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Abstract

Terrestrial ecosystems, owing to the presence of key socio-economic sectors such as agriculture and for-
estry, may be particularly economically affected by biological invasions. The present study uses a subset
of the recently developed database of global economic costs of biological invasions (InvaCost) to quantify
the monetary costs of biological invasions in Russia, the largest country in the world that spans two con-
tinents. From 2007 up to 2019, invasions costed the Russian economy at least US$ 51.52 billion (RUB
1.38 trillion, n = 94 cost entries), with the vast majority of these costs based on predictions or extrapola-
tions (US$ 50.86 billion; n = 87) and, therefore, not empirically observed. Most cost entries exhibited
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low geographic resolution, being split between European and Asian parts of Russia (US$ 44.17 billion;
n = 72). Just US$ 7.35 billion (n = 22) was attributed to the European part solely and none to the Asian
part. Invasion costs were documented for 72 species and particularly insects (37 species). The empirically-
observed costs, summing up to US$ 660 million (n = 7), were reported only for four species: two insects
Agrilus planipennis Fairmaire and Cydalima perspectalis (Walker) and two plants Ambrosia artemisiifolia L.
and Heracleum sosnowskyi Manden. The vast majority of economic costs were related to resource damages
and economic losses, with very little reported expenditures on managing invasions in terrestrial ecosys-
tems. In turn, agriculture (US$ 37.42 billion; n = 68) and forestry (US$ 14.0 billion; n = 20) were the
most impacted sectors. Overall, we report burgeoning economic costs of invasions in Russia and identify
major knowledge gaps, for example, concerning specific habitat types (i.e. aquatic) and management ex-
penditures, as well as for numerous known invasive taxa with no reported economic costs (i.e. vertebrates).
Given this massive, largely underestimated economic burden of invasions in Russia, our work is a call for
improved reporting of costs nationally and internationally.

Abstract in Russian

DKOHOMUYECKHE IOTEPH OT GMOAOrHYECKHX MHBA3Uii B HA3€MHBIX dKocucremax Poccum.
Hazemmpie sKOCHCTEMBI B CBA3M C HAAWYHEM B HUX TAKHX KAIOYCBBIX COIMAABHO-9KOHOMHYECKHX
CEKTOPOB, KAK CEABCKOE M AECHOE XO3fAMCTBO, MOTYT HCIBITHBATH 3HAYHTEABHBIC DKOHOMUYECKHE
OTEPH B pe3yApTaTe OMOAOrmYecknmx wnmBaszmii. B paborte, OCHOBBIBAACH HA KOAMYECTBEHHBIX
ITOKA3ATEAAX U3 HEAABHO Pa3pabOTAHHOH 0Oa3bl AAHHEIX TAOOAABHBIX 9KOHOMHYECKHX ITOTEPH OT
6morornuecknx muaBasuii (InvaCost), mpoanaAusupoBansl yOBRITKH OT OMOAOTHYECKHX HHBA3HH B
Poccun — kpymHO# (PacOAOKEHHON Ha ABYX KOHTHHEHTAX) M BAJKHOM B 9KOHOMHYECKOM IIAAHE
crpane. B 2007-2019 rr. BeamduHa yiep6a B pe3yAbTaTe OHOAOIMYCCKUX MHBASHIL B CTPAHE COCTABHUAQ
kak MuHEMYM 51.52 Mapa Aoasapos CLIA (1.38 tpar pybacii, n = 94 mosunuun yOBITKOB), OAHAKO,
ITOAABAATOIIEE DOABIIIHMHCTBO OL[CHOK OBIAO OCHOBaHO Ha IIPOrHO3aX HMAM 9KcTpamoAsumax (50.86
MApA aoarapos CIIA; n = 87), tpebyromux Bepudukarmu. OmneHkn yepba ACMOHCTPHPOBAAL
HH3KOE reorpapuaeckoe pa3perenne 1 B OCHOBHOM ABASAKCH OOOOIIEHHEM IIPOTHO3HBIX AAHHBIX
AASL €BPOIICHCKON 1 a3MAaTCKOM gacTeil cTpassr (44.17 mapa aAoaaapos CIIA; n = 72). MckaroguTteApHO
B CBPOIICHCKOHN 9acTu POCCHE IIPOrHO3HBIH 9KOHOMUYCCKHH yIIepO OT OMOAOIMYCCKHX WMHBA3HIL
coctaBuA 7.35 MApA aoasapos CHIA (n = 22). DxoHOMHYeCKHE YOBITKA B PE3YABTATC HHBA3HUN
OBIAI 32AOKYMCHTHUPOBAHBI AAfl 72 BHAOB, OOABIIHHCTBO M3 KOTOPBIX — HaceKOMBIC (37 BHAOB).
Paxruaecknil yiepb B cymme okoro 660 Mar poarapos CIIIA (n = 7) Gba cBA3aH TOABKO C YCTHIPbMSA
BHAAMU-HHBAMACPAMH: ABYMsI BUAAME HACCKOMBIX, Agrilus planipennis Fairmaire u Cydalima perspec-
talis (Walker), u aBysst BupAavu pacrennit, Ambrosia artemisiifolia L. w Heracleum sosnowskyi Manden.
TToaaBasiroriee GOABITHHCTBO YOBITKOB OBIAO CBA3AHO C IIPAMBIMH ITOTEPAME IPH HE3HAYHTEABHBIX
3aAOKYMECHTHPOBAHHBIX PACXOAAX Ha OGOpeOy ¢ mHBaifAepaMu B HazeMHbIX sKocmcremax. Ceabckoe
X03AHCTBO (IPOTHO3HAs OreHKa yiepba: 37.42 MapA Aoaaapos CLIA; n = 68) u AecHOE X034HCTBO
(mporuosHas orrerka yimepba: 14.0 Mapa aoarapos CIIA; n = 20) sBasAncs HaHOOACE ITOCTPAAABIIIIMI
CEKTOPAMH 9KOHOMUKH. B 11eAOM MBI cOODIIIaeM O POCTE SIKOHOMHYECKHX TIOTEPD, ACCOIIMUPOBAHHbIX
¢ Omoaormuecknmu nuBazuAMH B Poccum. Mpr ormedaem Haamdue GOABIINX IIPOOEAOB B 3HAHHUAX
00 9KOHOMHYECKHX ITOTEPAX OT OHOAOTHYECKHX HMHBA3WH B APYTHX MECTOOOHTAHMAX (B YACTHOCTH,
B BOAHBIX 9KOCHCTEMAX), CKYAHOCTb OIICHOK 3aTPAT HA MOHHTOPHHT, 4 TAK/KE MAAOUHMCACHHOCTD HAM
ITOAHOE OTCYTCTBHE CBEACHHI IT0 9KOHOMHYECKHM IOTEPAM AAfl IIEAOTO CIEKTPA HHBA3MOHHBIX
BHAOB (AAfl TIO3BOHOYHBIX OPraHM3MOB). YUHTBIBAA KPYIIHBIE 1 BCE €IE B 3HAYMTEABHON CTEIICHI
HEAOOIICHEHHBIE dKOHOMHYECKHE YOBITKH, ACCOIMHMPOBAHHBIE C OMOAOTHYECKHMH HHBA3HAMHI B
Poccun, mama pabora IpH3BIBAET K YAYUIICHHIO OTYETHOCTH ITO SKOHOMHYECKHM ITOTEPAM Ha

HAIIMOHAABHOM M MEKAYHAPOAHOM ypOBHﬂX.
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Abstract in German

Wirtschaftliche Kosten biologischer Invasionen in terrestrischen Okosystemen in Russland. Ter-
restrische Okosysteme konnen aufgrund des Vorhandenseins wichtiger sozioskonomischer Sektoren wie
Land- und Forstwirtschaft durch biologische Invasionen besonders wirtschaftlich geschidigt werden.
Die vorliegende Studie verwendet eine Teilmenge der kiirzlich entwickelten Datenbank der globalen
wirtschaftlichen Kosten biologischer Invasionen (InvaCost), um die monetiren Kosten biologischer In-
vasionen in Russland, einer Wirtschafts die sich iiber zwei Kontinente erstreckt, zu quantifizieren. Von
2007 bis 2019 haben Invasionen die russische Wirtschaft mindestens 51.52 Milliarden US-Dollar ge-
kostet (1.38 Billionen Rubel, n = 94 Kosten-Eintriige), wobei die iiberwiegende Mehrheit dieser Kosten
auf Vorhersagen oder Hochrechnungen basiert (50.86 Milliarden US-Dollar; n = 87) und daher nicht
empirisch beobachtet wurden. Die meisten Kosten wiesen eine geringe geografische Auflésung auf und
wurden zwischen europiischen und asiatischen Teilen Russlands aufgeteilt (44.17 Mrd. USD; n = 72).
Nur 7.35 Milliarden US-Dollar (n = 22) wurden ausschliefSlich dem europiischen Teil und keiner dem
asiatischen Teil zugerechnet. Die Kosten biologischer Invasionen wurden fiir 72 Arten und insbesondere
fiir Insekten (37 Arten) dokumentiert. Die empirisch beobachteten Kosten, die sich auf 660 Mio. USD (n
= 7) summierten, wurden nur fiir vier Arten angegeben: zwei Insekten Agrilus planipennis Fairmaire und
Cydalima Perspectalis (Walker) sowie zwei Planzen Ambrosia artemisiifolia L. und Heracleum sosnowskyi
Manden. Die tiberwiegende Mehrheit der wirtschaftlichen Kosten stand im Zusammenhang mit Schiden
an Ressourcen und wirtschaftlichen Verlusten, wobei nur sehr geringe Ausgaben fiir die Bewiltigung von
Invasionen in terrestrische Okosysteme gemeldet wurden. Die Landwirtschaft (37.42 Mrd. USD; n = 68)
und die Forstwirtschaft (14.0 Mrd. USD; n = 20) waren wiederum die am stirksten betroffenen Sektoren.
Insgesamt berichten wir tiber aufkeimende wirtschaftliche Kosten von Invasionen in Russland und iden-
tifizieren grofle Wissensliicken, beispielsweise in Bezug auf bestimmte Lebensraumtypen (d. H. Wasser)
und Verwaltungsausgaben sowie fiir zahlreiche bekannte invasive Taxa ohne gemeldete wirtschaftliche
Kosten (d. H. Wirbeltiere). Angesichts dieser massiven, weitgehend unterschitzten wirtschaftlichen Be-
lastung durch Invasionen in Russland ist unsere Arbeit ein Aufruf zur verbesserten Berichterstattung tiber
die Kosten im In- und Ausland.

Abstract in French

Coiits économiques des invasions biologiques dans les écosystémes terrestres en Russie. Les éco-
systemes terrestres peuvent étre particulierement endommagés économiquement par les invasions bi-
ologiques, notamment de part la présence de secteurs socio-économiques clés tels que I'agriculture et la
foresterie. Cette étude utilise un sous-ensemble de la base de données récemment développée sur les cotits
économiques mondiaux des invasions biologiques (InvaCost) pour quantifier les colits monétaires des
invasions biologiques en Russie, un pays 4 économie majeure qui s’étend sur deux continents. De 2007 a
2019, les invasions ont cotité a 'économie russe au moins 51.52 milliards USD (1.38 billion RUB, n =
94 entrées de colits), la grande majorité de ces colits étant basée sur des prévisions ou des extrapolations
(50.86 milliards USD; n = 87) et, par conséquent, non observée empiriquement. La plupart des entrées
de colit présentaient une faible résolution géographique, étant réparties entre les parties européennes et
asiatiques de la Russie (44.17 milliards USD; n = 72). Seuls 7.35 milliards USD (n = 22) ont été attribués
a la partie européenne uniquement et aucun 2 la partie asiatique. Les colits d’invasion ont été documentés
pour 72 espéces et en particulier les insectes (37 espéces). Les colits observés empiriquement, totalisant
660 millions USD (n = 7), n'ont été rapportés que pour quatre espéces: deux insectes Agrilus planipennis
Fairmaire et Cydalima perspectalis (Walker) et deux plantes Ambrosia artemisiifolia L. et Heracleum sosnow-
skyi Manden. La grande majorité des colits économiques étaient liés aux dommages aux ressources et aux
pertes économiques, avec trés peu de dépenses déclarées pour la gestion des invasions dans les écosystémes
terrestres. Lagriculture (37.42 milliards USD; n = 68) et la foresterie (14.0 milliards USD; n = 20) ont été
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les secteurs les plus touchés. Dans I'ensemble, nous rapportons les cofits économiques croissants des inva-
sions en Russie et identifions les principales lacunes dans les connaissances, par exemple, concernant des
types d’habitats spécifiques (c.-a-d. Aquatiques) et des dépenses de gestion, ainsi que pour de nombreux
taxons invasifs connus sans colits économiques déclarés (c.-a-d. les vertébrés). Compte tenu de ce poids
économique massif et largement sous-estimé des invasions en Russie, notre travail est un appel 2 une meil-
leure communication des colits aux niveaux national et international.

Abstract in Spanish

Los costos econémicos de las invasiones biolégicas en los ecosistemas terrestres de Russia. Los eco-
sistemas terrestres, debido a la presencia de sectores socio-econémicos clave, como la agricultura o la
silvicultura, pueden verse particularmente dafiados por las invasiones bioldgicas a nivel econédmico. Este
estudio utiliza la base de datos InvaCost, desarrollada recientemente para cuantificar los costes monetarios
de las invasiones bioldgicas a nivel global, extrayendo el subconjunto de datos correspondiente a Rusia,
un pais con una economia importante que se extiende por dos continentes. Desde 2007 hasta 2019, las
invasiones han costado a la economia Rusa al menos 51.52 mil millones de délares americanos (RUB 1.38
billones, n = 94 entradas de costos); la mayoria de los costos estuvieron basados en predicciones o extrapo-
laciones (50.86 mil millones de ddlares; n = 87) y por lo tanto no fueron empiricamente observados. La
mayoria de las entradas de costos tuvieron una baja resolucion geogréfica, ocupando ambos continentes,
Europa y Asia (44.17 mil millones de ddlares; n = 72). Sélamente 7.35 mil millones de délares (n = 22)
fueron asignados a la parte Europea, pero ninguno fue atribuido tnicamente a la parte Rusa. Los costos
de las invasiones fueron documentados para 72 especies y particularmente para insectos (37 especies).
Los costos empiricamente observados alcanzaron los 660 millones de délares (n = 7), y fueron reportados
para tan solo 4 especies: dos insectos, Agrilus planipennis Fairmaire y Cydalima perspectalis (Walker), y dos
plantas, Ambrosia artemisiifolia L. y Heracleum sosnowskyi Manden. La mayoria de los costos econémicos
estuvieron en relacién con danos y pérdidas econémicas, mientras que se reportaron mucho menos los
gastos para manejar las invasiones en los ecosistemas terrestres. Por su parte, la agricultura (37.42 mil
millones de délares; n = 68) y la silvicultura (14.0 mil millones de délares; n = 20) fueron los sectores
econdémicos mds impactados. En general, mostramos los crecientes costos econémicos de las invasiones en
Rusia e identificamos las principales lagunas del conocimiento, por ejemplo, en relacién con los gastos de
manejo, o con hébitat especificos (como el medio acudtico), asi como con numerosos taxones reconocidos
como invasores pero sin datos econdémicos (como los vertebrados). Dada esta carga econémica masiva de
las invasiones en Rusia, en gran parte subestimada, nuestro trabajo hace un llamamiento para mejorar el
reporte de los costos econdmicos tanto a nivel nacional como internacional.

Keywords
Direct and indirect losses, insects, InvaCost, invasive species, pathogens, Russian Federation, weeds

Introduction

Biological invasions are recognised as a global threat to biodiversity, ecosystem function-
ing and economic development worldwide (Elliott 2003; Kovac et al. 2010; Bradshaw
et al. 2016; Seebens et al. 2018). Globalisation and ongoing environmental changes
(i.e. climate change and habitat alteration) have accelerated the introduction of invasive
species at an unparalleled rate, leading to the circumvention of historic biogeographical
barriers by many species (Maslyakov and Izhevskii 2011; Seebens et al. 2017).
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Terrestrial ecosystems are known to experience severe impacts from invasive species
(Stephens et al. 2019). Terrestrial invaders can disrupt the structuring and functioning
of ecosystems (Holmes et al. 2009; Roques 2010; Aukema et al. 2011; David et al.
2017; Eyre et al. 2017; Kirichenko et al. 2019). Phytophagous insects and phytopatho-
gens are amongst the most diverse and notorious invaders, causing noteworthy damage
to their host plants (up to their extirpation from large areas), leading to crop harm and
further irreparable economical losses (Lockwood et al. 2013; Paini et al. 2016; Musolin
etal. 2018). Whilst invasions can cause significant changes in ecosystems that, in turn,
lead to massive economic losses (Pimentel 2005; Aukema et al. 2011; Lockwood et al.
2013; Diagne et al. 2021), the severity of these economic impacts remains unquanti-
fied at many geographic scales where policy decisions are made.

Russia, transcontinentally located in Eastern Europe and Northern Asia, is the
largest country in the world. It covers a territory of more than 17 million km?, i.e.
about 1/8 of the Earth’s land surface (Borodko 2020). The country is globally known
as a major exporter of natural resources, increasing connectivity to various nations and
geographical regions (Bradshaw and Connolly 2016). It possesses the largest natural
forests in the world, predominated by coniferous species (boreal forest, or taiga) (FAO
2012). Furthermore, Russia has a well-developed agricultural sector, which significant-
ly contributes to the world’s crop production (Liefert and Liefert 2020). By nominal
gross domestic product, Russia has the 11* largest economy in the world and the 6*
largest by purchasing power parity (World Bank 2020). Both these market values are
known to be associated with invasion risk (Haubrock et al. 2021¢; Kourantidou et al.
2021). Indeed, these extensive commerce and goods exchanges within and outside
of the country have facilitated the introduction of invasive species, especially pests of
plants, phytopathogens and weeds (Maslyakov and Izhevsky 2011; Izhevsky 2013;
Ebel et al. 2016; Orlova-Bienkowskaja 2016; Karpun 2019).

Russian national literature provides extensive ecological data on the threats posed
by invasive organisms to terrestrial ecosystems, in particular to forestry and agriculture.
Dgebuadze et al. (2018) overviewed the biology, distribution and ecological impacts
of the top 100 invasive species in Russia, i.e. the most ecologically impactful, amongst
which 60% (mainly plants and insects) are affecting agriculture, forestry and urban-
ised ecosystems. Vinogradova et al. (2009) and Ebel et al. (2016) compiled the Black
Books of invasive flora by gathering together data on diversity, primary and secondary
ranges and ecological hazards of invasive plants aggressively spreading in European
and Asian Russia. Kuznetsov (2005) provided the list of invasive insects and discussed
their impact on the terrestrial ecosystems of easternmost Russia. More recently, Or-
lova-Bienkowskaja (2016) analysed the threat of invasive beetles to agriculture and
forestry in European Russia, whilst Karpun (2019) focused on invasive insects causing
damage to the subtropical area of the country. Baranchikov et al. (2008) and Orlova-
Bienkowskaja (2014) studied the threat posed by the invasive emerald ash borer Agrilus
planipennis (Coleoptera: Buprestidae) to ash species (Fraxinus spp.) in European Rus-
sia, whereas Baranchikov et al. (2011), Kerchev and Krivets (2012) and Debkov et
al. (2019) estimated the ecological impact of the far eastern four-eyed fir bark beetle
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Polygraphus proximus Blandford that invaded Siberia. Within the group of phytopha-
gous insects solely, around 200 invasive species are presently known in Russia, largely
in its European part (Maslyakov and Izhevsky 2011). Amongst them, a number of
notorious insect pests attacking woody and herbaceous plants in forests and orchards,
as well as different crops in agricultural fields have been documented in the country in
the last few decades (Maslyakov and Izhevsky 2011). Despite diverse ecological studies
on invasive organisms in Russia, there are few published data on economic costs associ-
ated with invasions of arthropods, phytopathogens and weeds, even on species being of
economic significance in the country.

In this regard, the present paper is the first attempt to gather together data on
economic losses due to biological invasions to estimate the overall costs of invasive
species in terrestrial ecosystems in Russia. Specifically, it aims to define the distribution
of those costs amongst taxa and economic sectors, as well as temporal trends in their
development. Using data retrieved from federal sources, mainly from official pest risk
assessment reports and publicly available research papers, as compiled in the InvaCost
database (Diagne et al. 2020b), we synthesised the current data on actual and potential
costs of invasive organisms that have recorded monetary impacts on terrestrial ecosys-
tems in Russia. Given the increasing number of invasions documented in the country
(Maslyakov and Izhevsky 2011; Orlova-Bienkowskaja 2016; Karpun 2019), we sus-
pect an increase in overall costs associated with actual and potential invaders and, in
particular, arthropods, phytopathogens and plants in terrestrial ecosystems over time,
given they have been most intensively studied. We also expect a remarkable economic
loss primarily due to resource damage from invasive arthropods, in particular insects,
given that those invasion cases have been recorded widely in the country, both in its
European and Asian parts (Maslyakov and Izhevsky 2011; Orlova-Bienkowskaja 2016;
Karpun 2019), and that the group is known to be costly globally (Bradshaw et al.
2016). Moreover, we examined the compositions of costs in terms of reliability of mon-
etary sources and whether they are based on extrapolations or empirical observations.

Methods

Data collection, filtering and standardisation

To describe the costs of biological invasions in Russia, we used cost data collected in
the InvaCost database v.1.0 (2,419 entries; Diagne et al. 2020b; data link: hteps://
doi.org/10.6084/m9.figshare.11627406). This database was complemented following
two specific ways: by adding cost data collected globally from non-English documents
(5,212 entries; Angulo et al. 2021b; https://doi.org/10.6084/m9.figshare.12928136)
and by including costs from complementary database (ca. 2,300 entries; https://doi.
org/10.6084/m9.figshare.12928145). An updated version of each of these databases
is now incorporated within the core InvaCost Database (https://doi.org/10.6084/
m9.figshare.12668570). The majority of recorded cost data of invasive species (i.e. cost
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entries, indicated as “n” in the paper) in Russia were obtained from pest risk analy-
sis reports of the All-Russian Plant Quarantine Center (VNIIKR, Bykovo, Moscow
Oblast). These data cover both categories of actual and potential invaders (often having
quarantine status in the country) that have a threat to plants, especially in forestry and/
or agriculture. According to the legislation of the Russian Federation in plant quaran-
tine, the quarantine organism/agent is a species that is so far absent but has a risk of
introduction, or a species that already invaded but still has a limited distribution in
the territory of the country and that may significantly impact plants, resulting in eco-
nomic losses (On Plant Quarantine 2014). Cost entries provided in national currency
were converted to US$, based on the 2017 value (Diagne et al. 2020b). Altogether, we
extracted all costs (accounting for 94 entries) related to Russia for the purpose of our
analyses by filtering the “Country” column to include “Russia”. The extracted dataset
is provided in Suppl. material 1: Fig. S1.

Cost analyses

The analysis of costs from the InvaCost database was performed using the invacost R
package v0.2-4 (Leroy et al. 2020) in R v4.0.2 (R Core Team 2019). Using the filtered
data, the total invasion costs were examined according to different descriptive columns
of the database (see Diagne et al. 2020b for further details):

1. Method reliability: illustrating the perceived reliability of cost estimates, based
on the type of publication and method of estimation;

2. Implementation: referring to whether the cost estimate was actually realised
(observed) or whether it was expected (potential);

3. Taxonomic grouping: the kingdom, class, order and species from which the
cost emanated. Here, we refer to the organisms from the kingdoms: Animalia, Plantae,
Fungi, and Bacteria. Nomenclature of viruses is independent of other biological no-
menclature (ICTV Code 2020), with nine kingdoms defined (Virus Taxonomy 2020).
For simplicity, we do not list virus kingdoms in the study but rather operate the general
term “viruses’.

In Animalia, as an exception, besides costs of actual and potential invaders, our
study also analysed impacts of six native longhorn beetles: Monochamus galloprovin-
cialis, M. impluviatus, M. nitens, M. saltuarius, M. sutor, and M. urussovi (Coleoptera:
Cerambycidae). Distributed in some parts of Russia, they are subjected to national
quarantine control because they are considered vectors of a potentially-invasive pine
wood nematode, Bursaphelenchus xylophilus (Steiner et Buhrer) Nickle (Aphelenchida:
Parasitaphelenchidae). To avoid counting native species, these beetles, represented in
InvaCost database by 14 entries (cost IDs: NE4445-NE4456, NE4474 and NE4475;
Suppl. material 1: Fig. S1), were excluded from the analysis and their potential eco-
nomic losses were summarised and attributed to the pine wood nematode, the spe-
cies that was counted in the analysis of taxonomic groups. That is because control
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actions for the species aim to manage the vectoring of pine wood nematode, rather
than control the native species per se. On the contrary, the cost of the North American
Monochamus scutellatus (Say) (cost ID NE4434 in Suppl. material 1: Fig. S1) was not
attributed to the nematode. This non-native species may directly affect wood by bor-
ing holes and it also has a potential to distribute the nematode (Akbulut and Stamps
2020). As such, M. scutellatus is itself considered as being potentially invasive to Russia
and was counted in the study accordingly.

4. Type of cost: grouping of categories of cost types into: (1) “Damage-Loss” re-
ferring to damages or losses incurred by invasion (i.e. costs for damage repair, resource
losses, medical care), (2) “Management” comprising control-related expenditure (i.e.
monitoring, prevention, eradication) and (3) “General” including mixed damage-loss
and control costs (cases where reported costs were not clearly distinguished);

5. Impacted sector: the activity, societal or market sector that was impacted by
the invasive species (Suppl. material 1: Fig. S1).

We also analysed the dynamics of cost reporting for the period from 2007 to 2019,
given this is the range of years from which invasion costs were available for Russia in
serveyed sources. We estimated the absolute and average annual costs of invaders re-
ported in this period in Russia and the number of cost entries represented in the Inva-
Cost database and quantified the temporal trends in accumulations of these indicators.
The data entries were assigned to the year mentioned in the original source (if a single
year was mentioned), to the most recent year (if a period of years was mentioned) or to
the year of publication (if the year was not assigned to the cost).

In addition, we ranked all species involved in the study according to their costs
(descending ranking) to show the distribution of costs across taxa. We also classified
species by their quarantine status in Russia (i.e. whether they are assigned to quaran-
tine or non-quarantine species in the country) and estimated their costs according to
these groups and the taxonomic kingdom. Information on the quarantine status of
species was found in legislation documents (On approval 2014, 2019). Data on quar-
antine status of species is given in Suppl. material 2: Tables S1.

Results

Economic costs in European and Asian Russia

The 94 invasion cost entries for Russia totalled at US$ 51.52 billion between 2007 and
2019, which was equivalent to around RUB 1.38 trillion (Suppl. material 1: Fig. S1).
From these, all recorded entries were of high reliability, based on pest risk analyses and
approved estimation methods (Suppl. material 1: Fig. S1). However, just 1.3% of the
total costs were empirically observed (US$ 660 million; n = 7), whereas the remaining
potential costs were largely based on extrapolations (US$ 50.86 billion; n = 87). Whilst
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Russia spans substantial parts of continental Europe and Asia, the majority of costs
were associated with both macro-regions (US$ 44.17 billion; n = 72), while US$ 7.35
billion (n = 22) was associated solely with the European part. No costs were attributed
to the Asian part exclusively.

Taxonomic grouping

Overall, the 94 cost entries analysed in the study corresponded to 77 species. We reclas-
sified the costs of six native longhorn beetle species of the genus Monochamus, attribut-
ing them instead to the potentially-invasive pine wood nematode. These insect species
(and their 14 entries) were not counted in taxonomic grouping analysis, but instead a
single entry for the pine wood nematode was taken into account. Thus, the resultant
overall invasive species number, included into the analysis, was 72 (represented by 81
entries). Amongst them, insects were the leading group (37 species, 51%), followed by
plants (9 species, 13%), fungi and viruses (8 species, 11% each) and bacteria (7 species,
10%) (Fig. 1). Nematodes and mites were represented by 2 (3%) and 1 (1%) species
each (Fig. 1). Across insects, beetles (Coleoptera) and moths (Lepidoptera) were the
most represented groups (23 species overall, i.e. 32% of all species in the study).

Quarantine vs. non-quarantine species

Amongst the 72 analysed species, 61 species (84.7%) have a quarantine status in Russia
(i.e. are predicted to invade to the country from abroad, already have a limited present
extent in Russia or serve vectors of potentially-invasive species). The majority of those
species (i.e. 33 species) are from Animalia, followed by the representatives from Plantae
and viruses (eight species each), Bacteria and Fungi (six species each). The remaining
11 species have no quarantine status in Russia, with seven species from Animalia, two
species from Fungi and one species each from Bacteria and Plantae. The data on the
quarantine status of the species in Russia, species origin and cost of their invasions are
given in Suppl. material 2: Table S1.

Overall, species with a quarantine status accounted for US$ 50.64 billion (98.3%
of all economic losses) (Table 1). Amongst organisms with quarantine status, there were
in total 18 species, i.e. 16 species that already invaded Russia from abroad (they ac-
counted for US$ 8.41 billion, i.e. 16.3%) and two national invaders that moved to the
western part of the country from the eastern part (the emerald ash borer A. planipennis
and the San Jose scale Quadraspidiotus perniciosus Comstock). The latter two species
accounted for US$ 1.12 billion (2.2%). The potential losses from other species that are
predicted to invade Russia and, thus, subjected to quarantine control there (43 species
in the analysed dataset), accounted for US$ 41.11 billion (Suppl. material 2: Table S1),
i.e. about four times greater than the cost of 18 quarantine invasive species. Amongst
quarantine species, the potentially invasive pine wood nematode was the most costly
organism, at US$ 13.93 billion (i.e. 27.5% of economic losses across quarantine organ-
isms in Russia).
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Figure |. Number of species with estimated economic costs across respective taxonomic groups in Russia.

Non-quarantine species accounted for just US$ 0.88 billion (1.7% of all econom-
ic losses), that is around 58 times less than the cost of quarantine species. Amongst
them, there are two insects, namely, Cydalima perspectalis and the lime leaf-miner
Phyllonorycter issikii (Kumata) (Lepidoptera: Gracillariidae), the plant H. sosnow-
skyi and the fungal pathogen Diaporthe helianthi Munt.-Cvet. et al. (Diaporthales:
Diaporthaceae), with those economic losses comprising US$ 0.60 billion (Suppl.
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Table I. Economic costs of quarantine and non-quarantine species in Russia*.

Species category Number of species  Cost, US$ billion Proportion in total cost, %
Quarantine species
Invaded Russia from abroad 16 8.41 16.3
National invaders 2 1.12 2.2
Predicted to invade Russia 43 41.11 79.81
Non-quarantine species
Invaded Russia 4 0.60 1.2
Predicted to invade Russia 7 0.28 0.5
Overall for quarantine species 61 50.64 98.3
Overall for non-quarantine species 11 0.88 1.7
TOTAL 51.52 100

*Data by species is provided in Suppl. material 2: Table S1.

material 2: Table S1). The remaining US$ 0.28 billion is due to seven potentially-in-
vasive organisms (four insects, one mite, one bacterium, one fungal pathogen) (Suppl.
material 2: Table S1).

Costs per taxonomic group

Overall, costs associated with invasive species from the Animalia kingdom dominated
(US$ 31.48 billion; n = 46 entries), followed by Plantae (US$ 11.28 billion; n = 12),
Fungi (US$ 4.46 billion; n = 8), viruses (US$ 2.94 billion; n = 8) and, lastly, Bacteria
(US$ 1.36 billion; n = 7) (Fig. 2).

Amongst animals, the costs of invasions by insects represented the largest part
(US$ 16.44 billion, n = 43). The proportion of other animals made US$ 15.01 billion
for nematodes (n = 2) and US$ 0.02 billion for mites (n = 1). The total cost for the
nematodes comprised that of the potentially-invasive pine wood nematode B. xylophi-
lus (US$ 13.93 billion) and the Columbia root-knot nematode Meloidogyne chitwoodi
Golden, O'Bannon, Santo & Finley, the agricultural crop pest (US$ 1.08 billion).

Amongst the costliest top-3 species, there were two representatives of Animalia
(one nematode and one insect) and one representative of Plantae (herb). Of them,
the most costly species was the potentially-invasive pine wood nematode B. xylophilus
(Suppl. material 2: Table S1). The other two invasive species were the 28-spotted po-
tato ladybird Henosepilachna vigintioctopunctata Fabricius (Coleoptera: Coccinellidae)
and black-jack Bidens pilosa L. (Asterales: Asteraceae), with the potential damage from
each estimated at around US$ 4.31 and 4.07 billion, respectively (Suppl. material 2:
Table S1). Altogether, the contribution of these top-3 species to the economic losses of
the country accounted for US$ 22.32 billion, i.e. 43% of costs of all species covered by
the study. The species with the lowest reported cost was the potentially-invasive North
American longhorn beetle, Monochamus scutellatus, accounting for US$ 0.015 million
(Suppl. material 2: Table S1).

The distribution of costs across species was skewed, with just a few species causing
high economic impacts (> US$ 1 billion) and most with a substantially lower econom-
ic impact (Fig. 3). Indeed, few individual species, i.e. 15 out of 72 (20.8%), exhibited
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Figure 2. Distribution of economic costs across different taxonomic kingdoms in Russia, in US$ billion.

For viruses, the kingdoms are not indicated and, thus, all species are treated under the general term “viruses”.
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Figure 3. The ranked economic costs in different taxonomic groups of invasive species in Russia. The
group with the highest number of species is indicated within each cost category (additionally marked by

the respective organism pictogram).

costs greater than US$ 1 billion (Fig. 3). Conversely, twice as many species, i.e. 30 out
of 72 (41.6%; amongst which, 17 species are insects), led each to an economic loss of

at least a magnitude lower (Fig. 3).
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Table 2. Actual losses (observed costs) in different sectors due to invasions of insect pests and weeds in Russia.

Impacted sector Kingdom Order Species Cost, US$ million
Agriculture Plantae Asterales Ambrosia artemisiifolia 307.9
Forestry Animalia Coleoptera Agrilus planipennis 258.9
Health Plantae Asterales A. artemisiifolia 90.6
Public and social welfare Animalia Lepidoptera Cydalima perspectalis 1.1
Environment Animalia Lepidoptera C. perspectalis 0.9
Authorities-Stakeholders Plantae Apiales Heraclewm sosnowskyi 0.6
TOTAL 660.0

While several species contributed to the list of costly invasive species with ex-
trapolated economic losses, only four species (two insects and two plants) remained
when focusing on only observed costs (Table 2; Fig. 4). Amongst them, there were
two weeds: common ragweed A. artemisiifolia (Asterales: Asteraceae) and Sosnowsky’s
hogweed H. sosnowskyi (Apiales: Apiaceae), those actual economic losses altogether
reached around US$ 400 million in the years 2011 and 2015. The other two species
were phytophagous insect pests, the emerald ash borer A. planipennis and the box-tree
moth C. perspectalis, those observed costs amounting to around US$ 260 million dur-
ing the period of 2011-2016 (Table 2).

Impacted sectors

The majority (97%) of the total inferred costs of US$ 51.52 billion were catego-
rised as damage-losses in the terrestrial environment. Impacted sectors were diverse,
with agriculture being the most heavily impacted sector (US$ 37.42 billion; n = 68
entries), followed by forestry (US$ 14.0 billion; n = 20). Costs inferred to health
(US$ 91.92 million; n = 2), public and social welfare (US$ 1.1 million; n = 1), the
environment (US$ 944.3 thousand; n = 1), authorities and stakeholders (US$ 706.7
thousand; n = 2) were of a lower magnitude (Fig. 5). The contribution of different
invasive species classed to the above-mentioned sectors can be found in Suppl. mate-
rial 1: Fig. S1.

Opverall, 46% of all losses in agriculture (US$ 17.22 billion) were caused by Ani-
malia, followed by Plantae (30%, US$ 11.19 billion); the contribution of phytopatho-
gens accounted overall for 24% (US$ 8.76 billion). In total cost analysis, forestry was
solely impacted by Animalia (in particular by insects and nematodes). Other sectors
(health, public and social welfare, authorities and stakeholders) were affected by Plan-
tae (herbaceous weeds), overall accounting for US$ 92.99 million, whereas the envi-
ronment sector had losses due to insects solely (US$ 944.3 thousand).

Similar to the total costs, the observed costs were the highest in the agri-
cultural sector (US$ 307.9 million; n = 1), followed closely by those in forestry
(US$ 258.9 million; n = 1), health (US$ 90.6 million; n = 2), public and social
welfare (US$ 1.1 million; n = 1), the environment (US$ 0.9 million; n = 1), the
authorities and stakeholder sectors (US$ 0.6 million; n = 1) (full data are given in
Suppl. material 1: Fig. S1). The observed costs were driven entirely by insect and
plant species (Table 2).
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Figure 4. Four notorious invasive species with observed costs in Russia A the emerald ash borer Agrilus

planipennis and associated dead trees of Fraxinus pennsylvanica B the box-tree moth Cydalima perspecralis
and associated dead bushes of Buxus sempervirens C Sosnowsky’s hogweed Heracleum sosnowskyi invading
an agricultural field D common ragweed Ambrosia artemisiifolia in the forest canopy. A=C Moscow Oblast
(B an experimental trial) D Primorsky Krai. Photos taken by A, B V. Ponomarev C V. Kulakov (the photo
is published with the permission from the photographed person) D N. Kirichenko a, b D. Kasatkin.
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Cost dynamics

Reported invasion costs averaged US$ 3.96 + 3.03 billion per year (2007-2019) when
considering all costs (Fig. 6A) and US$ 110.2 million per year (2011-2016) when
considering only observed costs (not shown). The reported costs (analysed in absolute
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Figure 6. Temporal trends in the cost reporting (A) and in the number of cost entries (B) in Russia in
2007-2019. In both cases, the cumulative trends are additionally computed.

values) displayed a pronounced peak in 2007 (US$ 40.04 billion), followed by fluctua-
tion from US$ 0.05 billion to US$ 1.96 billion in the period 2008-2019 (Fig. 6A).
Fluctuations in dynamics were also observed when considering the total number of
cost entries, with a pronounced peak in 2007 (56 entries), followed by a decrease and
unstable dynamics in the following years (i.e. from 0 to 8 entries per year) (Fig. 6B).
As such, it was reflecting the transition in the methodology used for assessing invasion
costs in Russia after 2007, but also potentially indicating a time lag in cost reporting
in the following years (see Discussion). The cumulative curves showed just a slight
increase in both cases (Fig. 6A and B). No particular trend was defined when analysing
the observed costs (not shown).

Discussion

Our study summarised, for the first time, the recorded economic costs of invasive spe-
cies in Russia from 2007 to 2019 and showed that they amounted to a total of US$
51.52 billion. In particular, it analysed actual and potential economic losses associated
with 72 species of insects, mites, nematodes, phytopathogens and weeds, of which
the majority (i.e. 85%) has a quarantine status in Russia, i.e. is subjected to federal
phytosanitary control (Suppl. material 2: Tables S1). For those species, monetary data
were available in pest risk assessment reports and scarce national publications, acces-
sible online.

Despite being based on a representative number of cost entries for different taxa,
it should be understood that our results do not reflect the total monetary losses associ-
ated with terrestrial invasions in Russia for the studied period, 2007-2019. In general
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in Russia, there are very few studies estimating resource damage and losses associ-
ated with invasive and quarantine organisms in monetary terms (Magomedov et al.
2013; Gninenko et al. 2016; Dalke et al. 2018). Further, there are hardly any publicly-
available data on costs attributed to management expenditure, despite the potential
cost-effectiveness of early preventative measures for invasions compared to longer term
approaches (Leung et al. 2002; Ahmed et al. 2021). For those reasons, the estimates
presented in this study can be considered as being very conservative.

The structure of economic costs reported here largely reflects taxonomic inter-
ests of the All-Russian Plant Quarantine Center related to the range of species pos-
ing phytosanitary risks, given that those data served as a main source for the present
analysis. Thus, our study largely focuses on species (invertebrates, phytopahogens and
plants) affecting the key socio-economic sectors of agriculture and forestry, but is lack-
ing analyses of other terrestrial organisms (such as vertebrates). Those economic losses
have been seldom reported in national literature (Fokin and Airapetyants 2004), de-
spite known ecological impacts, in particular caused by mammals (Bobrov et al. 2008;
Khlyap et al. 2008). Moreover, our study did not include aquatic invasive species in
Russia, simply because hardly any data on economic losses associated with those or-
ganisms are available in Russian literature (Dgebuadze et al. 2018). Despite all these
limitations, our study still shows that expenditures associated with terrestrial invaders
and their monetary impacts to different sectors are very important in Russia and sug-
gests they also might be important where data are missing.

Surprisingly, our analysis of recorded costs did not show a clear increase in overall
costs associated with invasive species over time. This is despite a pronounced increase
in global invasion rates worldwide across taxonomic groups (Seebens et al. 2017), with
invasions projected to increase markedly in the coming decades (Seebens et al. 2020),
as well as increasing invasion costs at the global scale (Diagne et al. 2021; Cuthbert et
al. 2021b). The main explanation is that the monetary estimates have been published
not in all pest risk analysis reports for organisms subjected to such analysis in Russia.
Overall, in the country pest risk analysis is based on an integrative approach to define
phytosanitary risks of invasive species by computing an integral index (Orlinski 2006).
This index takes into account expert opinions regarding the probability of different
risks (including economic) associated with invasive species and is expressed in quanti-
tative units (Analysis of Phytosanitary Risk 2018). This, therefore, can bias our results
temporally, as for the latest years we failed to extract monetary data for a number of
species from pest risk analysis reports. Further, in 2008-2019, we observed significant
fluctuations of costs reporting, i.e. the increase in 2009 followed by the decrease in
2010 and subsequent unstable dynamics in the following years, that overall, may indi-
cate a time lag in cost reporting in the country.

Thus, whilst biological invasions have been a major element of global change for
many recent decades (Seebens et al. 2017; Elton 2020), costs are available in Russia
for only around the last two decades (Magomedov et al. 2013), further narrowing
the temporal scale of our study. In turn, the lack of reported observed costs in Russia
may further negate comprehensive appraisals of temporal trends in economic costs,
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whereas the extrapolated costs, which dominated, may potentially be more sporadic
over time. In contrast to other countries within the database which are predominantly
English-speaking (e.g. Bradshaw et al. 2021; Cuthbert et al. 2021a; Crystal-Ornelas et
al. 2021), cost entries for the Russian economy mainly originated from non-English
sources rather than from English scientific publications (Diagne et al. 2020b). This
further indicates the value in considering non-English materials to improve the com-
prehensiveness of literature syntheses (Angulo et al. 2021b).

In accordance with our expectation, economic losses in Russia were primarily
driven by invasive arthropods, in particular insects. We showed that records for insects
accounted for US$ 16.44 billion, i.e. 32% of total economic losses associated with
invasive species involved in the study. Indeed, it was the most diverse group of invasive
species with reported costs in our study and this group is regularly documented as
invasive in Russia (Maslyakov and Izhevsky 2011). This group is ecologically very plas-
tic, having great potential to invade new regions and adapt to ongoing global changes
(Garnas et al. 2016; Deutsch et al. 2018; Lehmann et al. 2020). At the world scale,
insects have been identified as causing a considerable risk to agricultural and forestry
practices, whereby major forest and agricultural producers and developing countries
may be most severely damaged in future (Paini et al. 2016; Liu et al. 2021). In turn,
global estimates of the costs of invasive insects have been determined at least US$ 76.9
billion (embracing associated goods, service and health costs), yet have been likely
significantly underestimated, given the knowledge gaps at many national scales (Brad-
shaw et al. 2016; Diagne et al. 2021). Overall, in agricultural ecosystems of Russia,
the range of harmful species having economic impacts is more diverse than the ones
causing costs in forestry. Insects may lead to significant monetary losses in agriculture,
accounting for around 46% of all recorded losses associated with invaders in this sec-
tor in Russia. The other half of recorded losses has occurred due to weeds and crop
pathogens (fungi, bacteria and viruses).

As we showed, economic losses associated with biological invasions in forestry are
also significant but still lower than in agriculture. Russia is a forested country and thus
the problems emerging in the forest sector due to invasions of pestiferous organisms
are of a special concern. In our study, as an exception, we analysed economic losses
associated with six native-to-Russia longhorn beetles: Monochamus galloprovincialis,
M. impluviatus, M. nitens, M. saltuarius, M. sutor and M. urussovi that can potentially
serve as vectors of the pine wood nematode. The invasion of Bursaphelenchus xylophilus
to Russia is considered as highly likely due to favourable climatic conditions and vast
distribution of the native vectors here (Kulinich et al. 2017). It may lead to US$ 13.93
billion in annual losses (as estimated for the year 2007 in the study, see Suppl. mate-
rial 1: Fig. S1 and Suppl. material 2: Table S1), which is the highest cost for terrestrial
ecosystems in Russia. The pine wood nematode is known as a notorious pest causing
pronounced economic losses also in some European and Asian countries (Haubrock et
al. 2021¢; Watari et al. 2021). In Spain, the related species of the pine wood nematode,
Bursaphelenchus mucronatus Mamiya et Enda, has been predicted to cause loss in the
forestry stock of around US$ 28 billion (estimated over a period of 22 years, i.e. about
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US$ 1.27 billion per year), which is the highest economic cost associated with the
invasive organisms in the country (Angulo et al. 2021a).

Despite our study having analysed a wide range of different species, the observed
invasion costs were recorded only for four species: two insects (the emerald ash borer
and box tree moth) and two weeds (common ragweed and Sosnowsky’s hogweed).
These notorious species have attracted significant attention in Russia, given their pro-
nounced impacts on forestry (via invasive insects), agriculture and human health (via
invasive weeds) (Dgebuadze et al. 2018). The cascading problems associated with their
invasions in the country have resulted in a number of publications on their ecological
impacts (Baranchikov et al. 2008; Reznik 2009; Orlova-Bienkowskaja 2014, 2016;
Karpun 2019), including a few studies presenting data on observed economic losses due
to these species, i.e. direct and indirect loss (environment) and those linked to health
issues (Magomedov et al. 2013; Gninenko et al. 2016; Dalke et al. 2018). Meanwhile,
a number of other invasive species, having known ecological and economic impacts
in agriculture and forestry, lack cost assessments in Russia, for example, the insects:
the Grape phylloxera Daktulosphaira vitifoliae (Fitch) (= Viteus vitifoliae), the silverleaf
whitefly Bemisia tabaci (Gennadius), the western flower thrips Frankliniella occidentalis
Pergande, the oriental fruit moth Grapholita molesta (Busck), the brown marmorated
stink bug Halyomorpha halys (Stal), the potato tuber moth Phthorimaea operculella (Zel-
ler), the tomato leaf-miner Zuta absoluta (Meyrick), Polygraphus proximus Blandford
and harmful invasive species from other taxonomic kingdoms (National Report 2020).

Opverall, the ‘true’ economic impact of biological invasions in Russia remains uni-
dentified. Given that around 1,000 alien invasive species have been documented in
Russia across different habitat types (Petrosyan et al. 2020), the number of species that
cause economic losses, as well as over which geographic and monetary scales and in
which economic sectors, remains unknown. It is, however, certain that the number of
invasive species records and associated economic costs analysed in our study are much
lower than aggregate economic losses which Russia faces due to biological invasions, as
in the case of other countries (e.g. Haubrock et al. 2021a, b; Rico-Sinchez et al. 2021).

Conclusions

The present study provides the most comprehensive quantification of economic costs
associated with invasive species in terrestrial ecosystems, in particular in forestry and
agriculture, in Russia. Reported economic costs have reached US$ 51.52 billion in
total for the studied period 2007-2019. In turn, we identified a number of gaps and
biases in cost estimation which could provide information for future compilations of
invasion costs within Russia. Firstly, a minority of costs reported in Russia from inva-
sions have been empirically observed, with the vast majority being based on extrapola-
tions from smaller scales. Moreover, costs were not geographically resolute, with the
majority of expenditures split between European and Asian parts of Russia, impeding
local-scale appraisals of costs and thus fine-scale decision-making. Secondly, terrestrial
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biota drove the entirety of reported costs in Russia, with no impacts reported from
invasive aquatic or semi-aquatic biota, despite the massive extent of coastal and fresh-
water systems nationally and burgeoning global costs from aquatic invaders (Cuthbert
et al. 2021b). We note, however, that this study focused on terrestrial ecosystems,
because we did not intensively seek to obtain aquatic invasion costs for Russia from
sources outside of published literature. Reported costs were also dominated by re-
source damage and losses to agricultural and forestry sectors, with very little in terms
of management. This is concerning, as a lack of early-stage intervention measures
could drive much greater invasion costs in future (Leung et al. 2002; Ahmed et al.
2021). Thirdly, less than 10% of recorded non-native species in Russia have recorded
costs and entire taxonomic groups, such as vertebrates, are currently lacking cost es-
timation. Overall, we thus encourage to improve cost estimation resolution across
environmental, spatial, temporal and taxonomic scales, including appraisals for costs
of management interventions, not only for terrestrial invaders (including vertebrates),
but also for organisms invading aquatic ecosystems in Russia. In that context, Inva-
Cost offers an opportunity to standardise and centralise invasion cost reporting for the
Russian economy and elsewhere, in a publicly available and comprehensive manner
(Diagne et al. 2020a).
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