 = 2017 April — 2018 March). Here,
for the sake of convenience, we treated the fiscal year as the year of the beginning
period (FY2017 = 2017). Some of the entries in the database described total costs
over multiple years. To determine the annual costs, we used the function "expand-
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YearlyCosts" from the invacost package (Leroy et al. 2020). In this case, the total
cost was divided by the number of years and converted to a cost per year. Third,
to compare the costs between the mainland and islands, we compared between the
entries with the ‘Island’ column as “Y”, which corresponded to islands and those
with “N”, which corresponded to the mainland and unspecified geographic regions
(Suppl. material 1: Table S1). Finally, to compare the number of entries and the
amount of economic costs per unit area for the mainland and islands, we calculated
the number of entries and economic costs per unit area for the total area of the
mainland (361,006 km? Honshu, Hokkaido, Kyushu and Shikoku) and the islands
(16,968 km?). However, caution is required, as it is possible that some of the island
entries are recorded in the mainland entries due to the limited identification of the
location in their information sources.

Results

We obtained a total of 630 cost entries, of which 328 were from the non-English
database and 302 from the search performed for this study (there were no recorded
costs in English). Based on these entries, invasive species cost a total of 728 million
USD (2017 value) to the Japanese economy from 1965 to 2017. These entries came
from 33 documents and 16 authors (Suppl. material 1: Table S1). The author with
the most entries was JUDGIT!, with 17 data sources (budget subjects of the Japanese
government), 499 entries and 86 million USD. Of this information, the budgets of
the Ministry of the Environment had the largest number of entries, with 318 entries,
followed by 177 entries from the Ministry of Agriculture, Forestry and Fisheries
and four entries from the Ministry of Economy, Trade and Industry. In terms of
economic costs, the Ministry of Agriculture, Forestry and Fisheries had the largest
budget at 48 million USD, followed by the Ministry of the Environment at 37 mil-
lion USD and the Ministry of Economy, Trade and Industry at 0.7 million USD.
The next author with most entries was the Ministry of Agriculture, Forestry and
Fisheries with two data sources, which resulted in 93 entries and corresponded to
235 million USD. These were statistics on the economic damage caused by invasive
mammals and birds recorded in each area of the country since 1999. The third larg-
est entries were taken from a report from Okinawa Prefecture amounting to 10.55
million USD, which assessed the damage caused by invasive alien species in Okinawa
Prefecture; this entry had not been included in the above summary of the Ministry
of Agriculture, Forestry and Fisheries. These costs were followed by the report of
invasive insect eradications (JP_6 in Suppl. material 1: Table S1) with five entries,
with the largest costs being 333 million USD for the eradication project of invasive
insects in the Nansei Islands and Ogasawara Islands, which accounted for almost half
of Japan’s total costs in our dataset.

The number of entries (Fig. 2a) and the amount of economic costs (Fig. 2b) ag-
gregated for the four categories of Damage_Biodiversity, Damage_Human, Manage-
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a) Number of entries b) Cost (USS)
<1% <1%
33% 19% W Damage_Biodiversity 33%

Damage_Human
H Management_Biodiversity

61%

Management_Human
6%

Figure 2. Breakdown of the number of cost entries (@) and the amount of costs (US$) (b) induced by
biological invasions. Damage_Biodiversity and Damage_Human represent damage caused by biologi-
cal invasions to biodiversity and human livelihood, respectively. Management_Biodiversity and Manage-
ment_Human represent managements for biodiversity and human livelihood, respectively.

ment_Biodiversity and Management_Human show that the largest number of entries
was recorded for Management_Biodiversity, accounting for 47% of the total number
of entries. However, these entries only constituted 6% of the total economic costs. By
contrast, both Damage_Human and Management_Human had a high proportion of
the total economic costs compared to the number of entries. Damage_Biodiversity was
< 1% in both cases.

A total of 54 invasive species had reported costs (Fig. 3). As to the number of en-
tries by taxonomic groups (Fig. 3a), mammals had the highest total number of entries
(190 entries), followed by nematodes (171 entries) and insects (78 entries). The spe-
cies with the highest number of entries was the pine wilt nematode Bursaphelenchus
xylophilus (163 entries), which has caused widespread pine dieback in Japan. The com-
mon raccoon and small Indian mongoose both had high Damage_Human and Man-
agement_Biodiversity, whereas the Asian black hornet Vespa velutina had the second
highest number of entries for Management_Human. Other species with more than 15
cost entries were the green anole Anolis carolinensis, free—ranging cats, the Argentinean
ant Linepithema humile, the masked palm civet Paguma larvata, the coypu Myocastor
coypus and the Taiwan squirrel Callosciurus erythraeus. Damage_Biodiversity was only
recorded in the entries for the green anole, whose costs were associated with a conserva-
tion measure targeting the population of endemic insects damaged by the green anole
on Ogasawara Islands (Abe et al. 2008).

For the economic cost by taxonomic groups, insects prominently had the largest
amount of total costs, followed by mammals and nematodes (Fig. 3b). The costs of
the other groups were relatively small. Amongst insects, the economic costs incurred
by the melon fly Bactrocera cucurbitae, oriental fruit fly Bactrocera dorsalis and Sweet
potato weevil Cylas formicarius were the largest, accounting for Management_Human
(Fig. 3a), which corresponded to the eradication project conducted in the Nansei Is-
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Figure 3. Taxonomic comparison of the number of cost entries (@) and the amount of cost (b) by species.
Damage_Biodiversity and Damage_Human represent damage caused by biological invasions to biodiver-
sity and human livelihood, respectively. Management_Biodiversity and Management_Human represent
management for biodiversity and human livelihood, respectively. The square frames grouped, from top
to bottom, into invasive mammals, birds, reptiles, amphibians, fishes, insects, crustaceans, gastropods,
flatworms, nematodes and plants.

lands and Ogasawara Islands. Another invasive insect associated with large costs was
the brown plant-hopper Nilaparvata lugens, which related to the emergency nation-
wide assessment of the economic loss in rice production after the outbreak of this spe-
cies in 2013 (Ministry of Agriculture, Forestry and Fisheries 2013). By contrast, there
was only a small cost associated with the Asian black hornet, even though this species
had the largest number of entries. Amongst mammals, the coypu, masked-palm civet
and common raccoon had relatively large costs for Damage_Human. The small In-
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Figure 4. Annual change in the number of cost entries (a) and the amount of costs in US$ (b). Dam-
age_Biodiversity and Damage_Human represent damage caused by biological invasions to biodiversity
and human livelihood, respectively. Management_Biodiversity and Management_Human represent man-
agement for biodiversity and human livelihood, respectively.

dian mongoose had the largest costs for Management_Biodiversity, although the values
were far smaller than those associated with Damage_Human and Management_Hu-
man in other outstanding species. Amongst nematodes, the pine wilt nematode had
the largest costs for Management_Human.

Annual changes in the number of expanded entries and the amount of economic
costs show that the reported costs began in 1965 (Fig. 4). For the number of entries
(Fig. 4a), there is a small peak from the late 1970s to the late 1990s for Management_
Human and in the early 2000s for Damage_Human. The largest peak in the number of
entries has occurred since 2014, mainly in relation to Management_Biodiversity and
Management_Human. By contrast, regarding the annual economic costs (Fig. 4b), the
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Figure 5. Comparison of (a) the mainland and islands for the number of cost entries (b) the amount
of costs in US$ (c) the number of cost entries per unit area and (d) the amount of costs per unit area.
Damage_Biodiversity and Damage_Human represent damage caused by biological invasions to biodiver-
sity and human livelihood, respectively. Management_Biodiversity and Management_Human represent
management for biodiversity and human livelihood, respectively.

highest costs were recorded for Damage_Human in 2013, which corresponded to a
nationwide damage assessment of a large outbreak of the brown planthopper. With the
exception of this one-off assessment, high cumulative economic costs were recorded
for Management_Human from the late 1970s to the early 1990s, mainly in relation to
the eradication projects targeting invasive insects on islands. Since 2014, relatively high
costs have been recorded by the sum of Damage_Human, Management_Biodiversity
and Management_Human.

Comparing of the number of entries between the mainland and islands showed
that the mainland had more reported cost entries than the islands in relation to Dam-
age_Human and Management_Human, whereas only the cost entries for Damage_
Biodiversity were higher in the islands (Fig. 5a). By contrast, regarding the economic
costs, the mainland had a higher cost for Damage_Human, although the islands ex-
ceeded the mainland in Management_Biodiversity, Management_Human and total
costs (Fig. 5b), despite their smaller total land areas. The number of entries and the
amount of economic costs per unit area between the mainland and islands resulted in
9.6 times more entries (Fig. 5¢) and 30.5 times more costs (25,285 USD/km?; Fig. 5d)
recorded for the islands.
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Discussion
Summary of the major findings

This study is the first attempt to analyse the recorded economic costs of biological inva-
sions in Japan, which only used sources in the Japanese language: 630 cost entries with
a total economic cost of 728 million USD (2017 value, equivalent to 62 billion JPY).
The following are major findings in this study. First, damage costs caused by biological
invasions tend not to be assessed as frequently as management costs and are more un-
derestimated. Second, despite the numerous entries, an overwhelmingly small amount
of the management budget was allocated to biodiversity conservation compared to
protecting human livelihood. Third, budgets have been intensively invested in invasive
species management on islands, which reflects the vulnerability of small island ecosys-
tems and economies to biological invasions. Finally, the recorded costs seemed to be
generally greatly underestimated, mainly due to the limited access to cost information.

Costs associated with human livelihoods versus biodiversity

The costs associated with human livelihoods were much higher than those associ-
ated with biodiversity. Scrutinising the nature of these costs suggests that Japan is
still spending much more money on enduring or repairing damage directly related
to human livelihoods rather than focusing on ecosystem conservation. In Japan, the
Alien Species Act was enacted in 2005 (Mizutani and Goka 2010) and, since then, a
relatively large number of projects for biodiversity conservation have been carried out,
as seen in the increased number of cost entries relating to the management of invasive
species for biodiversity in recent years. However, the amount of the costs allocated to
these management actions for biodiversity is nevertheless very low, resulting in smaller
budgets being spread across a large number of projects. This indicates that the priority
for biodiversity conservation is still low in the Japanese government as a whole, except
for the administrative sectors in charge of environmental conservation (e.g. Ministry
of the Environment).

Costs for mainland versus islands

This study revealed that the costs per unit area were disproportionately higher on is-
lands. As some costs incurred on islands may be reported in the costs for the mainland
(see Methods), the costs reported on islands are underestimated relative to the main-
land costs. To conserve native species on islands, Japan has invested a higher amount
of money in managing invasive species, such as the management projects for invasive
rats, goats and anole in the Ogasawara Islands (Sato 2019) and the small Indian mon-
goose on Amami-Oshima Island and Okinawa-jima Island (Watari 2011; Fukasawa et
al. 2013b; Watari et al. 2013; Sugimura et al. 2014; Yagihashi et al. 2021), indicating
the emphasis placed on the value and vulnerability of island biodiversity. In addition,
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the amount of costs for human livelihood was far higher than that for biodiversity in
islands. This corresponded to the eradication projects targeting agricultural invasive
insects, such as melon flies and weevils. As agriculture is a basic industry for most in-
habited islands, including the production of sugarcane, sweet potatoes and fruits (e.g.
Kagoshima Prefecture 2019), invasive insects could seriously damage the small and
fragile economies of islands. The vulnerability of the island ecosystems and economies
is thus reflected in the disproportionate cost of invasive species in islands.

Potential gaps between actual costs and available data

In general, the economic costs of biological invasions tend to be underestimated, be-
cause some are difficult to assess (e.g. costs incurred for biodiversity), even if they can
exert long-term indirect impacts on humans (Nunes and van den Bergh 2001). Given
the difficulty of fully filling this gap, the risk of invasive species and the necessity of
their management should not only be discussed on the basis of the recorded economic
costs. Another reason relates to the availability of data; if they exist, they are often dif-
ficult to access. The impacts of invasive species often occur locally and local measures
tend to be implemented independently, which could prevent local practitioners and
decision-makers from sharing information and technology with other regions (Kueffer
et al. 2013), thus making it difficult for the scientific community to access the data.
Therefore, economic assessments that only draw on the usual sources of data (i.e. sci-
entific publications) can lead to underestimation and bias.

In this study, the overall management costs were higher than the damage costs in
terms of both the number of cost entries and the amount of costs. The major difference
between management and damage costs is that the former is an expense for managing
biological invasions, which can be assessed by summing up the recorded budgets for
human actions, whereas the latter is an economic loss caused by biological invasions,
which requires a scientific approach and administrative system in order to be evaluated.
For example, while management costs have been reported for many years, damage costs
only began to be recorded in around 2000, when the Ministry of Agriculture, Forestry
and Fisheries set up the national system to report the economic costs of crop damage
by wildlife (Ministry of Agriculture, Forestry and Fisheries 2020). This correlation
between recorded economic costs and research efforts implies that many costs actually
incurred remain unassessed (Bradshaw et al. 2016; Kourantidou et al. 2021). In addi-
tion, it was only recently that damage to biodiversity began to be reported, although
the costs recorded as damage to biodiversity in our dataset corresponded to the budget
for in situ and ex situ conservation of threatened insects greatly damaged by the green
anole (Karube 2019), which did not require additional efforts to evaluate the economic
costs of the impact of the invasive species. This suggests that the economic costs of the
invasion damage might be greatly underestimated and the degree of underestimation
may be more pronounced in the case of damage to the biodiversity. Another indication
of this underestimation is that only 54 species were evaluated for the economic costs
out of 2,230 known to be present in Japan (Ecological Society of Japan 2002). The



94 Yuya Watari et al. / NeoBiota 67: 79-101 (2021)

real costs, especially in terms of damage, could therefore be much higher. Although it
is important to make further efforts to calculate the economic costs, it is still essential
to further document the impact of invasive species on ecosystem functions, given the
difficulty of adequately assessing the long-term and indirect economic losses caused by
biodiversity losses (Nunes and van den Bergh 2001; Jackson 2015).

Insufficient data accessibility can also lead to underestimations. It is, therefore,
a major limitation of this first synthesis of the costs of invasive species in Japan. The
measures targeting invasive alien species in Japan, which are mainly based on the
three laws: “Act on the Prevention of Adverse Ecological Impacts Caused by Desig-
nated Invasive Alien Species”, “Protection and Control of Wild Birds and Mammals
and Hunting Management Law” and “Act on Special Measures for Prevention of
Damage Related to Agriculture, Forestry and Fisheries Caused by Wildlife” have
been conducted at all levels of government, including the national government, 47
prefectural governments and 1,741 local municipal governments (Okabe et al. 2019).
However, the entries in the dataset were biased towards those implemented by the
national government, which were accessible on the internet. For example, the rela-
tively large-scale eradication measures such as those implemented against the small
Indian mongoose by the Okinawa Prefecture (Watari 2011; Yagihashi et al. 2021)
and against Reeves’s muntjac (Muntiacus reevesi) by Tokyo metropolitan government
(Tokyo Metropolitan Government 2016) are not included in the present dataset. In
addition, introduced common raccoons and masked palm civets are widespread in
Japan (Ohdachi et al. 2015; Suzuki and Ikeda 2019) and many cities, towns and vil-
lages capture them to reduce crop damage (Ohdachi et al. 2015), but their economic
costs are not included in the entries of the dataset. Moreover, even the national meas-
ures, conducted outside of the period and reported on the internet, are not included
in the dataset. For example, the mongoose eradication project on Amami-Oshima
Island started in 2000 (Watari et al. 2008), but its costs have only been available on
the internet since 2014.

Even if the costs are published on the internet, they are not always listed in the data-
set. For example, a document in the database summarising the contents of the budget for
biological invasion management, based on “Act on the Prevention of Adverse Ecological
Impacts Caused by Designated Invasive Alien Species”, included a total 0f 2,512,000,000
JPY (2012-2017), whereas the amount of costs listed in our dataset (Suppl. material 1:
Table S1) was 1,615,000,000 JPY (14,766,378 USD in 2017), meaning 38% of the
total budget was omitted from the dataset of source documents. This gap is due to the
difficulties in identifying the target invasive species from the title of each project listed in
the source documents, most of which target multiple invasive species.

To access such data, it is necessary to conduct comprehensive and labour-intensive
surveys of paper-based materials, as well as individual interviews with countless local
government officials. In order to improve this situation, it is important to establish
systems that allow the reporting of invasion costs in a widely-available form, such as
a platform for indexing and searching administrative data and an open library to en-
able not only scientists, but also practitioners and decision-makers to easily access the
economic costs.
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Importance of including non-English information

Given the current situation where information from non-English sources has been ig-
nored, becoming a barrier to the advancement of ecological scientific knowledge biodi-
versity conservation (Amano et al. 2016; Nunez et al. 2019; Konno et al. 2020), using
the InvaCost database will help to ensure that information will be shared more equitably,
leading to better global and domestic evaluation of economic costs of invasive species.
Japan is one of the countries with a lower proportion of English speakers (Amano
and Sutherland 2013) and, hence, information is more prone to be transmitted/pub-
lished in Japanese, rather than in English (Konno et al. 2020). Indeed, only one entry
was found for Japan in the English database (Diagne et al. 2020b). As a result, the
English-based scientific community, has significantly overlooked evidence at least in
terms of the economic cost evaluation of invasive species from non-English speaking
countries. This study is the first attempt to compile and analyse the economic costs
from the scattered data written in Japanese, which could be an important part of the
global evaluation. It thus provides valuable information for non-Japanese speaking
researchers, as well as practitioners and decision-makers. As the use of English informa-
tion by local practitioners and decision-makers could usually be limited in non-English
countries (Amano and Sutherland 2013; Amano et al. 2016; Angulo et al. 2021), we
suggest the need for an increase in the collaboration between scientists and practition-
ers, to facilitate transfer of knowledge about local biological invasions. Here we show
that omitting the non-English information would have resulted in an almost non-
existent evaluation of economic costs for invasive species in Japan and, therefore, par-
tial and biased, in agreement with previous studies (Konno et al. 2020; Angulo et al.
2021). The knowledge bias caused by neglecting the existing non-English information
in the economic cost assessment of biological invasions is about to be significantly re-
duced with the construction of the non-English database used in this study (Angulo et
al. 2021). The fact that the available data sources for this Japanese data synthesis were
all from the Japanese literature is a typical example that reflects the biased global trend.

Conclusion

We showed the economic costs of biological invasions in Japan for various taxonomic
groups and ecosystems over a period of more than 50 years. These costs mainly focused
on humans (as opposed to biodiversity), management (as opposed to damage) and small
islands (as opposed to the mainland). This study also showed that the economic costs of
biological invasions may be grossly underestimated. Therefore, accepting the amount of
economic costs provided here will inevitably lead to an underestimation of the impact of
invasive species. To bridge this gap, it is necessary to continue efforts to compile records
of economic costs, which will allow us to appropriately balance the impact of invasive
species on the one hand and the scale of management measures on the other, hence pro-
viding more realistic guidelines for tackling the issue of biological invasions. The findings
in this study are not only specific to Japan, but also widely applicable to other countries.
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Table S1. Dataset of the economic costs of biological invasion in Japan

Authors: Yuya Watari, Hirotaka Komine, Elena Angulo, Christophe Diagne, Liliana

Ballesteros-Mejia, Franck Courchamp

Data type: database

Explanation note: The dataset of the economic costs of biological invasion in Japan
extracted from the InvaCost_v3.0 (openly available at https://doi.org/10.6084/
m9.figshare.12668570) and the additional search in this study.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.67.59186.suppl1

Supplementary material 2

Definition of the categorisation of economic costs

Authors: Yuya Watari, Hirotaka Komine, Elena Angulo, Christophe Diagne, Liliana

Ballesteros-Mejia, Franck Courchamp

Data type: adittional data

Explanation note: Damage_ Biodiversity and Damage Human represent damage
caused by biological invasions to biodiversity and human livelihood, respectively.
Management_Biodiversity and Management_Human represent management for
biodiversity and human livelihood, respectively. Categories in each cost entry are
shown in Suppl. material 1: Table S1.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.67.59186.suppl2
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