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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• More diverse non-native taxa generally 
include more economically costly 
species. 

• Chordates, nematodes and pathogens 
are among significantly over- 
represented taxa. 

• Monetary cost magnitude links posi-
tively to numbers of costly invasive 
species. 

• Costs are biased towards a few ‘hyper- 
costly’ invasive species groups. 

• Future invasion rates will continue to 
harbour new economically costly 
species.  
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A B S T R A C T   

A dominant syndrome of the Anthropocene is the rapid worldwide spread of invasive species with devastating 
environmental and socio-economic impacts. However, the dynamics underlying the impacts of biological in-
vasions remain contested. A hypothesis posits that the richness of impactful invasive species increases propor-
tionally with the richness of non-native species more generally. A competing hypothesis suggests that certain 
species features disproportionately enhance the chances of non-native species becoming impactful, causing 
invasive species to arise disproportionately relative to the numbers of non-native species. We test whether 
invasive species with reported monetary costs reflect global numbers of established non-native species among 
phyla, classes, and families. Our results reveal that numbers of invasive species with economic costs largely 
reflect non-native species richness among taxa (i.e., in 96 % of families). However, a few costly taxa were over- 
and under-represented, and their composition differed among environments and regions. Chordates, nematodes, 

* Corresponding author. 
E-mail address: r.cuthbert@qub.ac.uk (R.N. Cuthbert).  

Contents lists available at ScienceDirect 

Science of the Total Environment 

journal homepage: www.elsevier.com/locate/scitotenv 

https://doi.org/10.1016/j.scitotenv.2023.169622 
Received 25 October 2023; Received in revised form 21 December 2023; Accepted 21 December 2023   

mailto:r.cuthbert@qub.ac.uk
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2023.169622
https://doi.org/10.1016/j.scitotenv.2023.169622
https://doi.org/10.1016/j.scitotenv.2023.169622
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.169622&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Science of the Total Environment 913 (2024) 169622

2

and pathogenic groups tended to be the most over-represented phyla with reported monetary costs, with 
mammals, insects, fungi, roundworms, and medically-important microorganisms being over-represented classes. 
Numbers of costly invasive species increased significantly with non-native richness per taxon, while monetary 
cost magnitudes at the family level were also significantly related to costly invasive species richness. Costs were 
biased towards a few ‘hyper-costly’ taxa (such as termites, mosquitoes, cats, weevils, rodents, ants, and asters). 
Ordination analysis revealed significant dissimilarity between non-native and costly invasive taxon assemblages. 
These results highlight taxonomic groups which harbour disproportionately high numbers of costly invasive 
species and monetary cost magnitudes. Collectively, our findings support prevention of arrival and containment 
of spread of non-native species as a whole through effective strategies for mitigation of the rapidly amplifying 
impacts of invasive species. Yet, the hyper- costly taxa identified here should receive greater focus from managers 
to reduce impacts of current invasive species.   

1. Introduction 

The introduction and establishment of non-native species outside of 
their native range is a major driver of environmental erosion that is 
rapidly expanding across ecosystems, societies, and economies globally 
(Pyšek et al., 2020; Diagne et al., 2021). As globalisation fuels non- 
native species introductions, biological invasion rates are expected to 
continue without sign of saturation facilitated by emerging trade and 
transport links that enable more introduction pathways (Seebens et al., 
2017, 2018, 2021; Bonnamour et al., 2021; Haubrock et al., 2023a). In 
addition, rapid climate and habitat changes are likely to further facili-
tate the success of non-native species post-introduction (Carlton et al., 
2017; Ricciardi et al., 2021; Liu et al., 2023). Despite such large-scale 
expansion of biological invasions, the majority of impacts resulting 
from them are caused by a fraction of highly impactful non-native spe-
cies (hereafter, “invasive species”), whereas only around 1 % of global 
biodiversity currently has an invasion history (Briski et al., 2023). This 
relatively small share of global species richness that has been introduced 
by humans outside of their native range indicates a large-scale source 
pool for potential future invasions, and therefore, for increasing in-
troductions to result in increasing numbers of impactful invasive spe-
cies. Whether the numbers of invasive species will increase 
proportionally, or disproportionally with increasing numbers of non- 
native species, however, remains unknown. To inform efficient man-
agement planning and strategy, it is crucial to understand and predict 
invasive species groups which are disproportionately successful and 
most likely to have negative impacts. 

Recent studies have examined whether global taxonomic richness 
reflects the richness of non-native species (Liebhold et al., 2016, 2021; 
Briski et al., 2023). These analyses have found that, while the invasion 
rates of many taxa are well-predicted by their respective global species 
richness, several taxa are significantly over- or under-represented in 
non-native assemblages compared to expectations based on their total 
species richness — termed ‘invasion disharmony’ (Liebhold et al., 2021). 
At the global level across all taxa, Briski et al. (2023) found that non- 
native taxa directly or indirectly associated with intentional in-
troductions (e.g., agriculture, aquaculture, or pet trade) were particu-
larly over-represented. These lineages include chordates, vascular 
plants, red and green algae, segmented worms, and bryozoans. 
Furthermore, non-native species richness trends in relation to global 
species richness have been shown to differ across levels of taxonomic 
hierarchy (i.e., phylum, class, and family), and across geographic re-
gions (i.e., continents), and environments (i.e., terrestrial, freshwater, 
and marine habitats). These variations are attributed to differing taxo-
nomic resolution and research efforts (Briski et al., 2023). However, 
while impact assessments are critical for management decisions, no 
studies have yet examined whether costs can be predicted by non-native 
taxonomic species richness. Addressing that gap will indicate whether 
certain taxa are over- or under-represented in terms of negative impact 
occurrence, thereby helping to direct management efforts towards the 
most harmful invasive groups while identifying potentially under-
studied taxa. 

Monetary costs represent a uniquely universal, quantitative metric to 

compare the magnitude of impacts caused by invasive species. The 
recent release of the InvaCost database (Diagne et al., 2020) has enabled 
global syntheses of the socio-economic impacts of biological invasions. 
This database compiles and standardises monetary costs associated with 
invasive species at unprecedented scales (Diagne et al., 2020, 2021; 
Ahmed et al., 2023). Resulting studies have found that invasive species 
have caused costs at the global level well in excess of US$ 1 trillion over 
the last five decades (Diagne et al., 2021). However, studies have also 
identified substantial knowledge gaps in the reporting of costs from 
invasive species, with capacities and efforts biased towards regions such 
as North America (Hudgins et al., 2023), terrestrial environments 
(Cuthbert et al., 2021a), and taxa such as insects and mammals (Diagne 
et al., 2021). Furthermore, cost contributions differ by several orders of 
magnitude among individual species, with the largest share of invasion 
costs contributed by a relatively small number of so-called ‘hyper-costly’ 
invasive taxa, such as mosquitoes, rats, cats, and other notorious in-
vaders (Cuthbert et al., 2021b; Heringer et al., 2021; Soto et al., 2022). 

To inform management planning and prioritisation as well as to 
promote sustainable development, it is imperative to understand 
whether certain taxonomic groupings of non-native species are more 
likely to contribute economically costly species, and whether the 
magnitude of economic costs relates to non-native species richness. 
However, no studies have examined whether non-native richness is 
predictive of costly species or their impact magnitude. Two competing 
hypotheses have been formulated to explain the non-native-invasive 
species relationship. The first hypothesis posits that the richness of 
invasive species increases proportionally with the richness of non-native 
species more generally (i.e., the richness of invasive species is a “fractal” 
function of the richness of non-native species). This suggests that as 
invasion rates continue (Seebens et al., 2021), the numbers of socio- 
economically impactful invasions will concomitantly rise, with risk 
balanced among taxa. The alternative hypothesis suggests that certain 
features (e.g., demographic resilience, ‘fast pace’ life histories, associa-
tion with primary economic sectors) disproportionately enhance the 
chances of invasive species becoming impactful, leading them to arise 
disproportionately relative to the numbers of non-native species (i.e., 
the increasing richness of invasive species is not a function of increases 
in non-native species). If costly invasions do not resemble non-native 
species richness due to disproportionate contributions from a few 
over-represented taxa, it may be pertinent to prioritise these taxa in 
management efforts owing to their impact disharmony. 

Here, we develop a null hypothesis analogous to neutral theory 
(Hubbell, 2001), which posits that all non-native species have an equal 
likelihood of causing socio-economic impacts. Based on this theory and 
that of random sampling from a larger community (Preston, 1948), 
costly invasive species should be a representative subset of global non- 
native species richness among taxonomic groups. We define species 
richness as the number of species per taxon and define “invasive species” 
on the basis of the presence of an economic cost, while noting that 
various definitions for “invasive” exist (Haubrock et al., 2023b). We 
suppose that taxa with large reported numbers of non-native species 
should have a commensurately high richness of invasive species causing 
impact. Reciprocally, relatively species-poor non-native species groups 
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should have a rare assemblage of costly invasive species. We therefore 
expect that richer non-native species groups will generally harbour 
higher numbers of costly invasive species and therefore larger economic 
impact. However, owing to uneven research efforts and known capac-
ities for certain taxa to impact primary socio-economic activity sectors 
(Cuthbert et al., 2021b; Turbelin et al., 2023), we further hypothesise 
that several taxonomic groups with costly invasive species will be 
disproportionately represented compared to global non-native species 
richness. We thus use one of the largest compilations of non-native 
species richness globally (Briski et al., 2023), alongside the InvaCost 
database (Diagne et al., 2020), to compare compositions of non-native 
and costly invasive species, as well as the magnitude of their mone-
tary costs. Moreover, we examine whether these trends are contingent 
on the taxonomic level, environment type, and geographic region 
examined, to account for potential differences within and among these 
contexts. 

2. Materials and methods 

2.1. Data sources 

We used two datasets compiling (i) the global established non-native 
species richness among phyla, classes, and families (Briski et al., 2023; 
Supplementary Data 1), and (ii) the global economic costs of these 
taxonomic groups (InvaCost database, Diagne et al., 2020; Supplemen-
tary Data 2). Global established non-native species richness was 
compiled from various data sources (Meyer, 2000; Lambert, 2002; 
Paulay et al., 2002; Hewitt, 2002; Hewitt et al., 2004; Wonham and 
Carlton, 2005; Carlton and Eldredge, 2009; Eldredge and Carlton, 2015; 
Campbell et al., 2016; Casties et al., 2016; NEMESIS, 2017, 2020; U.S. 
Geological Survey, 2017; Sturtevant et al., 2019; Bailey et al., 2020; 
Richardson et al., 2020; Schwindt et al., 2020) in Briski et al. (2023). 
The SinAS database from Seebens (2021) formed the basis for this global 
non-native species list, which was supplemented with the aforemen-
tioned sources. Information on geographic region and habitat type 
invaded was then added for each species entry (Briski et al., 2023). 
Global assessments of monetary costs from invasive species were 
extracted from the latest InvaCost database version (v4.1; Diagne et al., 
2020). The InvaCost search protocol consisted of various non-native 
species and economic cost synonyms, applied across Web of Science, 
Google Scholar, and the general Google search engine, alongside addi-
tional opportunistic data collection from targeted stakeholders (Diagne 
et al., 2020). InvaCost also contains data in at least 22 non-English 
languages (Angulo et al., 2021). The taxonomy within both of these 
data sources was aligned using the standards set by the Global Biodi-
versity Information Facility (gbif.org), selecting the most recently 
accepted taxonomy at the time of processing. Full information on the 
search processes and data processing can be found in the two original 
data source publications (Diagne et al., 2020; Briski et al., 2023). 

2.2. Filtering steps 

Data in Briski et al. (2023) were aggregated such that the numbers of 
unique non-native species were summed per phylum, class, and family. 
The invasive species with reported costs in InvaCost were filtered to 
ensure that only species-specific (i.e., not unspecific or shared costs 
among multiple species) data entries were retained. We then removed 
duplicate species such that each species represented a row of data. We 
considered a species as invasive when it had any monetary cost reported. 
However, for analyses of actual monetary cost values, we further filtered 
the data such that only “High” reliability (“Method_reliability” column) 
and “Observed” (“Implementation” column) costs were retained (Diagne 
et al., 2020). This ensured that the quantified costs per species in Inva-
Cost were from peer-reviewed, official, or reproducible sources (i.e., 
‘High’ reliability), while representing costs that were actually incurred 
(i.e., ‘Observed’) and not potentially occurring. Cost aggregations used 

sums from the “Raw_cost_estimate_2017_USD_exchange_rate” column, 
and therefore costs reported here are in 2017 US$ to ensure the 
comparability (Diagne et al., 2020). 

2.3. Data analyses 

The taxonomic invasion cost coverage was compared to global non- 
native species richness for phyla, classes, and families. Numbers of taxa 
with and without reported costs across these taxonomic levels were 
aggregated into a 2 × 3 contingency table (i.e., reported/unreported 
costs × phyla/classes/families) and analysed using a Pearson Chi-square 
test. We therefore assessed whether taxonomic data gaps were contin-
gent on the taxonomic level assigned. 

We examined whether the numbers of costly invasive species were a 
representative proportional subset of global non-native species richness. 
We aggregated and compared the top 15 taxa in terms of numbers of 
species between costly invasive species and global non-native species, 
for phyla, classes, and families. In a separate analysis, we then statisti-
cally identified outlier taxa by creating a null model of expected costly 
invasive species richness relative to global non-native species richness 
(Liebhold et al., 2016). This null model assumed that the distribution of 
costly invasive species among taxonomic groupings would reflect that of 
non-native species richness. We generated a region around this null 
model to represent the probability of a given taxon with costs being 
over- and under-represented, illustrated by the taxon falling inside or 
outside of the region. The region was calculated using the upper and 
lower quantiles of a binomial distribution with a Bonferroni correction 
for the numbers of taxa per taxonomic level, whereby (1-α/m) × 100 % 
of the distribution lay within the boundary, with m the richness of taxa 
compared (Liebhold et al., 2016). We assumed an α of 0.05 and included 
only taxa with at least one costly invasive species, while removing rows 
where numbers of costly invasive species exceeded non-native species 
richness. We then repeated this analysis by partitioning species between 
aquatic and terrestrial realms across the databases, with “aquatic” taxa 
also including semi-aquatic organisms which are associated with water 
for feeding or reproduction, or which have an aquatic life history stage 
(Cuthbert et al., 2021a). We further examined patterns of representation 
across geographic regions (North America, South America, Europe, Af-
rica, Asia, Australia and New Zealand, and Pacific Islands) between the 
two databases. 

We fit a series of non-parametric models to examine the predictive-
ness of global non-native species richness for costly invasive species 
across phyla, classes, and families. We first fit binomial generalised 
linear models to test if the occurrence of a costly invasive species in a 
given taxon was predicted by global non-native species richness for that 
taxon. We fit the explanatory variable of non-native species richness on a 
log-scale to avoid complete separation. Then, we used a quasi-Poisson 
generalised linear model to test whether counts of costly non-native 
species were predicted by global non-native species richness, 
including taxa with at least one costly invasive species. The quasi- 
Poisson family was selected as the most suitable for count data, and as 
it can handle overdispersion and correct for inflated variance. Kruskal- 
Wallis tests were then used to examine whether the magnitude of 
aggregated monetary costs per taxon was related to the global richness 
of non-native species or costly invasive species, since monetary costs 
violated assumptions of linear modelling; locally estimated scatter 
smoothing was used to visualise the trend. We further partitioned the 
family-level data into ‘hyper-costly’ (≥US$ 1 billion per in total) and 
‘costly’ (<US$ 1 billion in total) taxa, and examined whether global non- 
native species richness or costly invasive species richness on a log-scale 
explained this binary split using binomial generalised linear models. 

To further characterise differences between costly invasive and non- 
native assemblages among families, we used a redundancy ordination 
analysis. This included the two species groups (non-native and invasive) 
as well as geographic regions (North America, South America, Europe, 
Africa, Asia, Australia and New Zealand, and Pacific Islands). The 
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analysis was based on Hellinger transformation values, which is a 
method of normalising data for ordination (Oksanen et al., 2022). We 
plotted the redundancy analysis after ordination on two axes, thereby 
indicating compositional similarities or dissimilarities among assem-
blages. To evaluate the significance of the groups and regions, we 
computed a permutation test (n = 9999 permutations). All analyses were 
done in R version 4.3.1 (R Core Team, 2023) and figures were made in 
ggplot2 (Wickham, 2016). 

3. Results 

3.1. Overview and data gaps 

Out of 37,270 established non-native species globally across phyla, 
860 invasive species (2.31 %) had reported monetary costs. Global non- 
native species were reported across 55 phyla, 156 classes, and 2698 
families. At phylum, class, and family levels, 47 %, 68 %, and 88 % of 
these non-native taxa had no reported monetary costs, respectively 
(Fig. 1). Gaps in cost data increased significantly towards lower taxo-
nomic groupings (Chi-square test: χ2 = 106.71, df = 2, p < 0.001). 

The 15 richest non-native phyla, classes, and families often over-
lapped between non-native species and costly invasive species groups 
(Fig. 2). Therefore, costly invasive species tended to come from taxa 
with greater numbers of non-native species. However, several promi-
nent costly taxa did not have commensurate ranking in terms of non- 
native species richness. Among phyla, Proteobacteria, Pisuvirotica, 
Kitrinovirotica, Oomycota, and Negarnaviricota were among the top 15 
richest costly invasive species groups while not being among the richest 
non-native taxa (Fig. 2a, b). With classes, Chromaderea, Gammapro-
teobacteria, Sordariomycetes, and Dothideomycetes featured among the 
richest costly invasive taxa, but were not among the richest non-native 
taxonomic groups (Fig. 2c, d). For families, Chrysomelidae, For-
micidae, Tephritidae, Cerambycidae, Asparagaceae, Cactaceae, and 
Polygonaceae were included among the richest costly invasive species 
groups, but not the top 15 non-native families in terms of species rich-
ness (Fig. 2e, f). 

3.2. Over- and under-represented taxa 

The vast majority of costly taxonomic groups were not significantly 
over- or under-represented compared to the global richness of non- 
native species (Fig. 3). Among taxa, 28 % of phyla, 19 % of classes, 
and 4 % of families were significantly over- or under-represented. 
Therefore, costly taxa overall were generally well-represented by 
global non-native species richness. 

Among phyla, Chordata, Nematoda, Proteobacteria, Pisuvirotica, 
Kitrinovirotica, and Negarnavirotica were significantly over- 
represented, whereas Tracheophyta was significantly under- 
represented compared to the null model (Fig. 3a). Considering classes, 
Insecta, Mammalia, Chromadorea, Gammaproteobacteria, Sordar-
iomycetes, Stelpaviricetes, and Alsuviricetes were significantly over- 
represented, whereas Magnoliopsida and Agaricomycetes were signifi-
cantly under-represented (Fig. 3b). For families, Tephritidae, Xantho-
monadaceae, Erebidae, Pratylenchidae, Rhinotermitidae, Canidae, 
Vespidae, and Dreissenidae had significantly more costly species than 
expected from non-native species richness, while Lamiaceae, Cyper-
aceae, and Plantaginaceae were significantly under-represented 
(Fig. 3c). 

Similar patterns were found when partitioning families between 
aquatic and terrestrial environments, because most taxa were well- 
represented by non-native species richness (Fig. 4). However, the 
composition of over- and under-represented taxa differed. For aquatic 
habitats, no costly invasive families were found to be over-represented 
relative to non-native species richness, but Cichlidae and Cyprinidae 
were significantly under-represented (Fig. 4a). For terrestrial habitats, 
contrastingly, Tephritidae, Xanthomonadaceae, Pratylenchidae, Erebi-
dae, Canidae, Rhinotermitidae, and Vespidae were over-represented, as 
well as Sciuridae and Gelechiidae, whereas Amaranthaceae was under- 
represented (Fig. 4b). 

Among regions, costly invasive species were again generally well 
represented by non-native species richness. However, patterns of over- 
and under-representation of costly invasive species differed among 
geographic regions according to numbers of non-native species (Fig. 5). 
In North America, Xanthomonadaceae and Muridae were over- 
represented, whereas Poaceae and Fabaceae were under-represented 
(Fig. 5a). In South America, Culicidae were over-represented with 
Poaceae and Asteraceae under-represented (Fig. 5b). In Europe, no 
families were over-represented, while Asteraceae, Rosaceae, and Lam-
iaceae were under-represented (Fig. 5c). In Africa, only Asteraceae was 
under-represented (Fig. 5d), while in Asia, Gelechiidae and Xanthomo-
nadaceae were over-represented, and Asteraceae, Fabaceae, and Poa-
ceae were under-represented (Fig. 5e). Australia and New Zealand 
exhibited over-representation by Canidae, Muridae, and Pucciniaceae, 
whereas Fabaceae was again under-represented (Fig. 5f). Pacific Islands 
had no over-represented taxa, with Fabaceae and Poaceae under- 
represented (Fig. 5g). 

3.3. Predictiveness of non-native species richness for monetary impacts 

Considering costly invasive species occurrence, taxonomic groups 
with costly invasive species were significantly more likely to come from 
taxa with greater non-native species richness across all taxonomic levels 
(binomial generalised linear models: phyla, z = 2.56, p = 0.011; classes, 
z = 5.66, p < 0.001; families, z = 19.19, p < 0.001). Considering 
numbers of costly invasive species, richness related significantly posi-
tively with non-native species richness at all taxonomic levels (quasi- 
Poisson generalised linear models: phyla, t = 6.90, p < 0.001; classes, t 
= 9.93, p < 0.001; families, t = 29.61, p < 0.001) (Fig. 6). 

Monetary cost magnitude was less consistently predicted by non- 
native species richness. The magnitude of monetary cost did not relate 
significantly to non-native species richness for any taxon (Kruskal-Wallis 
test: phyla, χ2 = 18, df = 18, p = 0.456; classes, χ2 = 33.52, df = 36, p =
0.587; families, χ2 = 115.40, df = 110, p = 0.343). Similarly, costly 

Fig. 1. Proportion of non-native taxonomic groups with reported monetary 
impacts among phyla, classes, and families. 
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Fig. 2. Top 15 richest taxa among phyla (a, b), classes (c, d), and families (e, f), considering global non-native species (a, c, e) and costly invasive species (b, d, e). 
Top costly invasive species families which are absent from the top non-native species families are highlighted in red. Note the y-axis is on a log10 scale and differs 
among subplots. 
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invasive species richness did not significantly predict monetary cost 
magnitude for phyla and classes (Kruskal-Wallis test: phyla, χ2 = 17.11, 
df = 11, p = 0.105, classes, χ2 = 23.59, df = 19, p = 0.212). Contrast-
ingly, families with the highest costs came from families with larger 
numbers of costly invasive species (χ2 = 56.61, df = 15, p < 0.001) 
(Fig. 7a). 

Thirty-nine families had total costs exceeding $1 billion and were 
deemed ‘hyper-costly’. The five costliest families were Rhinotermitidae 
(5 costly species, $ 272.6 billion total), Culicidae (4 costly species, $ 
54.6 billion total), Felidae (1 costly species, $ 47.5 billion total), Cur-
culionidae (15 costly species, $ 29.6 billion total), and Muridae (4 costly 
species, $24.0 billion total). When family-level data were split into 
‘hyper-costly’ (≥US$ 1 billion in total) and ‘costly’ (<US$ 1 billion in 
total), ‘hyper-costly’ families tended to come from richer species groups, 
although non-native species richness as a predictor marginally lacked 
statistical clarity in contrast to costly invasive species richness (binomial 
generalised linear model: non-native species groups, z = 1.94, p = 0.053; 

costly invasive species groups, z = 5.19, p < 0.001) (Fig. 7b, c). 

3.4. Ordination analysis 

The family-level composition of non-native and costly invasive spe-
cies generally fell on opposite sides of the first axis of the ordination 
space (Fig. 8). The permutation test indicated that this species group 
divergence was statistically clear (F1,6 = 51.318, p < 0.001), whereas 
the effect of geographic region was unclear statistically (F6,6 = 2.146, p 
= 0.190). Therefore, non-native and costly invasive species assemblages 
within geographic regions were not more similar than those among re-
gions. The pattern of clustering among geographic regions was generally 
similar between species groups on the second axis. 

4. Discussion 

Our study provides the first global-scale evidence that economically 

Fig. 3. Costly invasive species richness relative to non-native species richness globally among taxonomic levels: phyla (a), classes (b), and families (c). The solid line 
represents the expected richness of costly invasive species if their distribution among taxa exactly reflected non-native species richness (i.e., null model). The shaded 
area represents the upper and lower quantiles of a binomial distribution between these variables, with values Bonferroni-corrected to an α of 0.05 considering the 
numbers of groups per taxonomic level. Taxonomic names are shown for groups which are outside of this distribution layer. Note that the x- and y-axes are on a log10 
scale and differ among subplots. 

Fig. 4. Costly invasive species richness relative to non-native species richness globally for environments: aquatic (a) and terrestrial (b). The solid line represents the 
expected richness of costly invasive species if their distribution among taxa exactly reflected non-native species richness (i.e., null model). The shaded area represents 
the upper and lower quantiles of a binomial distribution between these variables, with values Bonferroni-corrected to an α of 0.05 considering the numbers of groups 
per taxonomic level. Taxonomic names are shown for groups which are outside of this distribution layer. Note that the x- and y-axes are on a log10 scale and differ 
among subplots. 
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costly invasive species are largely a proportional subset of non-native 
species richness. At the family level, 96 % of taxa with costs were 
well-represented by their respective non-native richness. Therefore, our 
findings suggest that the numbers of costly invasive species and the 
magnitude of their economic impacts are likely to rise rapidly in future 
in concordance with burgeoning rates of biological invasion across 
taxonomic groups and geographic regions (Seebens et al., 2021). How-
ever, a few taxa were significantly over- or under-represented compared 
to expectations in terms of invasion costs. This economic impact 
disharmony parallels patterns in invasion success relative to global 

biodiversity (Briski et al., 2023). At the phylum level, over-represented 
taxa included chordates, nematodes, and several groups of pathogenic 
microorganisms such as viruses and bacteria, suggesting dispropor-
tionate levels of impact or research efforts. Furthermore, with the 
exception of repeated under-representation of several very rich non- 
native plant taxa in terms of invasion costs, the taxonomic composi-
tion of over- and under-representation showed differences between 
aquatic and terrestrial environments as well as among geographic re-
gions, suggesting that costly invasive species reports are disparate. 
Despite research biases, these results indicate that there should be a 

Fig. 5. Costly invasive species richness relative to non-native species richness globally for geographic regions: North America (a), South America (b), Europe (c), 
Africa (d), Asia (e), Australia and New Zealand (f), and Pacific Islands (g). The solid line represents the expected richness of costly invasive species if their distribution 
among taxa exactly reflected non-native species richness (i.e., null model). The shaded area represents the upper and lower quantiles of a binomial distribution 
between these variables, with values Bonferroni-corrected to an α of 0.05 considering the numbers of groups per taxonomic level. Taxonomic names are shown for 
groups which are outside of this distribution layer. Note that the x- and y-axes are on a log10 scale and differ among subplots. 
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broad focus on prevention of future non-native species across all taxa, 
while pinpointing several particularly high risk groups for management 
prioritisation. 

4.1. Massively unrealised potential for future impacts 

Only 2 % of global non-native species had any reported monetary 
costs. In turn, only around 1 % of global species richness so far has 
invaded a non-native region (Briski et al., 2023). This suggests an 
enormous potential for future invasions and impacts as globalisation 
continues and new introduction pathways emerge from an extensive 
unrealised species source pool (Seebens et al., 2018). Indeed, while 

current biological invasions can reflect legacies of historical introduc-
tion (e.g., colonialism; Lenzner et al., 2022), future invasions will likely 
arise from a different suite of pathways and vectors which entrain novel 
taxa, with a correspondingly greater diversity of impacts. In an eco-
nomic context, this could mean that impacts affect a broader array of 
activity sectors, or could be exacerbated as patterns of economic activity 
change. Differences in management prioritisation and strategy could 
also influence the composition of future impactful invasions. For 

Fig. 6. Costly invasive species richness as a function of non-native species 
richness for phyla (a), classes (b), and families (c). Lines represent the fit of a 
quasi-Poisson generalised linear model, with 95 % confidence intervals shaded. 
Note that the x- and y-axes are on a log10 scale and differ among subplots. 

Fig. 7. Monetary cost total magnitudes as a function of numbers of costly 
invasive species per family. The solid line represents locally estimated scat-
terplot smoothing with a shaded 95 % confidence interval (a). Comparison of 
‘hyper-costly’ (≥US$ 1 billion in total) and ‘costly’ (<US$ 1 billion in total) 
invasive species per family according to non-native species richness (b) and 
costly invasive species richness (c). In the boxplots, the horizontal bar displays 
the median, the box gives the interquartile ranges and the whiskers show the 
largest and smallest values up to 1.5× the interquartile range. Note that the y- 
axes are on a log10 scale and differ among subplots. 
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example, ballast water regulations have reduced rates of invasion by 
aquatic non-native species to the Laurentian Great Lakes by 85 % since 
2006 (Ricciardi and MacIsaac, 2022). Whereas, invasions to the Ant-
arctic are likely to accelerate in future with changes to ship activity 
linked to fishing, tourism, and research (McCarthy et al., 2019). Simi-
larly, introduction rates of certain taxa are anticipated to slow in future 
(e.g., mammals and fishes), while other taxa are expected to accelerate 
(e.g., arthropods and birds) (Seebens et al., 2021). Insect production is 
one specific source which could become a more important contributor of 
biological invasions in future, owing to an upsurge in edible insect 
markets (Bang and Courchamp, 2021), whereas regulations could 
reduce the prevalence of other pathways (e.g., ornamental and horti-
cultural trades; Hulme et al., 2018). Moreover, rapid environmental 
changes and invasion debts (i.e., delays to invader impact following 
introduction) could trigger further economic impacts from the thou-
sands of so-far benign non-native species in the near future (Essl et al., 
2011; Ricciardi et al., 2021). As global climate change continues to alter 
habitats and ecosystems, understanding its synergistic effects with 
invasive species becomes critical. These climatic shifts may either 
exacerbate the invasion risks by creating more suitable environments for 
non-native species or, conversely, render some regions less susceptible 
to certain invasions (Mainka and Howard, 2010). Accordingly, it may 
take decades for economic impacts to be realised following a biological 
invasion, and a lack of costs does not preclude future impacts for a given 
species or higher taxon. Each of the above factors could shift the taxo-
nomic patterns observed here, with disproportionate impacts possible 
from new groups of costly invasive species. 

Invasion costs are scarce for many taxa (Henry et al., 2023), and our 
analyses are subject to data gaps at multiple levels; just as numbers of 
non-native species are likely conservative (Briski et al., 2023). Just 53 
%, 32 %, and 12 % of taxonomic groups with known non-native species 
had any reported monetary impacts at phylum, class, and family levels, 
respectively. It is intuitive that proportional cost gaps increase with 
taxonomic resolution towards the family level, because — analogous to 
random sampling theory (Preston, 1948) — there is a smaller pool of 
non-native species from which economic costs could be reported ‘by 
chance’. Indeed, the mean richness of non-native species per phylum 
was 678, whereas classes had an average of 238 non-natives, and fam-
ilies only 14. These trends underline that reporting of economic impacts 
from biological invasion is disparate among taxa (Cuthbert et al., 
2021a), and signify a massive potential for economic impacts to accrue 
in future as existing and emerging invasive species cause harm. There-
fore, it can be assumed that richer non-native species groups have a 
greater likelihood of harbouring impactful invasive species in general. 

We further note that our analyses took a conservative stance, whereby a 
taxon was deemed to be costly if it had any reported economic impact at 
the species-specific level, while it is known that geographic gaps and 
research biases are pervasive for any individual species and that sub-
stantial costs are reported across indistinguishable groups of species 
(Hudgins et al., 2023). 

4.2. Disproportionate representation of a few taxa 

Whereas numbers of invasive species with economic impacts and the 
magnitude of their monetary costs largely reflected the species richness 
of non-native taxa, a few taxa were always over- or under-represented 
across taxonomic levels, environments, and geographic regions. Albeit, 
the composition of these taxa consistently differed. At the coarsest 
taxonomic level, chordates, nematodes, and pathogenic microorganisms 
were over-represented compared to global non-native species richness, 
while vascular plants were under-represented. Chordates are particu-
larly well-studied in invasion science, not least in terms of economic 
costs, owing to their conspicuous impacts to primary economic sectors 
such as agriculture as well as their historic association with humans and 
their introduction vectors (Diagne et al., 2021; Briski et al., 2023). After 
insects, nematodes are among the costliest invertebrates (Renault et al., 
2022), with substantial effects to agriculture and forestry industries, 
despite their common unintentional introduction (Turbelin et al., 2022). 
For bacteria and viruses, their prominence could reflect limited research 
into their invasion status, as well as debate around their consideration as 
non-native species rather than as emergent taxa which lack clear origin. 
This means that pathogenic taxa which have a low reported non-native 
species richness are more likely to have high rates of reported economic 
impact, such as to the health sector. While parallels between biological 
invasions and infectious disease are fundamental (Nuñez et al., 2020), 
we acknowledge that microorganisms are particularly under- 
represented in non-native species lists (with varying definitions among 
data sources) and that further research could reveal an enormous species 
richness of non-native pathogens. Contrastingly, the sole under- 
representation of vascular plants among phyla largely reflects their 
very high non-native species richness (van Kleunen et al., 2019), rather 
than a scarcity of economic impacts, since they still had the largest 
richness of costly invasive species. This suggests that further research is 
needed to reveal and report the economic costs of these taxa. 

Specific taxa which are over- and under-represented were further 
elucidated at the class and family levels. Previous studies have similarly 
found patterns of over- and under-representation (i.e., invasion dishar-
mony) among select taxa from these groups (Liebhold et al., 2016, 2021; 

Fig. 8. Results of ordination redundancy analysis on numbers of species per family in each geographic region defined by first two axes, with costly invasive families 
in blue and non-native families in red (a). Boxplot illustrating the comparative values from Hellinger transformation of costly species and non-native species across 
geographic regions (b). 
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Pyšek et al., 2017; Briski et al., 2023). Considering economic costs, fruit 
flies (Tephritidae), termites (Rhinotermitidae), moths (Erebidae), lesion 
nematodes (Pratylenchidae), dreissenid bivalves (Dreissenidae), dogs 
(Canidae), bacteria (Xanthomonadaceae), and wasps (Vespidae) were 
significantly over-represented relative to their non-native species rich-
ness. Several notorious species within these groups are among the 
costliest invaders worldwide, such as Coptotermes formosanus, Lymantria 
dispar, and Dreissena polymorpha (Cuthbert et al., 2021b). Invasive spe-
cies within these families have well-known impacts which are closely 
tied to infrastructure and primary socio-economic sectors (agriculture, 
forestry, and fisheries; Turbelin et al., 2023). For example, invasive fruit 
flies can negatively affect fruit markets, termites cause severe damage to 
buildings, moth larval stages impact forestry, dreissenid bivalves dam-
age power plant water intake systems, wild dogs impact livestock, 
bacteria threaten agricultural produce, and wasps can adversely affect 
major pollinators (Diagne et al., 2020). This divergence was reinforced 
by the significant difference between non-native and costly invasive 
family groups in the redundancy analysis, while regional effects on 
composition were not statistically clear. Therefore, non-native and 
costly invasive species were not more similar within than among regions 
and compositionally had strong variability. 

The composition of over-represented taxa versus expectations 
differed among particular environments and geographic regions, again 
reflecting that cost information is unavailable among taxa across all 
contexts or that sample sizes may have been too low for statistical clarity 
in some cases. This suggests that inferences of over- and under- 
representation are mediated by context-specific levels of research 
effort, and that future increases in cost information or elucidation of 
non-native richness among taxa could potentially resolve in-
consistencies and reveal more general trends in impact disharmony. We 
further note that these inferences included only non-native taxa with at 
least one costly invasive species, and patterns of under-representation 
are therefore conservative as many taxa lacked any costly species (e. 
g., 88 % of families had no reported costs). 

4.3. Disparate economic cost reporting 

In contrast to patterns of costly invasive species richness, the pre-
dictiveness of non-native species richness for monetary cost magnitudes 
was found to be limited. At all levels, non-native species richness failed 
to predict the magnitude of invasive species economic costs. This may 
again largely reflect the disparate nature of economic cost reporting 
among taxa, whereby single hyper-costly species within a given taxon 
can obfuscate broad-scale patterns (Cuthbert et al., 2021b; Heringer 
et al., 2021). Nevertheless, with a larger sample size at the family level, 
numbers of costly invasive species related significantly positively with 
their economic cost magnitude. Similarly, the likelihood of a given 
family with invasion costs being hyper-costly (i.e., total costs exceeding 
$1 billion) increased significantly with corresponding costly invasive 
species richness. 

While taxonomic richness of non-native species is a strong predictor 
of invasion costs among taxa, there are many other variables that 
mediate socio-economic impact. Natural and social factors such as 
latitude, environmental match, land area, colonial history, trade pat-
terns, road density, common languages, and research effort influence 
species-level monetary cost flows among countries (Hudgins et al., 
2023). Research effort is particularly likely to influence monetary cost 
reporting from invasive species, and positive feedback loops could mean 
that species with already reported impacts have a higher propensity to 
accrue reported costs in future. Similarly, regions with larger research 
capacities report higher impacts geographically. These biases are also 
relevant for terrestrial versus aquatic environments, whereby impacts 
from aquatic invaders often remain hidden and limited owing to a lack 
of human assets or monitoring underwater (Cuthbert et al., 2021a). At 
the level of non-native species richness more broadly, factors such as 
propagule and colonisation pressures, environmental match, and species 

traits influence invasion success, organism visibility, and inclusion of 
species in non-native taxon lists, alongside differential research efforts 
among taxa (Briski et al., 2023). In future, as pathways and patterns of 
economic activity and research directions change (Sardain et al., 2019; 
Hudgins et al., 2023), the composition of both non-native and costly 
invasive species could shift considerably. 

Finally, the incorporation of evolutionary insights remains a largely 
neglected component of current frameworks aimed to predict the 
pathways that lead certain non-native species to become economically 
costly (e.g., Le Roux, 2021). We argue that a key first step requires 
addressing the hypothesis that economically costly species share similar 
profiles of traits with significant demographic effects (e.g., tendency for 
ecological generalism, fast life histories). More specifically, we propose 
the hypothesis that rapid economic (and ecological) impacts will be 
more likely in species with a trait profile that combines potential for 
both exaptation (i.e., previously acquired traits that make them demo-
graphically viable upon introduction, enabling rapid establishment) and 
adaptation (i.e., the demographic resilience from traits that facilitated 
exaptation enhance likelihood for adaptation to remaining environ-
mental demands that could still impact on overall fitness) to the newly 
introduced environments. The rapid emergence of comprehensive 
global-scale databases on entire lineages (e.g., Jones et al., 2009; Meiri, 
2018; Pincheira-Donoso et al., 2021; Tobias et al., 2022), coupled with 
machine learning technology for analyses of complex interactions and 
for accurate predictions, offer unprecedented opportunities to identify 
species profiles with high potential for rapid economic impacts. 

4.4. Future management strategy 

Our results reveal that the distribution of economically costly inva-
sive species is largely a subset of global non-native species richness — 
these findings have significant management implications. Management 
efforts should seek to reduce invasion rates through proactive preven-
tative measures to dampen future monetary impacts across all taxa 
which could cause harm, while considering current pathways. Never-
theless, our identification of over- and under-represented taxa points to 
a need to control the most damaging invasive taxa, as well as to balance 
research efforts to record monetary costs systematically across a broader 
suite of taxonomic groups to reduce data gaps and biases. Furthermore, 
given that our analyses only considered monetary costs as a form of 
impact, efforts should also be made to standardise and record the effects 
of invasive species on non-monetary aspects of the socio-economy and 
environment (Hanley and Roberts, 2019), thereby comparing whether 
taxa with disproportionate impacts are similar according to ecological 
and socio-economic effects. If that were the case, management of the 
same taxa could simultaneously reduce both ecological and socio- 
economic impacts. 

More widely, the overarching implication arising from our findings 
that economically impactful invasive species are proportional to non- 
native species is that effective strategies to curb the rapidly expanding 
economic burden from invasions (Diagne et al., 2021) will require a 
global and collective agenda of a scale equivalent to the Net Zero 
emissions agenda (United Nations, 2022). Whereas reactive actions to 
mitigate the impacts of already costly species remain a critical priority, 
we suggest that long-term agendas will need to focus on much more 
ambitious, larger-scale targets similar to climate change goals, which are 
still missing from key action plans outlined in existing reports (e.g., 
Kunming-Montreal Global Biodiversity Framework Target 6). 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2023.169622. 
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