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Abstract

Invasive alien species (IAS) negatively impact the environment and undermine human well-being, often
resulting in considerable economic costs. The Mediterranean basin is a culturally, socially and economi-
cally diverse region, harbouring many IAS that threaten economic and societal integrity in multiple ways.
This paper is the first attempt to collectively quantify the reported economic costs of IAS in the Medi-
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terranean basin, across a range of taxonomic, temporal and spatial descriptors. We identify correlates of
costs from invasion damages and management expenditures among key socioeconomic variables, and
determine network structures that link countries and invasive taxonomic groups. The total reported inva-
sion costs in the Mediterranean basin amounted to $27.3 billion, or $3.6 billion when only realised costs
were considered, and were found to have occurred over the last three decades. Our understanding of costs
of invasions in the Mediterranean was largely limited to a few, primarily western European countries and
to terrestrial ecosystems, despite the known presence of numerous high-impact aquatic invasive taxa. The
vast majority of costs were attributed to damages or losses from invasions ($25.2 billion) and were mostly
driven by France, Spain and to a lesser extent Italy and Libya, with significantly fewer costs attributed
to management expenditure ($1.7 billion). Overall, invasion costs increased through time, with average
annual costs between 1990 and 2017 estimated at $975.5 million. The lack of information from a large
proportion of Mediterranean countries, reflected in the spatial and taxonomic connectivity analysis and
the relationship of costs with socioeconomic variables, highlights the limits of the available data and the
research effort needed to improve a collective understanding of the different facets of the costs of biologi-
cal invasions. Our analysis of the reported costs associated with invasions in the Mediterranean sheds light
on key knowledge gaps and provides a baseline for a Mediterranean-centric approach towards building
policies and designing coordinated responses. In turn, these could help reach socially desirable outcomes

and efficient use of resources invested in invasive species research and management.

Abstract in French

Coiits économiques des espéces exotiques envahissantes dans le bassin méditerrannéen. Les es-
péces exotiques envahissantes (EEE) impactent négativement 'environnement et le bien-étre humain,
et résultent souvent en des colts économiques considérables. Le bassin méditerranéen est une région
culturellement, socialement et économiquement variée; elle abrite de nombreuses EEE qui menacent
son intégrité économique et sociétale de multiples facons. Cet article constitue la premiére tentative
de quantification collective des colits économiques associés aux EEE dans le bassin méditerranéen au
travers de divers descripteurs taxonomiques, temporels et spatiaux. Nous identifions les corrélations
des cotits dits aux dégats des EEE et aux dépenses induites par leur gestion avec des variables socio-
économiques clés, et nous déterminons les structures des réseaux qui lient les pays et les différents
groupes taxonomiques envahissants. Le montant total du colt des invasions dans le bassin méditer-
ranéen s'éléve 2 $27,3 milliards, et $3,6 milliards si seuls les cotts réalisés sont pris en compte au cours
des trois derniéres décennies. Notre compréhension du cotit des invasions biologiques en Méditerranée
est largement réduite aux données concernant quelques pays, essentiellement d’Europe de 'Ouest, et
aux écosystemes terrestres, malgré la présence avérée de nombreux organismes aquatiques envahissants
A fort impact. La grande majorité des colts reportés correspondent a des dégats ou des pertes ($25,2
milliards) et concerne essentiellement la France, I'Espagne et, dans une moindre mesure, I'Ttalie et la
Libye, avec significativement moins de colits correspondant 2 des dépenses de gestion ($1,7 milliard).
De fagon générale, les colits liés aux invasions augmentent avec le temps, avec un colt annuel moyen
entre 1990 et 2017 estimé & $975,5 millions. Le manque d’information pour une grande part des pays
méditerranéen, qui se refléte dans I'analyse de connectivité spatiale et taxonomique et les relations entre
les coits et les variables socio-économiques, met en évidence les limites des données disponibles, ainsi
que leffort de recherche qui est nécessaire pour une compréhension plus globale des différentes facettes
des cotts des invasions biologiques. Notre analyse des colits reportés pour la région méditerranéenne
met en lumiére les principales lacunes de connaissance et pose les bases d’une approche Méditerranée-
centrée visant la mise en place de politiques et le design de réponses coordonnées. En retour, celles-ci
pourront aider 4 atteindre une utilisation efficace et socialement acceptable des ressources investies dans
la recherche sur les especes envahissantes et dans leur gestion.
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Abstract in Spanish

Costos econémicos de las especies exéticas invasoras en la cuenca mediterrdnea. Las especies exdticas
invasoras (EEI) tienen un impacto negativo en el medio ambiente y perjudican el bienestar humano, lo
que a menudo genera costos econdémicos considerables. La cuenca del Mediterrdneo es una regién cul-
tural, social y econémicamente diversa, que alberga un gran niimero de especies exdticas invasoras que
amenazan la integridad econémica y social de maltiples maneras. Este articulo es el primer intento de
cuantificar colectivamente los costos econdémicos reportados de las EEI en la cuenca del Mediterrdneo,
a través de una variedad de descriptores taxondmicos, temporales y espaciales. Identificamos las correla-
ciones de los costos causados por los dafios de las EEI y los gastos relacionados con su gestién con una
serie de variables socioecondmicas clave y determinamos las estructuras de red que vinculan a los paises
de la cuenca Mediterrdnea y los grupos taxonédmicos invasores. Los costos totales de invasién reportados
en la cuenca del Mediterrdneo ascendieron a $27.3 mil millones, o $3.6 mil millones cuando solamente
se consideraron los costos realizados, los cuales ocurrieron durante las tltimas tres décadas. Nuestro cono-
cimiento de los costos de las invasiones en el Mediterrdneo se limité en gran medida a unos pocos paises,
principalmente de Europa occidental, y a ecosistemas terrestres, a pesar de la presencia conocida de nu-
merosos taxones invasores acudticos de alto impacto. La gran mayoria de los costos se atribuyeron a dafios
o pérdidas por invasiones ($25.2 mil millones) y fueron impulsados principalmente por Francia, Espafia y,
en menor medida, Italia y Libia, con costos significativamente menores atribuidos a los gastos de gestién
($1.7 mil millones). En general, los costos aumentaron con el tiempo, con costos anuales promedio entre
1990 y 2017 estimados en $975.5 millones. La falta de informacién de costos en una gran proporcién
de paises mediterrdneos, reflejada en el andlisis de conectividad espacial y taxonémica y la relacién de
los costes con las variables socioecondémicas, pone de manifiesto los limites de los datos disponibles y el
esfuerzo investigador necesario para mejorar la comprension colectiva de las diferentes facetas de los costos
de las invasiones bioldgicas. Nuestro andlisis de los costes reportados asociados con las invasiones en el
Mediterrdneo pone de relieve las actuales lagunas de conocimiento y proporciona una linea de base para
un enfoque centrado en el Mediterrdneo hacia la creacién de politicas y el disefio de respuestas coordina-
das. A su vez, este estudio podria ayudar a alcanzar resultados socialmente deseables y un uso eficiente de
los recursos invertidos en la investigacién y el manejo de EEI en la cuenca del Mediterrédneo.

Abstract in Italian

Costi economici delle specie aliene invasive nel bacino del Mediterraneo. Le specie aliene invasive
(SAI) impattano negativamente I'ambiente e minacciano il benessere umano, spesso con conseguenti costi
economici. Il bacino Mediterraneo ¢ una regione culturalmente, socialmente ed economicamente diversa,
ospitando molte SAI che minacciano lintegritd economica e sociale in molti modi. Questo articolo ¢ il
primo tentativo di quantificare collettivamente i costi economici riportati per le SAI nel bacino Mediter-
raneo, con un uno spettro di descrittori tassonomici, temporali e spaziali. Identifichiamo i correlati dei costi
dai danni delle invasioni e le spese di gestione tra le variabili socioeconomiche chiave, e determiniamo strut-
ture a rete che collegano Paesi e gruppi tassonomici invasivi. I costi totali delle invasioni riportati nel bacino
Mediterraneo ammontano a $27,3 miliardi, o $3,6 miliardi se si considerano solo i costi realizzati, e si sono
verificati nel corso degli ultimi tre decenni. La nostra comprensione dei costi delle invasioni nel Mediterra-
neo era ampiamente limitata a pochi Paesi Europei, soprattutto quelli occidentali, e agli ecosistemi terrestri,
nonostante la nota presenza di numerosi taxa acquatici invasivi di alto impatto. La grande maggioranza dei
costi delle invasioni sono stati attribuiti a danni o perdite ($25,2 miliardi) e sono stati principalmente deter-
minati dalla Francia, dalla Spagna e, in misura minore, dall'Italia e dalla Libia, con costi significativamente
minori attribuiti alle spese di gestione ($1,7 miliardi). In generale, i costi delle invasioni sono aumentati
nel tempo, con un costo annuale medio tra il 1990 ¢ il 2017 stimato a $975,5 miliardi. La mancanza di in-

formazioni da una larga proporzione di Paesi del Mediterraneo, riflessa nell’analisi di connettivita spaziale e
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tassonomica e nella relazione tra i costi ¢ le variabili socioeconomiche, sottolinea i limiti dei dati disponibili
e delle ricerche necessarie per migliorare la conoscenza collettiva dei diversi aspetti dei costi delle invasioni
biologiche. La nostra analisi dei costi riportati associate alle invasioni nel Mediterraneo fa luce sulle lacune
chiave nella conoscenza ¢ fornisce una base per un approccio Mediterraneo-centrico verso la formulazione
di politiche e di risposte coordinate. A sua volta, queste potrebbero aiutare a raggiungere risultati social-
mente desiderabili e un uso efficiente delle risorse investite nella ricerca e nella gestione delle specie invasive.

Abstract in Greek

Oucovoprxs xooty stofohnmv sdov oty Aexavy ™ Meooyeiov. Tu cofolxd eidn ennpedlovy
xpvnTnd To meELBdAloy xot vroBabpilovy Ty avBonmtvy eunpepla, *ATL TOL GLY VA XATUAYYEL GE ONUOVTING
owovopnd x001. H Aexdvn e Mecoyelov eivar pior TOMTIOTING, HOWVWVIXG KoL OLUOVOUIXE TOMAOULOQPT|
neptoy mov @hofevel mOANG etofoMud eidy To OmOlK ATEAOLY TNV OIMOVOUIXT] %L XOLVWVIXT GUYOYT|
ue Suaopoug tpomove. H spyaoio ot eivon o mpwtn mpoondbetar v TOGOTIHOTOWOEL GUVOMUG To
oovVopId #6011 eloBolnmy eldmv Tov gyouvv avapeplsl Yo v Aexavn e Meooyeiov pe ™ yoevon evog
eDEOLE TUEVOUIXGY, YEOVIUMY %L YwEMKY Teptypxpéwy. ITpoadiopilovpe ouoyetioelc Tov xdoTOLE ATO TIG
Inuigc now Srayeiplon Twv etofolnmy ety pe Baoés nowwvind-owmovoumss uetaBintes, xabog eniong
7ot TG SOUES TOL BLTOOL TTOL GLYSEOLY TIC YWEES e Tt¢ etoBolnés Tafvounes opddec. To ouvolina ndoty
an6 etoBokéc oV kexavr g Mecoyeiov extipnOnrav oe $27,3 dig, 1 $3,6 dic Aapdvovtag vndn uodvo ta
moaypotnd,/vhomomBevio 60Ty, nou EhaBoy ywEa oty Sdpxetn Twv ToLbY Tekevtaiwy dexaetidy. H yvion
MG ytor T %601 Twy etoBolnmy etldwv oty Mecoyelo mepropiotxe oe peydho Babuod oe Aiyeg, nvplwe
Sutino-Evpwnainég yhpee nat ot yepoula OM0GLOTHUATA, THEE TO OTL YWEILOLHUE YLor TV TXEOLGLX TOAMY
cloBolnwy edwy o8 LBATVA OOCLOTAPXTX pe onNuavTnég emntwoee. H ovvtomtun mhetodmneio tov
%66700¢ amodobnxe oe {nuiég 1 amdreteg amd etoBokéc ($25,2 dig) not nuping and ™y Iadiie, Ionavio xat oe
ue0o1eE0 Babpd and v Itakia nor ™y AtBidm, eve onpovting Myotepa #0011 anodobnnay ot Sixyeioon
($1,7 81c). Xvvohna, o #00T TV etoBolnmy edwy avéndnray oy Sidpueln TOL YEOYOL pEe TO PECO
emoto 16010¢ petald Tov 1990 no 2017 v extipata ot $975,5 exatoppuvora. H ehkerdn mhinpoyopiag and
ueyain pepida Meooyetanay Yweomy, To avTxaTOTTOILETHL GTNY YWEXH ©at THEVOUIXY AVEALGT| GLOYETIONG
7oL 6TV OYE0 UETAED TOL HOGTOLG AL HOYWVIXO-OLOVOIUMY LETXBAY TGOV, aVaSEMvDEL TOVS TEQLOPLOUODS
nov Ogtovy T Stxbéotpuo Sedopévar not TNV aVEyRN YL EQELVAL, YL P XXADTEQY] GLAAOYUN XATAVOYGN TWY
SLapOEETINGY TTLY WY TOL XOGTOVS TwY Brodoywy etaBokav. H avdhvon poag yor tar xotayeyoxpuéve 160t
cloBolney 8wy 611 MeGOYELO QEOVEL GTO PWC GNUAVTING HEVE YVMGYC HAL TEOGWEQEL TNV Bdo Yo [ia
TEOGEYYIOY Pe eminevtpo v Meodyeto, ylo Tov oyedlaoid GLVTOVIGHEVWY Sp&oEWY Xat Ty dnutoveyia
noltixwy. Me ) oelpa Toug antég umoeovy va Bondncovy oty enitevén entbountey anoteleoudtwy 1ot
XTOSOTUNG YENONG TWV TOEWY TTOL EMEVBDOVTAL BTV EELVX XaL Slaryeipta] eloBolnmy etdwv.

Abstract in German

Kosten invasive Arten Kosten invasiver gebietsfremder Arten im Mittelmeerraum. Invasive gebiets-
fremde Arten wirken sich negativ auf die Umwelt aus und beeintrichtigen das Wohlbefinden des Men-
schen, was hiufig zu erheblichen wirtschaftlichen Kosten fithrt. Das Mittelmeerbecken ist eine kulturell,
sozial und wirtschaftlich vielfiltige Region mit vielen gebietsfremden Arten, die die wirtschaftliche und ge-
sellschaftliche Integritit auf vielfiltige Weise gefihrden. Dieses Arbeit ist der erste Versuch, die gemeldeten
wirtschaftlichen Kosten dieser Arten im Mittelmeerraum iiber eine Reihe taxonomischer, zeitlicher und
riumlicher Deskriptoren hinweg kollektiv zu quantifizieren. Wir identifizieren Korrelationen von Kosten
biologischer Invasionen und Verwaltungsausgaben unter den wichtigsten soziodkonomischen Variablen
und bestimmen Netzwerkstrukturen, die Linder und invasive taxonomische Gruppen verbinden. Die
gesamten gemeldeten Kosten im Mittelmeerraum beliefen sich auf $27,3 Mrd. oder $3,6 Mrd., wenn nur
realisierte Kosten beriicksichtigt wurden, und wurden in den letzten drei Jahrzehnten festgestellt. Unser

Verstindnis der Kosten biologischer Invasionen im Mittelmeerraum war trotz des bekannten Vorhanden-
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seins zahlreicher hoch-invasiver aquatischer invasiver Taxa weitgehend auf einige wenige, hauptsichlich
westeuropiische Linder und terrestrische Okosysteme beschrinkt. Die iiberwiegende Mehrheit der Kos-
ten entfiel auf Schiden oder Verluste an Ressourcen durch Invasionen ($25,2 Mrd.) und wurde hauptsich-
lich von Frankreich, Spanien und in geringerem Mafle von Italien und Libyen getragen, wobei die Ver-
waltungsausgaben ($1,7 Mrd.) erheblich geringer waren. Insgesamt stiegen diese Kosten im Laufe der
Zeit, wobei die durchschnittlichen jihrlichen Kosten zwischen 1990 und 2017 auf $975,5 Mio. geschitzt
wurden. Der Mangel an Informationen aus einem groflen Teil der Mittelmeerlinder, der sich in der rdum-
lichen und taxonomischen Konnektivititsanalyse und dem Verhiltnis der Kosten zu sozioskonomischen
Variablen widerspiegelt, zeigt die Grenzen der verfiigbaren Daten und den Forschungsaufwand auf, der
erforderlich ist, um ein kollektives Verstindnis der verschiedenen Facetten der Kosten fiir biologische Inva-
sionen zu verbessern. Unsere Analyse der gemeldeten Kosten im Zusammenhang mit Invasionen im Mit-
telmeerraum beleuchtet wichtige Wissensliicken und bietet eine Grundlage fiir einen auf den Mittelmeer-
raum ausgerichteten Ansatz zur Erstellung von Strategien und zur Gestaltung koordinierter Reaktionen.
Dies konnte wiederum dazu beitragen, sozial wiinschenswerte Ergebnisse zu erzielen und die Ressourcen
die in die Forschung an invasiven Arten und deren Bewirtschaftung investiert werden, effizient zu nutzen.

Abstract in Croatian

Ekonomski troskovi invazivnih stranih vrsta u mediteranskom bazenu. Invazivne strane vrste nega-
tivno utje¢u na okoli§ i sabotiraju dobrobit ljudi, $to ¢esto rezultira znacajnim ekonomskim troskovima.
Mediteranski bazen je kulturno, socijalno i ekonomski raznolika regija u kojoj se nalaze mnoge invazivne
strane vrste koje na viSe na¢ina ugrozavaju njezin ekonomski i drustveni integritet. Ovaj rad je prvi pokusaj
kolektivnog kvantificiranja prijavljenih ekonomskih troskova invazivnih stranih vrsta u mediteranskom
bazenu, kroz niz taksonomskih, vremenskih i prostornih deskriptori. Utvrdili smo korelati troskova od
$tete prouzoréene invazivnim stranim vrstama i izdataka za upravljanje medu klju¢nih socioekonomskih
varijabli, i utvrdili mrezne strukture koje povezuju drzave i invazivne taksonomske skupine. Ukupni pri-
javljeni troskovi invazije u mediteranskom bazenu iznosili su 27,3 milijarde dolara, odnosno 3,6 milijardi
dolara kada su se uzimali u obzir samo ostvareni troskovi, a koji su zabiljezeni u posljednja tri desetlje¢a.
Nase razumijevanje troskova invazije na Sredozemlju uglavnom je bilo ograni¢eno na nekoliko, prven-
stveno zapadnoeuropskih zemalja i kopnene ekosustave, unato¢ poznatoj prisutnosti brojnih vodenih
invazivnih svojti s prepoznatim velikim utjecajem. Velika ve¢ina troskova pripisana je $teti ili gubicima
od strane invazija (25,2 milijarde dolara), uglavnom predvodenim od strane Francuske i Spanjolske te u
manjoj mjeri Italije i Libije, uz znatno manje troskova pripisanih izdacima za upravljanje (1,7 milijardi
dolara). Sveukupni troskovi invazije s viemenom su se povecavali, a prosje¢ni godisnji troskovi izmedu
1990. i 2017. procjenjuju se na 975,5 milijuna dolara. Nedostatak informacija iz velikog dijela mediter-
anskih zemalja, koji se ogleda u analizi prostorne i taksonomske povezanosti te odnosu troskova sa socioe-
konomskim varijablama, ukazuje na ograni¢enost dostupnih podataka i istrazivackog napora potrebnim
za poboljanje kolektivnog razumijevanja razlicitih aspekata troskova bioloskih invazija. Nasa analiza pri-
javljenih troskova povezanih s invazijama na Mediteranu ukazuje na klju¢ne nedostatke u znanju i daje
osnovu za mediteranski usmjeren pristup izgradnji politika i osmiljavanju koordiniranih odgovora. Takav
pristup bi zauzvrat mogao pomodéi u postizanju drustveno pozeljnih rezultata i u¢inkovitom koristenju

resursa ulozenih u istrazivanje i upravljanje invazivnim stranim vrstama.
Abstract in Arabic
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Introduction

The ongoing spread of invasive alien species (IAS) is a key driver of biodiversity and
ecosystem degradation that continues to adversely affect human and social well-being
at local, national and global scales (Pysek et al. 2020; Secretariat of the Convention
on Biological Diversity 2020). With increasingly globalised trade and transport net-
works, there is no sign of abatement in invasion rates worldwide (Seebens et al. 2017),
owing to high propagule and colonisation pressures sustained from increasingly in-
terconnected biogeographic regions (Seebens et al. 2018). Despite the relatively well-
characterised ecological impacts of several IAS among ecosystem types and geographic
regions (Dick et al. 2017; Crystal-Ornelas and Lockwood 2020), a paucity in estima-
tion of economic costs, along with a poor understanding of socioeconomic impacts,
limits monetary investments in management (Courchamp et al. 2017). In turn, this
also hampers rationale for timely management of IAS at national or regional scales.
That is despite the well-known and accepted fact that investments in prevention are far
more economically efficient than longer-term control protocols (Leung et al. 2002).
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Large-scale efforts to quantify invasion costs have primarily focused on a single
country (e.g. the U.S.; Pimentel et al. 2000, 2005 or Australia; Hoffmann and Broad-
hurst 2016), taxonomic group (e.g., insects; Bradshaw et al. 2016) or economic sec-
tor (e.g., agriculture; Paini et al. 2016). Whilst these studies have promoted attention
towards burgeoning economic costs of invasions, a lack of understanding of these costs
at smaller spatial scales, across countries, species or sectors, presently impairs regional-
scale interventions, and particularly for regions that are interconnected biogeographi-
cally. Moreover, extrapolations in previous estimations of IAS costs have prompted
debate on their relevance and reliabilicy (Cuthbert et al. 2020). For interconnected
countries with borders lacking natural or anthropogenic barriers for species’ movement,
a unified approach to IAS management may be most efficient: investments from one
country could offset future costs in another, given the ease at which invaders can spread.
However, the factors driving invasion success are also often highly context-dependent,
and can vary depending on many parameters, such as taxa, introduction pathways,
spread mechanisms, characteristics and vulnerability of recipient ecosystems (Novoa et
al. 2020). Factors that mediate the economic impacts of IAS have yet to be considered
in monetary quantifications to better inform decision-making and management.

The Mediterranean basin is a major biogeographic unit, whether defined by its
shared climate or marine resources, its distinct biome (Dinerstein et al. 2017), or as
one of the world’s most diverse biodiversity hotspots (CEPF 2020). Spanning three
continents, countries within the Mediterranean basin are highly connected through
terrestrial and aquatic routes and often share similar pathways and ecosystem charac-
teristics (e.g. Katsanevakis et al. 2013). This interconnectedness calls for coordinated
responses and management actions (Traveset et al. 2008; Tempesti et al. 2020). For
example, in the Mediterranean Sea, the opening of the Suez Canal in 1869 facilitated
the widespread introduction of numerous alien marine taxa. The speed of invasion and
range of Lessepsian IAS have been increasing ever since, owing to a number of factors
such as currents, climate change, removal of high and low-salinity barriers, overexploi-
tation of native fish, etc (Lasram et al. 2008, 2010; Raitsos et al. 2010; Edelist et al.
2011, 2013; Vergés et al. 2014). Indeed, for marine taxa, recorded species introduc-
tions into the Mediterranean Sea significantly exceed the numbers of species introduc-
tions in other European seas, with the eastern Mediterranean possibly the most heavily
impacted (Edelist et al. 2013; Galil et al. 2014).

Aside from the marine realm, terrestrial and freshwater ecosystems also share similar
invasion patterns across countries of the Mediterranean basin, such as similar species
traits of successful invaders or habitat vulnerability (e.g., Arianoutsou et al. 2013), and
deserve attention given the diversity and impacts of invasions there (Clavero etal. 2010).

The millenary history of trade and travel, and multiple other anthropogenic distur-
bances in the region, has led to a biogeographically diverse set of invaders (Arianoutsou
et al. 2013). These IAS have strong socioeconomic and geographical imprints which
are particularly high in both the mainland and islands of the basin (Groves and di
Castri 1991; Vila and Pujadas 2001; Py$ek and Richardson 2010). Notably, the Med-
iterranean-type climate imposes stringent regulatory effects over the invasion potential
of many species, hindering the establishment of species requiring colder or wetter con-
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ditions, and leading to the development of circum-Mediterranean or quasi-circum-
Mediterranean ranges for well-adapted ones. Among the latter are many highly damag-
ing species, such as the Asian tiger mosquito (Aedes albopictus) (Gasperi et al. 2012),
the red swamp crayfish (Procambarus clarkii) (Gherardi and Acquistapace 2007), or the
palm moth (Paysandisia archon) (Mufoz-Adalia and Colinas 2020). Despite efforts to
understand economic dimensions for some of the most prominent IAS in this region
along with their impact on human well-being, integrated analyses encompassing im-
pacts and costs at the scale of the Mediterranean basin are still largely missing.

Recognising this gap and the often-expected connectivity of invasions across eco-
systems in the region, a useful approach for prioritising the allocation of resources
aimed at IAS management is to identify which species pose the greatest economic risks
and build collaborative strategies for their management. Additionally, lessons gained
from the successes and failures of managing a species in one country can guide manag-
ers in others. Indeed, regional approaches are recognised to be essential in sustainable
and eficient prevention against IAS (Faulkner et al. 2020). Identifying in which habi-
tat types costs are reported, which socioeconomic sectors are affected, and how costs
accrue over time further informs targeted management interventions. However, at pre-
sent, economic impacts attributable to IAS are not centrally examined, categorised or
systematically reported within the Mediterranean basin, impeding effective ecosystem
management responses, and reducing efficiencies of investments. The Mediterranean
region is also a cradle of civilisations that encompasses a wide range of environmental,
socioeconomic and cultural elements. Well-being, social and economic development
are highly dependent on natural resources and a vulnerable environment that, similar
to the rest of the world, is at risk from biological invasions.

The present study thus builds on the InvaCost initiative (Diagne et al. 2020a, ¢) to
present the first large scale analysis of invasion costs in the Mediterranean basin. We exam-
ine how costs in this region are distributed over time and across countries, habitat types,
taxonomic groups and economic sectors. We also estimate the influence of socioeconomic
drivers (e.g., trade, tourism, research) on the reporting of IAS costs. Moreover, countries
with the highest economic costs are identified, as well as similarities and differences in their
cost characteristics and network structures that indicate countries impacted by similar taxa.

Materials and methods

Data collection and extraction

For the purposes of quantifying the costs associated with IAS in the Mediterranean ba-
sin, we combined information from databases linked to the InvaCost project, the first
global effort to systematically compile and synthesise the monetary costs of invasive
species (Diagne et al. 2020a) (Fig. 1).

InvaCost is a living database, meant to be updated on an ongoing basis by au-
thors and future users (Diagne et al. 2020a). We used the cost entries available at
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Figure . Process of compiling data sources for a database of invasion costs for the Mediterranean.

the time of writing (November, 2020; 4,793 entries, Ballesteros-Mejia et al. 2020;
Diagne et al. 2020b), which were the result of both systematic and targeted searches,
conducted through standardised English-language search strings in Web of Science,
Google Scholar and Google. Targeted searches allowed opportunistic addition of sup-
plementary cost entries, in both English and French. These searches were conducted
in a number of different ways which span from examining the content of relevant web
pages to contacting national and international experts for obtaining published or un-
published documents. Further methodological details regarding the search strategies,
search terms used, material included, the screening process and the inclusion criteria,
can be found in Diagne et al. (2020a).

These data were further complemented with 5,212 cost entries extracted from litera-
ture in 15 languages other than English (Angulo et al. 2020, 2021). These cost estimates
were collated through a) a standardised literature search that used the InvaCost protocol
described in Diagne et al. (2020a) and b) a more targeted opportunistic search through
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national databases, web pages of national institutions, NGOs and other organisations,
as well as through contacts with regional national experts (Angulo et al. 2021).

We filtered the cost entries compiled (7 = 10,005) to select only costs of IAS in the
26 countries having a coastline on the Mediterranean Sea (or countries within these
countries, i.e. Andorra, San Marino, Vatican City), or costs in the Mediterranean Sea.
Costs of IAS explicitly occurring in overseas territories of these countries (e.g. French
Guiana) were excluded from our analyses.

Prior to analyses, all cost entries in our database were expanded so that each entry
was annualised (i.e. corresponding to a single year), given that original cost estimates
may have corresponded to either a cost realised over a single year, a period of less than
a year, or a cost reoccurring over a series of years. For the purpose of expanding these
original cost entries, we used the expandYearlyCosts function of the ‘invacost’ R package
(Leroy et al. 2020), based on the difference between the probable starting and end-
ing years of each cost entry presented in the database. Note that this process removed
any cost entries (including one for Israel, Morocco and Tunisia) that occurred over an
unspecified time period following the procedure described in Diagne et al. (2020a).
Our analysis is therefore based on the 4,786 “expanded” cost entries resulting from this
process and occurring up until 2017 (the last complete year included in all systematic
searches). These mostly originated from the following 15 Mediterranean countries:
Albania, Bosnia and Herzegovina, Croatia, Cyprus, Egypt, France, Greece, Israel, Italy,
Libya, Malta, Montenegro, Slovenia, Spain and Turkey.

All cost estimates were standardised to 2017 equivalent US dollars (US$) using
the market exchange rate (World Bank), and accounting for inflation (Consumer Price
Index of the year the cost was estimated for in each study) (Diagne et al. 2020a, b).
The dataset used for the analysis is provided as a Suppl. material (Suppl. material 1:
Mediterranean database).

Cost descriptors, temporal cost dynamics and correlation with socioeco-
nomic variables

The extracted cost data were classified according to temporal, spatial, and taxonomic
descriptors (see Diagne et al. 2020a for more details): (7) Publication year: referring
to the year in which the study and/or costs were published; (77) Method reliability:
illustrating the perceived reliability of the type of publication and methodological ap-
proach used for cost estimation; estimates obtained from officially pre-assessed materi-
als (peer-reviewed articles and official reports), or from grey material but with docu-
mented, repeatable and traceable methods, were designated as “High” reliability. All
other estimates were designated as having a “Low” reliability; (77) Implementation:
referring to whether the cost estimate was actually realised or empirically incurred
due to an invasive species within the invaded habitat (“Observed”), or whether it was
not incurred but rather expected and/or predicted over time within or beyond its ac-
tual distribution area (“Potential”); (7v) Country: describing the origin country of the
listed cost; (v) Taxonomy, referring to the taxonomic grouping of the cost; (v7) Habitat



Economic costs of invasive alien species in the Mediterranean basin 437

of species: corresponding to where the species occurs (i.e. “Aquatic”, “Semi-aquatic”,
“Terrestrial” or “Diverse/Unspecified”) (Suppl. material 2: Table Sla); (vii) Type of
cost: grouping of costs according to the categories: (a) “Damage” referring to damages
or losses incurred due to the invasion (i.e., costs for damage repair, resource losses,
medical care), (b) “Management” comprising expenditure such as control, monitoring,
prevention, eradication, (c) “Mixed” including a mix of categories (a) and (b) (cases
where reported costs were undistinguishable damage and management costs); (vii)
Impacted sector: the activity, societal or market sector that was impacted by the cost
(Suppl. material 2: Table S1b); note that individual cost entries not allocated to a sin-
gle sector were classified as “Mixed” in the “Impacted sector” column. Costs that were
incurred from multiple or unspecified taxa, or countries, were categorised as “Diverse/
Unspecified”.

To assess temporal trends of invasion costs in the Mediterranean over time, we
considered 5-year means since 1990 (the first year with invasion costs in our database).
We examined costs as a function of the “Impact year”, which reflects the time at which
the invasion cost likely occurred based on probable starting and ending years (Leroy
et al. 2020). This allowed for an estimation of annual average costs over the entire
reported period.

In addition to the data included in our cost database, we collected complemen-
tary elements from the Centre for Agriculture and Bioscience International (CABI
2020) to obtain information on the geographic origin of each invasive species causing
observed damage costs in the studied area, including their presence in each country,
pathways of introduction, impacts and uses (if any). To improve our analysis and
interpretation of invasion costs, we also extracted information on several country
indicators from the World Bank (2020) (Suppl. material 2: Table S2) to further assess
whether costs in each country could be correlated to key socioeconomic variables.
To that aim, the ggcorr function of the ‘GGally’ package in R 4.0.0 was used. We
found significant correlations between some of these indicators (Suppl. material 2:
Fig. S1). However, since we aimed to study the relation of each indicator with the
observed costs independently, we estimated Spearman rank correlations between each
extracted indicator and country-level expenditures and damage costs using the ‘gg-
pubr’ package in R 4.0.0.

Network analysis of costs

Spatial and taxonomic aspects of Mediterranean invasion costs were concurrently ex-
amined using a bipartite network of two types of nodes: (1) countries and (2) tax-
onomic groups (excluding studies reporting costs on diverse taxonomic groups, or
in other words costs for species belonging to different taxonomic groups that were
reported together). For taxa, broad groupings were created from combinations of
habitat and animal taxonomic group (e.g. “terrestrial mammal”, “aquatic arthropod”)
or plant guild e.g. (“terrestrial forb” or “aquatic floating”) to facilitate broad-scale
taxonomic linking among countries. The taxonomic groupings used can be found
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in Suppl. material 1: Mediterranean database. In brief, links were produced among
nodes where a group had a cost in a given country, and the link thicknesses and node
sizes were attributed to respective cost totals. As such, the size of the nodes, and
thickness of the links, correspond to the magnitude of cumulative economic costs
incurred for the 1990-2017 period. The network was illustrated in Gephi 0.9.2 using
the ForceaAtlas2 algorithm (Bastian et al. 2009). We applied the Map Equation com-
munity-detection algorithm (version 0.19.12, www.mapequation.org; Rosvall and
Bergstrom 2008, Rosvall et al. 2009) to examine clusters of countries which exhibited
similar combinations of invasion costs. Clusters within this network reflect groups of
nodes sharing costs (e.g., an invasive group that impacted multiple countries, or mul-
tiple groups that impacted altogether one to several countries). The network analysis
was performed using the ‘biogeonetworks’ R package (Leroy et al. 2019; Leroy 2020),
and based on the Map Equation algorithm optimised for a two-level partition of the
network with 1,000 trials.

Results

Overview of invasion costs

Between 1990 and 2017, the total cost of IAS in the Mediterranean basin was esti-
mated at $27.31 billion (in 2017 US$ values). The majority of the costs for the Medi-
terranean in our database were published after the mid-2000s (orange line, Fig. 2). The
number of costs occurring per year exhibited a general increase over time, especially
after 2006 (red line, Fig. 2)

The vast majority (87%) of total costs for the region were derived from expec-
tations or predictions (Potential, $23.73 billion), rather than empirical observations
(Observed, $3.59 billion). However, these potential costs correspond to a relatively
small number of database entries (7 = 279) with the majority of entries corresponding
to empirical observations (7 = 4,507, Fig. 3). Additionally, close to 98% of the cost
entries for the Mediterranean basin (7 = 4,672), corresponding to $25.89 billion, were
deemed highly reliable based on the method of estimation (see also Suppl. material 2:
Fig. S2, for method reliability in observed costs). Most of the costs (69%, $18.81 bil-
lion) originated from English-language references.

Spatial distribution of costs

Between 1990 and 2017, the majority of Mediterranean invasion costs were recorded
in the western part of Europe: Spain ($12.47 billion, # = 3,367), France ($10.85 bil-
lion, 7 = 1,237) and Italy ($680.76 million, 7z = 107). Costs were also high in Libya
($593.04 billion; 7 = 8). The sum of costs in the remaining 11 countries for which data
were available (i.e. Albania, Bosnia and Herzegovina, Croatia, Cyprus, Egypt, Greece,
Israel, Malta, Montenegro, Slovenia and Turkey) were found to be relatively low, cor-
roborating low numbers of cost entries (Fig. 4).
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Figure 3. Balloon plot indicating invasion costs (total) and cost entry numbers for Mediterranean coun-
tries available, according to implementation type (Observed/Potential) and method reliability (High/Low).
‘The numbers inside or adjacent to each balloon correspond to the sample size (also indicated by shading).

When “Observed” costs were considered, France ($780.71 billion, #» = 1,036),
Italy ($502.9 million, 7 = 94), and Libya ($339.77 million, 7 = 4) were the top three
countries, with Turkey ($325.84 million, 7 = 11) ranking fourth and Spain ($234.48
million, 7 = 3,320) fifth. Our dataset contained no costs for the following 11 coun-
tries: Algeria, Andorra, Gibraltar, Lebanon, Monaco, Morocco, Palestine, San Marino,
Syria, Tunisia and Vatican City.
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Distribution of costs across taxonomic groups

Overall, close to two thirds of the costs ($17.76 billion) were attributed to animals, and
one third ($9.54 billion) to plants, although the number of entries was much smaller for
animals (7 = 1,140 entries) than for plants (z = 3,516 entries). When considering “Ob-
served” costs only, invasions from animals ($1.81 billion, 7 = 998 entries) were found to
be slightly more costly than those from plants ($1.76 billion, 7 = 3,399 entries).

The vast majority of costs were caused by invertebrates, driven predominantly by
the secernentean nematodes ($14.08 billion, 52% of total costs, 7 = 110 entries) and
insects ($3.55 billion, 13% of total costs, 7 = 143 entries). Vertebrates accounted for
<1% of total costs ($74.01 million, 7 = 563 entries), with mammals accounting for
88% of vertebrate costs ($65.07 million, 7 = 272 entries). Plant costs were driven
primarily by the flowering plants Magnoliopsida ($9.35 billion, 34% of total costs).
When observed costs were considered solely, Magnoliopsida was the costliest class of
species, with total reported costs of $1.59 billion (7 = 2,049 entries), followed by in-
sects, with $1.74 billion (7 = 128 entries) (see also Suppl. material 2: Table S3).

The database for the Mediterranean contains costs for 218 species and 187 genera
(considering only costs attributable to individual species or genera). The pine wood
nematode Bursaphelenchus xylophilus, the only species within the class of Secernentea,
was by far the costliest invasive species across the Mediterranean basin, with total costs
peaking at $14.08 billion (Suppl. material 2: Table S3). The New World screwworm
Cochliomyia hominivorax and the common ragweed Ambrosia artemisiifolia followed in
the list of the top three most costly species, with total costs of $1.54 and $1.39 billion,
respectively (Suppl. material 2: Table $4).

When accounting for “Observed” costs only, the common ragweed Ambrosia arte-
misiifolia was the costliest IAS ($1.39 billion), followed by the olive fruit fly Bactrocera
oleae with $0.84 billion, the New World screwworm Cochliomyia hominivorax with
close to $0.34 billion and the tomato leafminer 7uza absoluta with $0.22 billion.

Spatial and taxonomic connectivity of costs

In examining spatial and taxonomic group connectivity across the Mediterranean ba-
sin, six clusters identified marked patterns of invasion costs (Fig. 5).

Two major clusters emerged in the Mediterranean basin. First, France, Italy, Greece,
as well as Turkey and several Balkan countries constituted the largest cluster. All coun-
tries in this cluster were affected by terrestrial forbs; this cluster was also characterized
by multiple groups of invaders affecting one to a few countries (notably, semi-aquatic
arthropods). The second major cluster was composed of Spain and the highly diverse
array of invasive groups impacting this country. The remaining clusters were composed
of one to two countries economically impacted by a specific group of organisms: Libya
and Egypt by terrestrial arthropods, Malta by terrestrial mammals, Cyprus by fishes
and Israel by cnidarians. Nonetheless, despite these marked areas of interrelatedness,
there were many inter-cluster linkages which indicate that most clusters are impacted
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Figure 5. Network of observed invasive alien species costs per country in the Mediterranean. This bipar-
tite network is composed of both species groups and country nodes. Links indicate the cumulative costs
of species in countries over 1990-2017. Node size and link thickness corresponds to the cumulative costs.
For species nodes, node size represents the total cost they had over all countries. For country nodes, the
node size represents the total cost of all species in that country, so large country nodes imply that those

countries had large invasion costs.

economically by several taxonomic groups. Note, for example, the numerous groups
reported to impact both France and Spain. Overall, a relative lack of reported invasion
costs for other Mediterranean countries negated their prominence in the network,
indicating a disparity in cost reporting in the region.

Distribution of costs across habitats, cost types and sectors impacted

Considering both “Total” and “Observed” costs, terrestrial species accounted for the
vast majority of both total ($19.09 billion, 70%) and observed costs ($3.2 billion,
89%) (Fig. 6a, b). Costs characterised as purely “Aquatic” were estimated at $7.9
billion (29% of all costs) and considering only observed costs at $0.12 billion (3.2%
of all costs) (Fig. 6a, b). In both cases, “Semi-aquatic” species contributions were
relatively minor (Total costs: $0.24 billion; Observed costs: $0.20 billion). “Diverse/
unspecified” costs were $80.92 million and $75.79 million, respectively. Costs from
marine taxa comprised only a minor part ($4.24 million, 7 = 18) of the total aquatic

cost ($7.9 billion).
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The vast majority of costs associated with biological invasions in the Mediterrane-
an basin were due to damages or losses (92.1% of total costs, $25.15 billion), followed
by much lower management costs (6.3% of total costs, $1.71 billion) (Fig. 6¢). The
majority of damage costs were reported in Spain and France, and were largely due to
the pine wood nematode invasion. When only observed costs were considered, damage
costs again dominated (60% of observed costs, $2.51 billion), but to a lesser extent
compared to total costs (Fig. 6d). France incurred the highest damage costs ($621.18
million observed) and Italy the second highest ($400.26 million observed). Notably,
more than half of the observed damage costs were attributed to the common ragweed
(55%, $1.39 billion).

The forestry industry was the most severely affected overall, with approximately
$14.1 billion (7 = 114 entries) in total costs (Fig. 6¢). The high costs attributed to
forestry in the Mediterranean basin are primarily due to the pine wood nematode inva-
sion in Spain and France, and the predictions described earlier. Costs to “Public and
social welfare” ($6.79 billion, 7 = 68 entries) followed by “Agriculture” ($2.84 billion,
n = 60 entries) and “Authorities-Stakeholders” ($1.68 billion, 7 = 4,059 entries) were
found to be the next highest among all other sectors. Costs that could not be assigned
to a single sector (i.e., “Mixed”) were lower than costs incurred under the category
“Environment” ($536.49 million, # = 186 and $882.79 million, n = 145 entries for
“Mixed” and “Environment” respectively). The least impacted sectors according to
data records were “Health” ($467.43 million, 7 = 134 entries) and “Fishery” ($3.97
million, 7 = 20) owing to the very low number of cost entries (20 in total) (Fig. Ge).

When “Observed” costs only were considered, “Agriculture” ($1.99 billion, 7 = 51
entries) came out as the most impacted sector, followed by “Authorities-Stakeholders”
($931.47 million, # = 4,018 entries), “Health” costs ($467.43 million, » = 134 en-
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tries), and costs to “Mixed” sectors ($151.65 million, 7 = 148 entries) then “Envi-
ronment” ($25.49 million, 7 = 132 entries) and “Forestry” ($20.09 million, » = 4)
(Fig. 6¢). Costs to the “Fishery” sector were found, again, to have the lowest cost value
($3.97 million, 7 = 20 entries), while there were no observed costs for “Public and
social welfare”, despite high total costs for that sector. This is because all relevant costs
were estimates based on models and/or theoretical assumptions such as for example
scenarios under which the IAS under consideration were to spread beyond their cur-
rent range.

A more detailed breakdown of costs per sector in each country is available in Sup-
pl. material 2: Fig. S3.

Correlations between costs and key socioeconomic variables

For observed cost entries, significant positive correlations were identified between both
damages and management costs and research effort (reflected through expenditure in
R&D). There were also positive strong correlations between a) observed damage-loss
costs and the size of forest areas, GDP, international trade (reflected through container
port traffic), and research effort (reflected also through number of journal publications,
beyond just expenditure in R&D) and b) observed management costs and interna-
tional trade (reflected through imports of goods and services) (Table 1).

Temporal trends of costs

The average annual cost throughout the entire period of 1990-2017 was estimated
at $975.5 million, exhibiting an initial decrease throughout the 1990s, followed by a
sharp increase in the early 2000s, and a further substantial increase afterwards (Fig. 7).
Damages and losses comprised most of the average annual costs throughout this pe-
riod, with management costs comprising less than 6% of all the costs. The average

Table . Relationships of observed “Damage” and “Management” costs of IAS in Mediterranean coun-
tries with country-specific indicators derived from the World Bank (2020). Details on these country-
specific indicators are presented in Suppl. material 2: Table S2. Statistics shown are Spearman correlation
coefficients and associated p-values (in brackets). Cells in bold indicate significance at the 0.05 level.

Da.ﬂlﬂge costs Ma.nﬂgement costs
Total area (km?) 0.10 (0.670) 0.08 (0.740)
Agricultural area (km?) 0.11 (0.650) 0.03 (0.900)
Forest area (km?) 0.63 (0.003) 0.24 (0.310)
Urban area (km?) 0.34 (0.160) 0.31 (0.200)
Human population (thousands of people) 0.22 (0.360) 0.04 (0.880)
GDP (US$) 0.46 (0.039) 0.39 (0.086)
Container port traffic (TEU: 20-foot equivalent units) 0.47 (0.050) 0.33 (0.180)
Research and development expenditure (US$) 0.49 (0.041) 0.61 (0.007)
Scientific and technical journal articles 0.47 (0.035) 0.28 (0.230)
Number of researchers 0.41 (0.088) 0.45 (0.060)

Imports of goods and services (US$) 0.44 (0.054) 0.49 (0.027)
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Figure 7. Total (observed and potential) annual costs resulting from invasions in the Mediterranean re-
gion from 1990-2017 at five-year increments (except for the last three years of the dataset which cover the
period 2015-2017). Data are presented for all costs combined, plus "Damage" and "Management" costs
separately. Solid points and horizontal lines represent annual means over their respective 5-year intervals.
Note that the y-axis is shown on a log, scale. The slight decrease observed for the last three years is likely
indicative of the incomplete sampling of cost for these last years, because of the delay between cost occur-

rence and reporting/publication.

annual costs of damages and losses, estimated at $898.3 million, have been steadily in-
creasing through time, reaching their peak between 2010 and 2015 and declining over
the last three years. Average annual management costs were estimated at $61 million
and had their peak in the early 1990s, reaching a low in the late 1990s and generally
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did not exhibit a consistent pattern through time. Reductions in costs in recent years
likely emanate from time lags (i.e. between timing of cost incurrence and publication)
and thus reflect incompleteness, as there is no evidence that biological invasions are
slowing down (Seebens et al. 2017).

Discussion

Between 1990 and 2017, the total recorded economic costs of biological invasions in
Mediterranean countries amounted to $27.31 billion. However, most costs are the
result of predictions or expectations (87% of total costs, $23.73 billion) rather than
realised costs, meaning that costs were projected in time and/or space by the original
authors, so these costs have not necessarily been borne in practice. It is important to
acknowledge this as a limitation in our understanding of actual economic impacts of
invasions in the region. Observed costs of biological invasions were still substantial,
at $3.59 billion over the same time period. Note again though that our database in-
cludes reported costs only, implying that costs are likely a substantial underestimate.
Additionally, and as suggested by our results, costs may reflect reporting effort as much
as real costs. Biases and gaps in our database likely reflect an absence of published
material or a failure of the InvaCost literature searches to find this or unpublished
material, rather than a genuine absence of costs. Nevertheless, our analysis of temporal
trends identified marked increases in invasion costs over time (during the last three
decades), particularly for resource damages, in line with evidence of increasing rates of
invasion worldwide (Seebens et al. 2017) and increasing publication rates.

Our understanding of the economic impacts of biological invasions in the Medi-
terranean basin is largely limited to studies from a subset of countries: cost data were
found for only 15 out of 26 countries, with the Western European countries (France,
Spain and Italy) dominating reported costs. While most of the invasive species causing
the highest monetary losses in the Mediterranean are present in many countries, their
observed costs are only reported by a few. For example, our database only contains ob-
served costs for cnidarians in Israel, despite the presence of a number of invasive species
of jellyfish all over the Mediterranean (Brotz and Pauly 2012). Furthermore, previous
findings (Capinha et al. 2014; Essl et al. 2015; Schertler et al. 2020; Zhang et al. 2020)
have shown that large areas of the Mediterranean basin are predicted to be currently
climatically suitable for some of the IAS presenting observed damage costs in other
regions. Assuming the presence of suitable dispersal vectors, costs are likely already
occurring in these regions (but have not been reported or captured in our database) or
likely to occur in additional countries as IAS distributions expand.

Not surprisingly and in line with earlier literature establishing correlations between
economic development and invasions (Nufiez and Pauchard 2010), we identified re-
search effort (reflected through expenditure in R&D) to be positively and significantly
correlated with both damage and management costs of IAS. This significant correla-
tion indicates that greater research investments enhance capacities to report economic
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impacts, and may also bolster incentives for management actions. As expected, with
greater economic activity in a country (e.g. higher GDP, greater value of imports etc),
there is a larger scope for a) economic losses, which manifest especially through di-
rectly quantifiable damages to human infrastructure, health or different sectors of the
economy, and b) increased expenditure on management driven by increased awareness
of ecological damages and sufficient resources to invest in alleviating them (Dickie
et al. 2014). However, there may also be reporting biases at play here, whereby more
developed countries with more resources and higher expenditure on research (World
Bank 2020) document invasion costs more thoroughly. Accordingly, France, Spain and
Italy, the three countries found to dominate total reported costs in our data, are the
highest-scoring Mediterranean countries in several of these indicators (World Bank
2020). Interestingly, we found no significant correlation between the observed costs
and agricultural area, despite the fact that the sector bears a large proportion (55%)
of the observed costs. However, these results should be carefully interpreted, given the
aforementioned correlations between costs and research effort.

Impacts generally spanned various sectors affecting a diverse set of stakehold-
ers; however, the vast majority of reported costs were attributed to damages or losses
(92.1% of total costs, $25.15 billion), possibly indicating relatively limited invest-
ments in management or, at best, limited reporting of management expenditure. Our
results also provide evidence for strong taxonomic gaps and biases, with most costs
derived from few invasive species or taxonomic groups. The top 10 costliest species
(Suppl. material 2: Table S4) account for 70% of total costs and 91% of observed costs.
A key cluster of reported costs was identified for terrestrial forbs in Western Europe
and the Balkans. Costs from two publications and three species dominate the database,
driving patterns in total costs. First, Issanchou (2012) estimated, by extrapolation, the
economic losses to tourism and recreation caused by floating primrose willow Ludwi-
gia peploides and water primrose Ludwigia grandiflora. Although this study focuses on
a single French marsh, the annual cost is substantial and is described as extending over
13 years, resulting in a large total cost ($7.74 billion), that comprises a large part of
costs to “Public and social welfare” and contributes to the high ranking of France in the
list of countries most affected by IAS. Second, Soliman et al. (2012) projected $14.08
billion in damage costs of pine wood nematode Bursaphelenchus xylophilus in forests
in Spain, France and Italy. Note that this is an approximate estimate given that our
analysis of costs spans until 2017 (whereas the original paper projects costs to 2030)
and assumes a linear accumulation of costs over time. This single reference greatly con-
tributes to the dominance of: a) costs in terrestrial over other ecosystems, b) damages
over other types of expenditure (e.g. management), c) effects on the forestry sector over
other sectors/groups bearing costs, and d) Spain and France over all other countries.
However, in reality, pine wood nematode has not spread extensively in the Mediterra-
nean beyond Portugal, where it was introduced in 1999 (de la Fuente et al. 2018), im-
plying that widespread damage has not yet occurred and therefore these damage costs
have not yet been realised. This emphasises the importance of distinguishing between
observed costs and total costs (which includes potential or expected costs; see Results
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subsection “Overview of invasion costs”). At the same time, however, investments in
understanding potential costs, along with efforts for control, early detection and rapid
response measures for this species may reduce the likelihood of spread and therefore
the likelihood of costs being realised (see for example 2012/535/EU in EU (2012)).
The high reported costs for a single species may also highlight the role of research agen-
das along with researchers’” and research funders’ incentives, in determining those IAS
of utmost importance and driving research investments in understanding their costs.
These agendas and incentives, which differ across countries depending on e.g. national
priorities on certain sectors of the economy, largely shape our understanding of costs
at a regional scale, likely creating bias over ecosystems, sectors and countries affected
(Kourantidou and Kaiser 2019).

Our database contains no information on the economic cost of several IAS known
to have large costs in invaded habitats elsewhere in the world, or at the global scale.
Such species present as aliens in the Mediterranean, include for example the diamond-
back moth Plutella xylostella, the carpet sea squirt Didemnum vexillum and kikuyu
grass Cenchrus clandestinus or Pennisetum clandestinum (Musil et al. 2005; Mendieta
and Cardenas 2010; Ordéfez et al. 2015; Bradshaw et al. 2016). Similarly, the data-
base is missing information on costs of several IAS or alien species known or expected
to have large social and/or ecological impacts in the Mediterranean — which may be
linked to high economic costs — such as the common myna Acridotheres tristis, the
seaweed Codium parvulum and the Pacific oyster Crassostrea gigas (Katsanevakis et al.
2016; Peyton et al. 2019). An absence of such species from our database should not
necessarily be interpreted as an absence of realised economic costs. In addition, several
highly costly species in some countries are also invasive in others, but with no recorded
costs. As an example, a study of the costs of invasions in France calculated the potential
costs of all IAS known to be present but with no cost record, from the cost records in
other countries (Renault et al. 2021). This estimation increased the economic costs of
IAS in France by $968 million over the period 1993-2018 (i.e. more than 8%). These
examples highlight the need to expand research efforts quantifying the economic im-
pacts of existing, ongoing and expected invasions.

These gaps in species reported are also reflected in the ecological literature for
the region that describes the presence of many IAS (Zenetos et al. 2005; Di Castri et
al. 2012; ISSG 2015), as well as in national and European legislation and regulatory
instruments such as the EU (2014) Regulation 1143/2014. These knowledge gaps,
which may also come along with a paucity of quantitative information on ecological
impacts of invasions on goods and services, limit our ability to assess with accuracy the
true costs of invasive species in the region and indicate that costs presented here are
substantial underestimates.

Reported costs of aquatic species ($7.9 billion, only $0.12 billion of which were
observed) were less than half of the reported costs for terrestrial species. These covered
only 37 aquatic and 28 semi-aquatic species with species-specific costs. This is despite
many reports of high-impact and newer high-risk invasions in Mediterranean aquatic
environments, especially the Mediterranean Sea which is among the world’s most in-
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vaded (Zenetos et al. 2005; Edelist et al. 2013; Kalogirou 2013; Giakoumi 2014;
Katsanevakis et al. 2014; Clavero et al. 2015; Kletou et al. 2016; Zenetos and Galanidi
2020). Limited capacity for reporting costs of aquatic invasions may be related to the
difficulty of understanding their social and economic dimensions, which may in turn
lead to limited investments in research and management in these ecosystems. This
becomes particularly important given that by the time aquatic invasions are observed
and attract researchers’ and/or resource managers attention, they are typically at a
quite advanced stage of the invasion (Beric and Maclsaac 2015), which increases the
likelihood of more pronounced impacts. The absence of such reported expenditure in
the Mediterranean is likely a combination of limited management at an early stage of
the introduction and a lack of knowledge, strategies and/or frameworks for these types
of investments. Despite the economic importance of coastal tourism and the socioeco-
nomic value of fisheries in the Mediterranean, we do not exclude the possibility that
economic impacts of IAS may be genuinely lower in aquatic than terrestrial systems,
given that most human activities and infrastructure that could be affected by invasions
are on dry land (e.g. 64% of costs in the U.S. linked to arable and livestock farming;
Pimentel et al. 2005).

Notably, the costs from invasions identified in marine ecosystems (less than 0.01%
of aquatic species costs) and were limited to a three species only, when there are multiple
well-known invasive fish, marine mollusks and invertebrates, crustaceans, foraminif-
era, polychaetes and algae in the Mediterranean Sea (Rilov and Galil 2009; Edelist et
al. 2013). Considering invasive fish, the Mediterranean has the most invasions world-
wide, with at least 84 known Indo—Pacific fish that have invaded the eastern part since
the opening of the Suez Canal, close to two thirds of which have established permanent
populations in the Mediterranean (Edelist et al. 2013). Costs for marine invasions are
generally underrepresented at a global scale, with about 2% of all aquatic invasion costs
globally attributed to marine species (Angulo et al. 2020; Ballesteros-Mejia et al. 2020;
Diagne et al. 2020Db).

Costs to the fishery sector were only $3.97 million (all observed), originating from
two species: the tube worm Ficopomatus enigmaticus, and the red swamp crayfish Pro-
cambarus clarkii. Costs to the sector of several well-known marine invaders that have
been affecting fishers directly (e.g. through damages to gear, injuries, bycatch costs etc)
and/or indirectly (e.g. through ecosystem degradation, competition for food etc), such
as the pufferfish Lagocephalus sceleratus, the round herring Etrumeus golanii, the lion-
fish Pterois miles or the rabbitfishes Siganus rivulatus and S. luridus have not yet been
quantified (e.g. see Kalogirou 2013; Giakoumi 2014).

Efforts to understand the spatial and taxonomic connectivity additionally high-
lighted the limits of the available data and the research effort conducted in the region
to understand the different facets of invasion costs in the Mediterranean basin. Few
broad taxonomic groups, such as terrestrial forbs and arthropods, as well as fish, had
relatively far-reaching invasion costs, evidenced by network clustering. Conversely,
other taxa were structurally disparate in the network, being linked to just single, or
few, countries (e.g., cnidarians in Israel; aquatic plants in France and Spain), despite
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the wider known extent and damages of such taxa across the Mediterranean region
(e.g., Brundu 2015). Our network analysis revealed that the taxonomic composition of
costs differed across countries, indicating that the reported assemblages of IAS impacts
that drive economic impacts are strongly dictated by low publication effort (with the
knowledge gaps and biases it entails), or that invaders have truly unique compositions
with unevenly distributed impacts across nations.

Conclusions

Having shed light on many of the limitations of the current understanding of econom-
ic impacts from invasions in the Mediterranean, we suggest that these shortcomings
should be addressed in future research and also considered in resource managers’ and
policy makers’ agendas. However, we also caution that management decisions should
not be based on reported monetary costs alone, as difficult-to-quantify ecological in-
vasion ramifications should also warrant interventions. As opposed to what one may
have expected for an interconnected region such as the Mediterranean basin, no clear
pattern can be identified regarding the origin of the invasive species causing costs in the
area (Suppl. material 2: Table S5). This may be attributed to limited reporting of costs
from several countries. Most of the terrestrial species occupy disturbed areas, culti-
vated lands or forests. No clear pattern has been identified for aquatic invasions which
may reflect, among other factors, underreporting of invasions in aquatic systems. With
42% of countries in the Mediterranean basin completely absent from our database,
very few recorded costs from the vast majority of the rest and collective action on
combating invasions largely missing in the Mediterranean basin, it becomes clear that
there is an urgent need for comprehensive, resolute and standardised reporting of how
invasions impact human and social wellbeing and economies. This is especially the case
in aquatic environments and the Mediterranean Sea in particular, which is known to
be among the world’s most invaded.

Such efforts will allow for specifying high-risk and/or high-impact invasive taxa
and identifying with more accuracy the spatial and temporal scale of realized and ex-
pected impacts. Investments in standardising both costs of damages and management
(Iacona et al. 2018; Diagne et al. 2021) can be of great value for an improved collec-
tive understanding of invasion impacts regionally as well as for designing cross-border
collaborative policies that can help mitigate impacts in the Mediterranean, one of the
world’s richest biodiversity hotspots.
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