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Abstract

The legacy of deliberate and accidental introductions of invasive alien species to Australia has had a hefty
economic toll, yet quantifying the magnitude of the costs associated with direct loss and damage, as well as
for management interventions, remains elusive. This is because the reliability of cost estimates and under-
sampling have not been determined. We provide the first detailed analysis of the reported costs associated
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with invasive species to the Australian economy since the 1960s, based on the recently published InvaCost
database and supplementary information, for a total of 2078 unique cost entries. Since the 1960s, Australia
has spent or incurred losses totalling at least US$298.58 billion (2017 value) or AU$389.59 billion (2017
average exchange rate) from invasive species. However, this is an underestimate given that costs rise as the
number of estimates increases following a power law. There was an average 1.8-6.3-fold increase in the
total costs per decade since the 1970s to the present, producing estimated costs of US$6.09-57.91 billion
year” (all costs combined) or US$225.31 million—6.84 billion year" (observed, highly reliable costs only).
Costs arising from plant species were the highest among kingdoms (US$151.68 billion), although most of
the costs were not attributable to single species. Of the identified weedy species, the costliest were annual
ryegrass (Lolium rigidum), parthenium (Parthenium hysterophorus) and ragwort (Senecio jacobaea). The
four costliest classes were mammals (US$48.63 billion), insects (US$11.95 billion), eudicots (US$4.10
billion) and monocots (US$1.92 billion). The three costliest species were all animals — cats (Felis catus),
rabbits (Oryctolagus cuniculus) and red imported fire ants (Solenopsis invicta). Each State/Territory had a
different suite of major costs by species, but with most (3—62%) costs derived from one to three species
per political unit. Most (61%) of the reported costs applied to multiple environments and 73% of the
total pertained to direct damage or loss compared to management costs only, with both of these findings
reflecting the availability of data. Rising incursions of invasive species will continue to have substantial
costs for the Australian economy, but with better investment, standardised assessments and reporting and
coordinated interventions (including eradications), some of these costs could be substantially reduced.

Abstract in Pitjantjatjara

Kuka munu ukiri kutjupa tjutangku manta nganampa kurantja alatjitu. Kuli kutjupa kuli kutjupa
anangu kutjupa tjutangku kuka kutjupa kutjupa tjuta munu punu kutjupa kutjupa tjuta ngura kutjupa
pararinguru ngalya-katipai Australiala-kutu. Ka kuka munu punu nyanga malikitja tjutangku ngura nga-
nampa kuralpai alatjitu, kala palulanguru nganana mani pulkangka payamilalpai ngura wirura kanyingjik-
itjangku, mani nampa nyangangka 6,000,000,000 dollars, mani pulka mulata. Palu nganana mani pulka
mulata manti payamilalpai mani panya palula munkara alatjitu, panya nganana tjukutjukuku kutju ninti
kukaku munu punuku paluru tjana panya manta nyanga kurannyangka. Panya kuka munu punu gjutangku
manti ngura nyanga palunya pulkara kurani, kala tjukutjukuku kutju nintiringu. Ka kutjupa tjutangku
ngura kutjupanguru uninypa kura ngalya-katira manta nyanga palula para-wanira wanannyangka ukiri
kura mulapa pakara pulkaringkupai munu lipiringkupai manta winkingka uninypa panya palulanguru,
munu manta kuralpai alatjitu. Ka pala palu purunytju kuka kutjupa tjutangku pulkara kuralpai manta
nyanga nganampa, kuka nyangantu: ngaya, putji, rapita munu minga kura, minga panya mututa, pikati
pulka. Kuka nyanga paluru tjana manta kuralpai alatjitu ukiringka munkara alagitu. Tjinguru anangu
gutangku titutjarangku kutjupa kutjupa tjuta ngura kutjupa-nguru ngalya-katinyangkampa ka paluru
tjana pulkara kuralku manta nyanga palunya. Palu nganana uti manta panya wirura kanyinma, kutju-
pa tjutangku kurantjaku-tawara. Munu palulanguru nganana mani pulkangka payamilantja wiya ngura

nyangatja palya ngaranyangka.

Abstract in Chinese
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Abstract in Bahasa Indonesia

Kajian lengkap mengenai kerugian ekonomi yang diakibatkan oleh spesies invasif di Australia.
Dampak dari masuknya spesies invasif, baik secara sengaja maupun tidak, ke dalam Australia telah men-
gakibatkan kerugian perekonomian yang besar, namun mengukur besarnya kerugian yang terkait biaya
dan kerusakan secara langsung, juga terkait pengeluaran untuk manajemen intervensi, masih sulit untuk
dilakukan. Hal ini karena tingkat keandalan dari estimasi kerugian dan pengambilan sampel belum dike-
tahui. Di sini kami memaparkan analisis mendetil untuk pertama kalinya mengenai kerugian yang terkait
dengan keberadaan spesies invasif terhadap perekonomian Australia sejak tahun 1960an, berdasarkan
database InvaCost yang baru-baru ini dipublikasikan dan informasi tambahan lainnya, dengan total 2078
buah entri unik terkait biaya kerugian. Sejak tahun 1960an, Australia telah mengeluarkan atau mengalami
kerugian yang mencapai setidaknya US$295.58 milyar (nilai tahun 2017) atau AU$389.59 milyar (nilai
tukar 2017) akibat keberadaan spesies invasif. Namun, nilai ini masih merupakan estimasi yang lebih
rendah dari yang sesungguhnya dikarenakan oleh peningkatan kerugian secara eksponensial seiring ber-
tambahnya data. Secara rata-rata terdapat peningkatan secara 1.8-6.3 kali dari biaya kerugian total untuk
setiap dekade sejak 1970an hingga sekarang, menghasilkan estimasi kerugian sebesar US$6.09-57.91
milyar per tahun (seluruh biaya disatukan) atau US$225.31 juta—6.84 milyar per tahun (teramati, hanya
nilai kerugian yang dapat diandalkan). Kerugian yang dihasilkan dari spesies tumbuhan paling tinggi di-
antara kingdom yang lain (US$151.68 milyar), namun sebagian besar dari kerugian ini tidak diakibatkan
oleh spesies tunggal. Dari tanaman rumput liar yang teridentifikasi, yang paling besar mengakibatkan
kerugian adalah rumput Lolium rigidum, ramput Parthenium hysterophorus, dan rumput Senecio jacobaea.
Untuk tingkatan kelas, yang mengakibatkan kerugian paling besar adalah mamalia (US$48.63 milyar),
serangga (US$11.95 milyar), tanaman dikotil sejati/eudikot (US$4.10 milyar) dan monokotil (US$1.92
milyar). Untuk tingkatan spesies, tiga spesies yang paling mengakibatkan kerugian adalah spesies hewan,
yaitu kucing (Felis catus), kelinci (Oryctolagus cuniculus) dan semut api (Solenopsis invicta). Setiap negara
bagian memiliki pola kerugian terbesar yang berbeda berdasarkan jenis spesies, namun kerugian terbesar
(3—62%) datang dari satu hingga tiga spesies per unit politik. Sebagian besar (61%) dari kerugian yang
terlaporkan terjadi pada berberapa jenis lingkungan dan 73% dari keseluruhan termasuk ke dalam keru-
sakan atau kerugian secara langsung dibandingkan dengan biaya manajemen saja, dengan catatan bahwa
kedua penemuan ini mencerminkan ketersediaan data. Peningkatan masuknya spesies invasif akan terus
menghasilkan kerugian yang nyata untuk perekonomian Australia, namun dengan investasi yang lebih
baik, penyeragaman dari pengukuran dan pelaporan dan juga pengkoordinasian intervensi (termasuk
pembasmian), beberapa kerugian ini dapat dikurangi secara substansial.
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Abstract in Tok Pisin

Stadi lon painim aut kostim lon ol nogut binatang na diwai kam insait lon Austrelia. Taim ol nogut
binatang na diwai bilong longwe ples kamap lo Austrelia, ol bagarapim kantri stret. Tasol em hatwok yet
lon lukim hamas stret moni dispela bagarap em givim lo kantri. Dispela em bikos nogat gutpela stadi lo
kostim em kamap yet. Tasol nau, dispela em nambawan stadi em lukluk lon hamas stret moni Austrelia
usim lon lukautim na managim dispela wari (lon ol nogut binatang na diwai kam insait lo kantri), lon
1960s kam inap nau; ol wokman lo stadi lukluk lon kainkain save lon mekim dispela kostim. Bifo lon
1960s kam inap nau, Austrelia givim moni mak olsem US$298.58 billion (lon 2017) or AU$389.59
billion (lon 2017 namel namba) lo lukautim ol yet lon binatang nogut. Tasol dispela moni mak em ino
stret tumas bilong wanem ol namba save senis olgeta taim. Na tu, lon 1970s kam, ibin gat 1.8-6.3% moa
kostim olgeta tenpela yia kam inap tede, moni mak olsem US$6.09-57.91 billion yia-1 (olgeta kostim
wantaim) or US$225.31 million—6.84 billion. Ol kostim bilong olgeta nogut diwai wantaim em bikpela
olgeta (US$151.68 billion). Lo sait blo gras nogut, sampela olsem ryegrass (Lolium rigidum), parthenium
(Parthenium hysterophorus) na ragwort (Senecio jacobaea) em planti moni stret. Na tu, lon sait lon bani-
sim ol abus, ol mammal (US$48.63 billion), binatang (US$11.95 billion), exdicots (US$4.10 billion) na
monocot (US$1.92 billion) usim planti moni tu. Lon sait lon banisim olgeta abus wantaim, ol pusi (Felis
catus), rabbit (Oryctolagus cuniculus) na retpela paia anis (Solenopsis invicta) usim bikpela moni stret. Olg-
eta provins lo Austrelia givim planti moni lo lukautim ol yet lon ol nogut binatang na diwai, tasol dispela
moni ol givim (3—62%) save go lon wanpla or tripela binatang/diwai nogut tasol. Planti lon dispela moni
(61%) em ol provins givim lon lukautim planti kainkain bus/bikbus insait lo graun blo ol, na 73% lo
dispela olgeta moni em ol usim lon lukautim bus/bikbus we binatang bagarapim pinis; ol no usim moni
lo sait lo lukautim bifo bus/bikbus bagarup. Tede, ol nogut binatang na diwai kam insait lo Austrelia na
wok lon bagarapim kantri yet, tasol sapos igat moa moni, and tu ol ripot na wok bung wantaim kamap,
sampela dispela ol kostim bai go daun.

Abstract in French

Estimation de 'ensemble des coiits économiques des espéces exotiques envahissantes en Australie.
Lhistoire des introductions intentionnelles et accidentelles des espéces exotiques envahissantes en Aus-
tralie a un colit économique élevé. La quantification de 'ampleur de ce cofit associé aux pertes directes
ainsi qu'aux dommages demeure pourtant inconnue. La difficulté d’arriver  une estimation robuste du
montant total est exacerbée par un échantillonnage insuffisant et un manque de protocoles pour déter-
miner la robustesse des estimations de colits individuels. Nous fournissons le premier bilan des cotits
associés aux especes envahissantes a I'économie australienne depuis les années 1960, a partir de la base de
données InvaCost récemment publiée, enrichie d’estimations supplémentaires. A partir de 2078 estima-
tions uniques de cofits, nous estimons que I’Australie a subi un cott total de US$298,58 milliards (valeur
2017, soit AU$389,59 milliards). Ce total doit cependant étre une sous-estimation parce que les cofits
augmentent exponentiellement avec le nombre d’estimations. Le taux d’augmentation des cofits par dé-
cennie était de 1,8 4 6,3 fois depuis les années 1970 jusqu'au présent, ce qui indique un montant annuel
de US$6,09-57,91 milliards (tous les cotits compris), soit US$2,25 millions a 6,84 milliards par an (cotts
observés et robustes uniquement). Les colits associés aux espéces végétales (US$151,68 milliards) étaient
les plus élevés parmi les régnes que nous avons considérés, méme si la plupart de ce montant était associée
aux groupements d’espéces et non aux espéces individuelles. Parmi les plantes, les cofits les plus élevés sont
venus de livraie raide (Lolium rigidum), I'absinthe marron (Parthenium hysterophorus) et le sénecon jacobé
(Senecio jacobaea). Les classes les plus coliteuses étaient respectivement les mammiferes (US$48,63 mil-
liards), les insectes (US$11,95 milliards), les Eudicotylédones (US$4,10 milliards) et les Monocotylédones
(US$1,92 milliards). Les espéces individuelles les plus cotiteuses étaient tous les animaux : le chat haret
(Felis catus), le lapin européen (Orycrolagus cuniculus) et la fourmi de feu (Solenopsis invicta). Le bilan de
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colits dominants différait selon I'unité politique (états et territoires), mais la plupart (entre 3 et 62% selon
T'unité politique) provenait d’une  trois espéces. La majorité (61%) des cofits se rapportait aux plusieurs
environnements et 73% du montant total était associés aux dommages ou aux pertes directes (ex, colts
de gestion), qui reflétent la disponibilité des données. Laugmentation des espéces exotiques envahissantes
va occasionner des colts considérables & I'économie australienne dans les années & venir. De meilleurs
investissements, des évaluations standardisées, et des interventions bien organisées pourraient cependant
contribuer & une réduction considérable des colits venant des espéces exotiques envahissantes dans le pays.

Abstract in Spanish

Evaluacién detallada de los costos econémicos registrados de las especies invasoras en Australia. El
legado de introducciones deliberadas y accidentales de especies exéticas invasoras en Australia ha tenido un
costo econdémico considerable, sin embargo la cuantificacién de la magnitud de los costos asociados con
las pérdidas y danos directos, asi como de las intervenciones de manejo, sigue siendo dificil de realizar. Esto
se debe a que no se ha determinado la confiabilidad de las estimaciones de costos y el submuestreo. En este
trabajo, proporcionamos el primer andlisis detallado de los costos reportados asociados a especies invasoras
para la economfa australiana desde la década de 1960, basado en la base de datos InvaCost recientemente
publicada e informacién complementaria para un total de 2078 registros tnicos de costos. Desde la década
de 1960, Australia ha gastado o incurrido en pérdidas un total de al menos US $298,58 mil millones (valor
de 2017) o AU $389,59 mil millones (tipo de cambio promedio de 2017) debido a especies invasoras.
Sin embargo, esto es una subestimacién dado que los costos aumentan a medida que aumenta el nimero
de estimaciones siguiendo una ley de potencia. Hubo un aumento promedio de 1.8 a 6.3 veces en los
costos totales por década desde la década de 1970 hasta el presente, produciendo costos estimados de US
$6,09 a 57,91 mil millones afo! (todos los costos combinados) o US $225,31 millones a US $6,84 mil
millones ano™ (solo costos observados, altamente confiables). Los costos derivados de especies de plantas
fueron los mds altos entre todos los reinos (US $151,68 mil millones), aunque la mayoria de los costos no
se atribuyeron a una sola especie. De las especies de malezas identificadas, las mds costosas fueron el raigrds
anual (Lolium rigidum), la falsa altamisa (Parthenium hysterophorus) y la hierba cana (Senecio jacobaea).
Las cuatro clases mds costosas fueron mamiferos (US $48,63 mil millones), insectos (US $11,95 mil
millones), eudicotiledoneas (US $4,10 mil millones) y monocotiledéneas (US $1,92 mil millones). Las
tres especies que produjeron los mayores costos fueron animales: gatos (Felis catus), conejos (Oryctolagus
cuniculus) y hormigas rojas importadas (Solenopsis invicta). Cada estado / territorio tuvo un conjunto
diferente de costos principales por especie, pero la mayorfa de los costos (3—62%) derivaron de una a tres
especies por unidad politica. La mayoria (61%) de los costos reportados aplicaron a multiples hébitats y el
73% del total de costos correspondid a dafios o pérdidas directas en comparacién con los costos de manejo
Unicamente, ambos hallazgos reflejan la disponibilidad de datos. El aumento de las incursiones de especies
invasoras seguird teniendo costos sustanciales para la economia australiana, pero con una mejor inversion,
estandarizacién de evaluaciones y de informes e intervenciones coordinadas (incluidas las erradicaciones),
algunos de estos costos podrian reducirse considerablemente.

Abstract in Portuguese

Avaliacdo detalhada dos registos de custos econémicos associados a espécies invasoras na Austrilia.
O legado de introdugdes deliberadas e acidentais de espécies exdticas invasoras na Austrdlia tem resul-
tado em custos econdmicos considerdveis. Contudo, calcular a magnitude dos custos associados a per-
das diretas e danos, bem como dos custos associados com intervengoes de gestio, nio ¢ imediato. Este
desfazamento estd relacionado com o nivel indeterminado de confianga nas estimativas de custo e com
a sub-amostragem. Nds providenciamos a primeira andlise detalhada dos registos australianos de custos
associados a espécies invasoras desde os anos 60, com base na publicagio recente da database InvaCost e
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respectiva informagio complementar, para o total de 2078 registos tnicos de custo. Desde a década de
1960, a Austrilia incorreu um gasto total de, no minimo, US$298.58 mil milhées (valor de 2017) ou
AU$389.59 mil milhdes (a0 cAmbio medio de 2017) devido a espécies invasoras. Este valor estd contudo
subestimado, uma vez que o custo aumenta com o aumento de estimativas de custo de acordo com o mod-
elo da lei de poténcia. Houve, em média, um aumento de 1.8 a 6.3 vezes no custo total por década desde
os anos 70 até ao presente, levando a uma estimativa de custo de US$6.09 a 57.91 mil milhoes ano™ (para
todos os custos combinados) ou US$225.31 milhoes a 6.84 mil milhoes ano™ (s6 para custos observados,
de elevada confianga). Os custos derivados de espécies de plantas foram os mais altos de entre todos os
reinos taxonémicos (US$151.68 mil milhoes), embora a maioria dos custos nio possam ser atribuidos a
uma Unica espécie. Das espécies de ervas daninhas identificadas, as que resultaram em custos mais elevados
foram o azevém anual (Lolium rigidum), a artemisia falsa (Parthenium hysterophorus) e a tasninha (Senecio
Jjacobaea). As quatro classes taxondmicas mais caras foram: mamiferos (US$48.63 mil milhées), insectos
(US$11.95 mil milhées), eudicotiledéneas (US$4.10 mil milhées) e monocotiledéneas (US$1.92 mil
milhoes). As trés espécies mais caras corresponderam aos seguintes animais — gatos (Felis catus), coelhos
(Oryctolagus cuniculus) e formigas de fogo (Solenopsis invicta). Cada Estado ou Territério australiano teve
um conjunto diferente de custos principais por espécie, mas a maioria (3—62%) dos custos foram asso-
ciados com uma, ou até trés, espécies por unidade politica. A maioria (61%) dos custos registados foram
aplicados a multiplos ambientes e 73% do total de custos correspondeu a danos ou perdas diretas em
comparagio com apenas os custos de gestdo; ambos os resultados refletindo a disponibilidade de dados.
O aumento de espécies invasoras vai continuar a ter um custo substancial na economia Australiana, mas
com um melhor plano de investimento, com padrées iguais para avaliagoes e registos e com intervengoes
coordenadas (incluindo exterminio), alguns destes custos podem ser substancialmente reduzidos.

Abstract in Italian

Stima dei costi economici riportati delle specie esotiche invasive in Australia. Il lascito delle intro-
duzioni intenzionali o accidentali di specie aliene invasive in Australia ha avuto un pesante conto, cion-
onostante, la quantificazione della magnitudine dei costi associati alla perdita diretta e ai danni, cosi come
agli interventi di gestione, rimane elusiva. Questo perché I'attendibilita delle stime dei costi e i sottocam-
pionamenti non sono stati determinati. Noi forniamo la prima analisi dettagliata dei costi riportati per
I'economia australiana associati alle specie invasive dagli anni ‘60, basati sulla banca dati recentemente
pubblicata InvaCost e informazioni supplementari, per un totale di 2078 voci di costo univoche. Dagli
anni ‘60, Australia ha speso o ha subito perdite per un totale di almeno 298,58 miliardi di $ americani
(valore del 2017) o 389,59 miliardi di $ australiani (tasso medio di conversione del 2017) per le specie
invasive. Comunque, questa ¢ una sottostima, dato che i costi aumentano all'aumentare del numero di
stime, seguendo una legge di potenza. C’¢ un aumento medio nei costi totali di 1,8-6,3 volte per decen-
nio dagli anni ‘70 ad oggi, producendo costi stimati a 6,09—-57,91 miliardi di $ americani all'anno (tutti
i costi combinati) o 225,31 milioni-6,84 miliardi di $ americani all’anno (solo costi osservati e con alta
attendibilitd). I costi derivanti dalle specie vegetali sono quelli piu alti tra i regni (151,68 miliardi di $
americani), sebbene la maggior parte dei costi non sia attribuibile a singole specie. Tra le specie infestanti
identificate, le pili costose sono il loglio rigido (Lolium rigidum), il partenio (Parthenium hysterophorus) e il
senecione di S. Giacomo (Senecio jacobaea). Le quattro classi pill costose sono: mammiferi (48,63 miliardi
di $ americani), insetti (11,95 miliardi di $ americani), eudicotiledoni (4,10 miliardi di $ americani) e
monocotiledoni (1,92 miliardi di $ americani). Le tre specie pill costose sono animali: il gatto domestico
(Felis catus), il coniglio selvatico europeo (Oryctolagus cuniculus) e la formica fuoco (Solenopsis invicta).
Ogni Stato/territorio ha una diversa serie di costi principali per specie, ma la maggior parte dei costi (3—
62%) deriva da una a tre specie per unitd politica. La maggior parte dei costi riportati (61%) si applica a
pilt ambienti e il 73% del totale riguarda il danno diretto o la perdita, piuttosto che i costi di sola gestione,
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con entrambi questi risultati che riflettono la disponibilita di dati. Le crescenti incursioni delle specie in-
vasive continueranno ad avere costi notevoli per I'economia australiana, ma con un migliore investimento,
monitoraggi e rendicontazioni standardizzati e interventi coordinati (comprese le eradicazioni), alcuni di
questi costi potrebbero essere sostanzialmente ridotti.

Abstract in German

Detaillierte Bewertung der gemeldeten wirtschaftlichen Kosten invasiver Arten in Australien. Die
absichtlichen und versehentlichen Einschleppungen invasiver gebietsfremder Arten in Australien haben
einen hohen wirtschaftlichen Tribut gefordert, doch die Quantifizierung der Hohe der Kosten, die mit
direkten Verlusten und Schiden sowie fiir Management-Interventionen verbunden sind, ist nach wie vor
schwer fassbar. Dies liegt daran, dass die Zuverlissigkeit von Kostenschitzungen nicht ermittelt wurde.
Diese erste detaillierte Analyse der gemeldeten Kosten fiir invasive Arten fiir die australische Wirtschaft
basiert auf der Grundlage der kiirzlich verdffentlichten InvaCost-Datenbank und zusitzlich bezogener
Informationen und somit insgesamt 2078 eindeutigen Kosten-Eintrigen. Seit den 1960er Jahren hat Aus-
tralien Verluste in Hohe von mindestens 298,58 Mrd. USD (Wert 2017) oder 389,59 Mrd. AU $ (durch-
schnittlicher Wechselkurs 2017) fiir invasive Arten verzeichnet. Dies ist jedoch eine Unterschitzung, da
die Kosten steigen, wenn die Anzahl der Schitzungen nach dem Potenzgesetz zunimmt. Seit den 1970er
Jahren haben sich die Gesamtkosten pro Jahrzehnt um das 1,8- bis 6,3-fache erhéht, was geschitzte Kos-
ten von 6,09 bis 57,91 Milliarden US-Dollar (alle Kosten) oder 225,31 Millionen US-Dollar bis 6,84
Milliarden US-Dollar (empirisch beobachtete, zuverlissige Kosten) pro Jahr zur Folge hatte. Die Kosten
fiir Planzenarten waren am hochsten (151,68 Mrd. USD), obwohl die meisten Kosten nicht auf einzelne
Arten entfielen. Von den identifizierten Unkraut-Artigen Pflanzen waren die teuersten das einjihrige Wei-
delgras (Lolium Rigidum), Parthenium (Parthenium hysterophorus) und das Kreuzkraut (Senecio jacobaea).
Die vier teuersten Klassen waren Siugetiere (48,63 Milliarden US-Dollar), Insekten (11,95 Milliarden
US-Dollar), Eudicots (4,10 Milliarden US-Dollar) und Monocots (1,92 Milliarden US-Dollar). Die drei
teuersten Arten waren alle Tiere — Katzen (Felis catus), Kaninchen (Orycrolagus cuniculus) und die rote
Feuerameise (Solenopsis invicta). Jeder Staat bzw. jedes Territorium hatte eine andere Reihe von Hauptkos-
ten nach Arten, wobei die meisten (3-62%) Kosten von je ein bis drei Arten stammen. Die meisten (61%)
der gemeldeten Kosten entfielen auf mehrere Umgebungen und 73% der Gesamtkosten betrafen direkte
Schiden oder Verluste im Vergleich zu nur den Verwaltungskosten, wobei beide Ergebnisse die Verfiig-
barkeit von Daten widerspiegeln. Ansteigende Raten biologischer Invasionen werden weiterhin erhebliche
Kosten fiir die australische Wirtschaft verursachen, aber durch bessere Investitionen, standardisierte Bew-
ertungen und Berichterstattung sowie koordinierte Interventionen (einschliefflich Ausrottungen) kénnten
einige dieser Kosten erheblich gesenkt werden.

Abstract in Swedish

Detaljerad bedémning av de rapporterade ekonomiska kostnaderna for invasiva arter i Australien.
Arvet efter avsiktlig och oavsiktlig introduktion av invasiva frimmande arter till Australien har medfért en
kraftig ekonomisk skada, men att kvantifiera storleken pd kostnaderna forknippade med direkt forlust och
skada, liksom f6r ledningsinsatser, r fortfarande svargripbart. Detta beror pé att tillférlitligheten hos kost-
nadsberikningar och underprovtagning inte har faststilles. Vi tillhandahéller den férsta detaljerade analys-
en av de rapporterade kostnaderna fér invasiva arter till den australiensiska ekonomin sedan 1960-talet,
baserat pa den nyligen publicerade InvaCost-databasen och kompletterande information, for totale 2078
unika kostnadsuppgifter. Sedan 1960-talet har Australien spenderat eller drabbats av forluster pd minst
298,58 miljarder USD (2017 érs virde) eller 389,59 miljarder AUD (genomsnittlig vixelkurs 2017) frin
invasiva arter. Detta 4r dock en underskattning med tanke pa att kostnaderna stiger nir antalet upp-
skattningar okar enligt en potenslag. De totala kostnaderna per artionde sedan 1970-talet fram till idag
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okade i genomsnitt 1,8-6,3 ginger vilket gav uppskattade kostnader pi 6,09-57,91 miljarder USD/ar
(alla kostnader sammanlagt) eller 225,31 miljoner — 6,84 miljarder USD/ar (observerade, endast mycket
tllférlitliga kostnader). Kostnaderna f6r vixtarter var de hdgsta bland rikena (151,68 miljarder USD),
dven om de flesta kostnaderna inte kan hinféras till enskilda arter. Av de identifierade ogrisarterna var
de dyraste arlig Styvrepe (Lolium rigidum), Flikpartenium (Parthenium hysterophorus) och Stands (Sene-
cio jacobaea). De fyra dyraste klasserna var diggdjur (48,63 miljarder USD), insekter (11,95 miljarder
USD), eudicots (4,10 miljarder USD) och monocots (1,92 miljarder USD). De tre dyraste arterna var
alla djur — katter (Felis catus), kaniner (Oryctolagus cuniculus) och réda importerade eldmyror (Solenopsis
invicta). Varje stat/territorium hade en skild uppsittning av kostnader per art, men de flesta (3-62%) av
kostnaderna hirror fran en till tre arter per politisk enhet. De flesta (61%) av de rapporterade kostnad-
erna tillimpades pa flera miljéer och 73% av totalen avsdg direkt skada eller forlust jamfort med endast
forvaltningskostnader, varvid bida dessa resultat dterspeglar tillgingligheten av data. Stigande invasioner
av invasiva arter kommer att fortsitta medféra betydande kostnader fér den australiensiska ekonomin
men med bittre investeringar, standardiserade bedémningar och rapportering och samordnade insatser

(inklusive utrotningar) kan en del av dessa kostnader minskas avsevirt.

Abstract in Greek

AeTTOPEQENG EXTIUYOY] TOL XAUTAYEYQUIUEVOL OLXOVOUIXOD HXOGTOLG TV YWQOXATAXTNTIXMY EIOMY OTYV
Avotgadicr. Ot GLVETELES TWV TUYXIWY %O PT] ELOAYOYOY YWEOXATAXTNTIHGY e8®Y 0Ty Avotpaiio Eyouvy
Bob OIOVOUIXO TIUMIAL, 0LV KL 1] TOGOTIMOTOLGY] TOL XOGTOVE, TO OTOLO oY ETileTal te TV GueoT] efapavion
7 Bhafn, Onwe o pe tig Sayetptotinés nopepPaoete, napapevel eAnne. Avto ovuPalvet StoTt 1 afomotio
TV EXTIUTOEWY XOGTOLG UL 1] UN-AVTLTROCWTELTINY Setypatornio Sev éyouvy Stepeuvnbet. ESw napéyovue
TNV TEWTY] AETTOPEQT] AVEALGY] TOL aVaPeEDEVTOC OIMOVOUIXOD AVTIXTLTIOD TTOL ELYAY TA YWEOUATANTNTING
eldn oy owovopia ™ Avotparlag and 1 dexaetio Tov 1960, Baoilopevor oty Bdor dedousvwy Inva-
Cost, 1 onola dnpoctedinue TEOGPAUTH, Ul GARES CUUTANEWUATIHEG TANEOYOQIES, Yo eva cuvoro 2078
novadmmy xotayweloswy xdotove. And ) dexaetior Tov 1960, 1 Avotpudio &yet Samavyoet 7 vEOUELTOL
oe anwAeteg oLVOAxoL DPouvg Tovkaytotov 298,58 Sic Solupiwy (o afla 2017) 7 389,59 Sic Sohapiwy
Avotpallag (uéoog deintng ouvadhaypatiung tootpiog tov 2017) efoutiong Twv YwEOXATAXTNTIHGY ELOMY.
€6T060, TEOXELTAL CAPWE VLot LTOTIIYGY], SeBOUEVOL OTL TO %OGTOC avédveTtar 0o avédvetat 0 koS TwY
enTiproewy axohovdbvtag notavopn vopov Suvoune. Ano ) dexaetior tov 1970 uéyot onpepw, T0 GLVOARO
n60t0¢ avéninne natd péco 0o 1,8-6,3 wopéc avd Serxetio, SULOLEYWVTAG EXTLUMUEVO OXOVOUIUO
avTinTuTo ¢ T8N Twv 6,09—57,91 Sig Solapiwy To YEOVO (Yt Ol Ta xOoT) N 225,31 enatoupvpiny-6,84
3¢ doAaplwy 10 YeOvo (cuvuroloyilovat Lovo ototyeix xOaToug LYNANG aétomiotiog Tov vhomobnxay). To
OLUOVOPIXO AVTIXTUTIO TOL TEOUDTTEL OO £187) YUTWY Ty TO LYNAOTEQO BLYXELTIXG e Tar LTOAOLT BasiAetar
(151,68 81 SoAdpta), TeEdAO TOL T TEPLEGOTEQX 1OGTT Bev UToEOLY Vo amodobovy oe éva Lovo eidog. Ao
TO LVAYVWELOPEVX AYOWOTWAY], LT e To LYNAOTEED owovound avtivtono Ny v Hoo (Lolinn rigidum),
w0 [opOévio (Partheninm hysterophorns) wo 1o lanoBoto (Senecio jacobaea). O téooepic té€erc pe 10 vPNAOTEEO
%60to¢ Nty 10 Onhaotnd (48,63 Sig Sohdpwx), ta Evropa (11,95 Sic Sohaprx), o Buduwotvindova
putd (4,10 dic dordptar) nat T Movorotudndova @uta (1,92 Sig Sohaptx). T tpla cidn pe t0 peyakdtepo
owmovop6 avtintono Nty oha (oo — yareg (Lelis catus), wovvéhe (Oryetolagus cuniculus) won Apeoudvina
nOunwvar popunyne (Solengpsis invicta). H odvbeon twv ubptwv ototyeiny x661oug ave eidog 1toy Stapopetiny]
o u&fe moMtela/emnpdteta, pe o TEELECOTEQEN %00TY (3—62%0) WOTHCO Vo TEOEEYOVTAL aTd Evat Ewg Tl
eldn ava Stountny) povada. H mhetovomrta (61%) twv natayeypappévey oTotyeiny ®06Toug apopoioe oe
ToMaAd TeptBaliovta xat 73% tov GuVOAOL KLTGHY aYoEovaE oe dpeor BAA BN ¥ cbapdvion, oe abyxoton e
TO #O0TOG SLUYEIPLOYG ATONAELGTING, UE T BLO AVTE ATOTEAETUATA VoL AVTAVUUAOLY TNV StabectpoTnTa Ty
dedopévev. H adénom oy stoaywyy ywporataxtntumy edov Ou cuveyloet va gyt onpavtind omovouo

avTIHTLTIO Ylor TNV AVOTEAALVY OOvopla, dhAd pe xahbTeeg emevBLOELS, TUTOTOUEVES aElONOYTOELS Kot
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avapopes, nabng xat pe ovvtoviopéveg napepBaoets (ovpmepthapBovopévng g eZolobpevong), uépog Tov

%06T00G UmOEEL v petwbel onpovTing.

Abstract in Japanese

A=A FFUTIZETBERABOEZEFNZEDBER LM

F—=ZA TV TADEBHUIREOHELNDBRENLEBAORREEZSALGEZNERE L
LA EENAEBAEHE BLUEENAICBETI&FNFE (2R M) DK
ZIEEEETDIILEIEEBZETADBVEETHD - ChIF - HEBELET VA —Y
VIV DEBEIMNREINATVNEANEO TH D - AL S NizInvaCostT — 2 N —
AEFBRBBHICEDNT ~ 1960FRLE - A —X T UTEE~DRABICEEL TH
HEINEARMNOFEREAIMEELHTREL - FE2078OEBEOIX b Y b Zi2H
FTHENTERE C1960FERME - A -2 T U T & BABH S DA E £EFT2985.8
BR BIL (2017FDOMfE ) & 5LV (X3895.9BF ML (2017FDFHEB/BEL — b ) DEX
EEOLE L  REFFAIH-TRBEIVOHENMEZ S LR M ENE L%
EADE  CNFENFMTHD - 1970FXNSRELFTOICEBOHRIT X MEFIT1.8
~63MEITIBML ~ HEIX MIIFEHT60RIFTH~57.9E FL (&&t) ~ 1HFEFE T2182,531
I~ 4R RILICHR > (BRESNE - EBEEOSVIX bOH) - BYELLELDE
Bl& - - EYREFBYROB THRLEEN > 1= (15168FK NI ) AN - BADFEA L EE—
BICEET S HDOTIE AN >z - AESNAREBOFRT RbeMADE - BFEEFD
A4 75X ( Lolium rigidum ) ~ /NIVT =70 Is ( Parthenium hysterophorus ) ~ & XV Z 77—
b ( Senecio jacobaea ) 12> 1= - MHBRADLN 24DDY T (& ~ HELEE (486.31K FIL )
CEBHR(1195FK ML) c EIEWFHE (410K RV ) ~ BFEEY (19/82000/5K R
W) Eof - mbaMa3t&d W ( Felis catus) ~ D5 F ( Oryetolagus cuniculus ) ~ £ 7 )
( Solenopsis invicta ) DT XTOEYPTL = - SMEEMICF BT LICERDI—EDEER
DX RMAHo =N FEAE (3~62% ) DR M~ BUREMIC L Z1~31ICHEL T
Wiz e ESNLZIRMDFEEAL (61% ) FEHOBEICHEBIN - 2ERO73%(EEE
ORMDOHFELERL TEENQIBEFZFEBRICBELTAY - ThoORBEREIMA
EHT—2OURMERMLTVS - RABRORADENF - A—X S UTREICES
TEEHEABRYDOIAR AN DEA ~ FYBWKRE - BEESHEZFAMERS - H&LU
BEINENA(REEZEZD ) 1LY - S50 R MO—EREAIRICHIE S L5 TlBEH
nN&Hd -

Abstract in Korean

A EU2|0l2] 22HEI S| A H|=Z0f CHEt AM HI}

O|EXO|HLL 2045| 2F 2 FUE oo EUET2 Soiet AN A2 LMAIZK|TH 2
2fEe| FYUCE olst ZH™el &4 9l |3l #EdE Aol |80t otLet 22| HIS
59| F2 = o4Ts| £XIFHEIX| Rt QUL Ol HIE FHR| L oA EEO| (MO B F
st7| WEolc 2= 52078712 17 HIE E5oi chs =2 & EE! InvaCost Ol O|E{H| O]
AE J[HO R 1960 O|F LAERYUE|0E S UE Q2 RSOl BX| H|Soi| Chet &
Ml 2Mg FIs itk 1960ACH 0| QAER|YUE|olE 22 RS o2 Q16t0d %A 2985
of g0k EF 29 (20171 OIS} 7H&R| 7|&) &= 38952 9MOF & 20170 BE &2 M8t 2
AEHLE|otEt 7|F) ol DM &AMS Bt agLt FH x|l =7t 7ol et H|&Z 0|
SItetche M M2l 1252 M Ol BAH™ILEIICtD & = QUCh 1970ACH O F $4AY
THR| O 1042 BHI&2 1.8 - 6.3H] B7t5tiem, FHHI&2 247t 0|5t 609 - 5799 (ZE
HI8S Z&US BR) E2 018 2242538 18 - 682 4B ((ME|MH0| =2 LT HISDt
EZget 39) ] =Fo|ch ool ZEE A & AlE oM wAE HISO| 7HE =Lt
(018 1516 8B &) BHUS 2 XUSXoZ HIES WMA|IZ|X|E ofotct &IE 2X S
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BoIlM 7tE 2 HIS S LMAZ B2 =L (Lolium rigidum), T EES (Parthenium hysterophorus)
and ci1QE (Senecio jacobaea) SOIRUCt 4 2R HE X RF (08 48624 30000+ EHH), 25
(1194 570 Sy, FIEWEQIAIE (D]8F 414 1B &), QEUAMZ (0|5 194 280 &
) S0l 7HE 2 HIS YMAIZICH S ER UE 7HE 2 HIS 2 YHAZI B2 10| (Felis
catus), BTN (Oryctolagus cuniculus), &2 2 INOQ| (Solenopsis invicta) S 2l SEEOIACH ZH2to| F
HE HIE2 HHAIZI £ ZO| CIEX|0H CHEE 3 - 62%)2 HI&2 FHE 1 - 3712 B0
OlsHM e MEIQict B0 E HIE S| CHEE (61%) 2 CHE S o M8 KT, MA| H|E2
73%= HEl HEECtE ARl &40 /o] e, F 20 ZF Moo 78 -8S
shossict. olef AUBCl RY B7Hs oA YUslol ZAol 4TE HISS HEAIZ %ol
Ch 2Ll SR SRS EASHE BF U 1w KRRl JHel (SIX ZE)S ol
I.

HIgS NEE Aty 4 o2 Kol

L

0

Abstract in Russian

IToapoGHas omenka (HAKTUIECKUX IKOHOMHYECKHX IIOTEPh OT HHBA3WOHHBIX BUAOB B
Ascrpasun. Hacaeanme 0CO3HAHHOM M CAYYAHHON MHTPOAYKIIMH HHBAHOHHBIX UYKEPOAHBIX BHAOB
B ABCTPAAMM IIPHBEAO K OTPOMHBIM SKOHOMIYECKUM ITOTEPAM, OAHAKO K€ KOAMYECTBEHHBIE OIICHKI
BEANYHNH 9KOHOMHYECKIX TIOTEPH, CBAZAHHEIX C IPAMBIM YIIEPOOM, a TAKKE C PACXOAAMH HA KOHTPOAD
HMHBAMAEPOB BCE CIIE CAMHHYHEL DTO MMEET OTHOIIECHHE B TOM YHCAE M K IPOOAEME HAACHKHOCTH
OIIEHOK M WX HEAOCTATOYHOCTH. MBI IIPEAOCTABAAEM IIEPBBIH ITOAPOOHBIH aHaAM3 (DAKTHIECKHX
SKOHOMHYECKHX IIOTEPh OT MHBA3HOHHBIX BUAOB AAfA ABCTPAAMHCKOH SKOHOMHKH HawmHas ¢ 1960-
X IT., IPOBEACHHBIH HA OCHOBE AAHHBIX H3 HEAABHO OIyOAMKOBAHHOH 0aspr sammbix InvaCost m
AOIIOAHUTEABHON HH(OPMALIHIT; BCETO OBIAO IpoaHasn3uposaHo 2078 mosurmii yosrtkos. C 1960-x rr.
daxTnaeckre n IPOTHO3HBIE YOBITKH OT HHBA3MOHHBIX BHAOB B ABCTPAAHHN B COBOKYITHOCTH COCTABHAN
oxoA0 298,58 mMapa Aoarapos CIIA (o kypey Baarorst Ha 2017 1.), man 389,59 MApA aBCTpaAmiickux
AOAAAPOB (IO cpeaHeMy obmeHHOMY Kypey Ha 2017 1.). OAHAKO 3TO 3aHIDKCHHAS OIICHKA, YUUTHIBAS
TOT (DaKT, YTO BEAMYMHA IIOTEPh PACTET C YBEAMYEHHMEM UHCAA OIECHOK COTAACHO CTEIEHHOMY
saxkony. C 1970-x Ir. mo Hacrosimee BpeMs OOINME ITOTEPH YBEAUYIHBAAKCH B CpeAHeM B 1,8-0,3 pasa
32 ACCATHAETHE, B PE3YABTATE YErO IPEAlIoAaraeMble motepu coctaBuan 6,09-57,91 Mapa Aoarapos
CIIIA B roa™” (Bce moTepn BMecte B3AThIE) MAH OT 225,31 MaH A0 6,84 MApA AoArapos CIIIA B roa”
(TOABKO (DAKTHUECKHE BEICOKOHAACHKHBIE OIEHKH). [1oTepH, CBA3AHHBIC C UyKEPOAHBIMH PACTCHHIAMH,
OBIAM CAMBIMI BBICOKHME B CPABHCHHI C TAKOBBIMU B Pa3HBIX TaKCOHOMmYeckux mapcrsax (151,68
MAPA Aoarapos CIITA), Bmecte ¢ Tem 3HAYMTEABHAA YACTH SKOHOMHUYECKHX ITOTEPh HE OTHOCHAACH K
OAHOMY KOHKPETHOMY OHOAOTmYecKoMy BHAY. CPEAN COPHBIX pacTeHHI HanmbOABIIIHE YOBITKH OBIAN
CBA3AHBI ¢ paiirpacoM oAHOoAeTHUM (Lolinm rigidum), maprerueit (Parthenium hysterophorus) 1 KpeCTOBHIKOM
AYTOBBIM (Senecio jacobaea). S3HAIUTEABHBIC TIOTEPU OBIAL BBISBAHBI HHBA3UAME IIPCACTABUTCACH YETHIPEX
TAKCOHOMUYCECKIX KAACCOB: MAekommTarormux (48,03 mapa aoarapos CLIA), macekomsrx (11,95 mapa
sorsapos CLIIA), ssaukotos (4,10 MapA Aossapos CIIA) u oaHOAOABHBIX pacTeHmil (1,92 MApa
Asoarapos CLIIA). Cpeart KUBOTHBIX HANOOABIIIHIA YIepO ObIA OTMEUCH OT KOIIEK (Fe/is catus), KpOAUKOB
(Oryctolagus cuniculus) 1 KpaCHBIX OTHCHHBIX MYPaBbeB (Solenopsis invicta). KaxxABIi ITAT HAM TeppUTOPHA
XAPAKTEPH30BAACSH PASHBIMH THIIAMHI IIOTEPH OT BHAOB-HHBAHAEPOB, HO OOABIITHHCTBO 11OTEPD (3—62%0)
NIPUXOAMAOCH Ha 1-3 BHAa-mHBalAEpa HA aAMUHHCTPATHBHO-TEPPHTOPHAABHYIO eAMHHIY. BoAbImas
gacthb (61%) SKOHOMIUECKNX ITOTEPD OBIAA 3AAOKYMEHTHPOBAHA AAl HECKOABKHX CpeA obmTanus, a 73%
OT O0IIIEH CyMMBI YOBITKOB OTHOCHAHCH K ITPAMBIM IIOTEPAM HAH TPATAM Ha KOHTPOAB, 9TO OOYCAOBACHO
HAAMYHEM TAKHX OIIEHOK. POCT mMHBaswWil OYAET ITPOAOAKATH HPHUHOCHTBH CYIIECTBEHHBIE PACXOABI
9KOHOMHKE ABCTPAAHH, HO IIpu OoAee d(O(DEKTHBHBIX MHBECTUIIHAX, CTAHAAPTH3NPOBAHHBIX OICHKAX
M OTYETHOCTH, A TAKKE CKOOPAHHHPOBAHHBIX ACHCTBHAX (BKAIOUAS HCKOPEHEHNE BUAOB-HHBAHACPOB)

HEKOTOPBIEC U3 ITUX 3aTPAT MOIYT OBITD CYIICCTBEHHO COKpPAIIlCHBbI.
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Abstract in Arabic
SGsse Stasdes Jdadlds 101aasalass 1dae Jo o Jdlosle 1081 st i s Jidis)
1dauscrduar bas 110 10 sle 108 3088 108 s o sle Vacg a3 ace! 15 1dg D Vs Tose )l o Vs
el sa 1oalags lakise sap 30 Gl 50 S zzp Idadlld s s ks CIdE s sldina)
Idacl b sl An 1)) igs o 538 10 3. st 92 i cas 3 s £ 3p Cimasa 23 D3l
Idaddess \Jaagalags el 1Joiua <as ith IJg SO a0 \diojlt, S03% S o3 1JDBssn i5J Srded
Jdaelidsca Vag doy g o) slda bt I sl 1081 s S als 1ios J1dis a0d 1duses ol 1asdlass
53 ol dis Ble 3 sl InvaCost 1dacii s b g D) sldag Jspl 1ddlasdiss cagsel Clzaldis 2078
e d aii ), msd Ll D aza s Furlis iwkl\‘)\dgs‘ p0 1o I 1asdlags a0 03 Ub}\& 1Jg ) sb
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Abstract in Czech

Podrobné zhodnoceni vykdzanych ekonomickych ndkladi zpiisobenych invazivnimi druhy v Aus-
tralii. UmysIné i ndhodné zavleten{ nepavodnich invaznich druhi do Austrélie si vyzidalo znaéné eko-
nomické ndklady. Vyse téchto nékladii ve vztahu ke zptisobenym $koddm a managementu téchto druhtl je
vsak do zna¢né miry nezndmd. Hlavnim divodem je nedostate¢nd dostupnost a spolehlivost takovychto
odhadu. Tato studie pfedstavuje prvni podrobnou analyzu vykdzanych ndkladu zptsobenych invaznimi
druhy australskému hospodéistvi od 60. let minulého stoleti. Studie vychdzi z neddvno zvefejnéné databdze
InvaCost a doplnujicich zdroju, jenz celkem podchycuji 2078 jedineénych zdznama takovychto ndklada.
Od $edesdtych let minulého stoleti jiz vynalozila Austrdlie za dopady invaznich druhfi nejméné 298,6
miliardy americkych dolarti (hodnota pro rok 2017). Tyto ndklady jsou vsak podhodnoceny, jelikoz jejich
uroveni roste s po¢tem dostupnych odhadii. Od 70. let do soucasnosti doslo v praméru k 1,8-6,3ndsob-
nému néristu celkovych ndkladii za desetileti, coz vedlo k odhadovanym ndkladtim 6,09-57,91 miliardy
americkych dolart ro¢né (souhrn vsech ndklad) nebo 225,3 milionu az 6,84 miliard americkych dolart
ro¢né za pozorované, vysoce spolehlivé prokdzané ndklady. Nejvyssi ndklady byly na invazni rostliny
(151,7 miliard americkych dolart), ackoli jejich vétSinu nelze pfi¢ist jednomu druhu. Nejvyznamnéj$imi
byli jilek tuhy (Lolium rigidum), sambaba obecnd (Parthenium hysterophorus) a staréek piimétnik (Senecio
Jjacobaea). Cryimi nejndkladnéjdimi tiidami byli savci (48,63 miliard americkych dolard), hmyz (11,95
miliard americkych dolart), dvoudélozné (4,10 miliard americkych dolart) a jednodélozné rostliny (1,92
voky (Oryctolagus cuniculus) a mravenec (Solenopsis invicta). Kazdy stit/teritorium mél jinou skupinu
nejndkladnéjsich druhi, ale vétsina (3—-62%) ndkladii vzdy pochdzela od jednoho az tif druhii. Vétsina
(61%) vykdzanych ndkladt se vztahovala k vice typtim prostiedi a 73% z této ¢dstky se tykalo p¥imych
$kod, na rozdil od ndklad na management téchto druht, jak ukazuji dostupnd data. Pocet invaznich
druht se bude zvy$ovat, coz bude mit za ndsledek rostouci ndklady pro australské hospoddfstvi, avsak
lepsimi investicemi, standardizovanym hodnocenim i vykazovdnim a koordinovanymi zdsahy (véetné
eradikaci) lze nékeeré z téchto ndkladi podstatné sniZit.

Abstract in Polish

Kompleksowa ocena kosztéw ekonomicznych gatunkéw inwazyjnych w Australii. Dziedzictwo
celowego i przypadkowego wprowadzenia inwazyjnych gatunkéw obcych do Australii miato ogromny
wplyw na gospodarke, jakkolwiek wycena wielkosci kosztéw zwiazanych z bezposrednimi stratami i szko-
dami oraz interwencja w zakresie zarzadzania, pozostaje nieuchwytna. Wynika to z tego, ze nie okreslono
wiarygodnosci szacunkéw kosztéw i niedostatecznego pobierania prébek. Dostarczamy pierwszej
szczegblowej analizy kosztéw poniesionych przez australijska gospodarke, zwiazanych z gatunkami in-
wazyjnymi, zgloszonych od 1960 roku. Analiza ta zostala oparta o niedawno opublikowana baze danych
InvaCost oraz informacje uzupetniajace, w sumie 2078 indywidualnych wpiséw kosztéw. Od 1960 roku
Australia poniosta koszty i straty z powodu gatunkéw inwazyjnych w tacznej wysokosci co najmniej 298,58
mld USD (warto$¢ z 2017 r.), co stanowi rownowarto$¢ 389,59 mld AUD ($redni kurs wymiany z 2017
r.). Jest to jednak niedoszacowanie, biorac pod uwagg, ze koszty si¢ poteguja wraz ze wzrostem liczby sza-
cunkéw. Od lat 1970-tych do chwili obecnej nastapit $rednio 1,8-6,3-krotny wzrost catkowitych kosztéw
na dekadg, co oznacza wzrost szacowanych kosztéw w wysokosci 6,09-57,91 mld USD rocznie (wszystkie
koszty tacznie) lub 225,31 mln—6,84 mld USD rocznie (dotyczace tylko bardzo wiarygodnych kosztéw).
Koszty zwigzane z gatunkami roslinnymi byly najwyzsze wéréd krélestw (151,68 mld USD), chociaz
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wickszo$¢ kosztow nie byla przypisywana pojedynczym gatunkom. Ze zidentyfikowanych gatunkéw
chwastéw najwyzszych kosztow przysporzyly zycica sztywna (Lolium rigidum), partenium ambrozjowate
(Parthenium histerophorus) i starzec jakubek (Senecio jacobaea). Czterema klasami powodujacymi najwyzsze
koszty byly ssaki (48,63 mld USD), owady (11,95 mld USD), rodliny dwulicienne (4,10 mld USD) i
jednoliscienne (1,92 mld USD). Tizema gatunkami powodujacymi najwyzsze koszty byly zwierzeta — koty
(Felis catus), kedliki (Oryctolagus cuniculus) i mréwki ogniste (Solenopsis invicta). Kazdy stan/terytorium
miatl inny zestaw gléwnych kosztéw wedtug gatunkdw, ale wigkszos¢ tych kosztow (3-62%) pochodzita
z jednego do trzech gatunkéw na jednostke polityczna. Najwiecej (61%) zgloszonych kosztéw odnosito
si¢ do wielu §rodowisk, a 73% catkowitej kwoty dotyczylo bezposrednich szkéd lub strat w poréwnaniu
tylko z kosztami zarzadzania, przy czym oba te ustalenia odzwierciedlaja dostgpnos¢ danych. Wzrost ilosci
gatunkéw inwazyjnych nadal bedzie si¢ wiazat ze znacznymi kosztami dla australijskiej gospodarki, ale
dzicki zastosowaniu lepszych inwestycji, znormalizowanych ocen i sprawozdawczosci oraz skoordynow-
aniu interwencji (w tym likwidacji), niektére z tych kosztéw moglyby zosta¢ znacznie zmniejszone.

Abstract in Bosnian/Croatian

Detaljna procjena prijavljenih ekonomskih troskova invazivnih zivotinjski i biljni vrsta u Australiji.
Nasljede namjernog i slu¢ajnog unosenja invazivnih stranih zivotinjski i biljni vrsta u Australiju imalo
je pozamasan ekonomski utjecaj, ali kvantificirajuéi veli¢inu troskova povezanih sa izravnim gubicima i
$tetom, kao troskove za upravljanje intervencije i dalje je nedostizno. Razlog ovoga he zato sto pouzdanost
procjena troskova i nedovoljno uzorkovanje nisu utvrdene i standarizovane. Ovdje dajemo prvu detaljnu
analizu prijavljenih tro$kova povezanih s invazivnim zivotinjskim i biljnim vrstama za Australsko gosp-
odarstvo od 1960-ih, na temelju nedavno objavljene baze podataka InvaCost i dodatnih podataka, za
ukupno 2078 jedinstvenih unosa troskova. Od Sezdesetih godina Australija je od invazivnih zivotinjskin
i biljni vrsta potrosila ili pretrpjela gubitke u ukupnom iznosu od najmanje 298,58 milijardi americkih
dolara (vrijednost 2017.) ili 389,59 milijardi americkih dolara (prosjecni tec¢aj 2017.). Medutim, ovo je
znacajno podcijenjeno s obzirom na to da troskovi rastu kako se broj procjena povecava slijedei zakonske
promjene. Ukupni troskovi po desetlje¢u od 1970-ih do danas u prosjeku su porasli za 1,8-6,3 puta, $to je
prouzrokovalo procijenjene troskove od 6,09—-57,91 milijardi USD' (svi troskovi zajedno) ili 225,31 mili-
juna— 6,84 milijarde USD' (uoceno, samo vrlo pouzdani troskovi). Troskovi biljnih vrsta bili su najveci
medu kraljevstvima (151,68 milijardi USD), iako se vedina troskova nije pripisala jednoj vrsti biljki. Od
identificiranih korovitih vrsta biljki najskuplji su bili jednogodi$nji ljulj (Lolium rigidum), partenij (Par-
thenium hysterophorus) i krpa (Senecio jacobaea). Cetiri najskuplje klase bili su sisavci (48,63 milijarde
USD), insekti (11,95 milijardi USD), eudikoti (4,10 milijardi USD) i monokoti (1,92 milijarde USD).
Tri najskuplje vrste bile su sve Zivotinje — macke (Felis catus), ze¢evi (Oryctolagus cuniculus) i crveni uvezeni
vatreni mravi (Solenopsis invicta). Svaka drzava / teritorij imala je razli¢it skup glavnih troskova po vrstama,
ali s ve¢inom (3-62%) troskova koji proizlaze iz jedne do tri viste po politickoj jedinici. Vec¢ina (61%)
prijavljenih troskova odnosila se na viSe okruzenja, a 73% ukupnih troskova odnosilo se na izravnu Stetu
ili gubitak u usporedbi samo s troskovima upravljanja, s tim da oba ova otkri¢a directno ovise o dostupnost
podataka. Rastu¢i napadi invazivnih zivotinjski i biljni vrsta i dalje ¢e imati znacajne troskove za Australsko
gospodarstvo, ali boljim ulaganjem, standardiziranim procjenama i izvje$¢ivanjem te koordiniranim in-
tervencijama (ukljucujudi iskorjenjivanje), neki od tih troskova mogli bi se znatno smanjiti u buducnosti.

Abstract in Punjabi
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Introduction

Biological invasions continue to erode economies, ecosystems and societies worldwide,
with no sign of abatement (Simberloff et al. 2013; Bradshaw et al. 2016; Pysek et al.
2020). As the rate of introductions of invasive alien species accelerates given an in-
creasingly connected world (Seebens et al. 2017), the extent and magnitude of these
impacts will ipso facto also increase. While in recent decades, much research has exam-
ined the ecological effects of invasive species across habitat types, geographic regions
and taxonomic groups (Crystal-Ornelas and Lockwood 2020, and references therein),
quantification of the economic impacts has remained diffuse. In particular, a lack of
resolute, comprehensive and synthesised economic cost estimates precludes adequate
comparisons and compilation at, for example, the national level. Such information
can help to assist in setting priorities by policy-makers and organisations for managing
invasive species in some of the most impacted countries.

Recently, the InvaCost database was developed to provide the most comprehensive
and standardised compilation of invasion costs globally (Diagne et al. 2020b). This
advance now addresses the aforementioned limitations by presenting economic costs at
a global scale, yet with sufficient resolution to enable assessment in more granular na-
tional, taxonomic and socioeconomic contexts. Further, InvaCost allows for assessment
of the reliability of cost estimates, as well as for whether costs are predicted to occur or
have been empirically observed. While broad-scale perspectives of the economic costs
of invasive species are needed because of the transboundary nature of invasions, nation-
al or regional assessments are still required in much greater detail (Diagne et al. 20204a).

Australia — the sixth largest country (7,688,287 km?) and thirteenth largest econ-
omy (2017 gross domestic product = US$1.23 trillion; worldbank.org) in the world,
as well as the only true ‘island’ continent apart from Antarctica — has a long history of
deliberate and accidental introductions of invasive species (Hoffmann and Broadhurst
2016). Introductions by humans go back as far as 5,000-10,000 years with the de-
liberate introduction of the dingo (Canis dingo) (Smith et al. 2019) and, today, many
different alien species occupy almost every terrestrial, freshwater and marine habitat in
the country. Indeed, some of the most infamous international examples of deleterious
invasive species are Australian — cane toads (Rbinella marina) (Lever 2001), prickly
pear cactus (Opuntia spp.) (Freeman 1992), swamp buffalo (Bubalus bubalis) (Ridpath
and Waithman 1988), foxes (Vulpes vulpes) (Saunders et al. 2010) and European rab-
bits (Oryctolagus cuniculus) — to name a few. While there have been some successes in
suppressing various alien species using biological control and corresponding savings
in averted damage, such as the prickly pear cactus (Raghu and Walton 2007) and
European rabbits (Cooke et al. 2013), most invasive species represent major ongoing
ecological, agricultural and economic problems for the country.
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While there have been previous attempts to evaluate the costs of invasive species to
the Australian economy, these have either focussed on one or only a few taxa, or have
been restricted to particular regions. Only the impacts of invasive plants have been the
subject of analyses at the kingdom level (e.g., Sinden et al. 2004). Moreover, most as-
sessments have been reliant on flawed assumptions (Sagoff 2008; Holmes et al. 2009)
and extrapolations (Pimentel et al. 2001) or have applied more top-down approaches
to estimate costs by sector, rather than to divide the estimates among species, regions,
sectors or decades (McLeod 2004; Sinden et al. 2004; Gong et al. 2009; Hoffmann
and Broadhurst 2016; Llewellyn et al. 2016).

Here we focus on Australia and its territories to provide the first detailed assess-
ment of the reported economic costs of invasive species since the 1960s, based on
records extracted from the recently published InvaCost database (Diagne et al. 2020b),
combined with both an independent database of costs restricted to invasive herbi-
vore species (previously unpublished) and recent data describing the costs of invasive
plants and other disease-causing agents. Our aims are to (7) assess the reliability (values
based on actual measures as opposed to non-sourced estimates) of the Australian cost
estimates, as has been done previously for invasive insects (Bradshaw et al. 2016) and
invasive species globally (Diagne et al. 2021), (i) provide a State/Territory summary
of those costs, (iii) identify the costliest species nationally and by State/Territory, (iv)
investigate the most impacted environments and sectors and (v) estimate robust tem-
poral trends in the economic costs of invasive species over the last five decades.

Methods

Data collection

To determine the cost of invasive species to the Australian economy, we used cost
data collected in the InvaCost database (Diagne et al. 2020a, b) (7 = 2,419 entries)
concerning the global costs of invasive species, based on published literature, ena-
bling comprehensive quantification of costs associated with invasive species at various
spatio-temporal scales. Of these, 877 (36%) entries pertained to Australia. The data
in InvaCost were collected following a series of literature searches using the Web of
Science platform (webotknowledge.com), Google Scholar (scholar.google.com) and
the Google search engine (google.com) and all the retrieved costs were converted to a
common, up-to-date currency (2017 US$; data.worldbank.org).

We complemented the InvaCost data in three ways. We first added supplemen-
tary cost data from new references containing cost information (- 2300 entries; htt-
ps://doi.org/10.6084/m9.figshare.12928145). Next, we added data from the “Costs
of Invasive Herbivores in Australia” database compiled by Biosecurity South Aus-
tralia in 2018. The latter is an unpublished database compiled by L.A. to collate
peer-reviewed and government documents reporting estimated costs specifically for
‘invasive’ herbivores [this can include native species, which compete with human
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interests in some cases — for example, kangaroos (various species, notably Osphranter
and Macropus spp.)]. That database also includes pigs (Sus scrofa) and birds, even
though these species are not all strictly herbivores. Based on the top five commodities
in each of the categories of livestock, crops and horticulture as a starting point, the
impacts from pest animals on those commodities were compiled for each. Estimates
were identified using Google Scholar and Google search engine for peer-reviewed
papers, conference papers, surveys and reports (e.g. Australian Bureau of Agricultural
and Resource Economics, Invasive Animals Cooperative Research Centre, govern-
ment and industry reports).

As a last step, we augmented the database with additional, missing cost estimates
identified during the review process, as well as additional searching. We included all new
costs following the structure, decision points and rules of the original InvaCost data
(Diagne et al. 2020b). Many of the additional costs were derived from a single, large re-
port on weeds of cropping systems by Llewellyn et al. (2016). The reporting units used
in that report were the Grain Research and Development Corporation agroecological
zones and some of these zones crossed state-government boundaries. To assign costs to
the State level where an agroecological zone crossed State boundaries, we assumed that
costs were evenly distributed across each zone and divided the reported costs propor-
tionally into their respective States. Furthermore, Llewellyn et al. (2016) reported the
annual ongoing costs of weed management and these costs were updated by McLeod
(2018) for the year 2018 and onwards. To avoid double counting these costs, we ex-
tended the Llewellyn et al. (2016) costs up to 2017 and used McLeod (2018) from
2018 onwards. These added costs included new estimates that included the present year
(2020). At the time of writing, there were no exchange rates or consumer price index
data available from the chosen InvaCost sources. As such, we used an 11-month average
(Jan—Nov 2020) exchange rate taken from rba.gov.au/statistics/historical-data.html. We
calculated the relevant consumer price index by taking the 12-month average change
to November 2020 reported at bls.gov and applied it to the 2019 consumer price index
reported by the chosen InvaCost data source (data.worldbank.org).

We reviewed all sources, as well as the references they cited, to identify additional
sources. Each entry recorded: (i) species identity (‘general’ if unspecified); (47) reported
cost (including range if available; no hypothetical costs included); (#7) jurisdiction (in-
cluding area of coverage if provided); (i) applicable year(s) (set to year of publication
if not provided); (v) implementation (observed or extrapolated); (v7) method (field,
desktop, both); (vii) verification (whether approach could be identified/repeated); and
(viii) type (control, loss, research, damage, mixed).

After combining the separate databases and standardising/aligning columns, we
removed obvious duplicate cost estimates (i.e. same cost figures from (non-)identical
sources) following previous protocols (Bradshaw et al. 2016; Diagne et al. 2020b).
Following our data processing (see below), we finished with a total of 7 = 2257 unique
entries pertaining to Australia for analysis (database available for download at https://

doi.org/10.5281/zenodo.4455979).
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Estimating total costs

Deriving the total cumulative costs of the impacts and management of invasive species
over time requires considering the temporal period to which a particular cost estimate
applies. We calculated the duration of a cost as the number of years between the prob-
able start and end years provided in the full database. When the exact start year was un-
known, we conservatively considered the year of publication of a primary data source as
either the start year or the end year, to which the duration (if mentioned) in number of
years was considered (by adding or subtracting the number of years) to derive either, re-
spectively, the end or the start year (Diagne et al. 2020b). We did not use data describing
costs prior to 1960 to avoid inconsistencies in currency conversion. We also removed all
costs identified as ‘avoided’ because of a given intervention (i.e. unrealised costs).

To calculate the total cumulative cost, we first recalculated all the annual costs for
the defined periods of their occurrence using the invacost package in R via the
expandYearlyCosts function (Leroy et al. 2020) and then summed them to obtain total
costs. We also estimated the invasion costs for a series of sub-categories by summing all
entries according to six descriptive columns in the database: (1) method reliability —
the perceived reliability of cost estimates, based on the type of publication and method
of estimation (low or high); following Diagne et al. (2020b), ‘high reliability” is accorded
if either provided by pre-assessed materials (e.g. peer review, official reports) or using a
documented, repeatable and/or traceable method when provided in other grey litera-
ture; (2) region — here, we split costs by major political unit in Australia (States and
Territories), as well as costs not associated with any particular unit (i.e. national-scale or
multiple states/not stated); (3) implementation form — this refers to whether the cost
estimate was actually realised in the invaded habitat or merely predicted (observed or
potential); (4) type of environment: aquatic, terrestrial or mixed habitats (species that
spend part of their life cycle in water); (5) type of cost — (i) damage/loss (damage or
losses incurred by invasion), (77) expenditure (control-related expenditure, such as moni-
toring, prevention, management or eradication), (i) general costs, including research
and administrative costs and (i) mixed types; and (6) impacted sector — the activity, so-
cietal or market sector that was affected by the cost — these were agriculture, authorities-
stakeholders, energy, environment, forestry, health, public and social welfare, protected areas
and #rade. We modified individual cost entries not allocated to a single sector to mived
in the impacted sector column. We also provide several taxonomic summaries of the
costs to provide the reader with a full appreciation of the relative scale of costs among
different contributors. These include by taxonomic Kingdom and taxonomic Class.

Temporal development of costs

For the temporal estimation of the average annual costs, we used the custom inva-
cost package in R (Leroy et al. 2020). This package provides functions for modelling
the temporal trend of costs using a selection of both linear and non-linear models to
provide a summary and comparison of their respective outputs. Given the evidence
that numbers of invasive species show no sign of saturation (Seebens et al. 2017), we
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expected their associated costs to be stable or increase. We accounted for the effects of
time lags between the occurrence of the costs and their reporting by examining ‘impact
year relative to ‘publication year’. This is because there were often several years between
the occurrence of costs and the time when they were reported in the literature (Diagne
etal. 2021). Here, we determined from both the highly reliable, observed costs and all
costs combined that the lag quantiles were: 25% = 0 year; 50% = 1 year and 75% = 3
years. We therefore estimated the ‘final’ costs for the year 2017 (i.e. three years prior to
2020) in the trend analysis described below — this ensures that we include only the most
complete years in the trend analysis (i.e. years expected to have > 75% of cost data).

We applied five different models to quantify the temporal dynamics of reported
log,  costs (cost TrendQver Time function in the invacost package; now modelCosts in
the latest version of R) because we had no a priori reason to assume that the trends were
monotonic (linear or otherwise). The simplest approach is an ordinary least-squares re-
gression (two variants: linear and quadratic to test for monotonic trends or non-linear
behaviour, respectively). Additionally, we applied two variants of a robust regression
(linear, quadratic — R package robustbase) (Maechler et al. 2020) because the
cost data are heteroscedastic (unequal variances) and temporally autocorrelated. We
therefore estimated the covariance matrix with heteroscedasticity and autocorrelation-
consistent estimators (Andrews 1991) to derive 95% confidence intervals for our mod-
els. Robust (MM-type) regression (Yohai et al. 1991; Koller and Stahel 2011) applies
iteratively reweighted least-squares to reduce the influence of outliers on parameters
estimates. Finally, we applied a generalised additive model (GAM — R package mgcv)
(Wood et al. 2016). Generalised additive models use smoothing functions to account
for heteroscedasticity, based on a Gaussian location-scale model family. A more de-
tailed description of the methods we applied is provided in Diagne et al. (2021).

We applied these five different models to both the entire cost dataset for Australia,
as well as the highly reliable, observed costs only, to predict model-averaged ‘final’ (for
2017) (Diagne et al. 2021) estimated costs, based on the temporal trends of the full
and subset data. This incorporates both parameter uncertainty estimated in individual
models, as well as model uncertainty regarding the true underlying fit. We did this in
two ways: (1) we first calculated Akaike’s information criterion weights (Burnham and
Anderson 2002) for the three likelihood-based models (ordinary least-squares regres-
sions and generalised additive model) and (2) using the root mean-squared errors as
weights to calculate a weighted-mean cost in 2017 (all five models). In addition to the
invacost package, all R code and the Australia-specific dataset needed to reproduce
the analyses can be accessed on Github via https://doi.org/10.5281/zenodo.4455979.

Results

Total cost

Since 1960, the total estimated cost of invasive species to Australia was US$298.58 bil-
lion (2017 value), based on 2078 unique entries (after removing 179 records pertain-
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ing to avoided costs) in the combined database (6674 expanded yearly values), which
is approximately equivalent to AU$389.59 billion (2017 average exchange rate). Of
the total costs, the majority (91.6%) were observed (US$273.37 billion) rather than
predicted or extrapolated (‘potential’; US$25.21 billion) (Fig. 1a). Of the observed
costs, most (61.3%) were considered highly reliable (US$183.04 billion).
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Considering all costs regardless of reliability and implementation type, 27.6% of
the total (US$82.29 billion) was not attributable to a single kingdom or was unspecified
(Fig. 1b). This arises mainly from a multi-species assessment of costs of invasive species
across all of Australia (Hoffmann and Broadhurst 2016). However, when considering
only observed, highly reliable estimates, the costliest kingdom of invasive species was
plants (US$151.68 billion), followed by animals (US$26.43 billion), with ‘diverse/
unspecified’ making up only 2.7% of these (135 estimates amounting to US$4.93 bil-
lion) (Fig. 1b). There were few entries for Kingdoms Chromista (» = 3; US$27,970),
Fungi (7 = 3; US$14.69 million; all low reliability; many of the fungal plant pathogens
were not specified to Kingdom in the source data and so were designated ‘diverse/un-
specified’) and Bacteria (7 = 1; US$16.49 million; low reliability) (Fig. 1b).

There was a large disparity in the proportional attribution of costs by major po-
litical unit (States and Territories) whether estimating all costs or focussing on the
highly reliable, observed costs only. Aside from the costs not clearly associated with
a particular State or Territory (i.e. nation-wide or not specified), Western Australia
had the highest total costs (52.7%) when considering all costs (US$17.88 billion)
(Fig. 2a) — 69.3% of this value is attributed to rats Rattus rartus (US$12.39 billion),
but > 99% of this estimate is considered to be of low reliability. When considering only
the highly reliable, observed costs, New South Wales had the highest costs (US$5.25
billion), followed by Western Australia (US$4.58 billion) and Victoria (US$3.09 bil-
lion) (Fig. 2b).

There was an approximate power-law relationship between the number of unique
database entries and the total costs per political unit for both all costs combined
(Fig. 2¢) or highly reliable, observed costs only (Fig. 2d). These relationships indicate
that, with an increase of one order of magnitude in the number of estimates, the es-
timated costs increase on average by 2.0 (all costs) or 1.9 (highly reliable, observed
costs) orders of magnitude. These power-law relationships were also evident for the
cumulative data over time (Suppl. material 1: Fig. S1). The magnitude-order increase
in costs with the number of database entries appears to be driven mainly by the vari-
ation in land surface area among political units (Suppl. material 1: Fig. S2); however,
there is no relationship between costs and the number of database entries per unit area
(Suppl. material 1: Fig. S2e, f), suggesting that the intensity of assessment of costs
among political units is not systematically different. The Australia-wide or unspecified
(to State/Territory) values probably represent some inevitable overlap with the cumula-
tive estimates from the different regions; however, it is impossible to discern to what
extent given unspecified attribution in many national-scale analyses (e.g., Hoffmann
and Broadhurst 2016).

The costliest kingdom (plants) grouped most (96.5%) of its costs into the ‘diverse/
unspecified’ category (Fig. 3b). Of the remaining highly reliable, observed costs identi-
fied to species, six species accounted for most (61%) of the remaining costs: annual
ryegrass (Lolium rigidum), parthenium (Parthenium hysterophorus), ragwort (Senecio
jacobaea), cucumis melons (Cucumis spp.), common heliotrope (Heliotropium euro-
paeum) and wild radish (Raphanus raphanistrum) (Fig. 3b). Other invasive plants have
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able to a single State or Territory). The power-law relationship is also shown (evidence ratio = 18013, &>
= 0.90) d relationship between number of database entries for highly reliable costs estimates by political
unit (evidence ratio = 38550, R* = 0.91). Abbreviations: ACT = Australian Capital Territory; NSW = New
South Wales; NT = Northern Territory; QLD = Queensland; SA = South Australia; TAS = Tasmania; VIC
= Victoria; WA = Western Australia; AUS = nation-wide or not specified to which political unit the esti-
mate belongs. ‘Australian territory’ refers to regions outside State/Territory jurisdication (e.g. Christmas
Island, Lord Howe Island).

historically had enormous negative impacts on Australian agriculture, but successful
biological control programmes have largely eliminated these costs (e.g. prickly pear
cactus and Paterson’s curse Echium plantagineum) (Cullen et al. 2012). Some high-cost
invasive grasses, such as gamba grass (Andropogon gayanus) (Northern Territory Gov-
ernment 2008), were invariably grouped within this ‘diverse/unspecified’ category and
so species-specific cost estimates were not available. In Australia, exotic grasses have
major environmental (e.g. gamba and buffel Cenchrus ciliaris grasses) and agricultural
impacts (e.g. Nassella tussocks).

The costliest taxonomic classes of invasive species across all of Australia are mam-
mals, insects and eudicots (respectively), although most estimates cannot be attributed
to a single class (Fig. 3a). Among the mammals, cats, rodents (mice Mus musculus and
rats Rattus spp.), pigs, rabbits and foxes had the highest costs, accounting for 95%
of the total highly reliable, observed costs in this class (US$20.19 billion; Fig. 3c).
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In fact, the category of ‘diverse/unspecified” included these five taxa in many multi-
species assessments; so, the costs attributed to these are actually higher. Including
low-reliability costs would suggest that rodents — namely, house mice and rats Raztus
spp. — were the second-costliest mammals, but most (89%) of this total was attributed
to the low-reliability category. We also reported cost estimates for five native species
groups, including various kangaroo species, koalas (Phascolarctos cinereus), common
wombats (Vombatus ursinus), dingoes (Canis dingo) and Queensland fruit flies (Bac-
trocera tryoni) given that they are often considered ‘overabundant’ native ‘pest’ species
because they compete for grazing resources (kangaroos), consume trees in Eucalyptus
spp- plantations (koalas), burrow in paddocks (wombats), kill livestock (dingoes) or
damage crops outside their native region (Queensland fruit fly). Kangaroos, koalas
and wombats together account for only 3.1% of the total including all costs and 2.4%
of the total highly reliable, observed costs (99.9% of which is attributed to kangaroos
alone). Dingoes are native to Australia (Smith et al. 2019), but here we included all
accounts of ‘wild dogs’, ‘dogs’ and ‘dingoes’ as dingoes — adding dingoes to the native-
species groups increases the percentage represented to 3.5% (all) and 3.1% (highly
reliable) (although this percentage is slightly higher in reality because dingo-related
costs are sometimes combined with other species). Of course, many other native spe-
cies cause extensive damage to the agricultural industry, such as birds and many insect
species, but reliable estimates of the costs associated with most of these species have
not been made for Australia.

Within the second-costliest class (insects), most (41.5%) of the highly reliable,
observed total is within the ‘diverse/unspecified” category (Fig. 3d). Of the highly reli-
able, observed cost estimates attributed to single species, 70.7% of the total is from the
red imported fire ant Solenopsis invicta (US$1.29 billion), 11.8% from the (native to
tropical Australia, but considered invasive elsewhere) Queensland fruit fly Bactrocera
tryoni (US$215.45 million), 8.7% from the Pacific fruit fly Bactrocera philippinensis
(US$158.91 million) and 7.1% from the bollworm Helicovera spp. (US$129.2 mil-
lion) (Fig. 3d).

For the third-costliest class, based on all costs combined (Eudicots), five species
account for most (56.7%) of all costs attributed to this class: parthenium (18.1%;
US$740.66 million), ragwort (10.4%; US$425.37 million), cucumis melons (10.1%;
US$412.12 million), common heliotrope (9.4%; US$384.25 million) and wild rad-
ish (8.8%; US$361.42 million) (Fig. 3b). Many of the other classes are dominated by
one or a few species (Suppl. material 1: Table S1); for example, bird costs are either
unspecified or from a single species: the common starling (Sturnus vulgaris); the Arach-
nids include only two mites: the red-legged earth mite Halotydeus destructor and varroa
mite Varroa destructor; the Ulvophytes are represented solely by Caulerpa taxifolia; the
Secernentids include only two nematode species (Heterodera avenae and Pratylenchus
spp.); the Amphibia include only the cane toad Rhinella marina; the Polypodiopsids
are represented only by Salvinia molesta; and the Phacophyceae (brown algae) include
only one species, wakame Undaria pinnatifida (see full species list in Suppl. mate-

rial 1: Table S1).
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Figure 4. The costliest species (or group of species) per State/ Territory. The left axis shows the percentage
of the State’s/Territory’s total highly reliable, observed costs attributable to the species indicated and the
right axis shows the value of these species in $US billion (2017 value). For all States/Territories, except
Australian Capital Territory (ACT), Northern Territory (NT) and Tasmania, the costliest category is in
fact diverse/unspecified. State/Territory abbreviations and species icons refer to: ACT = Australian Capital
Territory (cats, foxes, rabbits); NSW = New South Wales (foxes); NT = Northern Territory (banana freckle
disease Phyllosticta cavendishii), QLD = Queensland (red imported fire ants); SA = South Australia (com-
mon heliotrope Heliotropium europaeum); TAS = Tasmania (ragwort Senecio jacobaea); VIC = Victoria
(common heliotrope); WA = Western Australia (annual ryegrass Lolium rigidum).

Various fungal rusts, smuts, rots, mildews and other plant pathogens were also
featured in the database, accounting for > $697 million of the total reported costs (but
only $25.1 million of the highly reliable, observed costs) (Fig. 3a). These included
the Dothideomycetes (e.g. banana freckle disease Phyllosticta cavendishii), Sordariomy-
cetes (e.g. wheat crown rot Fusarium pseudograminearum), Pucciniomycetes (e.g. wheat
stripe rust Puccinia striiformis), Agaricomycetes (e.g. rhizoctonia disease Rhizoctonia
spp.), Exobasidiomycetes (e.g. grass smut 7illetia spp.) and Leotiomycetes (powdery
mildew Blumeria graminis).

The costliest species also vary among States/ Territories (Fig. 4; also see Fig. 5). Mam-
mals (cats Felis catus, red foxes, rabbits) are the costliest species only for Australian Capi-
tal Territory and New South Wales (Fig. 4). The Northern Territory’s costliest species
(36% of its costs) is the fungus Phyllosticta cavendishii that causes banana freckle disease.
Queensland’s costliest species is the red imported fire ant, representing 27% of the total
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Figure 5. Proportional attribution of costs by species per State and Territory (highly reliable, observed
costs only; refer also to Fig. 4). State/Territory abbreviations: ACT = Australian Capital Territory; NSW =
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VIC = Victoria; WA = Western Australia. The full list of species (common and scientific names) is pro-

vided in Suppl. material 1: Table S1.
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highly reliable, observed cost for that State (Fig. 4), whereas the common heliotrope is
the costliest species for both South Australia and Victoria (6% of the total highly reli-
able, observed costs for those States). Tasmania’s costliest species (62% of all costs) is the
ragwort and Western Australia’s is annual ryegrass (9% of total costs) (Fig. 4).

The proportional attribution of the highly reliable, observed costs by species per
State/Territory is presented in Fig. 5.

The most impacted habitat is the terrestrial environment (39%), although most
(60%) of the total highly reliable, observed costs could not be attributed to a single
habitat type (Fig. 6a). Damage by or loss of economic opportunity (cf. manage-
ment) from invasive species has the highest value (US$133.35 billion) among cost
types (Fig. 6b), representing 72.9% of the total highly reliable, observed costs.
The most-affected sectors are the agriculture (24.1%; US$44.03 billion), health
(4.6%; US$8.37 billion) and environment (4.1%; US$7.58 billion) sectors, al-
though most (65.8% of the total highly reliable, observed costs) affected multiple
sectors (mixed; Fig. 6¢).

Tracking temporal trends (Diagne et al. 2021), the costs attributed to invasive spe-
cies in Australia increased from the 1970s to the present. Using all costs irrespective of
reliability, the average annual cost increased from US$57.65 million in the 1970s to
$20.19 billion during the last decade (Fig. 7a). Although highly variable from decade
to decade, this equates to an average decadal increase of - 6.3-fold (or 3.2-fold, based
on the slope coeflicient for the linear robust regression only to compare directly to the
3-fold increase estimated from the global dataset) (Diagne et al. 2021). Taking only the
reliable, observed costs, the average annual cost increased from over US$52.35 million
in the 1970s to US$15.12 billion during the last decade (Fig. 7a) or an average 6.0-
fold increase per decade (or 1.8-fold, based on the slope coeflicient for the linear robust
regression). This translates into a mean annual cost of US$5.85 billion (all costs) or
US$3.58 billion (reliable, observed only) over the study interval (Fig. 7a). Examining
the temporal trends in the observed, reliable costs only for three of the main taxonomic
groups (plants, mammals, insects) shows the general increasing trend, although the
most recent decade’s increase is driven primarily by costs attributed to plants (Suppl.
material 1: Fig. S3).

For both all-costs and observed, reliable datasets, the general additive model had
the best fit assessed using the highest Akaike’s information criterion weights (wAIC).
However, the quadratic ordinary least-squares model had the best fit for the highly
reliable, observed costs, based on the lowest root mean-squared error (RMSE; Table 1).

Using these weights to predict the annual costs in 2017 for both datasets, those
based on wAIC are dominated by the GAM prediction, whereas those based on RMSE
weights accord relatively more importance to the quadratic models (Fig. 7b, ¢).

For the all-costs dataset, the estimated annual costs in 2017 are US$18.77 bil-
lion (US$6.09 billion-US$57.91 billion) according to wAIC or US$17.88 billion
(US$7.56 billion—US$45.44 billion) according to RMSE (Fig. 7b). For the highly reli-
able, observed data only, the predictions for 2017 are US$731.48 million (US$225.31
million-US$2.38 billion) according to wAIC or US$1.85 billion (US$484.85 mil-
lion—-US$6.84 billion) according to RMSE (Fig. 7c¢).
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Table I. Model fits to the temporal trend of annual costs from 1970 to 2020 for all data combined
and for reliable, observed data only. Fitted models include OLS, = linear ordinary least-squares, OLS =
quadratic ordinary least-squares, RR, = linear robust regression, RR = quadratic robust regression, GAM
= general additive model. Also shown are Akaike’s information criterion weights (wAIC) for the three
likelihood-based models (OLS], OLSq, GAM), the root mean-squared error (RMSE) for all models, the
R* for each model (% deviance explained in the case of GAM) and the estimates of the relevant model
coefficients (,BY&lr and ﬁywz) and their standard errors (£ SE). See also Fig. 7.

model wAIC RMSE R 8. £ SE B,.. £ SE
all data
OLS, < 0.0001 0.4791 0.76 0.0528 £ 0.0041 —
OLS‘1 < 0.0001 0.4798 0.78 -2.5449 £ 0.8721 0.0007 £ 0.0002
RR1 - 0.4786 0.76 0.0509 + 0.0041 -
RRq - 0.4779 0.79 -2.5807 = 1.0377 0.0007 £ 0.0003
GAM >0.9999 0.4676 0.99 - -
reliable, observed
OLS, < 0.0001 0.5585 0.50 0.0337 £ 0.0074 -
OLS‘1 < 0.0001 0.5271 0.55 -2.9986 + 1.7180 0.0008 + 0.0004
RR.l — 0.5816 0.51 0.0251 £ 0.0055 -
RRq - 0.5277 0.71 -3.2653 + 0.9690 0.0008 £ 0.0002
GAM > 0.9999 0.5622 0.99 - -
Discussion

Aggregated economic costs of the impacts and management of invasive species in Aus-
tralia have amounted to at least US$298.58 billion (- AU$389.59 billion) since the
1960s and US$183.04 billion (- AU$238.83 billion) when conservatively considering
highly reliable, observed costs only. Sampling biases notwithstanding (see below), the
greatest economic burden to Australia imposed by invasive species originates from
weedy plants, although most of these costs are shared across a wide range of species.
This arises because of the ‘top-down” approaches employed by others previously to
estimate costs associated with losses and control specific to particular industries, rather
than individual species (e.g., McLeod 2004; Sinden et al. 2004; Gong et al. 2009;
Llewellyn et al. 2016). In many circumstances, this approach is more tractable and ef-
ficient for estimating total costs to particular sectors.

There are an estimated 2700 exotic plant species established in Australia, of which
> 400 are declared weedy or noxious (Hoffmann and Broadhurst 2016). Our database
contained highly reliable cost estimates for only -~ 100 species of declared weeds and
many weeds did not have species-specific costs as described above. The cost of controlling
and the damage done by weeds to the Australian agriculture sector alone are estimated at
~ AU$4 billion year” (Sinden et al. 2004; Hoffmann and Broadhurst 2016). However,
from the perspective of single species, exotic mammals dominate the costs, with cats and
rabbits, in particular, showing some of the highest estimates across the entire sample
across Australia. For rabbits, it has been estimated that, without the highly successful bio-
logical control programme started in the 1950s, the impacts of rabbits in Australia would

have been at least US$53.5 billion (- AU$70 billion) higher over the last 50 years (Cooke
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et al. 2013). However, the impacts of invasive mammals vary markedly by region, with
the tropical regions suffering more from invasive fungi (i.e. banana freckle disease in the
Northern Territory) and insects (i.e. red imported fire ant in Queensland) instead.
Hoffmann and Broadhurst (2016) estimated annual costs of invasive species in
Australia (loss and management) in 2001-2002 at AU$12.9 billion and in 2011-2012
at AU$13.6 billion (2012 values), equivalent to approximately US$14.26 billion and
US$15.03 billion (2017 value) for direct comparison to our estimates. The estimates of
Hoffmann and Broadhurst (2016) hail from five different sources (Canyon et al. 2002;
McLeod 2004; Sinden et al. 2004; Gong et al. 2009; de Hayr 2013) of unknown reli-
ability and/or derived from stakeholder surveys. The management (‘national’) expendi-
ture component of these were AU$3.0 billion and AU$3.8 billion for 2001-2002 and
2011-2012, respectively (or US$3.93 billion and US$4.20 billion, respectively; 2017
value). In contrast, our study incorporated appraisals of method reliability and imple-
mentation type when considering economic costs, presenting both ‘total’ and more
conservative figures. Considering only those more conservative numbers, we found
that damage and resource losses attributable to invasive species outweigh (73% of that
total) management expenditure, but to a greater extent than indicated in those previ-
ous studies. This likely mirrors the relatively small investment of government funding
for the management of most invasive species (Hoffmann and Broadhurst 2016) com-
pared to the actual economic damages they incur. However, we acknowledge that our
broad categorisations of cost type and implementation likely obscure subtleties associ-
ated with production losses, control costs and environmental impacts on a case-by-case
basis. Reporting cost categories at finer resolution would likely invoke unacceptable
subjectivity in reporting given the diversity of species, approaches, sectors, cost types,
analyses and assumptions made in individual reports. We acknowledge, however, that
the environmental and social costs recorded in InvaCost should be considered with
some caution regarding their interpretation, because they are not strictly similar to
market costs recorded in economic sectors (Diagne et al. 2020b). Further, cost catego-
risations for particular species likely shift in terms of emphasis during the course of
invasions, meaning that management investment for many species begins with eradica-
tion costs and ultimately changes to suppression via control management as the species
becomes established. Indeed, government investments typically target new incursions
first, meaning that many of these are unlikely to be captured in the relevant literature.
As most cost estimates are damage arising from invasive plants (weeds), it is under-
standable why management-related costs represent such a small proportion of the total.
However, one invasive mammal species is problematic in this regard — cats. According
to the definition of ‘reliable’ provided for the overall InvaCost database — “Peer-reviewed
articles and official documents (e.g. institutional or governmental reports) are likely
validated by experts before publication. We assumed, therefore, that all cost estimates
collected from these materials may likely be of high reliability” (Diagne et al. 2020b) —
we were objectively obliged to include the damage estimate of US$5.95 billion for this
species from Pimentel et al. (2001). However, that particular estimate was based on an
unverified national population of 18 million feral cats and a subjective value of a bird
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caten of US$30 (amount to US$540 million year”) (Gregory et al. 2014). The subjective
extrapolation of the costs of cats was also noted for the USA (Fantle-Lepczyk etal. 2021).

Compared to the global estimates (Diagne et al. 2021), the relatively well-sampled
region of Oceania represents ~ 8% (range: 3—22%) of the total average annual costs
globally in 2017 according to our database. Further, we found that Australia’s rate of
cost increase was up to - 2 times the rate of cost increase estimated from the global
dataset (Diagne et al. 2021), although this observation might be explained in part by
a lack of data in other regions compared to relatively well-studied Australia. However,
Australia is still likely to be recording only a portion of the total costs of invasive spe-
cies in the region. Although InvaCost, in general, as well as our enhanced sample from
Australia more specifically, represent the most comprehensive and resolute assessments
of the costs of invasive species yet available, there are several lines of evidence to sug-
gest that the totals we report here still represent a vast underestimate of the real costs.

The first line of evidence is that the estimated total costs increased by approxi-
mately two orders of magnitude with every order-of-magnitude increase in the number
of entries. This accords well with other assessments revealing that, as the number of
estimates increases, so too do the total costs (Bradshaw et al. 2016; Cuthbert et al.
2021a; Diagne et al. 2021) — in other words, the more economic assessments are done,
the more costs are discovered. While this could arise in part from the increasing rate of
scientific and related publishing over the last 50 years (Richardson and Pysek 2008),
under-sampled or under-assessed species and regions will necessarily underestimate to-
tal costs. This particularly holds true to aquatic and semi-aquatic alien taxa in Australia,
with the majority (99.9%) of costs attributed to a particular habitat (i.e. excluding
mixed-habitat costs) being terrestrial (observed, highly reliable costs) and terrestrial
taxa dominating in most regions. On the global scale, this aligns with the under-repre-
sentation of aquatic invaders relative to terrestrial ones (Cuthbert et al. 2021b).

The second line of evidence is that many well-known invasive species established
in Australia have no associated cost estimates in the database. For example, there was
not a single estimate from the Reptilia in the database, yet species like red-eared sliders
(Trachemys scripta elegans) and corn snakes (Pantherophis guttatus) are potentially costly
species in some States of Australia (Garcfa-Diaz et al. 2017; Toomes et al. 2020). Nei-
ther were pet trade-sourced bird species like rose-ringed parakeets (Psizzacula krameri)
(Vall-llosera et al. 2017; Toomes et al. 2020) or fish pests, such as European carp
(Cyprinus carpio) (Koehn 2004), identified in our cost database. Neither have native
birds (Bomford and Sinclair 2002) or insects (Gu et al. 2007) that can heavily damage
various crops been adequately assessed for costs (apart from the Queensland fruit fly).
Indeed, Gong et al. (2009) reported that birds were the costliest vertebrate group to
Australian agriculture. Despite reporting the costs for several fungal plant pathogens,
there were notable absences; for example, we could not identify any reasonable costs
estimates for Phytophthora cinnamomi, despite its being a major cause of crop losses
and damage to biodiversity in Australia (Cahill et al. 2008; Hee et al. 2013).

The third line of evidence is that the InvaCost approach mandates avoiding the ex-
trapolation of on-going costs beyond the time period specified by a particular source
(Diagne et al. 2020b). We therefore included costs without a specified time window as
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single-year costs, meaning that the resultant annualised costs represent a lower boundary
of the true costs. While this avoids propagating positive errors through time, it down-
wardly biases the true mean costs. The fourth line of evidence is that the number of
invasions in Australia has been increasing linearly for some time (CSIRO 2020), which
is a notable improvement from the current exponential trend seen globally (Seebens et
al. 2017); this accords well with our temporal analysis indicating an ongoing increase in
recorded costs over last few decades (Fig. 7b, ). More broadly, lags in invader impacts
considering their year of introduction (Rouget et al. 2016) could mean that it takes dec-
ades for economic costs to be realised and reported, just as it takes decades of introduc-
tions to become invasions (Essl et al. 2011). Accordingly, future economic impacts will
likely result from a different suite of invasive species for which the effects have not yet
been fully realised.

Conclusions

While the major costs of loss and damage arising from invasive species, where tangible,
are probably captured reasonably well by our database (the under-sampling bias not-
withstanding), management-expenditure estimates are perhaps less reliable. The com-
ponent of the total costs of invasive species attributed to management expenditure is
particularly problematic for several reasons. Indeed, there is no standard procedure for
reporting expenditure or costs at any level of government or for private organisations,
nor is there a national database of expenditure available (Hoffmann and Broadhurst
2016). A similar argument could also be mounted for damage and loss assessments
regarding a lack of a standardised reporting protocol.

As our assessment highlights, the large and growing costs of invasive species to
the Australian economy are substantial, but under-estimated because of insufficient
coverage and a lack of standardised reporting by management authorities and other
agencies. As invasive species continue to increase their ranges and associated impacts
across the planet (Bellard et al. 2013, 2016; Seebens et al. 2017; Seebens et al. 2021),
we can reasonably surmise that Australia will also suffer many additional, negative
economic repercussions from invasive species over the coming decades. Developing
better methods of estimating environmental impacts of invasive alien species will also
contribute to this. We recognise that such types of economically intangible costs aris-
ing from invasive species (Bradshaw et al. 2016) are not captured by the database — for
example, ecological damage, erosion of ecosystem services and loss of cultural values
are inherently challenging to measure in this regard.
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