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Abstract Biological invasions are one of the top
drivers of the ongoing biodiversity crisis. An under-
estimated consequence of invasions is the enormity of
their economic impacts. Knowledge gaps regarding
economic costs produced by invasive alien species
(IAS) are pervasive, particularly for emerging econ-
omies such as India—the fastest growing economy
worldwide. To investigate, highlight and bridge this
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gap, we synthesised data on the economic costs of
IAS in India. Specifically, we examine how IAS costs
are distributed spatially, environmentally, sectorally,
taxonomically, temporally, and across introduction
pathways; and discuss how Indian IAS costs vary with
socioeconomic indicators. We found that TAS have
cost the Indian economy between at least US$ 127.3
billion to 182.6 billion (Indian Rupees X 8.3 trillion
to 11.9 trillion) over 1960-2020, and these costs have
increased with time. Despite these massive recorded
costs, most were not assigned to specific regions,
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environments, sectors, cost types and causal IAS, and
these knowledge gaps are more pronounced in India
than in the rest of the world. When costs were spe-
cifically assigned, maximum costs were incurred in
West, South and North India, by invasive alien insects
in semi-aquatic ecosystems; they were incurred
mainly by the public and social welfare sector, and
were associated with damages and losses rather than
management expenses. Our findings indicate that the
reported economic costs grossly underestimate the
actual costs, especially considering the expected costs
given India’s population size, gross domestic product
and high numbers of IAS without reported costs. This
cost analysis improves our knowledge of the negative
economic impacts of biological invasions in India and
the burden they can represent for its development. We
hope this study motivates policymakers to address
socio-ecological issues in India and launch a national
biological invasion research programme, especially
since economic growth will be accompanied by
greater impacts of global change.

Keywords Economic impact - InvaCost - Non-
native species - Socioeconomic measures - South
Asia

Introduction

Globally, biological invasion rates show no signs
of saturation (Seebens et al. 2017), and continued
increases are expected in the next three decades (See-
bens et al. 2021). Biological invasions have eroded
biogeographic realms (Capinha et al. 2015) and pre-
sent a growing threat to ecosystems, potentially com-
promising their function, structure, and service provi-
sion (Pysek et al. 2020). Invasive alien species (IAS)
have also been identified as major drivers of species
extinction (Bellard et al. 2016), and they disrupt
phylogenetic and functional diversities (Suarez and
Tsutsui 2008; Ricciardi et al. 2013) as well as cause
regime shifts in recipient environments (Brooks et al.
2004). Consequently, human-mediated introduction,
establishment and spread of IAS have been consid-
ered defining elements of the Anthropocene (PySek
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et al. 2020; Ricciardi et al. 2021). Notwithstanding
biases at temporal, geographic and biological scales
(Crystal-Ornelas and Lockwood 2020a), knowledge
of the ecological impacts of IAS has accrued rapidly
in recent decades (Kumschick et al. 2015; Crystal-
Ornelas and Lockwood 2020b). Contrastingly, knowl-
edge of socioeconomic effects has remained sparse,
unstandardised and disparate across most scales until
recently (Diagne et al. 2020a).

Where reported, economic impacts associated
with TAS are burgeoning (e.g., Pimentel et al. 2001;
Oreska and Aldridge 2011; Hoffman and Boradhurst
2016; Bradshaw et al. 2016). Although these earlier
studies provided awareness and powerful incentives
to increase expenditure on the management of IAS,
they all focused on particular regions, habitat types
and taxonomic groups. Overall, most countries have
no comprehensive appraisals of the economic costs
of TAS, precluding efficient allocation of resources
to mitigate ecological and economic impacts (Lodge
et al. 2016). Recently, however, the InvaCost database
(Diagne et al. 2020b) was launched to tackle this crit-
ical knowledge gap and provide comparable means
to assess the costs of IAS. The database has involved
systematic retrieving, collating and standardising of
reported economic costs of IAS, and has provided
the first global assessment of the economic impacts
of biological invasions (Diagne et al. 2021a). With
costs recorded against numerous environmental, typo-
logical, temporal and spatial descriptors, this data-
base provides a critical step towards comprehensive
assessments (e.g., Africa, Diagne et al. 2021b; Asia,
Liu et al. 2021; Europe, Haubrock et al. 2021a; North
America, Crystal-Ornelas et al. 2021; South America,
Heringer et al.2021).

India, a rapidly emerging developing economy,
categorised as mega-biodiverse and home to four
of the global biodiversity hotspots (Myers et al.
2000), has not yet benefited from such a national
synthesis. Although several thousands of nonin-
digenous introduced species are reported from
India (Sankaran et al. 2021), the most conservative
estimates report 173 invasive plants (Reddy 2008;
Botanical Survey of India) and 157 invasive animals
(Government of India 2018). Pimentel et al. (2001)
reported that the Indian economy suffers US$ 116
billion per year as a result of IAS. However, almost
all costs reported in this study were potential costs
rather than observed costs, and hence, questionable
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and critiqued (e.g., Hoagland and Jin 2006; Holmes
et al. 2009). For example, agricultural loss costs
incurred by invasive insects were estimated by con-
sidering the percentage of alien insect species in
India, the percentage of crop productivity loss due
to insects, the total crop production and its value
in India. Based on these values, they attributed a
yearly monetary loss of US$ 16.8 billion to agricul-
ture by invasive insects. By missing robust, docu-
mented evidence for the economic impacts of IAS,
gross overestimation of actual costs is likely to arise
from studies relying on potential costs.

Despite the long-lasting ecological problems
caused by IAS in India, the country lacks awareness
of the enormity of associated economic costs, in
turn preventing the development of biosecurity pro-
tocols, pre- and post-invasion monitoring guidelines,
effective eradication programmes and trained human
resources to tackle this issue (Mungi et al. 2019;
Goyal et al. 2020). The most common examples of
IAS in India include the Santa-Maria feverfew or car-
rot grass Parthenium hysterophorus, gaining entry
with imported wheat from the USA in the 1950s
(Ahmad et al. 2019); the flagship mass social affores-
tation programmes undertaken by the government of
India using the invasive river tamarind Leucaena leu-
cocephala; or the invasion of the Mozambique tilapia
Oreochromis mossambicus, a fast-growing fish intro-
duced as a source of income for disadvantaged fishing
communities, but which is now replacing the native
fish communities in Indian water bodies (Ganie et al.
2013).

While economic development and environmental
conservation are often seen as two opposing sides
of the development spectrum, quantifying the costs
borne by a country due to invasions could be an effec-
tive way to attract the attention of policymakers and
motivate measures against IAS. Here, we provide an
exploratory, yet state-of-the-art analysis of the eco-
nomic costs of IAS in India. Specifically, we aim to:
(i) describe how IAS costs are distributed spatially,
environmentally, sectorally, taxonomically, accord-
ing to cost types and across introduction pathways;
(ii) assess how IAS costs have changed over time, in
particular concerning the type of costs (i.e., manage-
ment versus damage); (iii) determine how IAS costs
of India and other countries vary according to popula-
tion sizes, GDPs and economic development statuses;

and (iv) highlight the knowledge gaps in IAS costs in
India.

Materials and methods
Data collection and processing
Data collection

Information on the economic cost of IAS in India
was extracted from the InvaCost version 3.0 data-
base (https://doi.org/10.6084/m9.figshare.12668570.
v3; 9,823 entries; Diagne et al. 2020b, Diagne et al.
2020c; Angulo et al. 2021). The data in InvaCost were
collected via (i) literature searches using the Web of
Science, Google Scholar and the Google search and
(ii) targeted searches through contacting experts and
stakeholders to request additional cost information.
To obtain costs specific to India from this database,
we filtered costs based on the “Official_country” col-
umn of the database (see Online Resource 1), thereby
excluding costs from other countries or at greater spa-
tial scales (e.g., subcontinental or continental). We
also omitted those costs from the InvaCost database
that were jointly attributed to India and other coun-
tries without specifics on country-wise costs. Thus,
the costs in the dataset used for this manuscript were
incurred only in India.

To make the India data more comprehensive, we
conducted additional literature searches and expert
consultations. For literature searches, we identified
documents with costs by reviewing literature pub-
lished until March 2021 using all of the following
methods: (i) employing the search strings considered
by Diagne et al. (2020b), such that each search string
had the words ‘invas*’ and ‘econom*’ and terms such
as ‘exotic’, ‘alien’, ‘IAS’, ‘cost’, as well as the most
commonly-used currencies such as ‘USD’ or ‘$’, but
also adding ‘India’, ‘Rupee’, ‘INR’ or ‘X’; (ii) adding
common and scientific names of the 21 high concern
invasive species (HiCIS) from India (Mungi et al.
2019) to retrieve species-specific costs; (iii) stream-
lining the search process further by advanced Google
search options and specifying the region as ‘India’
and the language as ‘English’ or ‘Hindi’, to retrieve
English and non-English language results located on
Indian websites and servers. Only those documents
were included in the analysis that mentioned at least
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one cost record and where the cost records were
explicitly attributed to IAS. Costs attributed jointly
to IAS and other species were not considered in the
analysis.

For expert consultations, we contacted 20 IAS
experts by e-mail, both managers and researchers,
throughout India such that each of the six adminis-
trative regions in India (Northern, Central, South-
ern, Eastern, Northeastern and Western India) was
represented by at least one expert on invasive plants,
invertebrates and vertebrates. It was done to achieve
a balanced representation of regions and taxa within
the country in our analysis, to ensure we did not miss
any published source. We did not use a formal ques-
tionnaire, but kept the communication open-ended
to encourage reporting of documented costs for a
diverse range of taxa.

Database structure and data authentication

The database comprised of more than 50 cost-
related variables (Online Resource 1, sheet “Vari-
ables_Info”), broadly classified into the following six
categories: (i) the bibliographic information of the
document where the costs were reported (e.g., author,
year, type of article, language, among others), (ii)
taxonomic information of the IAS causing cost, (iii)
geographical and environmental information of the
impacted area, (iv) temporal information on the year
and the duration of the cost, (v) economic informa-
tion on raw and standardised cost values, and (vi) the
sectoral and typological information on the impact of
the IAS. For additional details on these various cat-
egories and the overall database, see Diagne et al.
(2020Db).

For each entry, raw cost data in the local currency,
as mentioned in the original retrieved document, were
entered into the database (column ‘“Raw_cost_esti-
mate_local_currency”, see Online Resource 1). In
case a single cost entry was represented by a range
of values, the minimum and maximum costs were
entered in the database (columns “Min_raw_cost_
estimate_local_currency” and ‘“Max_raw_cost_esti-
mate_local_currency”, see Online Resource 1) and
their mean was taken as the raw cost datum. Multiple
unique costs from the same document were entered
as multiple cost entries with their unique descriptors,
one in each row, and not as a single pooled cost for
the entire document. To avoid overestimation of costs,
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data were screened for possible errors, duplicates
and overlaps. InvaCost records costs whilst explic-
itly considering their source material, reliability (i.e.,
classification of cost estimates based on the type of
publication and method of estimation; Low vs. High)
and implementation approach (i.e., Observed Vs.
Potential). The reliability of the source material was
(1) High if either provided by officially pre-assessed
materials (peer-reviewed articles and official reports)
or the estimation method was documented, repeatable
and/or traceable if provided by other grey literature,
or (ii) Low if reported in unofficial and non-assessed
documents or if the estimation method was not docu-
mented. Furthermore, the costs were considered as (i)
Observed if actually incurred (money was spent or
damages and losses were monetised), or (ii) Potential
if not incurred but expected or predicted.

The variables on temporal information of the
costs, i.e., the year in which the cost was incurred
and the duration of the cost, were important for the
further cost analysis and were retrieved from the
original documents. These variables included (i)
“Period_of_estimation” (referring to the year or the
range of years in which the cost was incurred), (ii)
“Time_range” (referring to the duration of the cost,
as “Year” if the cost was yearly or less than a year,
and “Period” for costs spanning multiple years), and
(iii) “Probable_starting/ending_year” (referring to the
exact year or period in which the cost was incurred).
The raw cost estimates were converted to annual costs
(column “Cost_estimate_per_year_local_currency”)
by dividing the cost by the number of years for which
the cost was incurred. Thus, for “Period” costs rang-
ing multiple years, the raw cost was divided by the
difference between the ‘“Probable_ending_year” and
“Probable_starting_year”. For “Year” costs, since the
cost was incurred in a single year, the raw cost value
was taken as the annual cost (for all these variables,
see Online Resource 1).

Cost standardisation

All costs were converted and adjusted for inflation
from local currencies to 2017 US Dollars (US$). This
standardisation and conversion was done in two ways:
one, based on the market exchange rate (local cur-
rency unit per US$, calculated as an annual average)
for the specific year in which the cost was reported,
and another, the purchasing power parity (PPP, local
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currency unit per US$, calculated as an annual aver-
age) i.e., the rate of currency conversion that stand-
ardises the purchasing power of different currencies
by eliminating the differences in price levels between
countries. All further cost analyses were performed
using the costs expressed by exchange rate infor-
mation (column “Raw_cost_estimate_2017_USD_
exchange_rate”, see Online Resource 1).

Each cost was converted from the local currency
to US$ by dividing the raw cost by the official mar-
ket exchange rate (https://data.worldbank.org/indic
ator/PA.NUS.FCRF?end=2017&start=1960) corre-
sponding to the year of the cost estimation (column
“Applicable_year” in Online Resource 1, that is the
year of the cost reporting, and not necessarily the year
of cost occurrence). The cost obtained in US$ of that
year was then converted to the 2017 value of US$ (for
more details, see Diagne et al. 2020b).

Costs in InvaCost are reported over different dura-
tions (e.g., several months, single years or several
years). Therefore, we standardised costs such that
each cost entry corresponded to a single year. Cost
standardisation was done using the expandYearly-
Costs function of the ‘invacost’ R package (Leroy
et al. 2021), thereby ‘expanding’ the data based on
the difference between the “Probable_starting_year_
adjusted” and ‘“Probable_ending_year_adjusted” col-
umns for each cost entry (see Online Resource 1). For
example, a cost of US$ 1,000,000 over 5 years was
transformed into five annual entries, each of US$
200,000 over those 5 years. We removed cost entries
that occurred outside of the 1960-2020 time range,
given official data needed for standardising costs to
a unique currency were not available before (Diagne
et al. 2020b). We also removed cost entries for which
the starting and/or the end year were not specified.
This removal process resulted in the omission of
some highly prominent entries, such as Pimentel et al.
(2001). However, we deemed these omissions neces-
sary to annualise costs according to that year’s cur-
rency exchange rate and to produce reliable projec-
tions of temporal trends.

Distribution of IAS costs

Using the descriptors present in the InvaCost database
(see above), we deciphered the distribution of IAS costs
following the (i) spatial scale (i.e., national or restricted
to a specific region of the country); (ii) environment

of the IAS (i.e., terrestrial, aquatic or semi-aquatic;
column “Environment IAS”, see Online Resource
1); (iii) sector impacted (i.e., agriculture, authorities-
stakeholders, environment, fishery, forestry, health and
public and social welfare; column “Impacted_sector”,
see Online Resource 1); (iv) taxonomic group (i.e.,
Kingdom, Class, Order, Family, Genus or Species; col-
umns “Kingdom/Class/Order/Family/Genus/Species”,
see Online Resource 1); and (v) across introduction
pathways.

Temporal trends

We evaluated the temporal trends of IAS costs (from
1960 to 2020) in relation to the type of costs (i.e., man-
agement vs damage; column “Type_of_cost_merged”,
see Online Resource 1). Damage expenditures included
impact-related costs, such as infrastructure losses,
health issues and reduction in ecosystem productivity,
whereas management-related costs included mitigation
costs, such as prevention, control, eradication, research
and long-term management of IAS. To conduct this
analysis, we used the summarizeCosts function of the
invacost package (Leroy et al. 2021) that produced the
average annual cost at 10-year intervals and annual
totals, and thus allows for the discernment of cost tra-
jectories over time. Further, we used the modelCosts
function of the same R package to statistically model
the long-term trends in invasion costs, fitting ordinary
least squares (linear/quadratic) and robust (linear/quad-
ratic) regressions, which is less sensitive to outliers, as
well as multivariate adaptive regression splines, gener-
alised additive models and quantile regressions. Mul-
tiple models were fit to discern generalities in trends
over time, given the heteroskedasticity of econometric
data. Given delays in the occurrence of impact and the
publication of this impact in monetary terms, we exam-
ined time lags between the “Impact_year” and ‘“Pub-
lication_year” in our data, removing years with a cost
completeness of 75% or less based on the quantiles of
this relationship. As such, costs up until the year 2013
were included in the analysis, with the remaining years
excluded from the models.

Cost extrapolation for IAS with no recorded costs in
India

To assess potential costs of IAS that occur in India,
but have no cost data record for India in InvaCost
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version 3.0 and the targeted searches, we performed
a preliminary approximation of these costs as follows.
We created a list of IAS from India by retrieving spe-
cies designated as ‘invasive’ in the Global Register of
Introduced and Invasive Species (GRIIS), the Global
Invasive Species Database (GISD), and the 21 HiCIS
for India (Mungi et al. 2019). Species that are consid-
ered ‘alien’ in India, but whose invasion status was
categorised as ‘Uncertain’, ‘Unspecified’, ‘Null’, or
‘Cryptogenic’ by GRIIS and GISD, were not included
in this analysis. This was done to remain conservative
in our cost estimates by including only those species
whose invasion status was confirmed in India.

This resulted in three separate lists of 282 IAS
from GRIIS, 51 from GISD and 21 from the HiCIS.
We then combined these three lists by removing the
overlaps and synonyms, resulting in 330 IAS with
confirmed invasion status in India. Subsequently,
we searched for costs attributed to these species in
the InvaCost version 3.0 database. Once again, we
adopted a conservative approach, by focusing only
on Observed and High reliability costs. We found 54
out of the confirmed 330 IAS in India that had cost
entries from other countries in the world, but not
from India.

Second, we compiled a list of species in our data-
base (InvaCost version 3.0 plus targeted searches,
Online Resource 1) that had attributable costs
(Observed and High reliability costs only) simultane-
ously from India and from outside India. We found
five such species that had incurred costs from both
within and outside India. We log, transformed these
five species’ costs, and established a linear regres-
sion model consisting of India costs as a function
of the non-India global costs for each of these spe-
cies. Finally, following the methodology applied in a
previous work (Renault et al. 2021) we extrapolated
this cost relationship, between the Indian and the
non-Indian global costs of the same IAS, to calculate
potential costs of IAS in India that have no recorded
costs in India but have incurred costs outside India.

Association with socioeconomic status

To examine how economic costs of IAS in India
relate to other countries with reported economic
costs included in the InvaCost database (for details
of countries considered here, see Diagne et al. 2020c;
data extracted from ‘invacost’ R package, Leroy
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et al. 2021) highly reliable, observed costs of all
other countries in the InvaCost database (n=112)
were totalled (1960-2020) and compared in rela-
tion to total human population and GDP using data
from worldometers (https://www.worldometers.info/
world-population/population-by-country/) for popu-
lation and The World Bank (https://data.worldbank.
org/indicator/NY.GDP.MKTP.CD) for GDP (2019
value). We note that cost reporting for certain coun-
tries started later (or earlier) than 1960, but from
1960 allowed for robust exchange rate calculations.
The economic development status (developed, tran-
sitioning, developing) of each country was obtained
and characterised from the United Nations (2020) cat-
egorisation. Two linear models were used to examine
the relationship between log, transformed total costs
and (i) log, transformed total population and (ii) log,
transformed GDP, with development status included
as an interaction term in each two-way model, allow-
ing to compare the economic cost of IAS in India
with those of other countries.

Identification of knowledge gaps

To investigate differences between the distribution
of costs in India with the global trends, we compared
the India dataset (Online Resource 1) with non-India
cost entries in InvaCost 3.0. To build this dataset con-
taining non-India data, we first excluded all India-
based costs from InvaCost 3.0, including costs that
were reported at the subcontinental scale, entered as
“Bangladesh/India/Pakistan” or “India/Pakistan” in
the “Official_country” column. This resulted in an
exclusive non-India dataset. Next, we excluded Poten-
tial and Low reliability costs and focussed only on
Observed and High reliability costs, to make the non-
India dataset comparable with the India dataset. Since
the India dataset spanned the period of 1960-2020,
we further truncated the non-India dataset to the same
duration. This resulted in a non-India dataset of 7450
cost records.

Subsequently, we looked at geographical, environ-
mental, typological (damage versus management),
taxonomic and linguistic differences in costs and
the number of cost entries between India and the non-
India dataset to assess knowledge gaps in India com-
pared to data availability of IAS costs for the rest of
the world. Geographically, data were categorised into
three spatial scales: “Country” (nation-level costs),
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“Site” (site-specific costs) and “Diverse” (costs
expressed as numerical units, spanning a few hectares
to millions of hectares). Based on the invaded envi-
ronment, data were categorised into “Aquatic”, “Ter-
restrial”, “Semi-aquatic” and “Diverse/Unspecified”
(more than one of the preceding three environmental
categories). Taxonomically, costs were categorised
based on the Kingdom or the broad group of the IAS,
resulting in seven categories: ‘“Bacteria”, “Chrom-
ista”, “Viruses”, “Fungi”, “Plantae”, “Animalia” and
“Diverse/Unspecified” (costs attributed to multiple
taxa or specific taxa). Typologically, costs were cat-
egorised as “Damage”, “Management” or ‘“Mixed”
(consisting of damage and management costs). Lin-
guistically, costs in English were contrasted with all
15 non-English language costs combined.

Results

The total economic costs incurred by IAS to the
Indian economy amounted to US$ 182.6 billion (i.e.,
total costs) and US$ 127.3 billion (i.e., when con-
sidering Observed and High reliability costs only)
(Indian Rupees X 11.9 trillion and 8.3 trillion, respec-
tively) over the period 1960-2020. The total cost
(n=300 cost entries) includes Potential costs (US$
54.5 billion; n= 152 cost entries; 29.8% of costs) and
Low reliability costs (US$ 0.8 billion; n=52; 0.5% of
costs), which were excluded from the more conserva-
tive cost estimate that includes only Observed costs
and High reliability costs (n=96; 69.7% of costs; for
details on Observed and High cost entries, see sheet
‘RawDatalndia’ of Online Resource 1). In the subse-
quent sections, the analyses focused on this more con-
servative cost estimate to ensure the robustness of our
conclusions.

Distribution of IAS costs
Geographical distribution

More than 99% of the economic costs were reported
at the national level (US$ 126.6 billion; n=53;
99.4%) (Fig. 1). Although most costs were estimated
at the national scale, regional costs revealed that US$
616 million were attributed to West India (n=19;
87.5% of the regional costs), US$ 64.2 million to
South India (n=13; 9.1% of the regional costs) and

USS$ 23.9 million to North India (n=11; 3.4% of
the regional costs). No recorded costs were attrib-
uted to Central, Eastern, North-Eastern and Northern
(claimed) India (Fig. 1). Considering all invasion-
related costs of US$ 127.3 billion, the cost of inva-
sions in India is equivalent to US$ 38,727 per km? for
the landmass of 3.287 million km?, and the per capita
cost is equivalent to US$ 92.2 per inhabitant for the
population of 1.38 billion Indians (2020, Worldom-
eter). Of the five nations incurring maximum IAS
costs, i.e., the USA, Australia, Brazil and China, India
was second only to the USA in per unit area costs
(US$ 123,048 per km?, Crystal-Ornelas et al. 2021),
followed by Australia (US$ 23,790 per km?, Brad-
shaw et al. 2021), Brazil (US$ 9018, Adelino et al.
2021) and China (US$ 5130 per km?, Liu et al. 2021).
India stood fourth in per capita costs, only ahead of
China (US$ 34.9, Liu et al. 2021) and below the top
three spenders, viz. Australia (US$ 7072, Bradshaw
et al. 2021), the USA (US$ 3650, Crystal-Ornelas
et al. 2021) and Brazil (US$ 365, Adelino et al. 2021).

Environmental distribution

Among the environments invaded by IAS in India,
only 8% of the total entries were from diverse or
unspecified environments. However, they consti-
tuted 93% of the total economic costs (i.e., Diverse/
Unspecified; US$ 118 billion, n=8). Species from
semi-aquatic environments constituted only 6.7% of
the total costs (US$ 8.6 billion, n=35). Aquatic and
terrestrial species-related costs were one order of
magnitude lower than semi-aquatic costs, and con-
stituted less than 1% of total costs (aquatic, US$ 509
million, n=16; terrestrial, US$ 207 million, n=35).
One out of the 10 species in the dataset for which
economic costs could be attributed occurred in semi-
aquatic environments (e.g., Aedes aegypti), whereas
the other nine species occurred in terrestrial envi-
ronments. Economic costs could not be attributed to
specific species for entries recorded under Diverse/
Unspecified environments and aquatic environments.

Sectoral distribution and cost types
More than 99% of the costs affected multiple sec-
tors and were thus classified as the “Mixed” cost type

(US$ 126.8 billion, n=48). These Mixed costs mostly
comprised damage or loss related expenditures,
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affected diverse environments and were caused by
diverse/unspecified species. Nearly all public and
social welfare (US$ 344 million, n=14) and fisher-
ies-related costs (US$ 165.4 million, n=2) comprised
damage-related expenditures, limited to aquatic envi-
ronments and caused by diverse/unspecified spe-
cies. All costs incurred by the agricultural sector
(US$ 39.9 million, n=6) comprised damage-related
expenditures, limited to terrestrial environments and
exclusively caused by insects. The costs related to the
authorities and stakeholders sector (i.e., governmental
services and/or official organisations, US$ 31.1 mil-
lion, n=21) were distributed between damage and
management related expenditures, mostly limited to
terrestrial environments, and caused by insects. The
recorded costs related to forestry were negligible in
comparison to other sectors (US$ 363, n=5). These
costs were distributed between management and
mixed (both damage and management) expenditures;
costs were limited to terrestrial environments and
solely caused by plants. The invasion costs related
to the environment and health sectors were absent in
uni-sectoral costs.

Taxonomic distribution

When economic costs could be attributed to a spe-
cific Kingdom, a substantial proportion (69% of
cost entries) was attributed to animals (US$ 8.8 bil-
lion, n=50; attributed to six species of insects). The
majority of the animal-borne costs were attributed to
Diptera (US$ 8.6 billion, n=35; all attributed to the
yellow fever mosquito, A. aegypti), Hemiptera (US$
136 million, n=6; attributed to the rugose spiral-
ing whitefly, Aleurodicus rugioperculatus and the
papaya mealybug, Paracoccus marginatus), Lepi-
doptera (US$ 38.4 million, n=3; all attributed to the
fall armyworm, Spodoptera frugiperda), Orthoptera
(US$ 27.5 million, n=35; all attributed to the desert
locust, Schistocerca gregaria), and Coleoptera (US$
3.8 million, n=1; attributed to the coffee borer beetle,
Hypothenemus hampei).

Plant costs were three orders of magnitude lower
than animal costs (US$ 1.71 million, n=22; attrib-
uted to four species of plants). The majority of costs
were attributed to Poales (US$ 0.99 million, n=6;
all attributed to the littleseed canarygrass, Phalaris
minor), Asterales (US$ 425, n=11; attributed to
the mile-a-minute vine, Mikania micrantha and the

carrot grass, P. hysterophorus) and Lamiales (US$
321, n=2; attributed to lantana, Lantana camara).
Three entries, amounting to US$ 0.72 million, were
broadly attributed to invasive plants rather than any
specific IAS. Thus, all recorded species-specific
costs could be attributed to six invasive insects and
four invasive plant species. No costs were explicitly
recorded for fungi, bacteria, viruses and chromists.
A substantial part of the costs (93%) was attributed
to either unspecified taxa or taxa that covered multi-
ple kingdoms (i.e., Diverse/Unspecified; US$ 118.5
billion; n=24) (Fig. 2).

However, species-specific economic cost entries
(n=69) could only be attributed to 6 invasive ani-
mals and four invasive plants out of the 157 ani-
mal and 173 plant species that are conservatively
reported to be invasive in India. This result implies
that only 4% of invasive animals and 2% of inva-
sive plants in India have species-specific docu-
mented costs based on the taxonomic resolution of
the reported data. Further, the species-specific cost
entries belonged to only three taxonomic classes:
Insecta (72%), Magnoliopsida (19%) and Liliopsida
(9% of the number of cost entries) (Fig. 2).

Species-wise cost allocations were highly
skewed. Out of US$ 8.8 billion species-specific
costs, the yellow fever mosquito contributed 98% of
the costs, followed by the papaya mealybug at 1.5%
and the fall armyworm at 0.4%. These three species
also contributed maximally to management-related
costs, albeit in a different order, with the papaya
mealybug contributing 66% of the costs, followed
by the yellow fever mosquito at 29% and the fall
armyworm at 4%. More than 99% of damage costs
resulted from the yellow fever mosquito, followed
by the fall armyworm (0.34%) and the desert locust
(0.31%) (Fig. 3).

In terms of environments, all costs incurred from
semi-aquatic taxa were caused by the yellow fever
mosquito. Out of the nine species causing costs
from the terrestrial environment, the highest costs
were attributed to insects, with the papaya mealy-
bug contributing 66% of the costs, followed by the
fall armyworm (18%) and the desert locust (13%).
All incurred costs from aquatic taxa were attributed
to Diverse/Unspecified, and as such, the species-
wise cost apportionment for aquatic environments
was not possible (Fig. 3).
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Introduction pathways

Nine of the ten IAS were introduced to India via
humans, while the only IAS that naturally expanded
its range in South Asia and India was S. gregaria due
to the changing climate (Meynard et al. 2020). Seven

@ Springer

Species rank

IAS were introduced unintentionally as a result of
unaided transport via trade or tourism, of which six
arrived as contaminants of seeds and live material
(i.e., A. rugioperculatus, H. hampei, P. marginatus, P.
hysterophorus, P. minor, and S. frugiperda), whereas
A. aegypti arrived via stowaway. The remaining two
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species were intentionally released in India during
British rule (L. camara, M. micrantha) (Table 1).

Temporal trends

On average, damage expenditures amounted to US$
2.1 billion annually from 1960 to 2020, increas-
ing from US$ 0.6 million per year in the 1960s and

escalating to US$ 12.3 billion in the 2000s (Fig. 4).
While management costs also increased, their report-
ing began three decades later than damage costs,
averaging at US$ 4.1 million overall to US$ 13.2 mil-
lion in the 2010s. Management costs were always at
least one order of magnitude below damages (Fig. 4).
Considering models of the temporal trends in total
costs, the amplitude of reported costs increased as the

Table 1 IAS with reported costs in India, geographical origin, introduction pathways, reasons for introduction and year of the first

record
Species USS$ billion  Continent/region of Pathway Reason First record in India
origin

Animals

Aedes aegypti 8.62 Africa Stowaway Trade; Cargo® Prior to 1963°

Paracoccus marginatus ~ 0.14 Central and North Contaminant Trade; Live plant 2008¢
America material®

Spodoptera frugiperda 0.04 North, Central, and Contaminant  Tourism/Trade® 2018°
South America

Schistocerca gregaria 0.03 Africa, Asia (West) Unaided Natural range expansion® Earliest record from

18120
Hypothenemus hampei 3.81 E-03  Africa Contaminant ~ Trade; Plant material’ 1990/
Aleurodicus rugioper- 0.13E-06  Central America Contaminant Trade; Live plant 2016
culatus material®

Plants

Phalaris minor 0.99 E-03  Mediterranean region Contaminant  Trade; Plant material™ 1970s"
and North Africa

Lantana camara 0.32E-06  Central and South Release Ornamental® 1809°
America

Mikania micrantha 0.31 E-06  Central and South Release Fodder/War? 1950sP
America

Parthenium hysteropho- 0.12 E—06  North, Central, and Contaminant Trade; Plant material® 1950s°

rus

South America

#Tabachnick (1991)
Sarkar et al. (1964)
Finch et al. (2021)
dMuniappan et al. (2008)
Early et al. (2018)

fSharanbasappa et al. (2018)

£Meynard et al. (2020)

hGovernment of India (2013)

iJohnson et al. (2020)
IKumar et al. (1990)
XSreedhar et al. (2020)

1Sundararaj and Selvaraj (2017)

MKaushik et al. (2005)
"Booth et al. (2003)
°Kohli et al. (2006)
PChoudhury (1972)
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quantiles became more divergent. Thus, costs became
more variable, making 2020 estimations of costs dif-
fer substantially among models (see Online Resource
2). Excepting multivariate adaptive regression
splines, which declined in recent years potentially
due to sensitivity to time lags, all models displayed an
increase in costs over time.

Cost extrapolation for IAS with no recorded costs in
India

The cost relationship between India and the rest of
the world was:

COSty iy = 2.81 X COStGlobal - Indiay—19-72-

By extrapolating the global costs to 54 IAS (out of
the 330 IAS from India) having no recorded costs in
India with the above equation, our estimations predict
that these 54 IAS have caused an additional minimum
potential economic burden of US$ 952 million in the
last 60 years.

Association with socioeconomic status

There was a significant positive relationship between
economic cost and total human population across
countries in InvaCost [F(1, 107)=57.416, p<0.001],
independent of economic development status as a
two-way interaction [F(2, 107)=1.433, p=0.243].

Fig. 4 Temporal trends

Economic costs of IAS were also significantly
positively related with GDP [F(1, 107)=58.597,
p<0.001], but not when the economic development
was included as an interaction [F(2, 107)=0.660,
p=0.519]. Accordingly, the strength of these popula-
tion-cost and GDP-cost relationships were independ-
ent of economic development status (i.e., developed,
developing, transitioning).

Nonetheless, India had the second-highest national
total costs caused by IAS considering all countries in
InvaCost (Fig. 5), only second to the USA, with costs
generally low in relation to both human population
density and GDP. Indeed, given the strong correlation
between economic costs and total human population
and GDP, costs of IAS in India are projected to have
reached between US$ 3.4 trillion (based on GDP) and
US$ 1700 trillion (based on human population), pred-
icated on the relationship considering all countries.
The top five countries in InvaCost in terms of total
economic costs include the USA, India, Australia,
Brazil and China. Compared to India, total invasion
costs among these countries are generally underrepre-
sented in terms of the total human population (except
for Australia) and GDP (Fig. 5).

Knowledge gaps
Geographically, 96% of non-India costs and>99%

of India’s costs were reported at the national level
(Fig. 6). However, when analysed for the number of
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cost entries, the differences between the two data-
sets were more evident. Only 18% of non-Indian
cost entries were reported at the national level
to 47% of national level costs in the Indian data-
set. Inversely, 72% of non-India cost entries were
reported at site-level, whereas it was only 21%
of site-level cost entries for India. Environmentally,
the “Diverse/Unspecified” category accounts for
92% of India’s costs, but just 2% of non-India costs
(Fig. 6). 98% of the non-India costs are assigned
to specific invaded environments. The main differ-
ence between the non-India and the India costs was
that costs in aquatic and terrestrial environments in
the non-India dataset constituted a substantial per-
centage of total costs (44% and 46% of total costs,
respectively). In contrast, together, these two envi-
ronments constituted less than 1% of total costs in
India.

Similarly, the “Diverse/Unspecified” taxonomic
category, where costs were not assigned at all or were
not assigned to a single Kingdom, constituted 93% of
India’s total IAS costs but constituted only 50% of the
non-India costs (Fig. 6). Typologically, damage-related
costs were high in both datasets. However, the main dif-
ference between the two datasets was in the represen-
tation of management and mixed costs. Management
and mixed costs constituted less than 0.2% for India

Dashed lines correspond to linear regressions, irrespective of
economic development status. Economic costs caused by IAS
in all the countries considered here were extracted from the
InvaCost database

but accounted for more than 20% of the non-India costs
(Fig. 6).

Similar to geographic differences between India and
non-India costs, differences in costs based on the lan-
guage of reporting remained hidden when only the
amount of the cost was analysed, but these differences
became more apparent when the number of cost entries
was analysed. Costs reported in English dominated
non-India and India data (97% and 99.9% of total costs,
respectively) (Fig. 6). However, more than 67% of the
total number of the non-India cost entries were reported
in non-English languages, whereas only 2% of the India
cost entries were in non-English languages.

In summary, in addition to the important gaps in
costs, a very high proportion of the recorded costs in
India were provided with insufficient details to allow
analyses of different variables, such as taxonomy of
the invasive species, locality of the invasion or activ-
ity sector impacted.

Discussion
Massive yet underestimated costs

IAS cost the Indian economy at least US$ 127.3 bil-
lion (Indian Rupees X 8.3 trillion) from 1960 to 2020,
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Fig. 6 Comparison of
distribution of costs accord-
ing to geographic scale,
language of cost reporting,
type of cost, invaded envi-
ronment, and taxon, within
India and outside India
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with an average annual amount of US$ 2.1 billion. If
low reliability and potential costs were included in
the aforementioned conservative cost estimates, the
costs escalate to US$ 182.6 billion (Indian Rupees X
11.9 trillion), thus costing more than US$ 3 billion
annually over the last six decades. These costs are an
enormous burden not just on the Indian economy, but
also on global economic growth and development.
For example, the average annual IAS cost estimate
of US$ 2.1 billion in India is higher than the national
GDPs of 25 of the world’s smallest economies (Inter-
national Monetary Fund 2021). In a global ranking
of countries incurring IAS costs, India occupies the
second rank, and incurs more costs as a result of IAS
than the whole of continental Europe (US$ 125.6 bil-
lion) (Haubrock et al. 2021a) or Africa (US$ 18.8 bil-
lion) (Diagne et al. 2021b). Nonetheless, we should
keep in mind that relevant geographic comparisons of
costs should take into account differences in values
of money between areas as well as local specificities,
such as invasion histories or economic and research
capacities dedicated to IAS (Diagne et al. 2021b).
When expressed as a percentage of the national
GDP of India, the TAS costs may appear deceptively
small at 0.08% of the national GDP of India (i.e., US$
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2.9 trillion; International Monetary Fund 2020); how-
ever, the severity of these costs is clearer when com-
pared with the operational measures undertaken by
India for environmental conservation. For example,
the annual estimated costs of US$ 2.1 billion was an
order of magnitude higher than the 2021-2022 yearly
allocated budget of the Government of India’s Min-
istry of Environment, Forestry and Climate Change
(i.e., Indian Rupees X 28.7 billion or US$ 0.4 billion)
(Government of India 2021). Additionally, there is a
possibility of disregarding the severity of IAS costs
by comparing them with costs incurred by other envi-
ronmental disasters. For example, annual climate
change-related costs in India are estimated at US$ 99
billion (Chaturvedi 2015). However, in India, costs
of climate change impacts have been assessed exten-
sively, while costs of biological invasions are grossly
under-investigated.

Indeed, our results suggest that these estimates
are likely a small fraction of actual invasion-related
costs in the country. Firstly, as far as we are aware,
this study is the first attempt at calculating invasion
costs that are observed and highly reliable. It fol-
lows that more efforts to collect and curate similar
data will lead to higher costs. Secondly, the methods
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were stringent and included several levels of filter-
ing to achieve the most reliable costs for this study.
Of the 300 cost entries derived from 73 unique cost-
based references, we excluded 204 cost entries from
51 references from the final analysis to keep only the
most complete and reliable data. This means that the
cost amounts shown here are highly conservative,
given we focused on a portion of the original dataset.
Thirdly, the data were geographically, taxonomically
and sectorally fragmented, leading to likely underes-
timated costs (see details in the following sections).
Fourthly, language barriers can cause gaps in infor-
mation availability, and this is likely the case for
India—only 2 of the 73 unique references included
non-English languages (both in Hindi). However,
only one non-English reference was included in the
final analysis due to reliability issues. In a linguisti-
cally-diverse country such as India, with 22 official
regional languages, many cost entries, especially the
regional and local costs, are possibly documented
in regional languages and overlooked. Additionally,
searching for costs was difficult because appropriate
parallel regional language terms for ‘invasive species’
or ‘biological invasions’ do not exist. Accordingly, it
has been shown that up to twice as many cost entries
could be found in non-English sources in the Inva-
Cost database (Angulo et al. 2021). Lastly, InvaCost
only considers those cost entries which were directly
attributable to IAS and could be monetised. IAS may
impact native ecosystems in ways that are difficult to
monetise, such as declines in ecosystem services or
native species populations. Alternatively, they may
cause quantifiable but indirect impacts, where attribu-
tion of species costs or invasion status may be sec-
ondary. The above-mentioned reasons suggest that
the current cost projections reflect only a fraction of
the actual costs and are thus grossly underestimated.
An illustration of this is revealed by the global analy-
sis of invasion costs relative to socioeconomic indi-
cators such as total human population and GDP. The
costs of IAS in India are severely underestimated, by
at least an order of magnitude—compared to what
would be expected considering all other countries
with invasion costs.

Widespread knowledge gaps in the distribution of
costs

Most cost entries lacked information accompany-
ing costs, such as exact location and spatial scale,
impacted environments, identification of the causal
organism to species level, type of cost, and impacted
sector. In most cases, the costs were attributed to the
“diverse/unspecified” category, meaning that either
the costs were calculated over multiple categories
without the break-up amount per category, or more
challengingly, these attributes were not specified.
This lack of information is a problem as it is difficult
to design action plans specific to regions, ecosystems,
species, and sectors. While these results add to our
knowledge, these results need to be approached with
caution. The fragmentary nature of economic cost
distributions suggests that the availability of more
invasion-cost related information may change the
trends and knowledge gaps observed in this study.

More broadly, existing global biases in the docu-
mentation of economic impacts for particular regions,
taxa, environments and sectors are inevitably reflected
in the InvaCost database—given its dependency on
published records—and, therefore, these also exist
in the India dataset. For instance, costs in anthropo-
centric sectors such as agriculture, public and social
welfare, and authorities-stakeholders outweigh costs
in sectors such as the environmental sector. Another
example of the underrepresentation of costs is seen
in research and education-related funding, which is
mostly unavailable in the literature, and hence, under-
represented in InvaCost and the India dataset. Such
knowledge gaps are problematic but will decline as
more efforts are taken to document, compile and syn-
thesise IAS costs.

Geographical distribution

About 99.5% of costs and nearly half of the total
number of cost entries in India have been reported at
the country level and not at the regional or provincial
levels. National level costs, as opposed to site-specific
costs pertaining to smaller areas, have caused the
greatest costs globally, also observed in non-India
costs. This is expected as national level costs will
be higher than site-level costs owing to larger areas.
However, the problematic part for India is the number
of cost entries at the national level versus for specific
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sites, and in this regard, India and non-India costs
are markedly different. The number of site-specific
costs in India are about a quarter (18%) of the num-
bers of site-specific costs found outside India (72%),
indicating a much finer resolution in the assignment
of costs to specific sites outside India. Although the
India dataset used in this study is relatively small, it
is indicative of a broad stroke in assigning costs to
the entire country rather than to specific sites, thereby
making it challenging to design an effective IAS man-
agement plan.

Although the regional or local costs were only a
fraction of the national level costs, there were marked
differences among the six administrative regions of
India. All regional or local cost entries were reported
from West, South and North Indian regions, without
any costs associated with Central, East or North-East
India. This biased geographic distribution of costs
could result from the preliminary nature of this study
and a small dataset, but there could be other reasons
involved. Coincidentally, these three regions with
attributable costs contribute to about 80% of India’s
GDP (2018-2019 estimates; South India 29.9%,
North India 27.2% and West India 22.2% of India’s
total Gross State Domestic Product). These three
regions also share most of the inland and interna-
tional trade (e.g., West India contributes 40%, and
South India contributes about 30% of India’s export
of goods and services). Consequently, these regions
may contain more [AS, and as a result, more cost
entries are reported from these regions. Moreover,
even if IAS are uniformly distributed across India, the
availability of monetary resources to offset and record
invasion costs may suffice to make these three regions
more represented in the dataset.

Environmental distribution

Although terrestrial invaders are maximally repre-
sented in our data (n=37), followed by those from
semi-aquatic (n=35) and aquatic environments
(n=16), the costs borne from taxa inhabiting terres-
trial environments were half of those borne by aquatic
taxa and over 40-fold less than semi-aquatic environ-
ments. This break-up of costs indicates that invasions
by semi-aquatic and aquatic taxa have been causing
a greater monetary burden to the economy, yet they
are primarily understudied. However, importantly,
the semi-aquatic costs were driven solely by a single
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species, the yellow fever mosquito, reflecting the sub-
stantial human healthcare costs associated with this
taxon—which has aquatic juvenile stages—and cor-
roborating previous studies (Bradshaw et al. 2016;
Cuthbert et al. 2021b). Nevertheless, the underrep-
resentation of aquatic and semi-aquatic ecosystems
in studies on biological invasions is not unique to
India, as these ecosystems are less represented in eco-
logical literature than terrestrial ecosystems (Menge
et al. 2009). More specifically, in the context of IAS,
aquatic ecosystems, and in particular marine ones,
might be underrepresented as well because these
invasions might be less perceptible or costs are chal-
lenging to measure, thus, more likely to be predicted
than observed (Oreska and Aldridge 2011; Cuthbert
et al. 2021b).

We found distinct differences in the cost appor-
tionment in invaded environments between India
and non-India costs. Globally, less than 2% of costs
are assigned to “Diverse/Unspecified” environments,
whereas, in India,~93% of costs are assigned to this
category, making it challenging to address invasion-
borne costs. The proportion of costs in semi-aquatic
environments is comparable between India and non-
India costs. Possibly, costs categorised as “Diverse/
Unspecified” environments in India could have all
come from terrestrial and aquatic environments,
which together form~90% of non-India costs but less
than 1% of India costs. Although the India dataset is
preliminary and small, such poor representation of
terrestrial and aquatic costs and a very high percent-
age of unassigned environmental costs is a two-fold
impediment in restoring invaded environments.

Sectoral distribution and cost types

More than 99% of costs affected multiple sectors and
were therefore classified as “mixed costs”. For exam-
ple, costs resulting from the yellow fever mosquito
are borne by the health sector; however, they also
burden authorities and stakeholders. Even if the cost
is reported to have impacted only one sector, delayed
effects might impact other sectors. For example, Eich-
hornia and many other exotic weeds have affected the
fisheries sector but have also caused a steady decline
in the tourism sector that relies on aquatic ecosys-
tems. Thus, these mixed costs point to the multi-
pronged nature of the impacts of biological inva-
sions, possibly leading to a socioeconomic domino
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effect, especially in an emerging economy. Among
uni-sectoral costs, maximum costs were attributed to
anthropocentric sectors such as public and social wel-
fare, fisheries, agriculture, and authorities and stake-
holders. Sectors such as forestry and environment
were either negligible in terms of amount and num-
ber of costs or completely absent from the records.
This bias indicates selective reporting from anthro-
pocentric sectors and difficulty in monetising costs in
non-anthropocentric sectors such as forestry and the
environment. As the dataset on the economic costs
associated with IAS in India grows, these trends may
change. It is pertinent to note that the cost assessment
in this study is more realistic and evidence-based than
many earlier attempts that attributed colossal costs to
IAS in India, since such studies relied on extrapola-
tions of existing costs, or on the estimation of poten-
tial (i.e., not actually realised) costs. For example,
Pimentel et al. (2001) proposed that the agricultural
sector in India experiences annual costs of US$ 90
billion. While this estimation could be potentially
valid, the main criticism levelled against it and many
other cost estimation studies globally has been that
they report potential costs and not realised observed
costs. Since the actual documentary evidence for the
monetary impacts due to invasions is missing, the
criticism then is that these figures from earlier stud-
ies could be a gross overestimation of real costs. In
comparison, our study reports that the observed and
highly reliable annual agricultural costs reported in
India caused by IAS amount to US$ 6.5 million. Even
if we accounted for costs that are classified as multi-
sectoral (“diverse/unspecified”’) and where agriculture
is one of the several affected sectors, and used them
within the ambit of agricultural costs, the annual agri-
cultural cost would amount to US$ 1.97 billion—still
only a fraction of the agricultural cost suggested by
Pimentel et al. (2001). It is important to note that
potential costs projected by earlier studies, and esti-
mation of documented costs by our study are not
incompatible, but they highlight two different aspects
of the problem posed by IAS, viz., the potential eco-
nomic impact and the observed economic impact.
Such evidence-based observed cost assessments as
performed in our study, as opposed to extrapolative
cost assessments done in earlier studies, are likely to
be more agreeable to formulating realistic policies
around this issue.

Globally, damage costs caused by IAS dominate
the cost data as compared to management-related
costs of these species and India follows this pattern.
The extent of this skew in India is, however, wor-
rying. Globally,~22% of total costs are incurred by
management-related expenses, whereas in India it
forms less than 0.2% of total costs. However, a fur-
ther dip in the apportionment of management-related
costs in India as compared to the global percentages
is indicative of another problematic area regarding
spending on research, education, surveillance, and
eradication efforts. As the India cost database grows,
it will be discernible if this trend is real or has arisen
due to a lack of enough data.

Taxonomic distribution

More than 95% of India’s invasive animals and plants
did not have a single documented cost. Similar pat-
terns have been observed in invasion-related costs in
the UK (Cuthbert et al. 2021a), Australia (Bradshaw
et al. 2021), Russia (Kirichenko et al. 2021), France
(Renault et al. 2021), Mexico (Rico-Sanchez et al.
2021) or Argentina (Duboscq-Carra et al. 2021). Out
of the 157 invasive animal species in India, 99 are
reported from marine environments. Although the
database has cost entries from marine environments,
the species responsible for these costs were catego-
rised as diverse or unspecified. Indeed, considering
the entire database globally, marine species com-
prise only approximately 1% of total aquatic invasion
costs (Cuthbert et al. 2021b), indicating a paucity
in reporting their costs, or fewer human assets that
are impacted in the marine realm. Further actions to
tackle these costs become challenging because the
IAS to be controlled are unknown. The 58 invasive
animals found in India in terrestrial and freshwater
ecosystems include 31 arthropod species, three mol-
luscs, 19 fish species, 1 reptile, 2 birds and 2 mam-
malian species (Government of India 2018). Except
for arthropods (all belonging to class Insecta), none
of the other taxa had any representation in InvaCost.
The total absence of mammals from this estimate,
when they are the second most costly order globally
(Diagne et al. 2021a), is striking in this regard. The
representation was worse for Fungi and Chromista,
and viruses, since no cost entry was attributed to
these entire Kingdoms. Only three of the 21 HiCIS
from India (Mungi et al. 2019) had cost entries in

@ Springer



2034

A. Bang et al.

our dataset. If low reliability and potential costs were
considered, three more species from HiCIS would be
included, viz., Achatina fulica, Eichhornia crassipes
and Prosopis juliflora. Despite probably high actual
costs, the remaining 15 HiCIS did not have a single
cost entry in our dataset. Even focused species-wise
searches on the economic impacts of the remaining
HiCIS did not reveal costs.

Globally,~50% of costs can be assigned to spe-
cific taxa, however, in India, only~7% of species
have taxon-specific costs. The knowledge gap regard-
ing the costs of invasive plants in India is another
problematic area. Although costs incurred by plants
form ~23% of the cost entries for India, they consti-
tute only 0.001% of total costs. This is also worri-
some when compared with the 15% share of invasive
plant costs from the rest of the world. This is indica-
tive of the undervaluation of invasive plant costs and
this knowledge gap in India needs further attention.

Introduction pathways

One of the considered species, S. gregaria, has
increased its range in India due to climatic changes.
We have nonetheless included it in this estimation
because species expanding due to climate change
are sometimes considered IAS since climate change
is human-made (Hulme 2015; but also see Essl et al.
2019); yet, its exclusion would have changed neither
our overall results nor our conclusions.

With increased foreign investment and decreased
import tariffs, India’s share in international trade has
increased substantially. India is currently ranked 8th
in the world in international trade imports. The impe-
tus for international trade has not developed alongside
international and national policy guidelines related
to biological invasions. For example, policies of dif-
ferent international agencies may conflict with each
other, such as those of the World Trade Organiza-
tion (WTO) promoting an unrestricted movement of
products and those of the Convention on Biological
Diversity (CBD) and the Convention on International
Trade in Endangered Species of Wild Fauna and Flora
(CITES) promoting regulation of these movements
(Hulme 2007; Hulme et al. 2018). Many of these
policies also consider economic impacts in managed
ecosystems such as agriculture, livestock and fisher-
ies, but not economic impacts and biodiversity losses
in natural ecosystems such as forests. Consequently,
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species that only affect natural ecosystems often do
not come under the direct purview of many of these
policies and may not be blacklisted (Hulme 2007).
Along with international trade, India also serves
as a global hub for tourism, with an annual turnover
of 17 million inbound foreign tourists and 26 mil-
lion outbound Indian tourists (Government of India
2019). The inbound contaminants via trade and tour-
ists are usually targeted via the international sanitary
standards as a part of the border quarantine proto-
cols. However, developing potential IAS lists and a
‘whitelist’ approach, wherein every contaminant or
contaminate species is considered potentially dan-
gerous unless proved safe via risk profiling, will be
more effective than relying on ‘blacklisted’ species.
Adopting a ‘whitelisting’ approach is more stringent
and hence more effective in controlling potential
invasions (Simberloff 2006; Hulme et al. 2018), and
hence, is proposed to be implemented in trade-related
movements of species (Bang and Courchamp 2021).

Temporal trends

Overall, reported costs have increased by five orders
of magnitude over the last six decades in India. The
increase in the invasion costs over time could be a
result of an increasing number of IAS entering, estab-
lishing and spreading in India, increased numbers of
reports and studies on IAS and their costs, as well as
inadequate legal and policy frameworks to prevent
them.

The break-up of costs revealed that the rate of
increase in the damage-loss type of costs has been
substantially higher than the management-related
costs. Moreover, management costs have always been
one-four orders of magnitude less than damage-loss
costs, and this is quite telling of the problem related
to IAS in India. It is well established that spending
on pre-entry measures is more cost-effective than
on longer-term post-entry responses (Leung et al.
2002; Ahmed et al. 2022), and thus preventative
measures should be given priority. As newer spe-
cies accumulate, existing species spread and “inva-
sion debts” increase due to a delayed impact of IAS
(Seebens et al. 2017), and increased world trade and
climate change exacerbate biological invasions, their
costs are also likely to further increase with time.
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Association with socioeconomic status

A key finding emerging from our results is the sig-
nificant positive association between invasion costs
incurred by a country and its total population and GDP.
Anthropogenic impacts affect biological invasions, with
more populous and dense regions comprising higher
numbers of IAS (PySek et al. 2010; Sharma et al. 2010).
Furthermore, a high GDP and high volumes of inter-
national trade result in higher international imports
and thus provide more opportunities for introducing
IAS (Haubrock et al. 2021b, 2021c; Kouranditou et al.
2021). India is currently ranked 8th in international
imports and currently ranks in the top four countries on
many national transport-related measures such as total
road network, total rail network, total passengers car-
ried via air transport annually, among other measures
(https://data.worldbank.org/indicator/IS.AIR.PSGR).
This inland transport network implies that once a non-
native species gains entry, it may quickly spread to the
distant corners of the country, leading to higher overall
invasion costs.

Despite India being the second topmost country
globally regarding invasion costs, the invasion costs
are less based on its total population and GDP relative
to other countries. Indeed, relative to the global trend,
costs in India from invasions are substantially under-
reported—by several orders of magnitude—with
respect to GDP and human population. Considering
the international regressions between costs, popula-
tion and GDP using InvaCost and socio-economic
data for other countries in the database, observed
costs in India could have, in fact, reached costs sev-
eral magnitudes higher. Costs were particularly
unrepresented considering the substantial total human
population of India, which is a significant predictor of
the economic costs of IAS on the global scale. Other
countries that reported the highest invasion costs,
namely the USA, Brazil and China, also had under-
estimated costs relative to the human population, and
it was also the case for Australia relative to its GDP.
India was most similar to China in terms of under-
reporting cost magnitudes relative to the total human
population—both having high population levels—but
clustered with Australia and Brazil, given similarities
in GDP. Overall, this indicates that even for countries
with a high total economic output and human popula-
tion, costs of IAS tend to be severely underestimated,
which is exemplified considering India.

Conclusion

Comparable to many other developing economies,
India faces the conundrum of the simultaneous pur-
suit of economic development and environmental
conservation. Although ecological impacts of bio-
logical invasions are increasingly recognised, the
economic burdens they create are often challeng-
ing to comprehend, assess, quantify, and integrate
into the national policy. The knowledge gaps in the
reporting on economic costs are pervasive in India,
as seen by the lack of geographical, environmen-
tal, sectoral, taxonomic and linguistic specificity of
costs. These gaps need to be addressed swiftly, pri-
marily due to the escalating nature of IAS costs with
time. India is the second topmost country regard-
ing IAS costs, and even these costs are likely to be
a gross underrepresentation of the actual costs based
on our global analysis of 112 countries. In addition to
the dire environmental impact of IAS, they are also
a critical hindrance to the economic development of
this emerging economy. Prioritising IAS management
will slow the rate of new incursions and reduce the
impacts of TAS instead of prioritising damage costs
which will continue to escalate over time. To this end,
it is crucial to build better national policies related to
international trade, improve the existing border bios-
ecurity and sanitary protocols, develop early-response
programmes to contain IAS that have already gained
entry, foster agencies and human resources devoted
to creating and disseminating knowledge on IAS, and
finally, strengthen research and knowledge generation
by launching a nationwide programme around inva-
sion science in India.
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