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Abstract 31 

Globalization challenges sustainability by intensifying the ecological and economic impacts 32 

of biological invasions. These impacts may be unevenly distributed worldwide, with costs 33 

disproportionately incurred by a few regions. We identify economic cost distributions of 34 

invasions among origin and recipient countries and continents and determine socio-economic 35 

and biodiversity-related predictors of cost dynamics. Using data filtered from the InvaCost 36 

database, which inevitably includes geographic biases in cost reporting, we found that 37 

recorded costly invasive alien species have originated from almost all regions, most 38 

frequently causing impacts to Europe. In terms of cost magnitude, reported monetary costs 39 

predominantly resulted from species with origins in Asia impacting North America. High 40 

reported cost linkages (flows) between species’ native countries and their invaded countries 41 

were related to proxies of shared environments and shared trade history. This pattern can be 42 

partly attributed to the legacy of colonial expansion and trade patterns. The characterization 43 

of ‘sender’ and ‘receiver’ regions of invasive alien species and their associated cost can 44 

contribute to more sustainable economies and societies, while protecting biodiversity by 45 

informing biosecurity planning and the prioritization of control efforts across invasion routes.  46 



4 
 

Anthropogenic global changes challenge the conservation and sustainability of natural and 47 

economic systems [1]. Trends such as human population growth, intensifying international 48 

trade and travel, and growth of material transport networks may accelerate ecological, social, 49 

and economic impacts of environmentally destructive practices [2,3]. Consequently, future 50 

economic growth could be offset by a growing monetary burden attributable to global change 51 

[4,5]. However, these impacts may be unevenly distributed around the globe [6,7,8]. A 52 

potential decoupling between countries where costs originate and are incurred could hamper 53 

opportunities for sustainable development, particularly if developing economies are the most 54 

impacted [6]. 55 

Invasive alien species (IAS) — defined in a management context as species 56 

introduced outside their native range as a result of anthropogenic activity, and which have 57 

harmful effects — are among the main threats to biodiversity, biogeographic relationships 58 

and ecosystem functioning worldwide [3,9]. In addition to ecological impacts, the economic 59 

impacts of IAS and their related capacity to undermine human and social wellbeing are 60 

burgeoning [5,9]. IAS weaken progress towards many of the United Nations Sustainable 61 

Development Goals [10]. With rapidly growing invasion rates worldwide [8], the magnitude 62 

of these impacts is expected to increase further in the future [11]. While not all impacts can 63 

be easily monetized [12], prominent ones include costs to human healthcare systems, 64 

production enterprises (agriculture, fisheries, aquaculture, forestry), tourism and real estate, 65 

human-made infrastructures, and ecosystem services [9,13,14].  66 

Recent syntheses of invasion costs have shown that reported costs of IAS vary hugely 67 

across geographic regions [5] (e.g., three orders of magnitude among European countries 68 

[15]). Regional variability in incurred costs is likely attributable, among other reasons, to the 69 

extent of connectivity to the rest of the world through trade and transport networks [2,16] 70 

differences in introduction pathways [17,18], the scale and type of economic activity [13], 71 
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and any ecosystem resistance to invasions conferred by local biodiversity [19]. Additionally, 72 

factors such as research effort contribute to regional variability in reported costs [11], whilst 73 

publication language influences their inclusion in syntheses [20]. 74 

In our increasingly globalized world, sustainable development depends on 75 

understanding the interactions between geographically disparate human-natural systems [21]. 76 

In the context of biological invasions, this means understanding the flows of IAS and their 77 

effects among regions. However, research has tended to focus on IAS flows without 78 

extending their examination to resulting impacts [22,23]. There has been no research thus far 79 

that identifies sender and recipient regions, nor the structure and determinants of flows 80 

amongst them in the context of impacts caused by IAS. We focus on monetary impacts and 81 

define ‘sender’ regions as those from which IAS originate, and ‘recipient’ regions as those 82 

invaded and where costs occur. Note that sender regions are not necessarily responsible for 83 

the subsequent invasion and its impacts; rather, they are simply part of the native range of 84 

these IAS. For simplicity, we describe the costs associated with the movement of IAS from a 85 

particular origin to a recipient region as ‘flows’ (while we acknowledge that it is the IAS that 86 

flow), to emphasise the inherent linkage of species movement to cost dynamics. 87 

An understanding of how impacts of globalization, and specifically costs of invasions, 88 

are distributed across space and time could contribute to sustainability in multiple ways. For 89 

example, it could identify regions that disproportionately suffer costs from invasions due to 90 

the uneven impact of trade activities with distant nations. Similarly, it can identify 91 

inequalities — such as continents, countries or other regions that are net receivers of IAS and 92 

their costs, or with low research capacity relative to the invasion pressure they face — that 93 

should be addressed to meet the Sustainable Development Goals (for instance Goal 10 [24]). 94 

It could also highlight opportunities for prioritized biosecurity actions, such as risk screenings 95 

for imported goods or early-warning surveillance systems for potentially costly IAS from 96 
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specific origins. Identification of socio-economic and environmental predictors of invasion 97 

costs could also help to inform proactive management [25]. 98 

The InvaCost database (Supplementary Note 1) documents globally reported 99 

monetary costs of IAS. Notwithstanding known regional biases in the reporting of costs, it 100 

allows comparisons of standardized costs at taxonomic [11], sectoral [15], regional [15], and 101 

global levels [5]. To investigate the spatial distribution of senders and receivers of 102 

sustainability challenges triggered by invasions, we quantify the monetary burden within and 103 

flowing between sender and recipient regions (continents or countries). Specifically, we 104 

examine: (i) whether some continents or countries send or receive a disproportionate amount 105 

of economically costly IAS, and costs associated with those IAS; and (ii) whether socio-106 

economic and environmental variables predict cost flows between country pairs. 107 

 108 

Results 109 

Continent-level patterns 110 

Numbers of IAS sent and their reported costs were unevenly distributed across continents 111 

(Figure 1). Note that the same was true for reporting effort, and that our results should be 112 

interpreted with this in mind (Figure 1a). Together, the Northern continents (Europe, Asia 113 

and North America) both sent (67%) and received (66%) the majority of IAS. “IAS” here, 114 

and throughout the results, refers only to non-domesticated species, with costs in the 115 

InvaCost database, and for which we could identify ≥1 native continent or country (Figure 2, 116 

see Methods). The Northern continents also sent 82% and received 95% of the total reported 117 

invasion cost in our dataset ($467 billion from 459 IAS; all costs reported herein are in 2017 118 

United States of America [USA] dollars). Our dataset did not contain any costs attributable to 119 

single species in Antarctica. 120 
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Asia sent the largest share of IAS (29%), followed by North America, Europe, South 121 

America, Africa, and Oceania (Figure 1b). Europe had the greatest share of IAS received 122 

(40%), followed by Oceania and North America. Other continents received under 10% of 123 

IAS. Asia sent three times more IAS than it received, while Africa, North America and South 124 

America were also net IAS senders. Both Europe and Oceania were net receivers of 125 

approximately three times more IAS than they sent. All continents received flows of IAS 126 

from all other continents, except for Asia, which did not receive IAS from Oceania (Figure 127 

3a). There were particularly large flows from Asia and North America to Europe. 128 

Compared to the pattern in the flow of IAS, the pattern of reported costs was more 129 

unevenly distributed among continents (Figure 1). Seventy percent of reported costs were 130 

sent by (that is, due to species native to) Asia and 13% by Africa, with the remaining 131 

continents each sending below 10% of total reported costs. Most reported costs were received 132 

in North America (82% of received costs, predominantly from Asia; Figure 2b, Extended 133 

Data Fig. 1), followed by Asia. The remaining continents each received 3% of reported total 134 

costs or less. Accordingly, most continents were net senders of costs (Figure 1c): Africa and 135 

Asia sent over seven times more costs than they received, while Europe and South America 136 

were also net cost senders, by about two-fold. Conversely, North America received 18 times 137 

more costs than it sent, and Oceania was also a net receiver by two-fold. As for species, 138 

reported costs flowed between all pairs of continents, except from Oceania to Asia (Figure 139 

3b). 140 

These regional patterns were similar when accounting for research effort (number of 141 

publications in our dataset) as a simple proxy for capacity to report IAS costs, although South 142 

America became a net receiver (Figure 1d). Furthermore, these patterns are relatively 143 

insensitive to additional data, as substantial increases in research effort would be required to 144 

override these results (446–1,446% to override the top sender and 729–5,267% to override 145 
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the top receiver, Supplementary Table 1). While we do not focus on temporal trends, we note 146 

that across continents, species and reported costs (both raw and per publication) sent and 147 

received tended to increase over time (Supplementary Note 2; Extended Data Figures 2–4). 148 

Reported cost flows among continents according to cost types and activity sectors are shown 149 

in Supplementary Tables 2–3. 150 

 151 

Country-level patterns 152 

The country sending the most reported costs was China ($279 billion, $1.6 billion per 153 

publication reporting costs due to Chinese-native species; Figure 4a, Extended Data Fig. 5a), 154 

substantially exceeding other sender countries. The country receiving the most reported costs 155 

was the USA ($339 billion, $2.8 billion per publication reporting costs incurred in the USA; 156 

Figure 4b, Extended Data Fig. 5b), although second to Colombia when considering reported 157 

cost per publication ($3.3 billion). Several countries appeared as both top senders and receivers 158 

(China, Canada, Colombia, USA, Australia, Russia; Canada and USA only when considering 159 

reported cost per publication).  160 

The strongest pairwise flow of reported IAS costs was from China to the USA, 161 

amounting to $275 billion, or 99% of the total reported cost from China to other countries 162 

(Figure 4c, Extended Data Fig. 5c). Six of the top 10 pairwise relationships included the USA 163 

at the receiving end (seven when corrected by research effort). South Africa was a top receiver 164 

of costs from Australia (for raw reported costs only), while Canada was a top receiver from 165 

China, and China was a top receiver from Brazil and Colombia (for both raw reported costs 166 

and cost per publication). The top 10 was very similar when considering cost flows per 167 

publication (Extended Data Fig. 5). Additional analyses including species without country-168 

level origin information changed the top 10 receiver countries, resulting in several more entries 169 

from Asia (Supplementary Figure 1).  170 
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Of the 223 countries in our dataset, only 17 were net receivers (that is, reported costs 171 

incurred from IAS in these countries were greater than reported costs of IAS native to these 172 

countries). The largest net receivers were the USA ($335 billion), Canada ($10 billion), and 173 

the Philippines ($2 billion). There was at least one net receiver country on every inhabited 174 

continent. The other 206 countries were net senders (that is, reported costs of IAS native to 175 

these countries were greater than reported costs incurred from IAS in these countries); 143 of 176 

these sent costs without reporting any costs received whilst 63 both sent and received costs. 177 

The largest net senders were China ($274 billion), India ($23 billion) and Mexico ($4 billion). 178 

 179 

Predictors of cost flows 180 

A wide range of environmental and socio-economic variables were predictive of the value of 181 

cost flows between sender and receiver countries with differing effect sizes. Significant 182 

positive predictors of pairwise cost flows were: total reported cost sent (by sender country), 183 

latitude (of receiver country), country area (sender and receiver), and distance between 184 

countries, number of species involved, shared biome, common language, and shared colonial 185 

history. Significant negative predictors of pairwise cost flows were: research effort (in sender 186 

country), human population and road density (in receiver country), primary industry values 187 

added (in sender and receiver), and pairwise trade volume and presence of a free trade 188 

agreement (Figure 5). These effects were largely similar when accounting for research effort 189 

as cost per publication, and testing sensitivity to increased non-USA data and weighting of cost 190 

flows across multi-country origin regions (Supplementary Figures 3-6). 191 

 192 

Discussion  193 

Invasive alien species causing economic costs have originated from, and invaded all, 194 

inhabited continents globally. This worldwide problem challenges sustainable development 195 
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and requires urgent international cooperation for effective mitigation. While known regional 196 

research biases underlie cost flows, particularly large numbers of IAS with reported costs 197 

have been sent from (that is, are native to) Asia and North America, and received in Europe 198 

and Oceania. Sender-recipient dynamics for reported costs have been dominated by Asia as 199 

the main sender and North America as the main receiver. Only 17 countries were net 200 

receivers of reported costs, with the USA dominant amongst these. It is notable that Asia 201 

sends a relatively large reported economic cost (5–70 times that of other continents) relative 202 

to the number of IAS it sends (only 1–4 times the other continents). Similarly, North America 203 

receives a far greater reported cost (8–54 times that of other continents) than would be 204 

expected given the number of IAS it receives (2–6 times the other continents). These patterns 205 

likely reflect a complex, interacting mixture of influences such as trade volume and direction, 206 

the identity of species sent and received, and publication language. 207 

 208 

Trade and economic impact dynamics 209 

While our cost data are recent (1960–2020), invasion dynamics can exhibit considerable lag 210 

times — often spanning many decades [26] — and so current sender-recipient dynamics 211 

likely reflect historical patterns of trade and colonialism [16]. Contrary to our expectations, 212 

cost flows were significantly negatively influenced by trade volumes in the 1990s and 2010a. 213 

However, many of the largest reported cost flows are between major contemporary trading 214 

partners. For instance, Asia’s share of global exports rose from 15% in the 1970s to 36% in 215 

2010 [27]. For the USA, costs received from China and India were pervasive, perhaps 216 

reflecting import dominance from these rapidly developing economies over recent decades, 217 

driven by the USA’s consumption-based economy [28], flows of immigration for 218 

intentionally introduced invasive species [29], and/or regional cost reporting biases owing to 219 

underlying differences in research capacities among countries. Indeed, countries such as the 220 
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USA were both high net importers and received high costs, whereas China bore much lower 221 

reported invasion costs relative to trade (Extended Data Fig.6, Supplementary Note 3).  222 

Cost flows displayed similarities and differences to global alien species flows. 223 

Invasion cost flows corroborate dominant plant movements from Asia and Europe to North 224 

America, for example [16]. Similarly, flows of alien reptiles have largely been from Asia and 225 

Africa to the Americas, but flows of alien amphibians have largely been between the 226 

Americas and within [30]. Alien aquatic macroinvertebrates in North America often originate 227 

from the Ponto-Caspian region in eastern Europe/western Asia [31]. As with alien species 228 

flows, bridgehead effects might distort direct economic impact flows between origin and 229 

recipient regions [23]. At the country level, our cost flows corroborate previous research 230 

highlighting the USA as the largest recipient of IAS, and China and India as the largest 231 

senders globally [32]. 232 

While previous studies have examined spread and establishment dynamics of IAS [2], 233 

they have fallen short at predicting impacts or in considering sender-recipient dynamics of 234 

these impacts. An increase in invasion rates and socio-economic impacts is expected to 235 

accompany future economic growth [2,15]. For example, Northeast Asia’s GDP is expected 236 

to increase 21-fold by 2050 [2]. These shifts could result in regions transitioning from net 237 

senders to receivers of costs, if they become more import-dominant. It is also probable that 238 

future changes in country-level research capacities to document biological invasion costs will 239 

influence the recorded dynamics of their senders and receivers. 240 

 241 

Socio-economic and biological predictors of cost flows 242 

Our cost flow results have clear implications for biodiversity conservation and policy. 243 

Previous studies have shown that invasion dynamics are shaped by importation volume and 244 

species richness [33], as well as national wealth and human population density [34], 245 
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suggesting that unsustainable wealth generation and human population growth has 246 

contributed substantially to biological invasion rates. However, no previous studies have 247 

examined pairwise flows in the context of invasion impacts, despite the fact that IAS impacts 248 

are independent of invasion success [35].  249 

We found greater cost flows between country pairs that share at least one biome, 250 

indicating that invasion impacts are greater at lower environmental distances. This finding 251 

supports the prioritisation of measures to limit propagule flow among regions of the greatest 252 

environmental similarity. In contrast, we found that cost flows were larger between 253 

physically distant countries, perhaps because physical distance increases the likelihood of 254 

ecological novelty and invasion impact. While demonstrated at the level of IAS establishment 255 

[19,33], we did not find support for biotic resistance influencing reported IAS economic 256 

costs, since species richness in the recipient country was not significant. Environmental 257 

drivers of IAS impacts may therefore be superseded by socio-economic factors.  258 

We found lower pairwise cost flows into countries with larger human populations. We 259 

note that this does not necessarily discount high total costs in these areas, as in [33], if 260 

supplied by a greater number of sender countries. Although what may be driving this 261 

population trend remains unclear, it is possible that these countries may have more capacity 262 

to respond proactively to invasion risks, and/or may represent larger urban areas where both 263 

native biodiversity and heavily invasion-impacted industries, such as forestry and agriculture, 264 

are less prominent. Alternatively, it could reflect the influence of substantial human 265 

populations in emerging economies (such as India, Brazil, and China), whose export-driven 266 

trade patterns or lesser research capacities may limit the costs received and reported.  267 

The number of IAS with costs sent and country surface areas were significant positive 268 

terms in our model, suggesting that future rises in invasion rates will drive higher costs and 269 
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larger countries receive and send greater costs [15] — despite country area previously 270 

demonstrating no clear influence on the degree of invasion in recipient countries [33]. 271 

We found that wealth (proxied by gross capital formation) had a non-significant 272 

relationship with cost flows, while the values added by primary industries in sender and 273 

recipient countries were negative predictors. The negative relationship between value added 274 

and cost flow in both directions suggests that primary resource-producing countries are 275 

relatively less involved in IAS cost flows in general. Previous studies have found that GDP 276 

does not necessarily determine the degree of invasion at the national scale [33]. 277 

One might have expected recipient country road density and free trade to increase cost 278 

flows between countries, but we found the opposite result: high road densities and free trade 279 

agreements were associated with lower reported pairwise flows of IAS costs. This does not 280 

preclude there being higher total cost to these countries if they receive more pairwise flows. 281 

Alternatively, countries with lower road densities could incur greater cost flows if these 282 

represent more isolated, pristine regions that are vulnerable to IAS. Free trade agreements 283 

could be markers of greater surveillance and oversight capacity, which could reflect greater 284 

international cooperation to mitigate invasion impacts. This could ultimately reduce the 285 

number of unintentional invasions, and/or invasions by species known to have high economic 286 

impacts and therefore placed on blacklists or watch lists, leading to lower cost flows [18]. 287 

Alternatively, this finding could reflect the fact that wealthier countries have both higher 288 

numbers of free-trade agreements and greater invasion management capacity. Regions 289 

sharing trade agreements may have also had more historical invasions whose costs were 290 

incurred prior to 1960. The negative effect of 20th and 21st Century trade on cost flows 291 

additionally differs from the positive effect of historical trade on invasion success previously 292 

reported [26], although our earliest trade period (1995-1999) is relatively late in this century. 293 

Finally, we found more intense flows between countries that shared a language and colonial 294 
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history. These may be a marker for human movements, such as colonialism and 19th or 20th 295 

Century trade, that have transported invasive propagules [36]. A more granular analysis of 296 

the role of such factors is an important area of future research. 297 

 298 

Data gaps and caveats 299 

It is important to highlight and caveat factors that may have strongly influenced the trends 300 

exhibited in the present study. We provide more detail on the following factors in 301 

Supplementary Note 4.  302 

Firstly, InvaCost is dependent upon costs reported in original studies, and such 303 

reporting of economic costs of biological invasions is distributed highly unevenly 304 

geographically and taxonomically [5], and frequently lacks specificity. Indeed, costs in 305 

InvaCost are known to be skewed towards just a few well-studied taxa in certain places [5], 306 

with several hyper-costly species likely to disproportionately influence global trends and 307 

massive data gaps for other known damaging IAS [37]. Publication biases undoubtedly 308 

influence cost flows, whereby particularly high levels of reporting of impacts in North 309 

America could have emanated from relatively early efforts to report invasion costs in the 310 

USA, which prompted further research into the effects on the economy in the last two 311 

decades [38]. We aimed to address this descriptively and statistically by including research 312 

effort and number of IAS as individual terms across countries and regions. Hence, all 313 

environmental and socio-economic effects can be considered in the context of research effort 314 

and invasion rates, and are thereby over and above the strength of these terms. We also 315 

present reported costs corrected for research effort in our dataset. However, we caution that 316 

our proxies probably do not capture all aspects of regional capacities to report IAS and their 317 

impacts, and therefore our results are likely still influenced by differences in reporting 318 

capacity. 319 
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Secondly, publication language may influence perceived cost flows, where regions 320 

with greater reporting effort in common languages (English), such as North America, are 321 

better represented in our dataset. Although updates to InvaCost now include data in 21 non-322 

English languages, regions such as Asia and Africa remain heavily underrepresented, with 323 

numerous countries having no costs in InvaCost [20]. Whilst our analyses accounting for 324 

research effort would have controlled for some of these biases, they could not account for 325 

entirely missing data. 326 

Thirdly, purchasing power affects the cost of damage and management incurred by a 327 

region; all else being equal, regions with higher purchasing power (such as Asia, Europe, and 328 

North America) would inherently incur higher costs. Given this inherent bias and the 329 

probable link between lower economic output and research capacity, invasion costs from 330 

lower-income countries are likely particularly underestimated. Therefore, research 331 

investments in low-to-middle income nations should be promoted to bridge these gaps and 332 

support biosecurity.  333 

Fourth, socio-cultural factors will also change the likelihood of invasion management 334 

in ways we cannot capture in this analysis. For instance, impacts on ecosystems and health 335 

are difficult to monetize, but are also a key motivator for management action [9]. Considering 336 

differences in research effort, it is likely that capacities to report costs from ecosystem-based 337 

impacts are particularly limited in countries with lower research capacities.  338 

Fifth, we do not account for the many IAS of unknown origin, or for the precise 339 

invasion trajectory taken by each one. It is possible that IAS with costs in a receiver region 340 

did not originate directly from the species’ native region, but rather from ‘steppingstone’ 341 

regions that had been already invaded [23,39]. This phenomenon challenges the precise 342 

attribution of economic cost sources, with invasions potentially caused by trade patterns that 343 

are spatially and temporally independent of the initial origin region and of direct trade 344 
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between senders and receivers. It was impossible to account for this phenomenon in our 345 

analyses given the absence of information on invasion trajectories for most species.  346 

Our results call for more systematic data reporting and collation — in particular, on 347 

species’ native ranges, initial source populations of invasive propagules, invasion trajectories, 348 

invasion pathways, and invasion costs. Future extrapolation efforts could also help to resolve 349 

unreported costs. We highlight specific areas for focused research (for example, pathways 350 

and vectors involved in cost flows from China to the USA) to provide a basis for future 351 

predictions of how negative economic impacts from burgeoning biological invasions will 352 

unfold. 353 

 354 

Outlook 355 

This work can help promote international cooperation to mitigate economically damaging 356 

IAS. Our results should be considered in the context of uneven regional research efforts to 357 

report the impacts of IAS and should not be used to support unnecessary economic barriers 358 

among countries (such as from the Global South). Identification of major donor regions for 359 

costs nevertheless allows prioritisation of species sources in early warning systems to 360 

prevent future impacts, which complements pathway determination for informing 361 

management [18]. Our links among physical distance, socio-economic variables and IAS 362 

cost flows suggest that decreased reliance on distant resources in favour of developing local 363 

resources could decrease flows of costly IAS. Our results suggest that biosecurity efforts 364 

should be prioritized for trade between Asia and North America, and for trade linking 365 

several regions to Europe, but that research capacities should be improved to globally 366 

report invasion costs and inform on their impact dynamics. IAS economic cost 367 

considerations could become an additional factor to include in designing international trade 368 

treaties as well as legal frameworks and policy targets for biodiversity protections. Due to 369 
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the cost and missed economic opportunities associated with decreasing exports, which may 370 

dissuade any individual nation from increasing their export-level restrictions, an 371 

international governing body for biosecurity may be better positioned to assess risks 372 

associated with global trade to decrease biological invasions.  373 

 374 

Methods 375 

Cost data and processing 376 

We extracted cost data from the latest version of the InvaCost database (version 4.1, publicly 377 

available at 10.6084/m9.figshare.12668570 [20, 40]). InvaCost has been generated following 378 

a systematic, standardized methodology to collate invasion costs from peer-reviewed 379 

scientific articles, official reports, grey literature, and stakeholder and expert elicitation. 380 

Following a thorough and hierarchical screening of each source document for relevance, 381 

costs were extracted, standardized to a common currency (2017 USA dollars/US$), and 382 

adjusted for inflation through the Consumer Price Index 383 

(https://data.worldbank.org/indicator/FP.CPI.TOTL?end=2017&start=1960) to be 384 

comparable across space and over time [40]. Costs were categorized under a range of 385 

descriptive fields pertaining to the original source (such as title, authors, and publication 386 

year), spatial and temporal coverage (such as period of estimation and study area), cost 387 

estimation methodology (such as method reliability and acquisition method) and the cost 388 

estimates per se (such as nature and typology of cost relating to damage and/or management 389 

costs). Detailed information on all descriptive variables can be found in an online repository 390 

of the InvaCost database (https://doi.org/10.6084/m9.figshare.12668570, 391 

“Descriptors4.1.xlsx”).  392 

Costs can occur over varying periods; for example, a one-off cost associated with a 393 

one-time eradication effort versus a multi-year cost associated with recurrent, annually 394 
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estimated damages to crop production. To homogenize the temporal occurrence of these cost 395 

entries in the database, they were all converted to annual costs using the expandYearlyCosts 396 

function of the invacost R package [41]. This function provides annualized cost estimates for 397 

all entries, based upon the probable starting and ending years of the cost occurrence provided 398 

in the database (‘Probable_starting_year_adjusted’ and ‘Probable_ending_year_adjusted’ 399 

columns). For example, a single cost entry of $5,000 that occurred between 2000 and 2009 400 

would be transformed to 10 entries following expansion, each amounting to $500 per year. 401 

Thereby, if costs are reported over a multiannual period, the total cost over that given period 402 

is divided by the number of years, resulting in an equal annual cost per year that does not 403 

inflate the overall cost. Accounting for these dimensions of costs also allowed for 404 

assessments of the dynamics of cost occurrence over time [41]. Furthermore, for this analysis, 405 

we considered costs with impact years between 1960 and 2020, given limited InvaCost data 406 

before 1960, and constraints on the availability of relevant socio-economic variables beyond 407 

this period (see Predictor variables).  408 

We further considered species-specific cost entries only, thus excluding those for 409 

diverse (where costs were reported collectively for multiple taxa) or unspecific (where 410 

species-level information was missing) taxa, where 1,557 or 11.6% of entries were excluded 411 

(Supplementary Figure 1). Likewise, we removed costs reported in unspecified geographic 412 

regions (those that could not be attributed to any continents or countries) and blank cost 413 

entries. We additionally removed cost entries for disease agents (viruses, bacteria, and human 414 

pathogens) from the data, as these taxa are equivocally identified as alien, and we are 415 

typically more interested in the movement of their vector species. For example, invasive alien 416 

mosquitoes (Aedes spp.) would be included, while the viral diseases they vector (yellow 417 

fever, Zika, chikungunya, etc.) would be excluded. We also opted to use the most robust 418 

subset of these resulting data, by considering only costs that were of high method reliability 419 
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(from peer-reviewed literature or other sources with documented, reproducible, and traceable 420 

methods) and empirically observed (costs actually incurred, rather than expected or 421 

predicted). Further, we removed cost entries at the ‘unit’ spatial scale (belonging to various 422 

minor scales below the site level, for example, per m2). This scale has a higher likelihood of 423 

being duplicated with costs at larger geographic scales through nesting (for example, unit-424 

level costs might be captured already in an overlapping site-level cost). Further, the total area 425 

over which these costs were incurred was variable and often unreported (for example, costs 426 

reported per m2 without indicating the total size of the area impacted). These filters thus 427 

allowed us to consider costs (i) from individual IAS in defined recipient continents or 428 

nations, and for which regional origins could, in theory, be determined, (ii) that were actually 429 

incurred, reported, and estimated through “highly reliable” methods, and (iii) at appropriate, 430 

distinct spatial scales. The aforementioned filters, however, also mean our reported costs are 431 

underestimated and uneven due to reporting differences regionally. Unless specified 432 

differently, all results are provided for the filtered dataset, which represents 30.3% of all 433 

InvaCost records for continent-level analyses, and 27.2% of all records for country-level 434 

analysis (see Species origins and Figure 2 for more details).  435 

 436 

Species origins 437 

As a first step in determining species’ countries of origin, we employed a web scraping script 438 

to gather data from the Centre for Agriculture and Bioscience International (CABI) Invasive 439 

Species Compendium (ISC, www.cabi.org/isc), the International Union for Conservation of 440 

Nature (IUCN) Global Invasive Species Database (GISD, http://www.iucngisd.org/gisd/) and 441 

the Global Biodiversity Information Facility (GBIF, www.gbif.org) (see 442 

www.github.com/emmajhudgins/Givers_Takers for more information). CABI’s ISC contains 443 

a variety of information on IAS around the world, including their current distribution and 444 

http://www.cabi.org/isc
http://www.iucngisd.org/gisd/
http://www.github.com/emmajhudgins/Givers_Takers
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countries of origin [18]. Our script searched using the species names as entered within 445 

InvaCost (harmonized using the GBIF.org Backbone Taxonomy; [40]) as well as synonyms 446 

in the Integrated Taxonomic Information System (ITIS) database via the taxize R package 447 

[42]. If a species match was found within the CABI ISC, we searched for a “Distribution 448 

Table” portion of the species entry. If found, we extracted country or region (within country) 449 

names tagged as “Native” within this table. GISD contains geographical information for 450 

many IAS and was used as an alternative to CABI where distributional data were missing. 451 

Our script searched for GISD distributional data points tagged as “Native” and compiled 452 

them at the country level. Finally, we checked for matching entries in GBIF — a global 453 

database of all types of species distribution — tagged as “Native” at the country level within 454 

the occ_search function of the rgbif package version 3.6.0 [43]. We used present day 455 

political border definitions for each country as defined by ISO3C codes in the 456 

countrycode package [44]. 457 

Next, where possible, we used country-scale origins to infer continental regions. 458 

Countries designated in InvaCost to be part of Central America were assigned to North 459 

America (and we refer to them henceforth as North America). Following InvaCost protocols, 460 

overseas territories were linked with the continent that matched their geographic, rather than 461 

political, designation. As exceptions, Turkey and Russia were identified as multi-continent 462 

sender and recipient countries. Origin continents within Turkey and Russia were selected on a 463 

case-by-case basis for each species, considering published data on the finer-scale distribution 464 

of each species within these countries as well as the continental designation of other countries 465 

listed (for example, if all other origin countries listed were European, we considered the 466 

native range to be European; see Supplementary Table 5 for details of species impacted). In 467 

these two country cases, we classified recipient regions based on human population, because 468 

of the role of humans in transporting IAS [45] and incurring economic impacts [15]. Since 469 
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most of Turkey’s population is in Asia and the majority of Russia’s population is in Europe, 470 

we assigned them accordingly to these continents. As a third exception, China’s Special 471 

Autonomous Regions (Hong Kong and Macau) and Taiwan were merged with mainland 472 

China due to them representing a much smaller landmass, as well as being strongly linked to 473 

China politically, economically, and geographically.  474 

All origin assignments were checked manually by co-authors (where we ensured that 475 

there existed ≥ 1 reliable source[s] that agreed on the origin continent at least) or were 476 

entered for the first time when information was unavailable from GISD and CABI, using 477 

available literature and databases. Literature was identified through ad hoc, informal 478 

searches, so it is possible that some known native countries were missed. However, this is 479 

likely to be a small issue compared to the number of native countries that have never been 480 

identified in the literature. A list of literature sources used to check the species’ origins is 481 

provided in Supplementary Note 5. Some species were allocated only to a continent of origin, 482 

due to the absence of country-level data (see later).  483 

Origin information was identified for 467 unique species with cost records that met 484 

our aforementioned filters (high reliability, observed records within defined continents, cost 485 

incurred 1960–2020, non-pathogens). Of these, eight were removed due to a domesticated 486 

status (cat, Felis catus; dog/wolf, Canis lupus; sheep, Ovis aries; dromedary camel, Camelus 487 

dromedarius; pig, Sus scrofa; horse, Equus caballus; donkey, Equus asinus; and goat, Capra 488 

hircus; and with cow, Bos taurus; and ferret, Mustela furo having been removed by previous 489 

filters). This set of species does not have clear native ranges due to their long domestication 490 

and/or hybridization history. In contrast, we opted to retain species such as the European 491 

rabbit (Oryctolagus cuniculus) with a well-defined native range [46]. The remaining 459 492 

unique species were recorded in six origin and recipient continents, amounting to 4,107 cost 493 
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entries reported across 539 independent publications (expanded to 8,060 total entries; Figure 494 

2).  495 

When subset to entries with a country-level resolution, our dataset was further restricted 496 

to 412 unique species in 223 origin and 80 recipient countries, corresponding to 3,685 raw cost 497 

entries, 436 unique publications, and 7,112 expanded entries. Overseas territories were 498 

removed from this portion of the analysis because they lacked trade volume, GDP, and/or 499 

population data, which were implemented in models (see Predictor variables). 500 

 501 

 Impact distributions 502 

Our analyses illustrate the distributions of both (i) numbers of IAS with costs and (ii) 503 

monetary costs, each among sender and recipient regions. Therefore, our analysis of IAS flows 504 

considers only those with reported costs in InvaCost. For (ii), we further qualified the costs per 505 

region by dividing the total costs by the numbers of publications reporting them, as one way to 506 

account for research effort, in a separate analysis. For (i), each species’ contribution was 507 

divided by the number of origin regions known for the species and/or destination regions 508 

recorded in InvaCost. This ensured that each species’ contribution summed to ‘1’ in the total 509 

number of species sent or received [32]. For example, if a species was native to three countries 510 

and was reported to cause impacts to two countries in InvaCost, it would contribute a value of 511 

0.33 species sent from each country and 0.5 species received to each country. We acknowledge 512 

that this may not be an accurate representation of the weight of particular origins of the 513 

invasion, but this information was unavailable given the complexity and changeability of 514 

pathways and vectors. For costs, when a single cost entry was reported in two or more 515 

geographic regions or countries, the cost was split equally among those recipient regions or 516 

countries. Similarly, if an IAS originated from two or more origin regions or countries, the 517 

aggregate cost from that IAS was split equally among those origin regions or countries.  518 
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 519 

Predictor variables 520 

We separated our analysis by decade. Then, from InvaCost version 4.1, we generated a 521 

variety of predictor variables that we hypothesized would influence the magnitude of cost flow 522 

to and from different locations (where the cost flow from Region A to B refers to the costs of 523 

IAS in Region B that are due to native species from Region A). Firstly, we extracted the number 524 

of unique cost references associated with each receiving country in each decade, as a proxy for 525 

research effort (“Reference_ID” field in the InvaCost database). Secondly, we summed the 526 

total number of species involved in the cost flows between countries for each decade. Thirdly, 527 

we summed the total cost, incurred between 1960 and 2020, of IAS originating from each 528 

country. 529 

Beyond these InvaCost-specific predictors, we employed several external variables 530 

hypothesized to influence the magnitude of cost flows due to biological invasions [47]. We 531 

extracted the total volume of imported goods (in metric tonnes) for each country pair from 532 

the Centre d'Études Prospectives et d'Informations Internationales’ (CEPII) Base pour 533 

l’Analyse du Commerce International (BACI) database [48] for the years 1995–1999 534 

inclusive and 2015–2019 inclusive, selecting the HS92 designation of harmonized import and 535 

export records (see Supplementary Table 6 example data from 10 pairs). We calculated the 536 

mean annual flow of goods between each country pair for the 1995–1999 period and dubbed 537 

this ‘historical trade’. Historical trade can be more predictive of present-day invasion risk due 538 

to invasion lags (see [47]), but we note that consistent import data are not available for the 539 

entire period of our cost data. The mean annual flows for 2015–2019 reflect recent trade 540 

(prior to the COVID-19 pandemic). To assess the role of origin and recipient biodiversity in 541 

dictating the flow of invasion impacts, we downloaded species richness data for each country 542 

from Mongabay, which tallies species richness for amphibian, bird, fish, mammal, reptile, 543 
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and vascular plant species [49]. As a proxy for environmental matching, we identified 544 

countries that shared at least one terrestrial biome [50] and using data from Global 545 

Administrative Areas v3.6. We assume that country pairs sharing terrestrial biome(s) also 546 

share some freshwater and marine environments with similar conditions. Note that we also 547 

tested the effect of a shared climate zone variable, but the biome model had greater deviance 548 

explained. We also used the mean annual GDP and human population of each decade, and 549 

surface land area (reported in 2018, and measured in square km, including inland waters, but 550 

excluding marine Exclusive Economic Zones), tourism expenses (in 2022 US$), tourism 551 

receipts (in 2022 US$), agriculture, fisheries and forestry value added (in 2022 US$), gross 552 

capital formation (in 2022 US$), road density (km per 100 hectares), and percent of imports 553 

relating to food (as a percentage of all imports) from the World Bank using the wbstats R 554 

package [51], the latitude of each country from the rworldmaps R package [r52], and the 555 

distance between countries variable from the CEPII GeoDist database (calculated between 556 

two most populous cities), which has been previously employed to model invasional flows 557 

[2]. Based on [2], we also extracted information on common language (spoken by at least 9% 558 

of the population in each country), the existence of a free trade agreement between countries, 559 

and a shared colonial history (CEPII Gravity Database), and shared geographical borders 560 

(reported in [2]). To test whether cost flows could be predicted from the number of total IAS 561 

(with and without costs) that occur in a recipient region, we obtained data on IAS load per 562 

country from [32]. 563 

Missing predictor variable values were filled in with either the closest decade of 564 

available data or the mean of non-missing values when entirely missing (Supplementary Note 565 

6). High levels of multicollinearity among variables led to the removal of GDP and tourism 566 

variables (collinear with gross capital formation and research effort) as well as gross capital 567 

formation in the receiving country (collinear with research effort), and the total IAS load per 568 
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country (collinear with tourism, research effort, and recipient country area) from our model 569 

(all r>0.70) [53]. We considered human population and economic output instead of human 570 

population density and output per capita, because the qualifying variables (surface land area 571 

for human population and human population for output) were already included in the model. 572 

Moreover, ratio variables are well-known to cause spurious effects if there is a correlation 573 

between the denominator of the ratio and the response variable [54]. Our approach therefore 574 

allows for greater non-linearity and flexibility in considering these independent variables and 575 

their partial effects. 576 

 577 

Statistical modelling 578 

We built predictive models of the cost flow between each country pair for all complete (non-579 

zero) flows recorded in InvaCost (Figure 2). To do this, we first summed our cost data within 580 

each decade and within each sender-recipient country combination, employing the 581 

countrycode R package [44] to ensure consistent country naming by converting all 582 

InvaCost country records to ISO3C codes. All models were fit as generalized additive models 583 

(GAMs) using the mgcv package [55], where all quantitative predictors and the cost flows 584 

(in millions of $) were logarithmically scaled. Decade was included as a thin-plate smoother 585 

term with five knots (a maximum of four inflection points in its functional form) to de-trend 586 

the cost flows for consistent variability in time. This variability could be due, for instance, to 587 

periods of global economic growth and decline. The ‘numbers of species involved’ predictor 588 

per cost flow controlled for the expected increase in IAS impacts due to a simple increase in 589 

IAS sent or received. Within each GAM, we employed the select method to avoid the 590 

overparameterization of our smoother terms. This method uses a cross-validation approach to 591 

penalize overfitted smoother terms (using the GCV.Cp method). All non-smoothed variables 592 

were loge-transformed prior to analysis to meet model assumptions, as determined by GAM 593 
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model-checking results. Models were checked for high concurvity using the mcgv function 594 

concurvity (the GAM equivalent of multicollinearity; [55]), where ‘worst case’ concurvity 595 

values of >0.8 were taken to indicate model overfitting. Model residual and quantile-quantile 596 

plots were produced to check log-log model goodness-of-fit relative to an untransformed 597 

model (Supplementary Figures 7-8). Sensitivity to research effort was further tested by 598 

reanalyzing the model in terms of cost per publication associated with each pairwise country 599 

flow. Sensitivity of parameter relationships to high amounts of data from the USA was tested 600 

by adding 10%, 50%, and 100% more bootstrapped data rows from non-USA countries. 601 

Sensitivity to the assumption that sender costs were spread evenly across native range 602 

countries was tested by reweighting costs for species with multi-country native ranges by 603 

each native range country’s wealth (acknowledging that this is not necessarily any more 604 

reflective of true sender dynamics than an equal split). 605 

 606 
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Figure Legends 642 

Figure 1. (a) Number of studies from each recipient continent published in InvaCost and 643 

retained in our filtered dataset, (b) number of IAS associated with reported costs, (c) reported 644 

monetary cost, and (d) average reported cost per publication associated with continent pairs, 645 

sent and received by each continent. Costs are in 2017 US$ millions. Percentages in panels (b–646 

c) correspond to the share of the total per region. Base map is public domain, courtesy of 647 

Wikimedia Commons. 648 

Figure 2. Workflow illustrating the cost filtering process from the InvaCost database to permit 649 

analyses. All icons are public domain, courtesy of Microsoft PowerPoint. 650 

Figure 3. The (a) number of species associated with intercontinental reported cost flows and 651 

(b) reported cost of these species flows in 2017 US$ millions. Arrow thickness indicates the 652 

number of species in (a) and the magnitude of reported costs in (b). Arrows indicate species' 653 

known native ranges and final recipient regions of reported costs, and therefore do not 654 

necessarily indicate direct flows between continents. Base map is the intellectual property of 655 

Esri and its licensors and is used under license. Copyright © 2013 Esri and its licensors. All 656 

rights reserved. 657 

Figure 4. Top 10 IAS cost sender countries (a), top 10 IAS cost receiver countries (b), and top 658 

10 sender-receiver country pairs (c) in the InvaCost database. Costs correspond to total reported 659 

invasion impacts in 2017 US$ values of species native to a country across all receiving 660 

countries (a); total reported invasion costs per country attributable to individual species native 661 

to any other country (b); and reported invasion costs incurred per receiver country attributable 662 

to species native to the corresponding sender country (c). In (c), darker red hues indicate greater 663 

senders of costs, darker blue hues indicate greater receivers of costs, and blacker hues represent 664 

countries that both receive and send high costs. Countries are not to scale. Arrows indicate 665 

species' known native ranges and final recipient regions of costs and therefore do not 666 
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necessarily indicate direct flows between countries. Base map is the intellectual property of 667 

Esri and its licensors and is used under license. Copyright © 2013 Esri and its licensors. All 668 

rights reserved. 669 

Figure 5. Variable importance in the GAM pairwise cost flow model for log-scaled country-670 

level cost flows with log-scaled predictors, as measured by each parametric term’s t-statistic 671 

(Supplementary Table 4). The smoother for Decade had empirical degrees of freedom of 3.40, 672 

and a p-value of <0.0001 (Supplementary Figure 6). The overall model had 26.2% deviance 673 

explained (n = 5362). The red line represents an effect of 0, and more significant positive effects 674 

are shown to the right of the plot while more significant negative effects are shown to the left 675 

of the plot, where log-log slope terms are shown in text on each bar. Log-log slopes are to be 676 

interpreted as the exponent of a power-law relationship, and therefore a doubled value of the 677 

associated predictor would result in 2b times the cost flow, where b is the associated parameter 678 

estimate. Insignificant terms are shown in darker blue. All models displayed a ‘worst-case’ 679 

concurvity value below 0.8, indicating they were not overfit.  680 

 681 
References 682 

1. Díaz, S., Settele, J., Brondízio, E. S., Ngo, H. T., Agard, J., Arneth, A., … & Zayas, 683 
C. N. Pervasive human-driven decline of life on Earth points to the need for 684 
transformative change. Science 366, eaax3100. (2019). 685 

2. Sardain, A., Sardain, E. & Leung, B. Global forecasts of shipping traffic and 686 
biological invasions to 2050. Nature Sustainability 2, 274–282. (2019). 687 

3. Brondizio, E.S., Settele, J., Díaz, S. & Ngo, H.T. (eds) Global Assessment Report on 688 
Biodiversity and Ecosystem Services of the Intergovernmental Science-Policy 689 
Platform on Biodiversity and Ecosystem Services (IPBES Secretariat, 2019). 690 

4. Stern, N. The Economics of Climate Change: The Stern Review. (Cambridge 691 
University Press, 2007). 692 

5. Diagne, C., Leroy B., Vaissière A-C., Gozlan, R. E., Roiz, D., Jarić, I., ... & 693 
Courchamp, F. High and rising economic costs of biological invasions worldwide. 694 
Nature 592, 571–576. (2021). 695 

6. Hull, V. & Liu., J.. Telecoupling: a new frontier for global sustainability. Ecology and 696 
Society 23, 41. (2018). 697 

7. Abel, C., Horion, S., Tagesson, T., De Keersmaecker, W., Seddon, A. W. R., Abdi, A. 698 
M. & Fensholt, R. The human–environment nexus and vegetation–rainfall sensitivity 699 
in tropical drylands. Nature Sustainability 4, 25–32. (2021). 700 

8. Seebens, H., Bacher, S., Blackburn, T. M., Capinha, C., Dawson, W., Dullinger, S., 701 



30 
 

… & Essl, F. Projecting the continental accumulation of alien species through to 702 
2050. Global Change Biology 27, 970–982. (2021). 703 

9. Pyšek, P., Hulme, P. E., Simberloff, D., Bacher, S., Blackburn, T. M., Carlton, J. T., 704 
… & Richardson, D. M.  Scientists' warning on invasive alien species. Biological 705 
Reviews 95, 1511–1534. (2020). 706 

10. International Union for Conservation of Nature Issues Brief July 2018: Invasive Alien 707 
Species and Sustainable Development. (IUCN, 2018); 708 
https://www.iucn.org/sites/default/files/2022-709 
07/ias_and_sustainable_development_issues_brief_final.pdf 710 

11. Haubrock, P. J., Cuthbert, R. N., Hudgins, E. J., Crystal-Ornelas, R., Kourantidou, M., 711 
Moodley, D., ... & Courchamp, F. Geographic and taxonomic trends of rising 712 
biological invasion costs. Science of the Total Environment 817, 152948. (2022). 713 

12. Epanchin-Niell, R. S. Economics of invasive species policy and management. 714 
Biological Invasions 19, 3333–3354. (2017). 715 

13. Paini, D. R., Sheppard, A. W., Cook, D. C., De Barro, P. J., Worner, S. P. & Thomas, 716 
M. B. Global threat to agriculture from invasive species. Proceedings of the National 717 
Academy of Sciences 113, 7575–7579. (2016). 718 

14. Shackleton, R. T., Richardson, D. M., Shackleton, C. M., Bennett, B., Crowley, S. L., 719 
Dehnen-Schmutz, K., … & Kull, C. A. Explaining people’s perceptions of invasive 720 
alien species: a conceptual framework. Journal of Environmental Management 229, 721 
10–26. (2019). 722 

15. Haubrock, P. J., Turbelin, A. J., Cuthbert, R. N., Novoa, A., Taylor, N. G., Angulo, 723 
E., … & Courchamp, F. Economic costs of invasive alien species across Europe. 724 
NeoBiota 67, 153–190. (2021). 725 

16. van Kleunen, M., Xu, X., Yang, Q., Maurel, N., Zhang, Z., Dawson, W., … & Fristoe, 726 
T. S. Economic use of plants is key to their naturalization success. Nature 727 
Communications 11, 3201. (2020). 728 

17. Early, R., Bradley, B. A., Dukes, J. S., Lawler, J. J., Olden, J. D., Blumenthal, D. M., 729 
… & Miller, L. P. Global threats from invasive alien species in the twenty-first 730 
century and national response capacities. Nature Communications 7, 12485. (2016). 731 

18. Turbelin, A. J., Diagne, C., Hudgins, E. J., Moodley, D., Bernery, C., Haubrock, P. J., 732 
… & Courchamp, F. Introduction pathways of economically costly invasive alien 733 
species. Biological Invasions 24: 2061–2079. (2022). 734 

19. Elton, C. S. The Ecology of Invasions by Animals and Plants. (Methuen, 1958) 735 
20. Angulo, E., Diagne, C., Ballesteros-Mejía, L., Ahmed, D. A., Akulov, E., Banerjee, 736 

A. K., … & Courchamp, F. Non-English languages enrich scientific knowledge: the 737 
example of economic costs of biological invasions. Science of the Total Environment 738 
775, 144441. (2021). 739 

21. Liu, J., Hull, V., Batistella, M., DeFries, R., Dietz, T., Fu, F., … & Martinelli, L. A., 740 
Framing sustainability in a telecoupled world. Ecology and Society 18, 26. (2013). 741 

22. Sinclair, J., Stringham, O., Bradley, U., Mandrak, N., Leung, B., Romagosa, C. & 742 
Lockwood, J. The international vertebrate pet trade network and insights from US 743 
imports of exotic pets. BioScience 71, 977–990. (2021). 744 

23. Bertelsmeier, C. & Ollier, S. Bridgehead effects distort global flows of alien species. 745 
Diversity and Distributions 27, 2180–2189. (2021). 746 

24. United Nations Sustainable Development Goals. (UN, 2022); 747 
https://sustainabledevelopment.un.org/sdgs 748 

25. Cuthbert, R. N., Diagne, C., Hudgins, E. J., Turbelin, A., Ahmed, D. A., Albert, C., ... 749 
& Courchamp, F. Biological invasion costs reveal insufficient proactive management 750 
worldwide. Science of the Total Environment 819, 153404. (2022). 751 

https://www.iucn.org/sites/default/files/2022-07/ias_and_sustainable_development_issues_brief_final.pdf
https://www.iucn.org/sites/default/files/2022-07/ias_and_sustainable_development_issues_brief_final.pdf
https://sustainabledevelopment.un.org/sdgs


31 
 

26. Essl, F., Dullinger, S., Rabitsch, W., Hulme, P. E., Hülber, K., Jarošík, V., … & Vilà, 752 
M. Socioeconomic legacy yields an invasion debt. Proceedings of the National 753 
Academy of Sciences 108, 203–207. (2011). 754 

27. United Nations Statistical Yearbook 59th ed. (UN Statistics Division, 2016); 755 
https://unstats.un.org/unsd/publications/statistical-yearbook/59th-issue/ 756 

28.  Top Trading Partners - March 2022. (United States Census Bureau, 2022); 757 
https://www.census.gov/foreign-trade/statistics/highlights/toppartners.html#imports 758 

29. Wagner, D., Head, K. & Ries, J. Immigration and the trade of provinces. Scottish 759 
Journal of Political Economy 49, 507–525. (2002). 760 

30. Capinha, C., Seebens, H., Cassey, P., García-Díaz, P., Lenzner, B., Mang, T., … & 761 
Essl, F. Diversity, biogeography and the global flows of alien amphibians and reptiles. 762 
Diversity and Distributions 23, 1313–1322. (2017). 763 

31. Cuthbert, R. N., Kotronaki, S., Carlton, J. T., Ruiz, G. M., Fofonoff, P. & Briski, E. 764 
Aquatic invasion patterns across the North Atlantic. Global Change Biology 28, 765 
1376–1387. (2022). 766 

32. Turbelin, A. J., Malamud, B. D. & Francis, R. A. Mapping the global state of invasive 767 
alien species: patterns of invasion and policy responses. Global Ecology and 768 
Biogeography 26, 78–92. (2016) 769 

33. Wesphal, M. I., Browne, M., MacKinnon, K. & Noble, I. The link between 770 
international trade and the global distribution of invasive alien species. Biological 771 
Invasions 10, 391–398. (2008). 772 

34. Pyšek, P., Jarosík, V., Hulme, P. E., Kühn, I., Wild, J., Arianoutsou, M., … & Winter, 773 
M. Disentangling the role of environmental and human pressures on biological 774 
invasions across Europe. Proceedings of the National Academy of Sciences 107, 775 
12157–12162. (2010). 776 

35. Ricciardi, A. & Cohen, J. The invasiveness of an introduced species does not predict 777 
its impact. Biological Invasions 9, 309–315. (2007).  778 

36. Lenzner, B., Latombe, G., Schertler, A., Seebens, H., Yang, Q., Winter, M., … & 779 
Essl, F. Naturalized alien floras still carry the legacy of European colonialism. Nature 780 
Ecology and Evolution 6, 1723–1732. (2022). 781 

37. Adelino, J., Heringer, G., Diagne, C., Courchamp, F., Faria, L. & Zenni, R. The 782 
economic costs of biological invasions in Brazil: a first assessment. NeoBiota 67, 783 
349–374. (2021). 784 

38. Crystal-Ornelas, R. Hudgins, E. J., Cuthbert, R. N., Haubrock, P. J., Fantle-Lepczyk, 785 
J., Angulo, E., … & Courchamp, F. Economic costs of biological invasions within 786 
North America. NeoBiota 67, 485–510. (2021). 787 

39. Seebens, H., Blackburn, T. M., Hulme, P. E., van Kleunen, M., Liebhold, A. M., 788 
Orlova‐Bienkowskaja, M., … & Essl, F. Around the world in 500 years: inter‐789 
regional spread of alien species over recent centuries. Global Ecology and 790 
Biogeography 30, 1621–1632. (2021b). 791 

40. Diagne, C., Leroy, B., Gozlan, R. E., Vaissière, A. C., Assailly, C., Nuninger, L., ... & 792 
Courchamp, F. InvaCost, a public database of the economic costs of biological 793 
invasions worldwide. Scientific Data 7, 277. (2020). 794 

41. Leroy, B., Kramer, A. M., Vaissière, A. C., Courchamp, F., & Diagne, C. Analysing 795 
global economic costs of invasive alien species with the invacost R package. Methods 796 
in Ecology and Evolution 13, 1930–1937. (2021). 797 

42. Chamberlain, S., Szoecs, E., Foster, Z., Arendsee, Z., Boettiger, C., Ram, K., … & 798 
Grenié. M. taxize: Taxonomic Information from around the Web. R Package Version 799 
0.9.98 (2020). 800 

https://www.census.gov/foreign-trade/statistics/highlights/toppartners.html#imports


32 
 

43. Chamberlain, S., Ram, K., Barve, V., Mcglinn, D. & Chamberlain, M. S. rgbif: 801 
Interface to the Global Biodiversity Information Facility API. R Package Version 802 
0.9.9 (2017). 803 

44. Arel-Bundock, V., Enevoldsen, N. & Yetman, C. countrycode: an R package to 804 
convert country names and country codes. Journal of Open Source Software 3, 848. 805 
(2018). 806 

45. Bonnamour, A., Gippet, J. M. W. & Bertelsmeier, C. Insect and plant invasions 807 
follow two waves of globalisation. Ecology Letters 24, 2418–2426. (2021). 808 

46. Branco, M., Monnerot, M., Ferrand, N. & Templeton, A. R. Postglacial dispersal of 809 
the European rabbit (Oryctolagus cuniculus) on the Iberian Peninsula reconstructed 810 
from nested clade and mismatch analyses of mitochondrial DNA genetic variation. 811 
Evolution 56, 792–803 (2002). 812 

47. Latombe, G., Seebens, H., Lenzner, B., Courchamp, F., Dullinger, S.,Golivets, M., … 813 
& Essl, F. Capacity of countries to reduce biological invasions. Sustainability Science. 814 
1–19. (2022). 815 

48. BACI: International Trade Database at the Product-Level.  (CEPII, 2021); 816 
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=37 817 

49. Butler, R. Countries With the Highest Biodiversity. (Mongabay, 2019); 818 
https://rainforests.mongabay.com/03highest_biodiversity.htm 819 

50. Dinerstein, E., Olson, D., Joshi, A., Vynne, C., Burgess, N. D., Wikramanayake, E. …  820 
Saleem, M. An ecoregion-based approach to protecting half the terrestrial realm. 821 
BioScience 67, 534–545. (2017). 822 

51. Piburn, J. wbstats: Programmatic Access to the World Bank API. R Package Version 823 
1.0.1. (2020). 824 

52. South, A. rworldmap: a new R package for mapping global data. The R Journal 3, 35-825 
43. (2011). 826 

53. Dormann, C. F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G., … & 827 
Lautenbach, S. Collinearity: a review of methods to deal with it and a simulation 828 
study evaluating their performance. Ecography 36, 27−46. (2013). 829 

54. Kronmal, R. A. Spurious correlation and the fallacy of the ratio standard revisited. 830 
Journal of the Royal Statistical Society: Series A 156, 379−392. (1993). 831 

55. Wood, S. N. Fast stable restricted maximum likelihood and marginal likelihood 832 
estimation of semiparametric generalised linear models. Journal of the Royal 833 
Statistical Society 73, 3–36. (2011). 834 

http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=37
https://rainforests.mongabay.com/03highest_biodiversity.htm

	Abstract
	Results
	Discussion
	Outlook
	Data availability
	Code availability
	Acknowledgements
	Competing Interests Statement
	References

