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Abstract Biological invasions are one of the main
threats to biodiversity within protected areas (PAs)
worldwide. Meanwhile, the resilience of PAs to
invasions remains largely unknown. Consequently,
providing a better understanding of how they are
impacted by invasions is critical for informing pol-
icy responses and optimally allocating resources to
prevention and control strategies. Here we use the
InvaCost database to address this gap from three
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perspectives: (i) characterizing the total reported costs
of invasive alien species (IAS) in PAs; (ii) comparing
mean observed costs of IAS in PAs and non-PAs; and
(iii) evaluating factors affecting mean observed costs
of IAS in PAs. Our results first show that, overall, the
reported economic costs of IAS in PAs amounted to
US$ 22.24 billion between 1975 and 2020, of which
US$ 930.61 million were observed costs (already
incurred) and US$ 21.31 billion were potential costs
(extrapolated or predicted). Expectedly, most of the
observed costs were reported for management (73%)
but damages were still much higher than expected
for PAs (24%); in addition, the vast majority of man-
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agement costs were reported for reactive, post-inva-
sion actions (84% of management costs, focused on
eradication and control). Second, differences between
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costs in PAs and non-PAs varied among continents
and environments. We found significantly higher IAS
costs in terrestrial PA environments compared to non-
PAs, while regionally, Europe incurred higher costs in
PAs and Africa and Temperate Asia incurred higher
costs in non-PAs. Third, characterization of drivers
of IAS costs within PAs showed an effect of environ-
ments (higher costs in terrestrial environments), con-
tinents (higher in Africa and South America), taxa
(higher in invertebrates and vertebrates than plants)
and Human Development Index (higher in more
developed countries). Globally, our findings indicate
that, counterintuitively, PAs are subject to very high
costs from biological invasions. This highlights the
need for more resources to be invested in the manage-
ment of IAS to achieve the role of PAs in ensuring the
long term conservation of nature. Accordingly, more
spatially-balanced and integrative studies involving
both scientists and stakeholders are required.

Keywords Invasive alien species - InvaCost -
Biodiversity conservation - Monetary impacts -
Management actions - Protection status

Introduction

Biological invasions represent a global environmen-
tal problem and management challenge (PySek et al.
2020; Ricciardi et al. 2021). The plethora of envi-
ronmental impacts posed by invasive alien species
(IAS) range from declines in biodiversity (Ellstrand
and Schierenbeck 2000; Vila et al. 2000; Hejda et al.
2009; Butchart et al. 2010) to disruption of ecological
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processes and provisioning of ecosystem services
(Vitousek 1990; Charles and Dukes 2008; Pejchar
and Mooney 2009; Ehrenfeld 2010). IAS also nega-
tively impact human health and well-being (Conn
2014; Hulme 2014; Mazza and Tricarico 2018; Schaf-
fner et al. 2020), and cause losses to multiple sectors
of the economy (Pimentel et al. 2005; Martins et al.
2006; Kettunen et al. 2009; Paini et al. 2016; Diagne
et al. 2021). Alarmingly, with no signs of abatement
in the numbers of established alien species in recent
decades, their associated environmental, social and
economic impacts will likely continue to substan-
tially increase in the foreseeable future (Seebens et al.
2017, 2020; Bailey et al. 2020). As a result, there is
an urgent need for establishing effective management
responses. One way of achieving this is by effectively
managing IAS in areas that protect a broad range of
species and habitats, such as protected areas (PAs)—a
pillar for global biodiversity conservation efforts.
With 15.7% of the global land surface and 7.9% of
the ocean (www.protectedplanet.net/) currently cov-
ered in the network of PAs, the designation of PAs
has been a critical means of mitigating biodiversity
threats worldwide. In addition, the European Union
plans to protect 30% of its land and sea territory by
2030 (https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX:52020DC0380). PAs worldwide
comprise a large range of designations with different
management regimes, ranging from highly to mini-
mally protected sites. When appropriately designed
and successfully managed, PAs can be effective in
conserving native biodiversity (including species of
conservation concern), maintaining ecosystem func-
tion and keeping ecosystem services intact (Chape
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et al. 2005; Foxcroft et al. 2011; Geldmann et al.
2013; Dané€k et al. 2017; Ziller et al. 2020). Effec-
tiveness of PAs for biodiversity conservation can be
measured in many different ways, depending on the
conservation goals in place. For example, PA network
design can be assessed to determine the diversity of
species and habitats, and/or inclusion of the highest
priority conservation areas to meet global biodiver-
sity conservation goals (Rodrigues and Gaston 2001;
Rodrigues et al. 2004; Le Saout et al. 2013; Heringer
et al. 2020). However, regardless of their official des-
ignation, PAs tend to be more vulnerable and chal-
lenged by IAS than unprotected landscapes, since
they often host a larger proportion of native, endemic
and threatened species which are less adapted to
anthropogenic disturbances (Foxcroft et al. 2013;
Heringer et al. 2020).

Understanding the economic costs of TAS is criti-
cal to ensure adequate funding for conservation
efforts and to design appropriate management actions
that will help mitigate impacts and safeguard biodi-
versity (Dana et al. 2014; Diagne et al. 2020a). How-
ever, a detailed understanding of the costs incurred by
IAS is still lacking for PAs. A preliminary analysis
of the number of post-1970 English-language publi-
cations available in the Web of Science on costs of
biological invasions (Supplementary Material 1),
showed that despite the numerous IAS publications
(n=58,729), studies involving PAs have received rel-
atively little attention (12.6%), and only a few of these
evaluate the economic costs in PAs (1.6%). Many IAS
studies in PAs have attempted to decipher the drivers
of invasions (Gaertner et al. 2014; Gantchoff et al.
2018; Iacarella et al. 2020; Liu et al. 2020; Moodley
et al. 2020), thereby improving our understanding
of the role of designation type (i.e. nationally desig-
nated PAs, such as national parks, have fewer IAS),
designation year (i.e. younger PAs have more IAS),
PA size (i.e. larger PAs have more IAS) and/or human
activities (i.e. IAS increases with accessibility and
higher human footprint index) in driving the success
and impacts of IAS in PAs (Gallardo et al. 2017; Liu
et al. 2020). Yet, despite progress in our knowledge
of these ecological and environmental drivers of inva-
sions in PAs, the incurred economic impacts from
IAS, and ability to mitigate them, remain unexplored.
Moreover, while there is evidence that geographic
bias (towards North America and the Pacific Islands)
and taxonomic bias (towards plants and insects)

largely drive our understanding of IAS success and
impact (Pysek et al. 2008; Hulme et al. 2014), thus
far, there has been little effort made on exploring the
global patterns of IAS in PAs.

To fill the knowledge gaps on the cost of biologi-
cal invasions in PAs worldwide, we structured our
study around three broad aims, each employing a dis-
tinct subset of the InvaCost database (see Materials
and Methods and Fig. 1). Specifically, we sought to:
(i) characterize the overall costs of IAS within PAs,
based on an all-inclusive PA dataset: we expected
higher costs dedicated to management (which pre-
vents the introduction or mitigates the impacts
of TAS) than to damage; (ii) investigate whether
observed IAS costs (i.e. excluding potential costs, see
below) differ between PAs and non-PAs, using care-
fully matched criteria and after accounting for other
factors (i.e. environment, taxonomy, geography, type
of costs and economic sectors): we expected lower
costs in PAs, which should be better protected from
invasion and contain less economic assets; and (iii)
further examine which economic and PA character-
istics (e.g. year of designation, PA size) drive differ-
ences in IAS-related costs, using a subset of PAs with
observed cost data: we expected that costs within
PAs are driven by both protection and economic
characteristics.

Materials and methods
Original data

We used information from the InvaCost database
(version 4.0 containing 13,123 entries; openly avail-
able at https://doi.org/10.6084/m9.figshare.12668
570), the most recent, comprehensive database on
globally reported economic costs of IAS in Eng-
lish and 15 other languages (Diagne et al. 2020b;
Angulo et al. 2021). Each database entry contains
a cost value associated to a unique combination of
cost descriptors, including: (i) bibliography of the
documents reporting the costs; (ii) details on the
impacted area (e.g. location, spatial scale, environ-
ment, and whether the location corresponded to
a protected area); (iii) taxonomy of the IAS caus-
ing the cost, (iv) temporal extent over which the
cost occurred, or was predicted to occur; (v) type
of cost: whether the cost is a management action
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Fig. 1 Workflow chart detailing the filtering process and cost
entry eligibility, carefully designed to address the three study
aims. Opaque, gray boxes indicate the main criteria used to
filter each subset while opaque, orange boxes indicate whether

or an economic damage; (vi) implementation of
the cost: whether the cost was observed (actually
incurred) or potential (extrapolated or predicted to
occur); (vii) impacted sector (which activity, mar-
ket or societal sector was related to the cost); and
(viii) reliability of the source document providing
the cost estimate (whether the cost source was peer-
reviewed, official and/or reproducible, or not). To
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the subset contains observed (i.e. cost incurred by an IAS) and/
or potential costs (i.e. extrapolation cost for an IAS beyond its
current distribution and/or predicted in the future within or
beyond its current invasive range)

allow for comparable cost values, all cost estimates
were standardized and converted to 2017 US$
(Diagne et al. 2020b). We re-classified some of the
original columns of the InvaCost database to ensure
that our study is comparable with other PA studies
(Supplementary Material 2) and then filtered and
extracted the data into different subsets as described
below (all subsets are available in Supplementary
Material 3).
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Data processing
Data preparation

To obtain robust subsets from the original database,
we only included highly reliable and appropriately-
spatially scaled cost entries (Fig. 1). Specifically,
we first filtered the Reliability cost descriptor col-
umn to only select those costs characterised as hav-
ing “high” reliability. This distinction of the cost
entries into having “high” or “low” reliability, indi-
cates if the approach used for cost estimation in the
original source is reported, reproducible and traceable
(see Diagne et al. 2020b for details on criteria used).
Second, we filtered the Spatial scale cost descriptor
column to exclude those estimated at “country” and
“regional” scales. Rather, we only considered those at
the “site” and “unit” scales, since these are the spa-
tial scales in which PA costs occur. Subsequently, we
used the information provided in the protectedArea
column to identify the status of land protection for
each cost entry: “yes”, only pertaining to protected
areas; “no”, only pertaining to non-protected areas; or
“NA”, when there was no information about the sta-
tus or when costs were attached to both protected and
non-protected areas. We excluded entries that were
identified as “NA”.

We further refined the resulting dataset to specifi-
cally address the aims of this study. Thus, we applied
consecutive filtering procedures which resulted in the
creation of three subsets (Fig. 1): (i) PA cost entries
only (hereafter referred to as the Protected Area Sub-
set; see subset details below); (ii) costs for protected
and non-protected areas together, to examine the
effect of protected areas on cost, after controlling for
other variables (hereafter referred to as the Combined
Subset; see subset details below); and (iii) costs for
PAs listed in the World Database on Protected Areas
(WDPA; UNEP-WCMC and IUCN 2020), which
allowed the addition of WDPA descriptor variables
(hereafter referred to as the Protected Area WPDA
Subset; see subset details below).

All cost estimates were annualized in the origi-
nal database (see Cost estimate per year columns;
Diagne et al. 2020b). Here, we expanded all subsets
(Subsets i-iii in Fig. 1) to account for the duration
(in years) of each cost estimate by using the expand-
YearlyCosts function of the ‘invacost’ package ver-
sion 0.3—4 (Leroy et al. 2020). This function relies

on information contained in the Probable starting
vear adjusted and Probable ending year adjusted col-
umns to repeat each annualized cost as many times as
years of cost occurrence. This resulted in comparable
annual costs for all cost entries (i.e. expanded format)
which are unbiased with respect to time. As an illus-
tration, cost estimates spanning multiple years (e.g.
$10 million for the period 2006-2010) are divided
according to their duration (e.g. $2 million for each
year between 2006 and 2010).

Averaging annualized costs estimates

For the Combined Subset and the Protected Area
WDPA Subset (Subsets ii and iii in Fig. 1), we aver-
aged the annual cost values across descriptors so
that individual entries associated with a single spe-
cies from the same location and environment, which
incur the same type of costs and affect the same activ-
ity sectors, were averaged into one single cost entry
(Fig. 1, Supplementary Material 2 and 3 for the inter-
pretation of these descriptive fields and the subsets).
This allowed us to control for pseudoreplication and
also partition the effect of these factors when estimat-
ing the effect of PAs. All statistical analyses presented
in the main text were performed on these expanded
and averaged subsets.

The protected area subset

Filtered and expanded entries classified as PAs (i.e.
“yes” in the protectedArea column) resulted in
the Protected Area Subset with a total of 4155 cost
entries, which was used to describe economic trends
associated with IAS in PAs (Subset i in Fig. 1).
Regarding the temporal variation of the costs of IAS
in PAs, we used the summarizeCosts function of the
‘invacost’ R package to quantify annual average costs
at five-year intervals between 1975 and 2020 (Leroy
et al. 2020). We considered both the magnitude of
costs (in 2017 USS$), as well as the number of cost
entries (expanded) over time. We also investigated the
spatial distribution of PA associated costs by conti-
nents, explored the taxonomic groups responsible for
costs in PAs, and categorised the type of costs and
the economic sectors impacted by the cost. Moreover,
we examined costs separately for observed costs (i.e.
if the cost was actually incurred) and potential costs
(i.e. if the cost was extrapolated or predicted to occur)
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using the Implementation column. It is expected that
potential costs will be higher than observed costs,
because observed costs are restricted to actual, often
hardly-quantifiable impacts that are monetized in a
limited time frame and in areas of established inva-
sions. Conversely, potential costs are extrapolations
or predictions of costs that will occur in the future or
in the probable IAS range. However, potential costs
should not be ignored, since they provide informa-
tion concerning costs that are difficult to quantify or
may occur under different scenarios. Thus, we report
potential costs in PAs using this complete subset, but
clearly distinguish them.

The combined subset

A total of 4,051 cost entries were identified in non-
PAs (i.e. “no” in the protectedArea column) and
constituted the Non-protected Area Subset (Fig. 1).
The Combined Subset comprises the Non-protected
Area Subset and the Protected Area Subset, and fur-
ther filters cost entries of both subsets by the Imple-
mentation column, in order to retain only observed
costs and remove potential costs (Fig. 1). The result-
ing entries of both subsets were then selected using
matched rows relating to their combined environ-
ment, taxonomic group, continent, type of cost, and
impacted sector (Supplementary Material 2 and 3).
Thus, we only retained cost entries containing the
specified combination of these five descriptors in
both the Protected Area Subset and in the Non-pro-
tected Area Subset, as our interest was to compare PA
versus non-PA costs. This resulted in a total of 1,125
expanded and averaged combined entries (531 PA vs
594 non-PA entries), which constitutes the Combined
Subset (Subset ii in Fig. 1) and was used to identify
descriptors driving differences in costs between pro-
tected and non-protected areas.

The protected area WDPA subset

Observed costs (in the Implementation column) from
the Protected Area Subset that were associated with
PAs categorized within the WDPA (UNEP-WCMC
and IUCN 2020) were considered as the Protected
Area WDPA Subset. This resulted in 755 expanded
and averaged entries, and this subset was used to
understand which descriptors drives costs generated
by IAS in PAs (Subset iii in Fig. 1). To do this, we
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extracted information on four descriptors related to
characteristics of the PAs from the WDPA (i.e. PA
designation, PA designation year, PA surface area
(kmz), and human development index (HDI)) and
four descriptors related to the characteristics of the
costs from the InvaCost database (i.e. continent, envi-
ronment, taxonomic group, and type of cost) (Supple-
mentary Material 2 and 3).

Statistical analyses

The combined subset: differences in economic costs
between protected and non-protected areas

In order to compare differences in the economic costs
of TAS between PAs and non-PAs, and to understand
which descriptors could affect these differences, we
performed a multiple linear regression using the Com-
bined Subset (see Fig. 1). The dependent variable was
the average yearly economic cost (log,,-transformed)
and the independent variables included a binary PA
status factor (i.e. whether the cost pertains to a PA
or non-PA) and its two-way interactions with each of
the following invasion descriptors: continent, taxo-
nomic group, environment, impacted sector and type
of cost (Table 1). This allowed us to assess the dif-
ferences in the average yearly economic cost between
PAs and non-PAs for these descriptors. We only
focussed on the interaction effects of PA status with
each of these descriptors to explain costs and not on
the main effects of the descriptors individually, with
the exception of PA status. PA status was evaluated
as a main effect in order to quantify the overall dif-
ference between PAs and non-PAs. Otherwise, its
inclusion as an interaction term allowed for disen-
tangling the contribution of the descriptors driving
differences between PAs and non-PAs. Prior to per-
forming this analysis, we assessed that none of the
predictors were highly intercorrelated, suggesting the
absence of multicollinearity (Pearson’s r<0.65; Sup-
plementary Material 4). Consequently, all predictors
were retained in the analysis. We used the adjusted
R? to assess the percentage of mean annualized eco-
nomic cost variation that is explained by the models.
Significant interactions were assessed using the dropl
function to obtain Type III sum of squares ANOVA
containing p-values from an F-test. Residuals were
analyzed using the simulateResiduals function of the
‘DHARMa’ package version 0.3.3 (Hartig 2020) and
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they satisfied all classical regression assumptions.
Additionally, when an interaction factor showed a
significant effect, we carried out a post-hoc Wilcoxon
Signed Rank test with Holm correction in order to
determine which categories were significantly differ-
ent between PAs and non-PAs.

The protected area WDPA subset: factors affecting
costs of invasive alien species across protected areas

To assess which variables potentially affect the eco-
nomic costs of IAS across PAs, we performed a mul-
tiple linear regression using the data corresponding
to the Protected Area WDPA Subset (see Fig. 1). We
used the log,-transformed average yearly economic
costs as the dependent variable and added PA des-
ignation, year of PA designation, PA surface area,
human development index, continent, taxonomic
group, environment, and type of cost as independent
variables. We first excluded incomplete cases (i.e.
rows with missing values), and we assessed the corre-
lation among predictors (all predictors were retained
in the analysis; Pearson’s r<0.65; Supplementary
Material 5). We then ran a multiple linear regres-
sion, and similar to the previous model, produced
the output using the dropl function, assessed residu-
als (which satisfied all regression assumptions) and
tested for differences among categories for the signifi-
cant factors using the Wilcoxon signed-rank test with
Holm corrected p-values.

For each test, when reporting the statistical results
of average economic costs, we provide medians and
standard deviation because these estimates fairly
approximate the mean values of our log,-transformed
data and avoid skewed distributions due to cost out-
liers. All figures were produced in R using ggplot2
(Wickham 2016).

Results

‘What are the overall economic costs of invasive alien
species in protected areas?

Using the complete dataset (Protected Area Sub-
set), we show that the total reported economic costs
in at least 55 PAs (excluding 40 unique references
with unspecified PA names) amounted to $22.24 bil-
lion over the last 46 years (1975-2020). These high

costs represent only a fraction of the designated PAs
around the world (in total 266,561 terrestrial and
marine PAs) suggesting that global PA costs could be
several orders of magnitude higher. More specifically,
observed costs amounted to $930.61 million between
1975-2020 and averaged $20.23 million annu-
ally, while potential costs, as expected, amounted to
$21.31 billion and averaged $463.34 million over the
same period (Supplementary Material 6). Both these
cost types were generally characterised by an increase
over time, with potential costs increasing markedly
between 1995 and 2000. Furthermore, observed costs
exhibited a gradual increase over time, with reduc-
tions in recent years likely due to time lags in cost
reporting. The number of entries for both types of
costs has been increasing over time, and especially
those of observed costs.

PA costs were not distributed homogeneously
across continents (Fig. 2a). In particular, Africa
reported the greatest share of observed costs (24%),
followed by South America (16%), North America
(15%), Australasia (15%), Tropical Asia (14%),
Europe (7%), Temperate Asia (7%), Pacific Islands
(2%) and Antarctica (1%). However, this pat-
tern is quite different when taking into account
both observed and potential costs: more costs were
reported by PAs located in Australasia (60%), fol-
lowed by Europe (36%) and distantly followed by PAs
located in Africa (3%), Tropical Asia (1%), North
America (0.3%), and South America (0.1%). Potential
costs were not reported for Antarctica or Temperate
Asia. Moreover, most cost occurrences were reported
for PAs in Africa (1,287 cost entries) and Europe
(1,257 entries), followed by South America (524
entries), Australasia (342 entries), Temperate Asia
(332 entries) and North America (222 entries), while
the remaining three continents reported less than 200
entries.

In terms of the types of IAS cost incurred by
PAs, the majority of observed costs were manage-
ment focused (i.e. “pre-invasion”, “post-invasion”,
“knowledge and funding” and “mixed management”
costs), which totalled $680.40 million (73%), thereby,
dominating over damage costs (i.e. $218.90 million)
(Fig. 2b). Within management costs, “post-invasion”
management (i.e. control, eradication, harvesting,
management and monitoring) represented the high-
est proportion of observed costs caused by IAS (84%
of management costs). In terms of potential costs,
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«Fig. 2 Total observed and potential costs of invasive alien spe-
cies (US$ million) in protected areas, as well as reported cost
entries, presented according to their: a spatial patterns across
continents. Colours represent continents together with their
associated marine territories. The total observed economic
costs are displayed in bold, potential costs are in italics and
their corresponding number of cost entries are shown in paren-
thesis; and b cost type and associated impacted sectors. For the
impacted sector, upper bars correspond to observed costs (O)
and lower bars to potential costs (P)

damage costs constituted the majority (94%), whilst
management costs represented only 5%.

Governmental services and/or official organiza-
tions (e.g. conservation agencies, forest services,
or associations) that allocate funding for the man-
agement of biological invasions (“authorities and
stakeholders™) reported the highest observed costs
($584.69 million; 63%) compared to other sectors
(Fig. 2b). This sector accounted for more than 80%
of all types of management costs, except for “mixed
management”, where it represented 35% of costs. The
“agriculture” and “public and social welfare” sectors
sustained the most observed “damage” and “mixed
damage and management” costs respectively (60%
and 89%, respectively). The “environment” and “pub-
lic and social welfare” sectors accounted for 94% of
all potential costs generated by IAS in PAs (63% and
31%, respectively) and collectively close to 100% of
damage costs (66% and 33%, respectively). “Authori-
ties and stakeholders” accounted for the majority
of potential management costs (ranging from 82 to
100% according to the management type).

Plants dominated the Protected Area Subset with
64% of the observed cost entries and 79% of the
potential cost entries (Fig. 3). However, the values of
observed costs for animals were four times larger than
for plants ($641 vs 172 million, respectively) and
potential animal costs were almost 1.5 times larger
than for plants ($13 and 9 billion, respectively). Mag-
noliopsida (61% of observed plant costs and 63% of
observed plant entries), Mammalia (43% of observed
animal costs and 50% of observed animal entries) and
Insecta (42% of observed animal costs and; 15% of
observed animal entries) substantially influenced both
costs and number of entries in their respective plant
and animal groups.

Specifically, the costliest IAS across PAs com-
prised mammals (e.g. rats and cats), aquatic plants
(e.g. Ludwigia sp.), insects (e.g. mosquitoes and

coleopterans: Aedes albopictus, Sternochetus frigi-
dus), and one tree (Prosopis juliflora) (Fig. 4a). With
the exception of Ludwigia sp. (the second costliest
IAS in our dataset), terrestrial IAS presented higher
costs than IAS invading semi-aquatic and aquatic PA
environments. The costliest IAS in semi-aquatic and
aquatic environments were mainly plants (e.g. Eich-
hornia crassipes, Baccharis halimifolia, Myriophyl-
lum spicatum), one amphibian (Rhinella marina), one
mammal (Castor canadensis), and mosquitoes (Aedes
albopictus).

IAS with the highest reported costs differed across
continents (Fig. 4b). Reported costs were mostly
associated with trees and insects in Africa and Tropi-
cal Asia, animals (particularly reptiles, mammals and
two invertebrate species) in Temperate Asia; mam-
mals in Australasia; aquatic and semi-aquatic plants,
and the insect Vespa velutina in Europe; mammals
and plants in South America and the Pacific; and
one mammal Sus scrofa, two aquatic plants, and two
insects affecting forests in North America.

How do costs differ between non-protected and
protected areas?

Using the Combined Subset, we first observed that
the reported average observed economic costs caused
by IAS did not differ significantly between non-PAs
and PAs (F=2.72, p=0.100; Fig. 5a). This could be
explained by the skewness of the cost data, reflected
by the fact that PAs had a 3 xXlower mean cost but a
3 x higher median compared to non-PAs (Supplemen-
tary Material 7b). Note that this outcome was a main
effect and excluded interaction effects. When looking
at the interactions of PA status with the descriptors,
two interactions were significant: PA status inter-
acting with the environment and with the continent
(F=6.88, p<0.001; F=11.02, p<0.001, respec-
tively; Supplementary Material 7a). The percent-
age of variance explained by the model was 28.39%
(adjusted R?).

In terms of the type of environments and PA
status, only terrestrial ecosystems displayed a sig-
nificant effect with higher costs incurred in PAs
compared with non-PAs (p <0.001; Fig. 5b; Sup-
plementary Material 7b). Additionally, the total
reported IAS cost entries in terrestrial ecosystems
accounted for 72% across all environments. Exam-
ining the expenditure for IAS across continents
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Observed costs Observed entries

Mammalia $272.6 M
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Fig. 3 Taxonomic distribution of cost estimates (US$ million, left panels) and cost entries (right panel). Coloured bars represent the
percentage of costs by kingdoms and lollipops depict total economic costs of the associated classes

and PA status, we found that PA costs incurred in
Africa and Temperate Asia were significantly lower
compared to costs incurred in non-PAs (p =0.002,
p<0.001, respectively; Fig. S5c; Supplementary
Material 7b). Conversely, in Europe, IAS costs
were significantly higher in PAs compared to costs
incurred in non-PAs (p <0.001).
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Which factors influence invasive alien species costs
across protected areas?

Using the Protected Area WDPA Subset, we found six
descriptors that are important in driving the average
yearly observed costs across PAs (three PA descrip-
tors and three cost descriptors): year of designation,
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Fig. 4 Bar plot depicting the distinction of observed (light
gray) and potential (dark gray) costs in protected areas for the

costliest species across a environments and b continents. On
the right panel: AF=Africa, AN=Antarctica, AS-TE = Asia-

protected area size, human development index, type of

environment, continent and taxonomic group; Supple-
mentary Material 8a, b). These descriptors explained
20% (adjusted R?) of the variance.

Costs of IAS in PAs were significantly related to
the year of designation and the protected area size.
Costs increased in recently designated PAs and with
PA size (F=8.54, p=0.004; F=5.20, p=0.023,
respectively; Fig. 6a, b). Further, we found a sig-
nificant positive relationship between the average
costs of IAS and the HDI, which represents the
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Temperate,

AS-TR = Asia-Tropical, AU = Australasia,

EU=Europe, NA=North America, PA=Pacific, SA=South
America. Clip arts were obtained from phylopic.org

socio-economic wellbeing of a country (F=7.19,

p

=0.008; Fig. 6¢).

Costs in PAs also differed according to the envi-

ronment (F=3.84, p=0.010). Terrestrial environ-
ments sustained significantly higher costs com-
pared to costs incurred in aquatic environments
(»=0.001), while costs in semi-aquatic environ-
ments were not significantly different to other
environments (Fig. 6d). Moreover, PA costs in ter-
restrial environments comprised the majority of
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Fig. 5 Distribution of the average economic observed cost»
estimates (log;o.scale) incurred by species across: a non-
protected and protected areas; b environments with dif-
ferent land protection statuses; and ¢ continents with dif-
ferent land protection statuses (NA=North America,
AU = Australasia, AF=Africa, PA=Pacific, AS-TE=Asia-
Temperate, SA=South America, EU=Europe). Boxplots
display median (line), interquartile range (box) and range
(whiskers), and solid circles display outliers. Significant differ-
ences between PAs and non-PAs for each category are marked
using p-values above each boxplot pair, and were tested using
a Kruskal Wallis rank sum test for (a) and Wilcoxon signed-
rank post hoc comparisons for (b, ¢). Sample sizes are shown
in brackets below each box

reported cost entries (69%) and incurred 40% of the
total average yearly economic costs.

With respect to the differences in IAS costs
regionally, continent was a significant factor
(F=4.69, p<0.001; Fig. 6e). Specifically, costs in
European PAs were only similar to South American
PAs and differed significantly to all other groups. In
turn, Africa and South America were significantly
different to Australasia, Pacific Islands and Ant-
arctica. Additionally, South America significantly
exceeded Temperate Asia and North America. Fur-
ther, Africa and South America incurred the major-
ity of the total average yearly economic costs (40%
and 28%, respectively), followed by Australasia
(10%), Europe (8%), North America (7%), Pacific
Islands (4%), Temperate Asia (2%) and Antarc-
tica (1%) (Fig. 6e). Despite the highest reported
costs incurred in African PAs, the reported number
of cost entries are not congruent (12% of all cost
entries). On the contrary, European PAs incurred
much lower costs despite having the highest number
of reported costs (41% of all cost entries). Lastly,
since the effect of continents among covariates is
context-dependent, this suggests that the overall
effects of spatial distribution on the magnitude of
costs is significantly affected by IAS (Supplemen-
tary Material 8a, b).

Average yearly economic costs in PAs also differed
significantly with respect to different taxa (F=4.54,
p=0.004; Fig. 6f). Costs were similar between
invertebrates and vertebrates (p=0.368) but these
groups incurred significantly higher costs than plants
(»p=0.001; p<0.001, respectively). Surprisingly,
even though more costs were reported for plants (49%
of cost entries), they incurred the lowest total costs
(4.6% of the average yearly economic costs).
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Where do we stand?

This study provides the first comprehensive com-
pilation and analysis of reported costs of biological
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invasions in PAs around the world, which amounts
to $22.24 billion over the last 46 years (1975-2020).
Our results partially confirm our expectations that
costs of IAS in PAs are (i) high, but predominantly
comprise management costs (nonetheless, the propor-
tion of damage costs was higher than expected); (ii)
different between PAs and non-PAs, but only within
certain continents and environments; and (iii) driven
by factors linked to both the invasion costs and PA
characteristics. Firstly, we showed that the highest
number of reported entries was in Europe but the
highest observed costs from invasions in PAs were
found in Africa. These costs were caused primar-
ily in terrestrial environments and caused mainly by
mammals and insects (and surprisingly to a lesser
extent by flowering plants, though more cost entries
were reported for plants). Most observed costs
were incurred post-invasion and largely affected PA
authorities and stakeholders. Secondly, we found
that, in general, mean invasion-related costs in PAs
were globally similar compared to matched costs in
non-PAs. However, per unit of area, costs are higher
in PAs (costs in PAs represent 20% of the total cost,
when the combined area for which we have PA costs
isequivalent to ~0.3% of the total global PAs), even
though we expected the opposite due to PAs consist-
ing of less monetized assets and less disturbances
(such as agriculture, infrastructure, human population
density, etc.). Nevertheless, costs in PAs were signifi-
cantly higher than non-PAs only in Europe and ter-
restrial environments. Thirdly, we found that the costs
of IAS also increased in PAs that were recently desig-
nated, are larger in size and those located in countries
with a higher HDI. These results highlight already
burgeoning but growing economic impacts of bio-
logical invasions in PAs, despite pervasive knowledge
gaps at geographic, taxonomic and sectoral scales,
context-dependencies and challenges to cost estima-
tion and collation.

Taxonomic bias

Our study, like many others in invasion science,
reflects a strong taxonomic bias, in terms of eco-
nomic costs, research effort and taxonomic aware-
ness (Pysek et al. 2008; Rico-Sanchez et al., 2020).
Invasive predatory mammals are largely known to
have the most devastating effects on biodiversity
worldwide (Doherty et al. 2016; Liu et al. 2020). This

aligns with findings in this study that mammals are
the costliest to manage in PAs, and is similar to pat-
terns within PAs of other countries (see for example
Rico-Sanchez et al. 2021 in Mexico or Ballesteros-
Mejia et al. 2021 in Ecuador). Further, in line with
the suggestions of PySek et al. (2008) indicating that
invasive invertebrates were abundantly studied, we
found that insects were among the costliest species
in PAs. These costs were mostly driven by the mango
pulp weevil (Sternochetus frigidus; primarily costs
incurred in a Palawan game refuge and bird sanctu-
ary), followed by the Asian tiger mosquito (Aedes
albopictus). The high investment in controlling this
weevil is likely due to mango, the third most impor-
tant fruit crop in the Philippines. Mosquitoes pose a
significant threat to humans, as they can serve as vec-
tors of pathogens which can lead to the spread of dis-
eases (Schaffner et al. 2013). In this study, the high
expenses for the Asian tiger mosquito were incurred
in the Réunion National Park, which is not surprising
since this species has become a major human health
concern across the island of Réunion (Latreille et al.
2019).

Although we found that plants are managed more
often in PAs (as shown by the highest proportion of
reported cost entries in the Protected Area WDPA
Subset; 49%), their reported observed costs are sub-
stantially lower than those of either mammals or
insects. Among plants, flowering taxa accrued the
highest reported expenses, with most costs associated
with aquatic plants (Ludwigia sp. and all incurred in
France; Dandelot et al. 2008) and trees (Acacia sp.).
Globally, invasive plants, specifically trees, have sig-
nificant (and growing) impacts on the environment
and the economy (Richardson and Rejmanek 2011;
Hirsch et al. 2017). Plants are generally studied more
than other taxonomic groups (Pysek et al. 2008; War-
ren II et al. 2017) and successfully dominate many
ecosystems (PySek et al. 2017). However, plant inva-
sion management is notoriously difficult and high
management costs can be associated with plant con-
trol and/or eradication (Gardener et al. 2010), due to
for example, persistent seed banks (Gioria et al. 2012;
Strydom et al. 2017), or limited effective manage-
ment of aquatic plants (e.g. submerged macrophytes;
Hussner et al., 2017; Coughlan et al., 2020). Further-
more, failed control attempts may not be reported,
potentially distorting the true magnitude of damage
costs and management expenditure (Zenni and Nuiiez
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2013). This highlights the importance of long-term Looking at the type of costs associated with these
control efforts, as well as inclusive reporting of all species, it is apparent that the prevalent management
invasion costs. focus on mammals (pigs and rats), insects (mango
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«Fig. 6 The relationship between the average observed eco-
nomic costs and a the year in which the PA was designated
(y-axis in US$ million); b the size of the PA (y-axis in US$
million); ¢ the invaded countries’ HDI; d the environment in
which the taxa causing impact in PAs are located; e the con-
tinent in which the impacted PA is located (AF=Africa,
SA=South  America, AU=Australasia, EU=Europe,
NA =North America, PA =Pacific, AN = Antarctica,
AS-TE = Asia-Temperate); and f the taxonomic group of the
invasive alien species. In (a) and (b) the data were categorized
for better visualization, but in the model these variables were
fitted as continuous variables. Categories with different letters
show significant differences among them, which were tested
using the Wilcoxon signed-rank test. For the boxplots, the
solid line shows the median, the lower and upper hinges of the
box represent the lower and upper quartiles, the whiskers indi-
cate the range of the data, solid circles are outliers, and solid
squares depict the observed data points. Sample sizes are in
brackets below each box

weevil) and plants (water primrose) in PAs is mostly
a result of their associated damage costs (i.e. dam-
age was the second highest type of observed cost
reported after post-invasion management). In this
regard, it is important to emphasize that our cost data
predominantly relate to economic rather than eco-
logical effects. However, the costliest species eco-
nomically might not be the most ecologically harm-
ful. Given ecological impacts of biological invasions
are seldom monetized due to their indirect nature, it
is important to bear in mind that our data are inher-
ently taxonomically biased towards IAS that incur
economic cost, either through management, or dam-
ages to primary sectors such as agriculture and fisher-
ies. While evidence for economic impacts should not
underpin investments to safeguard biodiversity from
global change pressures, our results provide broad
scale incentives for better management within PAs to
contain and prevent both current and future IAS.

Geographical bias

IAS research in PAs has shown to be geographi-
cally biased towards the Americas and Pacific
Islands while less frequently studied regions include
Europe, Africa and Asia (Hulme et al. 2014). How-
ever, conversely, we show that observed costs are
more frequently reported in Europe, Africa and South
America, respectively, while cost reporting for PAs
in the Pacific Islands is considerably lagging. High-
est cost reporting in Europe may firstly be explained
as an artefact of the available literature as well as

greater opportunities to study invasions across dif-
ferent contexts (e.g. landforms, islands, peninsu-
las and climates), especially since Europe contains
the highest number of PAs worldwide (n=158,450;
UNEP-WCMC and IUCN 2020). Secondly, the
implementation of the European Union’s Natura 2000
PA network, the largest coordinated network of PAs
globally, may have contributed to shaping this pat-
tern (European Environmental Agency 2012), which
could be supported by a concomitance between an
increase in the cost data recorded in our database and
the establishment of the Natura 2000 PA network
since the early 1990s. Overall, geographic uneven-
ness in cost reporting might also reflect differences
in economic output among countries, because GDP
is predictive of economic damages by IAS as well as
investments towards management (Haubrock et al.,
2021). Accordingly, countries with a higher GDP
may be more likely to invest in managing IAS in PAs,
conduct research on ITAS impacts, and/or designate
and conserve PAs more broadly.

We identify marked gaps in the spatial distribution
of our complete dataset (i.e. subset i). According to
the number of PAs classified in the WDPA dataset,
our complete dataset reports PA costs from only 0.3%
of the PAs in Africa, 0.3% in South America, 0.1%
in North America, 0.1% in Asia and the Pacific, and
0.03% in Europe. This substantial underrepresenta-
tion across space further highlights that the high costs
presented here represent a very small fraction of the
real economic burden of invasions in PAs. Despite
these knowledge gaps and greater cost reporting in
Europe, African and South American PAs incurred
greatest total observed costs — probably an arte-
fact of spatial representation in our data (e.g. Africa
and South America had ten times more PA coverage
in InvaCost than Europe). The majority of recorded
costs in Africa were accrued in South Africa (i.e.
Western Cape Province and Kruger National Park), a
leader in invasion biology research with a long history
of (i) conservation efforts (van Wilgen et al. 2020), as
an example, through substantial investments in IAS
management in the Western Cape by the South Afri-
ca’s Natural Resource Management Programmes (van
Wilgen et al. 2010) and (ii) research effort in inva-
sion biology (Richardson et al. 2020), stimulated for
example by the highest number of IAS in the Kruger
National Park where control efforts have taken place
since the 1950s (Foxcroft and Freitag-Ronaldson
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2007; Foxcroft et al. 2017b). In South American PAs,
most research investment, as reflected by the high
observed total costs, largely occurred in the Galapa-
gos Islands, Ecuador, where IAS are the biggest bio-
diversity threat (Trueman et al. 2010). Consequently,
the high economic costs reported on these islands
may be the result of intensive management activities
(Gardener et al. 2010, 2013), as well as the impor-
tance of the Galdpagos Islands to both biological
research and tourism (Ballesteros-Mejia et al. 2021).

These trends may additionally be influenced by dif-
ferential cost reporting practices among regions, with
many countries evidently lacking in their cost report-
ing efforts. Therefore, our results must be interpreted
in the context of the available data and may change
as further costs become available. Given the differ-
ences in PA designations, further research should be
conducted at the country-scale, particularly because
PAs are not uniformly classified across the world.
Here, we coarsened our analyses to the global scale
to avoid (i) insufficient sample size for some regions
which would have been otherwise removed from our
analyses; (ii)) making dubious assumptions on poten-
tial uniformness in PA designation within each conti-
nent; and (iii) counteracting the global-scale approach
adopted throughout this study. Consequently, our
study should be seen as a starting point for further
investigation at finer scales, which will allow more
specific conclusions to be drawn and provide context-
based recommendations.

Methodological bias

Sporadic cost reporting for PAs, as evidenced both by
our data and the literature at large, points to a lack of
reporting structures, mechanisms and/or incentives
for tracking invasion costs, and/or methodological
expertise for monetary quantifications (Diagne et al.
2020a; Robertson et al. 2020). Nevertheless, costs in
PAs have steadily increased over time, both in terms
of magnitude and numbers of reported cost entries.
A vast majority of costs in PAs emanate from predic-
tions, models or simulations (i.e. “potential” costs in
the database) and therefore further work is needed,
wherever possible, to capture and report actual inva-
sion costs on the ground.

One potential reason for the apparent methodo-
logical bias could be the result of language barriers
that have so far precluded the capturing of cost data.
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While InvaCost has compiled cost information in both
English and 15 non-English languages (Angulo et al.,
2021), countries with language barriers for capturing
data still remain, which most likely contributed to the
unevenness presented in this study. Ultimately, data
collection can result in biased information which can
significantly impact outcomes. InvaCost is a dynamic
database, limited by available and accessible elec-
tronic literature, and will grow and be updated over
time. Our study only provides a snapshot of a ‘living’
database, focusing on PAs, and therefore the results
need to be interpreted cautiously. We note that data
were not available to account for different proportions
of IAS with reported costs and their respective abun-
dances among contexts, despite the importance of
abundances in impact prediction (Parker et al., 1999;
Dick et al., 2017). Nonetheless, we believe that given
the most up-to-date information on the monetary
cost in PAs, this study stresses that more should be
invested in the management of IAS to realise the role
of PAs and achieve long term conservation of nature.
The collection of PA cost data through the use of tai-
lored surveys (e.g. focused on IAS management costs
and challenges) which targets PA managers will be
instrumental in this context. This will facilitate the
collection of scarce and/or inaccessible information,
which ultimately helps to implement concerted and
evidence-based recommendations.

Drivers of invasive alien species costs in protected
areas

The present study found overall similarities in costs
between PAs and non-PAs, with differences con-
served within particular continents (i.e. Africa, Tem-
perate Asia and Europe) or environments (i.e. terres-
trial). This finding is surprising for several reasons.
Firstly, PAs only cover up to 23.6% of the planet’s
surface (www.protectedplanet.net, October 2021).
As such, we expected that much higher investments
would be made for IAS outside PAs. Land use and
other impacts outside PAs significantly influence
species and ecosystems within PAs (Foxcroft et al.
2011; Liu et al. 2020), and therefore managing IAS
outside PA networks is necessary to ensure effec-
tive conservation within PA networks. Nevertheless,
although we matched PA and non-PA costs according
to their environment, taxonomic group and continent,
this does not mean that these non-PAs and PAs are
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ecologically connected. In addition, PAs are likely
to be subject to reduced anthropogenic activity with
less human-made infrastructure or economic activi-
ties that can be damaged or degraded by invasions
compared to non-PAs. This is either because PAs
have been established in relatively pristine areas or
because their protection status inherently limits eco-
nomic activities. Therefore, non-PAs are more likely
to incur resource damage or loss costs, whereas PAs
are more likely to incur management costs. Moreover,
the unmatched costs (hence those not analysed) under
our criteria are likely related to damage costs in non-
PAs (Haubrock et al., 2021) and management costs
within PAs (Rico-Séanchez et al., 2021). Therefore, we
expect our trends to correspond with these additional
data.

Our results show that the HDI influenced the
economic costs of IAS in PAs. This positive effect
between the degree of wealth and conservation deci-
sions is likely due to developed countries having the
ability to better document damage costs, and most
importantly having more means to manage IAS
(Nufiez and Pauchard 2010). In addition, for most
developing countries, the primary goal of economic
growth does not always go hand in hand with con-
servation goals. Consequently, major environmental
problems, such as biological invasions, continue to be
a challenge in countries with fragile economies (Early
et al. 2016). Further, invaders from terrestrial and
semi-aquatic environments have the highest reported
costs while aquatic taxa have the lowest. The high
costs associated with terrestrial species in this study
are driven by both vertebrates (particularly mammals)
and invertebrates (particularly insects). In contrast,
high semi-aquatic costs are most likely driven by
mosquitoes (which go through an aquatic life stage)
and this can lead to high health costs. The low costs
for aquatic species are likely due to the cryptic nature
of submerged environments and the respective dif-
ficulty in managing their invasive populations (e.g.
aquatic macrophytes), compounded by research bias
towards terrestrial systems (Cuthbert et al. 2021).

Overcoming management challenges in protected
areas

The control and eradication of IAS in PAs are time-
and resource-consuming, and prioritization schemes
are necessary in light of limited available budgets

for conservation (Ziller et al. 2020). Information on
the costs of IAS can serve as valuable input to pri-
ority-setting schemes aimed at managing biological
invasions in PAs. This becomes even more impor-
tant given that most countries have a limited capac-
ity to effectively respond to invasions (McCarthy
et al. 2012; Early et al. 2016; Faulkner et al. 2020),
and decisions about resource allocation for biosecu-
rity, control and post-invasion management are thus
often made on an ad hoc basis (Epanchin-Niell 2017,
Liebhold and Kean, 2019; Kourantidou and Kaiser
2021). Knowledge of IAS economic costs is key to
help PA managers invest in efforts that optimize large
scale positive results at the lowest possible cost (Gal-
lardo and Aldridge 2013). We observed that 73% of
incurred TAS costs in PAs were management costs
allocated by governmental agencies for the manage-
ment of IAS or environmental impact costs.

Lower expenditure on pre-invasion than post-inva-
sion management suggests that management strate-
gies are more reactive than proactive and indicates
that management costs are much higher than preven-
tion costs. This pattern may extend beyond PAs, as
this type of reactive management has also been noted
in non-PAs of Central and South America (Heringer
et al. 2021). Further, the dominance of post-invasion
management expenditure points to the need for more
preventative measures, such as biosecurity, to curtail
the increased expenses associated with post-invasion
management (Leung et al. 2002; Ahmed et al. 2021).
Given that preserving biodiversity is one of the main
goals of PAs (although in some cases goals are com-
bined with others depending on the management
category of the PA; see https://www.iucn.org/theme/
protected-areas/about/protected-area-categories), pre-
invasion management is seen as essential to avoid-
ing the myriad impacts of IAS on native species and
ecosystems.

Perspectives on underestimated costs

While biological invasions continue to increase, the
efficacy of PAs in conserving biodiversity remains
limited (Rodrigues et al. 2004; Liu et al. 2020).
Generally, the effectiveness of management can
differ markedly across PAs, with just 22% of PAs
recognized as having “sound management” (Lev-
erington et al. 2010). Ineffective management of
these so-called “paper parks” (i.e. parks in name
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only which provide little or no protection) mainly
stems from a lack of investment. This is the case of
many PAs from developing countries due to chronic
financial deficits (James et al. 1999; Wilkie et al.
2001; Gill et al. 2017; Lindsey et al. 2018). Balm-
ford et al. (2002) suggested yearly investments of
approximately $45 billion (over 30 years) to effi-
ciently maintain an expanded network of tropical
PAs covering 15% of terrestrial and 30% of marine
ecosystems; a study by McCarthy et al. (2012)
put forward that $76 billion per year is needed to
conserve terrestrial PAs globally; Balmford et al.
(2004) proposed that it would cost $5-19 billion
per year to conserve 20-30% of marine ecosystems
globally; and finally, Lindsey et al. (2018) suggested
that $1-2 billion per year are required to conserve
African PAs with lions. PAs in developing countries
generally receive significantly less funding than that
required for basic conservation management (James
et al. 1999; Bruner et al. 2004). Our results reveal
that although PAs in continents such as Africa
and South America reported higher costs, they do
not equivalently invest in IAS management. How-
ever, since limited cost data was available for PAs
(~0.3% of PAs), this suggests massive underestima-
tion of economic costs in PAs globally. Further, the
taxa highlighted in this paper, as well as the number
of reported entries, indicate that current reporting
of IAS costs in PAs is greatly underestimated.

PAs serve as the backbone of global conservation
and biological invasions are a key driver of change
in PAs (Foxcroft et al. 2017a; Shackleton et al.
2020a, b). Our study shows that many IAS have
already caused significant management and damage
costs across all environments and continents. If not
managed resourcefully, their impacts can only be
expected to intensify, thus lowering the biodiversity
preservation goal of PAs. Globally, the number of
IAS are expected to increase as more species are
introduced via global trade and more invasions are
discovered as a result of invasion debt (Essl et al.
2011; Seebens et al. 2017, 2020). As such, we
strongly encourage comprehensive economic esti-
mations and reporting of IAS costs across PAs in
order to improve invasive species management. This
will provide an opportunity to maximize return on
conservation investments which will have a signifi-
cant impact on biodiversity outcomes in PAs.
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