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Abstract 

Managing marine nonindigenous species (mNIS) is challenging, because marine environments are highly connected, allowing the dis- 
persal of species across large spatial scales, including geopolitical borders. Cross-border inconsistencies in biosecurity management 
can promote the spread of mNIS across geopolitical borders, and incursions often go unnoticed or unreported. Collaborative surveil- 
lance programs can enhance the early detection of mNIS, when response may still be possible, and can foster capacity building around 
a common threat. Regional or international databases curated for mNIS can inform local monitoring programs and can foster real- 
time information exchange on mNIS of concern. When combined, local species reference libraries, publicly available mNIS databases, 
and predictive modeling can facilitate the development of biosecurity programs in regions lacking baseline data. Biosecurity programs 
should be practical, feasible, cost-effective, mainly focused on prevention and early detection, and be built on the collaboration and 
coordination of government, nongovernment organizations, stakeholders, and local citizens for a rapid response. 
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cumulative anthropogenic stressors (Rilov et al. 2018 , Azzurro 
et al. 2019 ) and are expected to intensify in many regions world- 
wide (Essl et al. 2020 ). Therefore, the development of effective 
biosecurity programs involving the detection, monitoring, and 
management of nuisance species (Bowers et al. 2021 ) is crucial to 
protect and maintain the value of natural environments and their 
associated commercial, cultural, and recreational importance for 
future generations. The level of regional and national biosecurity 
actions can limit the likelihood of biological invasions and their 
impacts (Roura-Pascual et al. 2021 ). 

The wide range of impacts associated with mNIS has fostered 
the worldwide development and implementation of biosecurity 
programs and strategies at different geographical and temporal 
scales, from local to national levels (Oidtmann et al. 2011 , Piola 
and McDonald 2012 ; https://pacman.obis.org ). However, these 
programs vary greatly because of factors ranging from a lack of 
awareness and technical expertise to the uneven distribution of 
knowledge and limited resource availability. Often, biosecurity 
measures are initiated as a reactive approach following notorious 
invasions and focus on controlling the spread of a limited number 
of mNIS (Watkins et al. 2021 ). Some countries also implement 
preventive measures (e.g., quarantine services and border surveil- 
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arine nonindigenous species (mNIS) are recognized as an issue
f a global nature with potential consequences for biodiversity
nd ecosystem function. The impacts of mNIS on ecosystems
ave consequences for the delivery of goods and services with
oth socioeconomical and ecological repercussions (Katsanevakis 
t al. 2014 , IPBES 2019 , Diagne et al. 2020 ). Socioeconomic damages
an result from a loss of commercial value, such as decreased
ourism and other recreational activities (e.g., sport fishing,
wimming); from the destruction of commercially valued natural
esources (e.g., fish and shellfish stocks); from interference with
ndustries (e.g., the loss of aquaculture production, infrastructure
amage); and from consequences for human health (e.g., poison-
ng, intoxication, injuries; Molnar et al. 2008 , Nunes et al. 2008 ,
atsanevakis et al. 2014 , Tsirintanis et al. 2022 ) . Indirect costs
re known but often harder to quantify and result from a wide
ange of impacts on marine ecosystem health. These impacts
nclude acute disturbance during the outbreak, or the boom
hase of the invasion (Simberloff and Gibbons 2004 , Zaiko et al.
014 ), and unpredictable long-term chronic effects on the marine
nvironment, which inevitably affect biodiversity and ecosystem
unctioning (Nunes et al. 2008 ). The impacts of marine biological
nvasions are often exacerbated by climate change and other
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Box 1. EASIN (European Alien Species Information Network): an example of an online platform integrating multi-source 
data and supporting science and policies.
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lance). However, only a few countries have established long-term
monitoring programs that systematically survey potential mNIS
through time (e.g., Germany, since 2009; Canada, since 2005; New
Zealand’s Marine Surveillance and Marine High-Risk Site Surveil-
lance programs, since 2002; and the US National Invasive Council
Management Plan, first introduced in 2001; Baker 2001 , CCFAM
2004 , Buschbaum et al. 2012 , Ministry for Primary Industries 2015 ).

The global nature of marine biological invasions (Carlton 1989 ,
Carlton and Geller 1993 , Ricciardi 2007 ) and the fact that several
countries have exclusive economic zones within the same body
of water make collaboration and coordinated actions imperative
for successful biosecurity management and response (Faulkner
et al. 2020 ). Inaction or inappropriate action from one country
may compromise the success of management programs in neigh-
boring countries. For example, the EU regulation on the preven-
tion and management of the introduction and spread of invasive
alien species (1143/2014) indicates that member states may es-
tablish mechanisms for cooperation, including the “exchange of
information and data, action plans on pathways and exchange
of best practice on management, control and eradication of
invasive alien species, early warning systems and programs re- 
lated to public awareness or education.”Over the last two decades,
the implementation of the European Union’s Marine Strategy 
Framework Directive (MSFD) has been criticized for the poor (or 
absent) collaboration and coordination among member states in 
the elaboration of measures to assess the good environmental 
status in marine coastal waters, probably because of the limited 
economic resources, experts with a multidisciplinary background,
and timescale of the MSFD (Cavallo et al. 2019 ). Specifically, re-
garding mNIS, a lack of monitoring programs and a lack of tax-
onomic expertise were reported across several countries. In fact,
most countries only partially addressed the topic of mNIS through 
monitoring (European Commission 2020a , 2020b ). Despite the ini- 
tial shortcomings, the MSFD has offered a common framework for 
assessing and monitoring mNIS in the European Union. Among 
the most noteworthy achievements at the European Union level in 
mNIS monitoring and reporting within the last decade are the cre- 
ation of baseline mNIS inventories for all European Union mem- 
ber states up to 2012 (Tsiamis et al. 2019 ), and the development
of the European Alien Species Information System (see box 1). 
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Despite ongoing policy-based efforts to prevent the spread of
onindigenous species (NIS) in general (terrestrial, freshwater,
nd marine), the number of NIS is increasing globally (Seebens
t al. 2017 ) and is expected to increase by 35% by 2050 (Seebens
t al. 2020 ). Currently, approximately 2700 mNIS are recorded
orldwide (Costello et al. 2021 ), highlighting the need for setting
riorities in management actions (McGeoch et al. 2016 ). Unfor-
unately, most current efforts addressing mNIS are focused on
eveloped countries and temperate regions (Costello et al. 2021 ,
tranga and Katsanevakis 2021 ). mNIS research efforts have been
inked to the national spending for research and development
Tsirintanis et al. 2022 ), the gross domestic product, the number of
niversities in a country, and English proficiency, as well as scien-
ific output, in general (Man et al. 2004 , Meo et al. 2013 ). Concerted
ctions are incipient in developing countries and particularly
hose in tropical regions, where limited resources justified the pri-
ritization of fundamental needs related to health, food, social
ecurity, and political stability. In addition to those limitations,
he lack of local expertise, baseline knowledge of native biodiver-
ity, and access to information (often in English) hinder the de-
ection and monitoring of mNIS. Notable exceptions are the IMO’s
International Maritime Organization) GloBallast ( http://archive.
wlearn.net/globallast.imo.org/index.html ) and GloFouling ( www.
lofouling.imo.org ) projects, dedicated to developing countries.
ith a strong focus on developing countries, these initiatives were
imed at promoting mNIS baseline survey capabilities (GloBallast)
nd best practices to limit the transport of mNIS via ship bio-
ouling (GloFouling). The disparity in the management of marine
ioinvasions among countries is reflected in the uneven distribu-
ion of mNIS records worldwide (and associated reported costs),
ith higher numbers found in developed countries of temperate
egions than in their tropical counterparts (Hudgins et al. 2023 ).
he limited information from the southern hemisphere is strik-
ng (Costello et al. 2005), and records are often found in reports but
ot on online databases (Floerl et al. 2006 ). Also, it is worth noting
he discrepancy between the records in online database (Seebens
nd Kaplan 2022 ). The complexity of monitoring and controlling
nvasions originates from the lack of information on species dis-
ribution in understudied locations, which is exacerbated by dif-
culties in classifying the native range of some species (Marchini
t al. 2015 , Costello et al. 2021 ). Both make managing mNIS par-
icularly challenging in countries with limited resources or where
here is a paucity of historical records. Altogether, this highlights
he lack of awareness of mNIS impacts and inefficient surveil-
ance or monitoring efforts (Stranga and Katsanevakis 2021 ,
uñez et al. 2022 ). 
By committing resources to efforts where they are proven to

e most cost-effective, regions aiming at developing biosecurity
trategies from scratch can start by preventing the introduction
f new mNIS while simultaneously building the basic biosecurity
apabilities within their jurisdictions (i.e., developing biosecurity-
elevant policies, establishing baseline surveys, gathering data
rom surrounding regions, performing risk assessments to sup-
ort initial decision-making). Effective management of mNIS may
ccur at different stages and can be categorized into three lev-
ls: preborder, border, and postborder (figure 1 ). It should cover
ll possible management options (i.e., prevention, control, pro-
ection, detection, surveillance, and response; figure 1 ). The UN
ecade of Ocean Science for Sustainable Development represents
 period in which a series of methodologies and new technolo-
ies have sufficiently matured and in which other emerging next-
eneration tools are being developed, greatly assisting mNIS man-
gement (see the supplemental material). The implementation
f molecular approaches for monitoring marine biodiversity (Stat
t al. 2017 , Djurhuus et al. 2020 ), artificial intelligence applica-
ions for species recognition (box 2; Wäldchen and Mäder 2018 ),
nd improved modeling techniques for predicting current and fu-
ure mNIS distribution and ecological impacts (e.g., Ovaskainen
t al. 2017 , Lyons et al. 2020 , Tikhonov et al. 2020 ) can greatly fos-
er mNIS management in data-poor regions. The informational
upport may be sought through large data sets accumulated glob-
lly and becoming more easily accessible through the prolifera-
ion of open-access online international databases (e.g., Olenin
t al. 2014 , Katsanevakis et al. 2015 , Costello et al. 2021 ). Interna-
ional journals dedicated to biological invasions (Lucy et al. 2016 ),
s well as the increasing effort toward citizen scientists’ involve-
ent in biosecurity initiatives (Larson et al. 2020 ), aid further in
mpowering marine biosecurity management (Giovos et al. 2019 ).
ecause international, national, and regional mandates increas-
ngly require the implementation of effective biosecurity pro-
rams, the next-generation biosecurity toolkit is expected to be
urther enhanced by robust, affordable, and fit-for-purpose tech-
ologies (e.g., Grimm et al. 2017 , Hunter et al. 2018 , Maslin et al.
021 ). 

We, therefore, present our suggestions to fill the aforemen-
ioned gaps in biosecurity programs within data-poor regions as
ollows. First, we describe an ideal biosecurity management pro-
ram, illustrating the methodologies and actions needed at each
tep of the process. Following this, we examine the overarching
anagement process in detail at three levels (preborder, border
f the national waters jurisdiction, and postborder), highlighting
he most critical actions for the effective management of mNIS
n data-poor regions. Finally, we propose an action plan with pri-
rity measures based on resource availability at a local level to
elp stakeholders design and implement feasible, meaningful,
nd accurate biosecurity programs. Such a plan reflects current
est practices in some parts of the world supported by the sci-
ntific community encompassing a range of actions that incorpo-
ate ecological, economic, and social perspectives (Ricciardi et al.
017 ), as well as emerging and innovative tools that can foster
he early detection of mNIS and facilitate timely action. On the
asis of the application of best-known practices and state-of-the-
rt technologies, benefiting from lessons learned by countries that
ave established cutting-edge biosecurity programs sustained by
ecades of research, the proposed tier-based action plan has a
wofold goal: to guide the design and implementation of biosecu-
ity programs and to help improving or fine-tune existing biose-
urity programs. 

uilding a robust biosecurity management 
odel 

deally, biosecurity systems should target all steps of the multi-
tage invasion process (preborder, border, and postborder) during
hich timely and appropriate intervention can contribute to the
isruption of the invasion process (i.e., game over—the invasion
ails). The first attempt to establish a global biosecurity frame-
ork could adopt concepts of the Agreement on Sanitary and
hytosanitary Measures published by the World Trade Organiza-
ion (WTO 1995 ). This allows for an adaptive approach to emerg-
ng biosecurity challenges and enables environmental practition-
rs to effectively protect marine resources in a changing world.
he Swiss cheese model (Reason 1990 ), often used to visualize
 multifaceted approach to pandemic response, can also be ap-
lied for conceptualizing an efficient mNIS biosecurity program

http://archive.iwlearn.net/globallast.imo.org/index.html
http://www.glofouling.imo.org
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Figure 1. Schematic representation of the invasion process throughout the pre- to postborder biosecurity continuum. The figure is based on the Swiss 
cheese model, with an indication of key actions to stop or minimize the spread of marine nonindigenous species (mNIS) and the status of the species 
across the different phases of the invasion process. Border refers to the exclusive economic zone of a country or any territory with autonomous 
jurisdiction. Bottom: Conceptual biosecurity model for an effective management of mNIS (modified from Olenin et al. 2011 ). Different management 
actions are presented in the context of preborder, border, and postborder throughout the different stages of the invasion process in combination with 
the biosecurity tools available for effective management of mNIS. 
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Box 2. Automated identification of species from photographs and videos.

Artificial intelligence (AI, using machine learning and neural networks) has made amazing strides, notably in recognizing human 
faces. It is also being used to identify patterns on photographs of individual patterns on whale fins and flukes, and whale shark 
markings. It is revolutionary in helping citizens learn how to identify species (such as in iNaturalist) and is poised to enable au- 
tomation of biodiversity monitoring through analysis of videos and photographs. The use of images has the added benefit of having 
minimal disturbance to biodiversity (nothing being killed) and images can be archived for future research. A leading global example 
is the citizen science platform iNaturalist, which uses AI to put a taxonomic name (species or higher level) against one species per 
image. Volunteer experts help confirm identifications and images with more than 100 confirmed identifications are used to train 
the AI. Data are automatically published into the GBIF. It contains over 2000 projects that record invasive species, and over 1800 
focused on marine species. Other national citizen science platforms have developed similar systems, usually with a terrestrial fo- 
cus. However, several organizations have established AI identification systems: FathomNet is the Montery Bay Aquarium Research 
Institute system for training AI using expert knowledge to detect marine species. Squidle + is an online platform for marine image 
storage, mapping and annotation developed in Australia with the potential for community image storage, expert annotation and AI 
training. VIAME is NOAA’s (the National Oceanic and Atmospheric Administration’s) AI for video analysis, detecting fish in images 
and videos, which are then expertly annotated. Automated identification of plankton is the focus of Ecotaxa and www PIC. CoralNet 
AI uses deep neural networks to annotate benthic images. It is in use for semiautomated annotation of benthic images of coral and 
rocky reefs. Linne Lens identifies multiple animals (especially fish) in real-time on videos from a smartphone app. It can count and 
name fish and other species in videos and photographs. Therefore, automated species identification from photographs and videos 
is operational and now widespread. Given verified images of mNIS it could be used to provide immediate identification anywhere 
in the world with a smartphone and internet connection. 
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figure 1 ). As in a pandemic response, no single biosecurity in-
ervention is perfect at preventing the introduction or spread
f mNIS. Each intervention and management action (layer) has
oles, but multiple layers of protection significantly reduce the
verall risk of marine bioinvasion and associated impacts. Preven-
ive measures taken at the preborder and border stages are more
fficient in mitigating the introduction and establishment of non-
ndigenous populations than measures taken downstream. Post-
order measures (in response to the introduction and, sometimes,
stablishment of mNIS) are less efficient and more costly. Postbor-
er management options can be separated into several compo-
ents: detection, response, and recovery or adaptation. All com-
onents require significant effort and may be resource and skill
emanding, but it is essential to have each of them in place to
nsure that the “cheese barriers”“ are effective. Finally, coopera-
ion is essential, particularly in shared waters, because the ma-
ine environment lacks physical borders, and mNIS introduced in
ne location can rapidly spread to adjacent ones, rendering efforts
neffective. 
Implementing biosecurity programs can be particularly chal-

enging in countries (or regions) lacking historical biodiversity
nd mNIS records. Nevertheless, it is possible to learn from
he experience of countries with successful biosecurity strate-
ies, following standardized international management frame- 
orks implemented at the preborder, border, and postborder
tages. 
In the following sections, we detail the components of a com-

rehensive biosecurity program and exemplify tools and ap-
roaches proven to be useful or that are promising and effective
n tackling marine biosecurity issues, with more details in supple-
ental table S1. 
The tools and approaches suggested in the present article are

ased on best biosecurity practices in some parts of the world, for
heir successful implementation in data-poor regions, it is crucial
o carefully consider local contexts (including economic, political
nd other constrains), and engagement with scientists and prac-
itioners on the ground. 
anagement actions throughout the 

nvasion process 

he following will describe the management process at the three
tages of the invasion process. 
Preborder . The development of effective strategic measures re-

ies on identifying and, whenever possible, quantifying the types
f biosecurity risks in a given region. The primary purpose of pre-
order biosecurity efforts is to eliminate or minimize the risks of
NIS introductions, because eradication or control-based man-
gement measures are costly and often unsuccessful (Ojaveer
t al. 2015 ). At the preborder stage, it is essential to understand
he vectors and pathways of potential introductions of mNIS in
ach area. The primary pathways and vectors for the introduction
f marine species include ballast water, biofouling of commercial
nd recreational vessels (e.g., hulls, anchors), aquaculture, orna-
ental species trade, live seafood, marine litter, and the opening
f artificial canals (Katsanevakis et al. 2013 , Williams et al. 2013 ,
babe et al. 2020 ). Pathways may be interlinked and uniquely spe-
ific to each region (e.g., in the Mediterranean Sea, the Suez Canal
s the main pathway of species introductions from the Red Sea;
enetos et al. 2012 , Galil et al. 2021 ). Currently, a multiple- rather
han single-vector analysis is proposed to gain a better under-
tanding of risks and inform mitigation actions ( Williams et al.
013 ). The analysis might involve ad hoc exploration of the vec-
or intensity based on the empirical data from commercial ship-
ing, recreational boat movements or aquaculture activities and
ssociated propagule pressure in the region (Floerl and Inglis 2005 ,
aluza et al. 2010 , Wang et al. 2018 , Ashton et al. 2022 ). Alterna-
ively, modeling approaches can be employed to evaluate the im-
ortance and interconnection of the vectors (Seebens et al. 2013 ,
u et al. 2014 . 
Once the main vectors and pathways are characterized, a list

f high-risk species (i.e., species that may be invasive and cause
ignificant economic or ecological damage) can be developed (fig-
re 2 ). Updated national and regional inventories of mNIS can
e particularly challenging but highly relevant in the more bio-
iverse tropics as, substantial conservation benefits can result
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Figure 2. Considerations, critical aspects, and key actions at the preborder level intended to prevent the introduction of nonindigenous species. SDM, 
species distribution models. 
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from early interventions (Tricarico et al. 2016 ). Further analyses
should address the likelihood of those species establishing vi-
able populations on the basis of an environmental comparison
between the source and the reception areas (e.g., Tzeng 2022 ),
including species’ biological traits (Cardeccia et al. 2018 ). For ex-
ample, in 2014, a new Regulation on the management of inva-
sive species entered into force in the European Union (European
Commission 2014 ), establishing a Black List of invasive species of
Union concern for which specific rules for the prevention, early
detection, rapid eradication, and management have been adopted.
This regulation is an European Union–wide biosecurity program
requiring thorough risk assessments of invasive species, enforc-
ing robust measures for preventing their intentional or uninten-
tional introduction and setting the mechanisms for their man-
agement. Terrestrial and freshwater species dominate the current
Black List, and the first marine species was included in 2019 ( Plo-
tosus lineatus Thunberg 1787; European Commission 2019 ), with
the addition of another species in 2022—namely, Rugulopteryx oka-
murae (E.Y. Dawson) I.K. Hwang, W.J. Lee, and H.S. Kim (European
Commission 2022 ). More marine species are expected to be in-
cluded in the future. 

Species distribution models (SDMs), informed by occurrence
or abundance data, environmental conditions, and local vec-
tors or pathways, can also be useful to predict spatial patterns
of biological invasions and identify key locations for incursion
response. However, limitations exist in ecological modeling for
biological invasions, because mNIS may not follow model as-
sumptions, and the balance between niche and dispersal limi-
tations for each species may not be accounted for (i.e., stochas-
tic events, geographical barriers, and dispersal constraints; Vá-
clavík and Meentemeyer 2009 , Barbet-Massin et al. 2018 , Lake
et al. 2020 ). SDMs provide a useful indication of where a species
may find suitable environmental conditions, but not how fast it
may colonize new locations. This can be estimated from moni-
toring data on the natural spread of mNIS populations, as well 
as human-mediated (e.g., boat traffic) spread. In addition, a cen- 
tral assumption of SDMs for biological invasions is that a species 
native or realized niche may not be its potential niche because 
of limitations by predators, competitors or pathogens. Therefore,
a species may appear to expand its niche when released from 

these ecological constraints (Parravicini et al. 2015 ). The infor- 
mation generated in data-rich regions from extensive monitor- 
ing of invasion events can be used to inform global models and
test whether later stages of the invasion can be predicted by 
models calibrated with records from both the native range and 
earlier invasion stages. Robust models can help identify loca- 
tions in which mNIS are most likely to colonize and support
the development of prioritized management strategies within 
biosecurity programs before mNIS cross the preborder stage of 
invasion. 

In the last decade, substantial progress has been made in ad- 
vancing preborder biosecurity measures globally. One of the best 
examples of international regulation for preborder mNIS control 
and probably the most widely implemented is ballast water man- 
agement. The International Maritime Organization (IMO) adopted 
the 2004 International Convention for the Control and Manage- 
ment of Ships’ Ballast Water and Sediments, which entered into 
force globally in 2017. Ratified by 84 contracting States, repre- 
senting more than 80% of the world’s tonnage, it declares that,
by 7 September 2024, all ships must install an approved ballast 
water treatment system (BWTS) to replace the current practice 
of midocean exchange. Conversely, biofouling remains largely 
unregulated, although the importance of hull fouling for marine 
bioinvasions is unquestionable (Murray et al. 2011 , Darling et al.
2012 , Brine et al. 2013 , Katsanevakis et al. 2013 , Ulman et al. 2019 ,
Ashton et al. 2022 ). Nevertheless, regulations and enforcement 
at the global scale are minimal (but see Resolution MEPC.207(62),
IMO 2011 ). 
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Figure 3. Considerations, critical aspects, and key actions at the border level intended to prevent the establishment of nonindigenous species. 
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Following the success of the Ballast Water Convention (BWC),
he IMO promoted the GloFouling Partnership project to protect
arine ecosystems from the negative impacts of biofouling mNIS

 www.glofouling.imo.org ). However, currently, the best practices
utlined by this project are applied only voluntarily, i.e., effective
ull maintenance, antifouling coating renewal, proper in-water
ull cleaning, and regular hull inspections (Floerl et al. 2010 ).
everal regulations exist for aquaculture biosecurity within the
uropean Union and countries such as New Zealand, Australia,
he United States, and Canada (Minchin 2007 , Copp et al. 2016 ).
owever, globally enforced frameworks are lacking. Similarly,
he emerging vector of marine litter, which has been gaining
elevance over the last decade, requires attention because of the
lobal distribution, buoyancy, and high levels of colonization that
lastic litter can support, which facilitates the transport of species
o nonnative regions (Barnes 2002 , Campbell et al. 2017 , Carlton
t al. 2017 , Rech et al. 2018 , Audrézet et al. 2021 ). International
onventions and legislation must be evaluated for efficiency with
cientifically validated data while clearly outlining expected
ctions and an appropriate timeline for implementation by
articipating nations (figure 2 ). 
Border. The border (i.e., national waters within the exclusive

conomic zone of a country) is the critical point at which ac-
ions can be taken to control the introduction of potential mNIS
y targeting them (e.g., screening for prohibited species related
o aquaculture or aquarium imports) or, more likely, their vec-
ors (e.g., commercial shipping; figure 3 ). However, to accomplish
his, the receiving country must have legal authorities, regula-
ions, and policies in place for either pathways (e.g., ballast wa-
er) or species (e.g., prohibited lists). For example, many countries
re implementing the IMO BWC by creating or modifying exist-
ng legislation to be able to legally enforce it, including outlin-
ng the penalties for noncompliance. However, enforcement re-
ains a global challenge as resources are limited and compli-
nce and monitoring programs insufficient. Recognizing that it
s not feasible to perform compliance checks on every arriving
essel, a risk-based approach based on the best available science
an be used to identify those vessels posing a greater risk on the
asis of a combination of factors, e.g., vessel type, travel, and
aintenance history. Such an approach has proven effective in
ew Zealand, where higher-risk vessels were identified for com-
liance checks before a vessel can inadvertently introduce mNIS
o nearshore environments (MPI 2022 ). However, it is relatively
ata-intensive, requiring information on both the vessel and its
perations. Furthermore, effective border control requires up-to-
ate and real-time data for decision-making to ensure that poten-
ial mNIS are identified early and a response to vectors or species
an be implemented, which may require the regulations and poli-
ies to be updated to ensure the greatest protection against mNIS
hreats. 
Regardless of the regulation implemented, effective man-

gement at the border requires timely screening and prompt
etection of potential mNIS. Interventions around shipping
enerally target ballast water or hull fouling. For ballast water,
his is usually a compliance check to ensure the vessel has either
ndertaken midocean exchange or is using an accepted ballast
ater treatment system. Vessels deemed not in compliance
ay be forced to retain untreated ballast water or treat this
allast using a shore-based system. Mitigating biofouling may
nclude disinfection, eradication, or quarantine (Olenin et al.
011 , Abdo et al. 2018 ). Notably, there is a positive relationship
etween hull fouling loads and an increased likelihood of mNIS
eing present (Inglis et al. 2010 , 2012 ), as well as between the
resence of fouling in niche areas (e.g., thruster tunnels or pro-
ellers) and the likelihood of mNIS presence (Moser et al. 2017 ,
lman et al. 2019 ). Among the most cost-efficient border-based

http://www.glofouling.imo.org
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Figure 4. Considerations, critical aspects, and key actions at the postborder level intended to prevent the spread of nonindigenous species. 
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observation techniques to address biofouling is the fouling rank
scale (Floerl et al. 2005 ), initially applied in New Zealand (MPI
2017 in Floerl et al. 2005 ) and later in Australia (DAWR 2015
in Floerl et al. 2005 ). Although the assessment of the level of
fouling (and similarly, the antifouling paint age) could be an easy
and rapid tool to indicate the risk of a boat spreading mNIS, it
must be noted that it did not always correlate with the presence
and abundance of mNIS (Peters et al. 2019 , Ulman et al. 2019 ,
Ashton et al. 2022 ). 

Regarding the introduction of mNIS through aquaculture and
ornamental species trade, the ICES Code of Practice on the Intro-
ductions and Transfers of Marine Organisms has been applied in
its member countries (most European countries, North America,
and Russia). When a member country is planning to introduce a
new species for aquaculture or trade, it needs to submit a thor-
ough plan to a committee for review and approval (outlining rea-
sons for the introduction, information on the biology and ecology
of the species and receiving environment, risk and impact anal-
ysis of the introduction, and management plan for the species).
The application of this code, which restricts higher risk mNIS
imports, has greatly reduced the number of these species that
accidentally escape into the natural environment. Similarly, the
Food and Agriculture Organization of the United Nations’ Code
of Conduct for Responsible Fisheries (FAO 1995 ) discourages the
use of mNIS in aquaculture, calls for risk assessments, and re-
quests consultation with neighboring states before introducing a
new species (figure 3 ). In the European Union, compulsory mea-
sures have been implemented through the regulation “concerning
the use of alien and locally absent species in aquaculture” (Euro-
pean Commission 2007 ), which led to a marked decrease in new
introductions via aquaculture (Katsanevakis et al. 2013 ). However,
it does not necessarily prevent the movement of species already
introduced or established in a country, and such movements may 
still spread pathogens. To maximize biosecurity, authorities need 
to consider fishery, aquaculture, and nature conservation regula- 
tions. For example, although an introduction may have potential 
industry benefits, is there a risk to native biota should it escape
into the environment? 

Postborder. mNIS that cross the border pose a risk of be- 
coming established in the recipient region, often occurring in 
shallow-water coastal environments. Multiple actions are needed 
to manage species that may establish outside their native range: 
protection, detection and surveillance, pathway management,
and response (figures 3 and 4 ). 

Protection. Over the past two decades, several studies have 
demonstrated the critical role played by artificial marine struc- 
tures associated with transport hubs such as ports and mari- 
nas, coastal urban centers, and aquaculture farms (Firth et al.
2016 ). The seawalls, breakwaters, pontoons, piles, wharves, and 
other artificial structures associated with these environments 
provide attractive habitats for a wide range of marine organ- 
isms, but are often disproportionately colonized by mNIS, and 
may act as stepping stones for further spread (Glasby et al.
2007 ). A single aquaculture farm can include more than 50,000
square meters of man-made substrata (Floerl et al. 2016a ). The
presence of extensive areas of coastal infrastructure in prox- 
imity to maritime transport hubs can facilitate the establish- 
ment of founder populations of mNIS and, subsequently, act 
as extensive sources of propagules for domestic spread (Floerl 
et al. 2009 ). Detached gear and other floating litter from aquacul-
ture infrastructures can further promote mNIS spread to adjacent 
regions. Preventing the colonization and establishment of mNIS 
on high-risk infrastructure is the first line of defense for postbor- 
der biosecurity management. 
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Several approaches for disrupting the first phase of the postbor-
er invasion process either already exist or are at various stages
f development or evaluation. Biocidal antifouling coatings pro-
ide limited and short-term biofouling protection for aquacul-
ure infrastructure (Bannister et al. 2019 ) but are generally un-
uitable for static coastal infrastructure (Hopkins et al. 2021a ).
resently, initiatives are underway to develop environmentally be-
ign technologies for maintaining infrastructure perpetually bio-
ouling free. These include, for example, the use of continuous
ubble stream (microscopic air bubbles generated by fine bub-
le diffusers; figure 3 ; Hopkins et al. 2021b ) to prevent larval set-
lement or native biocontrol agents, such as gastropods ( Atalah
t al. 2014 ) . However, considering the potential side effects of bio-
ogical measures in the management of marine biofouling to the
ider ecosystem (Atalah et al. 2013 ), a risk analysis should be
aken before their implementation (see Hopkins et al. 2021a for
 review on biofouling management options). Another promising
ine of research is the development of ecoengineering approaches
or promoting native assemblages or particular native taxa on
nfrastructure to improve invasion resistance to mNIS ( Perkol-
inkel et al. 2012 , Dafforn 2017 , Airoldi et al. 2021 ). Although these
echnologies are largely in development, increased recognition
f the scale of coastal urbanization and its associated impacts
biosecurity risks being one) have opened up opportunities and
arkets for ecoinnovative biofouling prevention and enhance-
ent of native communities (Dafforn et al. 2015 ). 

etection and surveillance 

stablished hub-monitoring and marine-surveillance programs 
re a prerequisite for efficient rapid response (including disin-
ection, eradication, quarantine) and control of further expan-
ion (Olenin et al. 2011 ). In this regard, early warning systems
re highly recommended (Magaletti et al. 2018 ). On the basis of
olicy relevance, one example is the EU Invasive Alien Species
egulation (1143/2014). The regulation gives a clear definition of
arly detection notification according to which the member states
hall use the surveillance system and, without delay, notify the
ommission, in writing, of the early detection of an invasive alien
pecies. A proposal for a regionally harmonized early warning
ystem on findings of harmful aquatic organisms and pathogens
n the Baltic Sea was developed within the framework of the
NTERREG Baltic Sea Region Program project COMPLETE ( www.
alticcomplete.com ). The proposed early warning system is em-
edded in AquaNIS (Olenin et al. 2014 ) as a dedicated functional
odule and has three main blocks or stages: detection and report-

ng, decision procedure, and warning signal and actions. Detection
f potential harmful aquatic organisms and pathogens is the pre-
ogative of institutions that monitor mNIS on behalf of member
tates, conduct targeted research, or collect citizen science data.
he alert is sent to all registered recipients designated by the par-
icipating parties, such as national focal points (e.g., state port-
ontrol authorities, ministries of transport or environment). De-
isions are made locally depending on the specific situation and
ational legislation. 
Countries with well-established biosecurity systems (e.g.,
ew Zealand; MPI 2022 ) consider a rather complex but efficient
iered surveillance approach, cascading from general national or
egional surveillance to targeted hub (high-risk sites) surveillance
o targeted programs (i.e., investigative on-demand diagnostics
ocusing on a particular area of concern or emerging and sus-
ected incursion case). However, it is extremely difficult to ensure
omprehensive surveillance across relevant temporospatial 
cales in countries with vast coastlines, multiple marine ports, or
nancial stringency. Therefore, it is crucial to prioritize surveil-
ance areas (considering different incursion risk criteria) and
arefully select the methods (ensuring their cost-effectiveness,
s well as relevance for the considered habitats and taxa of
oncern) and design (trade-off between the reasonable effort and
dequate temporospatial coverage, considering environmental
eculiarities of the region). To make these decisions, it is essential
o have baseline information on the region’s biodiversity (both
ative and nonindigenous), habitat diversity and distribution,
perating introduction vectors and their dynamics, and the
istory of mNIS introductions in adjacent waters (Olenin et al.
011 , Lehtiniemi et al. 2015 , Zaiko et al. 2018 ). All this information
ight be scarce or unavailable in data-poor regions. This and
ther limitations (including, insufficient monitoring resources
r expertise) often hinder the ability to detect mNIS incursions
romptly, compromising successful response and disruption of
urther invasion process (Rodionova and Panov 2006 , Coutts and
orrest 2007 , Read et al. 2011 , Lehtiniemi et al. 2015 ). 
Fortunately, several tools have emerged recently that can fa-

ilitate the detection and surveillance of mNIS. Recent advances
n molecular sciences have the potential to revolutionize the ef-
ectiveness of marine surveillance and monitoring, providing an
nprecedented ability to detect and monitor species of interest
n complex environments and to identify potential biosecurity
hreats, assuming they have genetic markers (figure 4; Aylagas
t al. 2020 , Bowers et al. 2021 ). The environmental DNA and RNA
eDNA, eRNA) based methods (e.g., metabarcoding or taxa-specific
ssays, such as ddPCR or qPCR) can be—and are—readily applied
o deliver different types of biodiversity information required for
cience-based biosecurity programs—for example, presence and
istribution of target species (e.g., targeted detection of unwanted
ests, assessment of management success) and more (Ricciardi
t al. 2017 , Zaiko et al. 2018 , Westfall et al. 2020 , Hupało et al.
021 ). Although current eDNA and eRNA sampling and analyt-
cal approaches lack standardization (Zaiko et al. 2022 ) and are
ot yet optimized to harness the full potential of these methods
Bowers et al. 2021 ) in routine biosecurity programs, they may be-
ome a cost-effective solution for rapid identification of invasive
pecies with limited access to taxonomic expertise. Automated
mage identification of species (see below) is another alternative
or an accurate and low cost mNIS detection, widely available in
he near future with only occasional need for laboratory examina-
ion of specimens, particularly when native and nonnative species
re not easily distinguished morphologically. 
When available, well-structured programs for citizen science

urveillance of mNIS can also play an essential role in the early
etection of potential invasions (figure 4; Giovos et al. 2019 ). If
ell managed, they can not only raise awareness among the
ublic but also help suppress severe limitations in terms of
esources faced by most government agencies in detecting and
esponding to mNIS (Ricciardi et al. 2017 ). For example, BioBlitz
biodiversity screenings with the help of taxonomists) allows
ataloging biodiversity in an area within a limited timeframe
nd in the context of resource scarcity (Meeus et al. 2021 ).
part from its educational scope, this (or other similar) citizen
cience-based initiative can aid the detection of mNIS in coastal
reas. Through the development of defined frameworks and
ssociated infrastructure (e.g., reporting platforms) and the
mplementation of awareness campaigns, the public can assist
n acquiring accurate data and reporting. In addition to this
ngagement and interaction between scientists, naturalists,
olicymakers, and local communities to gather data, further

http://www.balticcomplete.com
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efforts (that can be more scientifically driven) are possible. For
example, it can be envisaged that in the very near future opera-
tionalized molecular surveillance will become available to feed
into citizen-science programs and school curricula, building up
an extended (nationwide) biosecurity workforce (see e.g., New
Zealand’s Biosecurity 2025’s campaign to make all New Zealan-
ders aware of the importance of biosecurity and to get them
involved in pest and disease management; www.mpi.govt.nz/
biosecurity/about- biosecurity- in- new- zealand/biosecurity- 2025/
biosecurity- 2025/a- biosecurity- team- of- 4- 7- million ). 

The emergence of machine-learning technologies and automa-
tion using autonomous underwater vehicles (AUVs) with live
video recording systems will foster our capability to promptly
identify and therefore prevent the spread of mNIS. Even relatively
inexpensive systems can help the rapid and reliable assessment
of biofouling, which can then be used to check for compliance
with biofouling standards when available (First et al. 2021 ). AUVs
coupled with cameras can cover larger areas. In association with
algorithms that incorporate information about mNIS of concern,
they can contribute as an early warning tool to prevent the dis-
semination of nonnative organisms. 

As more data are gathered through the different sectors (uni-
versities, private sector, government, public), employing available
resources and technologies and developing new technology, a
higher degree in the level of detection and surveillance can be im-
plemented. It is worth noting that effective communication chan-
nels to report and verify new detection and a timely and adequate
response pipeline are critical to any efficient biosecurity program
(regardless of its complexity). This step should be well thought
through and implemented early on. 

Domestic pathway management 
A multitude of vessel types (e.g., cargo ships, fishing vessels, pas-
senger and vehicle ferries, water taxis, tourism vessels, recre-
ational yachts and launches) occupy the coastal waters of most
seasides (Tzeng et al 2021 ). In addition, industrial activities such
as aquaculture or natural resource extraction involve move-
ments of specialized vessels or infrastructure within or between
coastal regions. Together, these movements form complex mar-
itime transport networks that can facilitate the transfer of non-
indigenous pathogens and macroorganisms via hull fouling, bal-
last water, or other entrainment mechanisms among a nation’s
coastal urban centers, ports, marinas, natural anchorages, aqua-
culture farms and other locations (Floerl et al. 2016b ). For exam-
ple, between 2016 and 2019, there were more than 200,000 com-
mercial vessel voyages around New Zealand (a maritime nation
with a relatively small population) that connected approximately
75 domestic ports and industrial facilities. In addition, an even
higher number of recreational vessel movements connected the
nation’s urban coastal centers (where most mNIS are established)
to several hundred natural destinations, including remote bays,
coastal islands, marine reserves, and iconic (national parks) or
other high-value natural environments (Parretti et al. 2020 ). For
example, around Auckland, in New Zealand, there are at least
8700 recreational boats, and even if only 5%–20% have high bio-
fouling levels, hundreds of boats may already be transporting in-
vasive species within the region (Brine et al. 2013 ). Recreational
boating has been recognized as a major vector responsible for
both primary introductions and secondary spread and should be
the target of management regulation (Murray et al. 2011 ). 

Several useful avenues exist for understanding and managing
the biosecurity risk associated with transport pathways. These in-
clude quantifying key domestic pathway relative strengths and 
dynamics. Understanding the dynamics of a domestic network is 
key to minimizing the spread of mNIS that have made it through
the preborder and border stages and have managed to establish a 
founder populations. Tools such as network modeling and graph 
theory can enable scientists and biosecurity managers to iden- 
tify transport hotspots (e.g., locations that have strong incom- 
ing and outgoing links to a large number of other locations) and
other influential network nodes or connections (figure 4; Kolaczyk 
and Csárdi 2014 , Samsing et al. 2019 , Iacarella et al. 2020 ) . Where
resources (finances, personnel, infrastructure) are limited (as is 
generally the case), their prioritization toward high-risk locations 
can be particularly cost-effective in disrupting domestic spread- 
ing pathways (Hatami et al. 2021 ). 

Incentives or requirements that encourage best-practice ves- 
sel maintenance is a useful management tool. For example, in 
New Zealand, some regional jurisdictions do not allow domestic 
recreational vessels from other jurisdictions to enter their ports 
or marinas if they cannot document compliance with hull main- 
tenance requirements, such as recent hull cleaning or antifouling 
treatments. Also, commercial vessels entering the United States,
Canada, and the Panama Canal must have a ballast water man- 
agement plan onboard and conduct ballast water management 
reporting to the US Coast Guard. 

They also include biosecurity management plans for maritime 
industries. This can include, for example, voluntary treatment of 
aquaculture stock (for associated biofouling or pathogens), equip- 
ment (e.g., net cleaning rigs and farm pens), and infrastructure 
(e.g., lease pontoons that may be moved between regional or do- 
mestic ports and marinas) to prevent the accidental transfer of 
mNIS. An example of guidance prepared for commercial and pri- 
vate maritime sectors is provided by the Australian government 
(Department of the Environment and New Zealand Ministry for 
Primary Industries 2015 , Marine Pest Sectoral Committee 2018 ; 
www.marinepests.gov.au/commercial/vessels ). 

Finally, they include regional partnerships and communica- 
tion platforms. For example, the Top of the South Marine Biose- 
curity Partnership in New Zealand is a dynamic collaboration 
among three regional councils, the central government, the ma- 
rina and aquaculture industries, and regional Indigenous tribes.
Sharing of critical information (e.g., arrival or departure of po- 
tential high-risk vessels, detection of new mNIS) and resources 
(e.g., availability and operational protocols for treatment and re- 
sponse) and codevelopment of standardized regional rules and 
policies (e.g., biosecurity requirements for visiting vessels, global 
permits for the rapid application of treatment agents or meth- 
ods) have resulted in a dramatic reduction in the response time 
to regional pest detections and, likely, the establishment of new 

populations of mNIS present in other parts of the country ( www.
marinebiosecurity.co.nz ). 

Rapid response 

The main objective of a rapid response is to eliminate any risk
associated with the presence of the mNIS detected (Locke et al.
2003 ). The first action follows immediately the report of a mNIS.
If the species is not already known from the area, then managers
need to decide whether the species should be contained to prevent
future spread or eradicated on the basis of whether the mNIS has
a known negative ecological or socioeconomic impact (Ojaveer 
et al. 2015 , Giakoumi et al. 2019 ). The decision needs to be made
promptly (when populations are small and spatially constrained 
or limited) to increase the chances that eradication or control 

http://www.mpi.govt.nz/biosecurity/about-biosecurity-in-new-zealand/biosecurity-2025/biosecurity-2025/a-biosecurity-team-of-4-7-million
http://www.marinepests.gov.au/commercial/vessels
http://www.marinebiosecurity.co.nz
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fforts are successful. Regardless of the approach taken, policies
eed to be established to regulate the associated actions, such as
radication attempts (Myers et al. 2000 , Wotton et al. 2004 ). 
To tackle mNIS efficiently, management protocols with clearly

et goals are beneficial to foster timely and efficient responses and
ust be optimized for biosecurity benefits and resource availabil-

ty. An efficient response protocol must integrate not only exper-
ise and knowledge on the biology of the mNIS of interest but also
nformation about the uses, ownership, and characteristics of the
nfested site (Anderson 2003 ). Proactive guidelines should include
uantifying the multiple vectors of the mNIS introduction, the risk
ategory of the mNIS (Ojaveer et al. 2015 ), and the use of models
o inform the predicted spread of the invasive organisms (Sarà
t al. 2013 ) in realistic incursion and response scenarios. When
onfronted with a lack of knowledge regarding the potential im-
acts of an mNIS, managers should assume they will cause im-
acts until it is proved otherwise (Davidson and Hewitt 2014 ), be-
ause the reevaluation of risk status is rare, unless ecological and
conomic impacts become apparent (Ojaveer et al. 2015 ). And in
his case, it can already be too late. 
Recently, Giakoumi and colleagues (2019) analyzed 11 manage-
ent actions aiming to control the populations of mNIS, rang-

ng from physical (mechanical) removal of the target species
nd rehabilitating the environment to doing nothing. Actions
hat scored high in their assessment were education and public
wareness and encouraging the targeted removal and commer-
ial or recreational use of dead specimens. Public awareness and
ducation were considered critical components of the response
anagement plan. Citizens can play a relevant role in the
arly detection of new NIS (Maistrello et al. 2016 ), fostering fast
esponses while helping the monitoring of secondary spread
Miralles et al. 2016 ) in a relatively inexpensive way. In contrast,
radication by physical removal requires enormous effort and re-
ources; it might be effective in controlling the spread only tem-
orarily and requires cooperation between many stakeholders
both governmental and nongovernmental organizations), such
s in British Columbia, where the European green crab is the fo-
us of a large-scale collaborative control project among the fed-
ral government, local Indigenous groups, and an environmental
tewardship group. There are a few cases of successful removals
f mNIS worldwide, all relying on prompt actions once a species
s detected (Ojaveer et al. 2015 , Usseglio et al. 2017 , Giakoumi
t al. 2019 ). High environmental connectivity in the marine envi-
onment renders efforts to eradicate well-established populations
nrealistic. Nevertheless, controlling invasive populations at suf-
ciently low densities can be effective in mitigating their impacts
Green et al. 2014 , Usseglio et al. 2017 ). The lionfish populations
n the western Atlantic Ocean and the Caribbean Sea have been
ontrolled through targeted removals (Usseglio et al. 2017 , Giak-
umi et al. 2019 ) and, in some cases, combined with a market-
ased approach supporting a sustained supply and demand of
his species (Chapman et al. 2016 ). It was also the case of the blue
wimming crab ( Portunus segnis ), which invaded the Gulf of Gabes
southeastern Tunisia) within only 1–2 years, with serious conse-
uences on coastal fisheries, and because its eradication was not
ossible, a related fishery was established in the region to con-
rol its high densities (Crocetta et al. 2015 , Rabaoui et al. 2015 ).
owever, unsuccessful removal actions are comparatively more
requent (Ojaveer et al. 2015 ). Given the uncertainty associated
ith the response stage of any biosecurity plan (e.g., the mNIS of

nterest and its associated risks, the extent of the area infected,
he health status of natural populations and ecosystems in that
rea, hydrodynamics, the similarity of environmental character-
stics between donor and receptor areas, the time until detection,
he resources available), a precautionary approach should be pri-
ritized (Ojaveer et al. 2015 , Miralles et al. 2016 ), directing the ef-
orts at the initial stages of the process and hindering the estab-
ishment of new mNIS. 

uilding feasible biosecurity programs 

ased on local needs and limited available 

esources 

ata-poor regions should capitalize on the likely limited knowl-
dge gathered regionally and incorporate data and expertise
ained from decades of biosecurity research worldwide. This com-
ination will provide a framework for implementing customized
iosecurity programs based on the best practices that are cur-
ently conducted in some regions. Furthermore, it will enable re-
ources to be allocated to meet current needs and maximize the
utcomes and benefits to society. In the present article, we present
pecific actions proven to be efficient globally and organize them
nto a flexible plan of action. This plan of action can be customized
n the basis of the needs required for implementation, according
o the resources and data needs (from low to high), to accommo-
ate multiple situations across the world table 1 . 
Clear prioritization schemes should be question driven and

core based to enable transparent decision-making and the gener-
tion of consistent, comparable outcomes between regions while
ncorporating adaptive changes as available information and reg-
lations improve (McGeoch et al. 2016 ). Although available re-
ources and the size and nature of invasion risks vary widely
cross regions, a concerted effort is required, in both time and
pace, to implement formal prioritization schemes and generate
lobally comparable data that will inform internationally coor-
inated mNIS interventions (McGeoch et al. 2016 ). Especially in
ata-poor regions, one cannot ignore the knowledge of Indige-
ous people, who often have superior knowledge of their local
nvironments. Working closely with them can play a major role
cquiring and documenting knowledge that will be critical for
he management of mNIS. Also, to improve efficiency, the man-
gement of mNIS should be built on cross-border cooperation to
nsure that these actions are not undermined by the absence of
ction in a neighboring state or country. Cross-border collabora-
ion among scientists from data-poor regions is essential for cre-
ting a robust data set and promoting coordinated regional biose-
urity programs. For example, although the Mediterranean is a
ata-rich region (Stranga and Katsanevakis 2021 ), a recent collab-
ration among 126 marine scientists from 16 countries led to the
ollection of more than 5000 records of 239 alien or cryptogenic
axa, including many first records at the Mediterranean or coun-
ry level, which cumulated in a valuable large-scale open-access
ata set of georeferenced records (Katsanevakis et al. 2020 ). Sim-
lar efforts in data-poor regions could prove valuable in creating
 baseline of mNIS species distributions. This collaboration may
nclude sharing resources and scientific knowledge, which, when-
ver possible, is to be supported by governmental and nongovern-
ental associations (e.g., academic research networks). 
Regions or countries with inadequate biological invasion

ecords should first build reference libraries on the distribution
f native species, using a comprehensive review of available data
ources on the local marine biodiversity. The curation of a ref-
rence data set can include scientific literature, biological inven-
ories and reports, unpublished data (e.g., private and museum
ollections), data from neighboring regions with similar habitats,
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pecies known as cosmopolitan , and species with life-history traits
uggesting the potential for long-distance dispersal (Castlilla et al.
005). By generating country-level lists of local species, identify-
ng areas of high biodiversity value, and contributing to existing
nternational databases and information systems, data-poor re-
ions can begin systematic prioritization of the species, pathways,
nd sites that pose the greatest risks to degradation by mNIS. A
ood example is the recent development of such a reference for
he tropical South Pacific region (Lane et al. 2021 ). A desktop re-
iew identified 169 mNIS across 21 Pacific Island countries and
ormed the basis for the continued development of marine biose-
urity awareness and capability for the region. Also, recent reports
esulting from baseline assessments of benthic marine species in
razil highlighting areas nearby harbors as hotspots of mNIS and
inking these results with major vectors of introduction (Soares
t al. 2022 ). Once a reference library is created, it can be used to
nvestigate mNIS characterized worldwide as capable of causing
 high degree of damage. Some species have specific environmen-
al requirements (e.g., salinity, temperature) that may hinder their
bility to colonize contrasting environments. On the basis of pre-
icted distribution ranges of high-risk mNIS, a risk assessment
nalysis can be conducted to fine-tune the list of mNIS of poten-
ial concern for a given region. In addition, biodiversity invento-
ies might be needed in some data-poor regions, and if that is the
ase, building gene libraries for reference specimen collection will
upport the future implementation of molecular-based detection
trategies. 
While generating new biodiversity inventories, fundamental

ractical steps can be simultaneously undertaken. For example,
atifying and enforcing international conventions (such as the In-
ernational Convention for the Control and Management of Ships’
allast Water and Sediments) is pertinent in regions lacking lo-
al biosecurity programs. Efforts can be focused on the essen-
ial resources and infrastructure present in the region to support
reventive actions and enforcement. These actions are the most
ost-efficient strategy and do not rely on resource availability or
aseline data. Nevertheless, baseline data may be critical to iden-
ify invasive events (Gardner et al. 2016 ). A thorough understand-
ng of the multiple vectors and pathways for the introduction of
NIS will help direct efforts. It is important to understand and es-

imate the relative contribution of the existing biosecurity risks.
isk analysis should be combined with the assessment of multiple
ectors of invasion, as well as the identification of high-risk areas
or mNIS introduction (e.g., ports, aquaculture facilities), to prior-
tize investigative actions in a few selected areas (i.e., pilot studies
nd preliminary monitoring programs). To inform the delineation
f high-risk areas, it is crucial that researchers and environmental
onitoring agencies can readily access up-to-date, accurate, and
omprehensive data regarding ship traffic, aquaculture produc-
ion, and existing biosecurity efforts. A unified and organized plat-
orm or database for collecting and curating basic data on vectors
f mNIS introduction (e.g., ship origin and abundance, aquacul-
ure imports, and cumulative production) may allow researchers
o gain a broader understanding of mNIS risk within a region and
nform the direction and location of initial preliminary monitor-
ng efforts. In addition, they can support GIS tools and modeling
or risk assessments. 
Depending on the countries’ capabilities, and once the risk

nalysis is conducted, a monitoring program, including early
arning systems, should be established in high-risk areas and
ocus on high-risk species. Ideally, such a program should cover
ultiple trophic levels and employ adequate and efficient sam-
ling designs and approaches (including novel technological
dvancements in the field). Engaging citizens in this process has
mproved the collection and consolidation of mNIS sightings and
rovides real-time monitoring of mNIS distribution and occur-
ence. For example, using the iNaturalist network, it is possible to
ngage scientists and citizens in the early detection of predefined
onnative species by mapping the records of the locations of
hose species through free online tools (see a recent project
aunched for terrestrial pests in the Pacific; www.sprep.org/news/
arly- warning- system- for- new- invasive- species- launched- 
sing-inaturalist ). Indeed, several studies demonstrated the
otential for citizen science to contribute valuable information
t local scales where traditional scientific information is lacking
o inform timely management (Larson et al. 2020 , Epanchin-Niell
t al. 2021 , Kousteni et al. 2022 ). In contrast to many scientific
tudies, most citizen science systems employ independent expert
erification of specimens. For example, iNaturalist publishes over
0 million research-grade data points into the Global Biodiversity
nformation Facility (GBIF). The top-16 species occurrence data
ets in GBIF ( www.gbif.org/dataset/search?type=OCCURRENCE )
re all from high-quality citizen science publishers, many pub-
ishing monthly updates in contrast to data from the scientific
ommunity. Nevertheless, because of the economic and ecologi-
al risk posed by introduced species, governments should employ
xperts to screen citizen science, social media, and other sources
or potential findings of invasive species. 
Countries developing or improving biosecurity programs

hould prioritize actions that are already implemented in other
ountries and, whenever possible, follow consistent approaches
nd protocols. To tackle a global issue such as the manage-
ent of mNIS, concerted and standardized actions are needed
cross regions. Therefore, building international networks sup-
orted by open-access databases (with analytical tools) and es-
ablishing collaborations with neighboring countries to leverage
fforts and maximize outcomes is essential. The system should
onnect and interlink stakeholders and responsible authorities
ith information on invasive species, including the early commu-
ication of potential mNIS to neighboring countries and joint re-
earch programs. We recognize that implementing state-of-the-
rt biosecurity programs, such as those in place in the countries
t the forefront of this topic, is highly demanding in human re-
ources and costly. Therefore, joining global initiatives such as
he eBioAtlas ( https://ebioatlas.org ) and BIOSCAN ( https://ibol.
rg/programs/bioscan ) programs may provide great opportunities
o start building baseline information in data-poor regions. These
esearch programs aim to advance the global knowledge of biodi-
ersity through molecular techniques and offer unique platforms
o expand the limited knowledge on species distributions, a criti-
al step toward managing mNIS worldwide. 
One inefficiency in mNIS management is that hundreds of
ebsites with information on mNIS—often outdated and often
ith false records—get perpetuated through online data systems

Costello et al. 2021 ). This duplication of effort is wasteful, and
he resulting confusion needs to be repeatedly corrected. The lit-
rature is not the best place for such reassessment because it
akes a minimum of months for papers to be published, because
hey vary in their accessibility, and because they may become out-
ated within months. A globally coordinated, expert-supervised
ystem that integrates data from different sources and provides
eb services to national data systems would be more cost-
fficient, current, and accurate than existing systems (Costello
t al. 2021 ). Although candidate systems for such a service exist,
uch as AquaNIS, the European Alien Species Information Net-
ork, the World Register of Introduced Marine Species, and the

http://www.sprep.org/news/early-warning-system-for-new-invasive-species-launched-using-inaturalist
http://www.gbif.org/dataset/search?type\begingroup \count@ "003D\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {{\char "7E}}}\endgroup \setbox \thr@@ \hbox {}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ OCCURRENCE
https://ebioatlas.org
https://ibol.org/programs/bioscan
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Table 2. Glossary. 

Word or acronym Definition 

Antifouling Prevention or reduction of marine underwater growth (biofouling) on surfaces such as vessel hulls and 
aquaculture structures. 

Biofouling The accumulation of microorganisms, algae, or animals on surfaces such as vessel hulls and aquaculture 
structures. 

Biosecurity programs Policies and measures (usually national or regional) implemented to manage, control, and protect people, natural 
resources, plants and animals against potentially harmful species and diseases. 

Ecoinnovative Ecoinnovation is the development of products and processes that contribute to sustainable development, 
applying the commercial application of knowledge to elicit direct or indirect ecological improvements. 

Ecological or ecoengineering The inclusion of ecological principles in the design of infrastructure to enhance its ecological value. 

eDNA/eRNA Molecules of DNA/RNA shed from organisms that are detectable in the environment. These nucleic acids can be 
analyzed to detect the presence of a defined species in an environmental sample, such as a water sample or 
sediment sample, without requiring the direct observation of the organism itself. 

Invasive species Any NIS or even native species that undergo active spread and that have an adverse effect on biological diversity, 
ecosystem functioning, socioeconomic values or human health. 

NIS Nonindigenous species—a species that has been moved from its native dispersal range to a new area. Marine NIS 
(mNIS) are usually transported by shipping, boating and aquaculture activities. For the purposes of this 
manuscript, we define NIS as including algal, animal and microorganism species (e.g., pathogens). 

Pathway management The management of vectors (e.g., vessels or aquaculture equipment) that can facilitate the spread of NIS into or 
through a particular place. 

PCR Polymerase chain reaction: Method of amplifying specific DNA sequences for easier detection and analyses. 

Surveillance Activities undertaken to detect harmful organisms new to a region or place. 

Stepping stone Marine NIS often spread along shorelines via successive establishment in port, marina, or aquaculture 
environments (e.g., transport hubs). These places act as stepping stones for domestic spread. Expansion into 
natural habitat occurs from there on. 

Transport hub In the context of maritime transport networks, hubs are ports and marinas—the nodes in the network. 
Vector Means by which nonnative species can be introduced to or spread within a certain region (e.g., ballast water in 

ships) 
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Global Invasive Species Database, none are sufficiently resourced
to provide an early warning system or are optimized for mNIS
management. 

In addition, the enforcement of international conventions and
best codes of practice is critical. Developing efficient solutions re-
quires the involvement of nonscientists (i.e., the public, decision-
makers, and policymakers), but often scientific information to
inform decision-making is lacking or inefficiently conveyed. One
option, understandable by a wide and varied audience, is to de-
scribe these impacts in terms of economic costs. Informing peo-
ple on the potential expenditures and losses due to impacts of
biological invasions is a fundamental step to raise public aware-
ness and compel policymakers to focus more appropriate atten-
tion on invasions and to estimate the costs of invasions for specific
taxa, geographic regions or activity sectors, as well as their drivers
(Diagne et al. 2020 ). Priority should be given to management de-
cisions that prevent invasions, because successful cases of erad-
ication are rare (and highly costly). When preventive measures
fail, cost–benefit analyses should be performed before deciding
on eradication or other control measures. In this case, the task of
scientists is to make such analysis operational, understandable,
reliable, and fast, so that managers can proceed with sound scien-
tific decisions. With the advent of machine learning, exponential
progress is expected to happen in the near future, supporting the
management of mNIS at multiple levels of the invasion process.
Specialized terminology used in the paper is presented in table 2 .
Supplemental material 
Supplemental data are available at BIOSCI online. 
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Minchin D, Narščius A, Olenin S, Ojaveer H. 2018. Assessing bio-
logical invasions in European seas: Biological traits of the most
widespread non-indigenous species. Estuarine, Coastal, and Shelf
Science 201: 17–28.

arlton JT. 1989. Man’s role in changing the face of the ocean: Bio-
logical invasions and implications for conservation of near-shore
environments. Conservation Biology 3: 265–273.

arlton JT , Chapman JW, Geller JB, Miller JA, Carlton DA, McCuller
MI, Treneman N, Steves BP, Ruiz GM. 2017. Tsunami-driven raft-
ing: Transoceanic species dispersal and implications for marine
biogeography. Science 357: 1402–1406. 

arlton JT , Geller JB. 1993. Ecological roulette: The Global transport
of nonindigenous marine organisms. Science 261: 78–82.

astilla JC et al. 2005. Down under the southeastern Pacific: Marine
non-indigenous species in Chile. Biological Invasions 7: 213–232.

avallo M , Borja A, Elliott M, Quintino V, Touza J. 2019. Impediments
to achieving integrated marine management across borders: The
case of the EU Marine Strategy Framework Directive. Marine Policy
103: 68–73.

CCFAM] Canadian Council of Fisheries and Aquaculture Ministers
Aquatic Invasive Species Task Group. 2004. Canadian Action Plan
Address the Threat of Aquatic Invasive Species. Government of Can-
dada . CCFAM. www.dfo- mpo.gc.ca/species- especes/publications/
ais-eae/plan/page06-eng.html .

hapman JK , Anderson LG, Gough CLA, Harris AR. 2016. Working up
an appetite for lionfish: A market-based approach to manage the
invasion of Pterois volitans in Belize. Marine Policy 73: 256–262.

opp GH et al. 2016. European non-native species in aquaculture risk
analysis scheme: A summary of assessment protocols and deci-
sion support tools for use of alien species in aquaculture. Fisheries
Management and Ecology 23: 1–11.

ostello MJ et al. 2021. Introducing the World Register of Intro-
duced Marine Species (WriMS). Management of Biological Invasions
12: 792–811.

outts ADM , Forrest BM. 2007. Development and application of tools
for incursion response: Lessons learned from the management of
the fouling pest Didemnum vexillum . Journal of Experimental Marine
Biology and Ecology 342: 154–162.

rocetta F et al. 2015. New Mediterranean biodiversity records (Oc-
tober 2015). Mediterranean Marine Science 16: 682–702.

afforn KA. 2017. Eco-engineering and management strategies for
marine infrastructure to reduce establishment and dispersal of
non-indigenous species. Management of Biological Invasions 8: 153.

afforn KA , Glasby TM, Airoldi L, Rivero NK, Mayer-Pinto M, John-
ston EL. 2015. Marine Urbanization: An ecological framework for
designing multifunctional artificial structures. Frontiers in Ecology
and the Environment 13: 82–90.

arling JA , Herborg LM, Davidson IC. 2012. Intracoastal shipping
drives patterns of regional population expansion by an invasive
marine invertebrate. Ecology and Evolution 2: 2557–2566. 

avidson AD , Hewitt CL. 2014. How often are invasion-induced eco-
logical impacts missed? Biological Invasions 16: 1165–1173.

epartment of the Environment and New Zealand Ministry for Pri-
mary Industries . 2015. Anti-Fouling and in-Water Cleaning Guide-
lines . New Zealand Department of Agriculture.

iagne C , Leroy B, Gozlan RE, Vaissière A-C, Assailly C, Nuninger L,
Roiz D, Jourdain F, Jari ́c I, Courchamp F. 2020. InvaCost, a public
database of the economic costs of biological invasions worldwide.
Scientific Data 7: 277. 

jurhuus A et al. 2020. Environmental DNA reveals seasonal shifts
and potential interactions in a marine community. Nature Com-
munications 11: 254. 

panchin-Niell R , Thompson AL, Treakle T. 2021. From eDNA to cit-
izen science: Emerging tools for the early detection of invasive
species. Conservation Science and Practive 3: e422.

ssl F et al. 2020. Drivers of future alien species impacts: An expert-
based assessment. Global Change Biology 26: 4880–4893. 

uropean Commission . 2007. Council regulation concerning use of
alien and locally Absent species in aquaculture. Regulation no.
708/2007, Official Journal of the European Union L 168.

uropean Commission . 2014. Regulation (EU) no 1143/2014 of the
European parliament and of the council of 22 October 2014 on

https://doi.org/10.1111/gcb.14670
https://doi.org/10.3390/w13081113
http://www.dfo-mpo.gc.ca/species-especes/publications/ais-eae/plan/page06-eng.html


Carvalho et al. | 509 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PP. 182.

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/73/7/494/7238116 by U

niversity of G
uelph user on 10 August 2023
the prevention and management of the introduction and spread
of invasive alien species. Official Journal of the European Union
L 317/35.

European Commission . 2019. Commission implementing regulation
(EU) 2019/1262 of 25 July 2019 amending implementing regula-
tion (EU) 2016/1141 to update the list of invasive alien species of
union concern. Official Journal of the European Union 199.

European Commission . 2020a. Key Stages and Progress up to 2019:
Accompanying the Report from the Commission to the European
Parliament and the Council on the implementation of the Ma-
rine Strategy Framework Directive (Directive 2008/56/EC) . European
Commission .

European Commission . 2020b. Review of the Status of the Marine Envi-
ronment in the European Union towards Clean, Healthy, and Productive
Oceans and Seas: Accompanying the Report from the Commission to the
European Parliament and the Council on the Implementation of the Ma-
rine Strategy Framework Directive (Directive 2008/56/EC) . European
Commission.

European Commission . 2022. Commission implementing regula-
tion (EU) 2022/1203 of 12 July 2022 amending implementing
regulation (EU) 2016/1141 to update the list of invasive alien
species of union concern. Official Journal of the European Union L
186/10.

[FAO] Food and Agricultural Organization . 1995. Code of Con-
duct for Responsible Fisheries. http://www.fao.org/docrep/005/
v9878e/v9878e00.htm 

Faulkner KT , Robertson MP, Wilson JRU. 2020. Stronger re-
gional biosecurity is essential to prevent hundreds of harmful
biological invasions. Global Change Biology 26: 2449–2462. https:
//doi.org/10.1111/gcb.15006 .

First M , Riley S, Islam KA, Hill V, Li J, Zimmerman R, Drake L. 2021.
Rapid quantification of biofouling with an inexpensive, underwa-
ter camera and image analysis. Management of Biological Invasions
12: 599–617.

Firth LB , Knights AM, Bridger D, Evans AJ, Mieszkowska N, Moore P,
O’Connor NE, Sheehan E, Thompson RC, Hawkins SJ. 2016. Ocean
sprawl: Challenges and opportunities for biodiversity manage-
ment in a changing world. Pages 186–262 in Hughes RN , Hughes
DJ, Smith IP Dale AC, eds. Oceanography and Marine Biology: An An-
nual Review , vol. 54. CRC Press.

Floerl O , Inglis GJ, Hayden BJ. 2005. A risk-based predictive tool to pre-
vent accidental introductions of nonindigenous marine species.
Environmental Management 35: 765–778. 

Floerl O , Johnston O, Richmond MD. 2006. Baseline Survey of Port Vic-
toria and Surroundings: Introduced Species of the Seychelles . National
Institute of Water and Atmospheric Research. Report no. CHC-
2006-050.

Floerl O , Inglis GJ. 2005. Starting the invasion pathway: The interac-
tion between source populations and human transport vectors.
Biological Invasions 7: 589–606.

Floerl O , Inglis GJ, Dey K, Smith A. 2009. The importance of transport
hubs in stepping-stone invasions. Journal of Applied Ecology 46: 37–
45.

Floerl O , Peacock L, Seaward K, Inglis G. 2010. Review of Biosecurity
and Contaminant Risks Associated with in-Water Cleaning . Australian
Department of Agriculture, Fisheries and Forestry.

Floerl O , Sunde LM, Bloecher N. 2016a. Potential environmental risks
associated with biofouling management in salmon aquaculture.
Aquaculture Environment Interactions 8: 407–417.

Floerl O , Inglis GJ, Diettrich J. 2016b. Incorporating human behaviour
into the risk-release relationship for invasion vectors: Why tar-
geting only the worst offenders can fail to reduce spread. Journal
of Applied Ecology 53: 742–750.
Galil BS , Mienis HK, Hoffman R, Goren M. 2021. Non-indigenous 
species along the Israeli Mediterranean coast: Tally, policy, out- 
look. Hydrobiologia 848: 2011–2029.

Gardner JPA , Zbwicka M, Westfall KM, Wenne R. 2016. Invasive blue
mussels threaten regional scale genetic diversity in mainland 
and remote offshore locations: The need for baseline data and 
enhanced protection in the Southern Ocean. Global Change Biol- 
ogy 22: 3182–3195. 

Giakoumi S et al. 2019. Management priorities for marine invasive 
species. Science of the Total Environment 688: 976–982.

Giovos I et al. 2019. Citizen-science for monitoring marine invasions 
and stimulating public engagement: A case project from the east- 
ern Mediterranean. Biological Invasions 21: 3707–3721.

Glasby TM , Connell SD, Holloway MG, Hewitt CL. 2007. Non- 
indigenous biota on artificial structures: Could habitat cre- 
ation facilitate biological invasions? Marine Biology 151: 887–
895.

Green SJ , Dulvy NK, Brooks AM, Akins JL, Cooper AB, Miller S, Côté IM.
2014. Linking removal targets to the ecological effects of invaders: 
A predictive model and field test. Ecological Applications 24: 1311–
1322. 

Grimm V , Ayllón D, Railsback SF. 2017. Next-generation individual- 
based models integrate biodiversity and ecosystems: Yes we can,
and yes we must. Ecosystems 20: 229–236.

Hatami R , Lane S, Robinson A, Inglis G, Todd-Jones C, Seaward K.
2021. Improving New Zealand’s Marine Biosecurity Surveillance Pro- 
gramme: A Statistical Review of Biosecurity Vectors . New Zealand 
Ministry for Primary Industries. Biosecurity New Zealand tech- 
nical paper no. 2021/01.

Hopkins G , Davidson I, Georgiades E, Floerl O, Morrisey D, Cahill P.
2021a. Managing biofouling on submerged static artificial struc- 
tures in the marine environment: Assessment of current and 
emerging approaches. Frontiers in Marine Science 8: 759194.

Hopkins GA , Gilbertson F, Floerl O, Casanovas P, Pine M, Peer J. 2021b.
Continuous bubble streams for controlling marine biofouling on 
static artificial structures. PeerJ 9: e11323. 

Hudgins EJ et al. 2023. Unevenly distributed biological inva- 
sion costs among origin and recipient regions. Nature Sus- 
tainability (2023): s41893-023-01124-6. https://doi.org/10.1038/ 
s41893- 023- 01124- 6 .

Hunter ME , Hoban SM, Bruford MW, Segelbacher G, Bernatchez 
L. 2018. Next-generation conservation genetics and biodiversity 
monitoring. Evolutionary Applications 11: 1029–1034. 

Hupało K et al. 2021. An urban blitz with a twist: Rapid biodiver-
sity assessment using aquatic environmental DNA. Environmental 
DNA 3: 200–213.

Iacarella JC , Burke L, Davidson IC, DiBacco C, Therriault TW, Dun-
ham A. 2020. Unwanted networks: Vessel traffic heightens the 
risk of invasions in marine protected areas. Biological Conservation 
245: 108553.

Ibabe A , Rayon F, Martinez JL, Garcia-Vazquez E. 2020. Environmen- 
tal DNA from plastic and textile marine litter detects exotic and 
nuisance species nearby ports. PLOS ONE 15: e0228811. 

[IMO] International Maritime Organization . 2011. 2011 Guidelines 
for the Control and Management of Ships’ Biofouling to Min- 
imise the Transfer of Invasive Aquatic Species. Resolution no.
MEPC.207(62). IMO.

Inglis GJ , Floerl O, Unwin M, Ponder-Sutton A, Seaward K, Kospar-
tov M, Bell A, Kluza D. 2010. The biosecurity risks associated 
with biofouling on international vessels arriving in New Zealand: 
Summary of the patterns and predictors of fouling. NIWA Client 
Report prepared for MAF Biosecurity New Zealand, Wellington,

http://www.fao.org/docrep/005/v9878e/v9878e00.htm
https://doi.org/10.1111/gcb.15006
https://doi.org/10.1038/s41893-023-01124-6


510 | BioScience , 2023, Vol. 73, No. 7 

I  

 

[
 

 

 

K  

 

K  

 

K  

 

 

 

K  

 

K  

K  

K  

 

 

L  

 

L  

 

L  

 

L  

 

L  

 

L  

 

L  

 

 

M  

 

M  

 

 

M  

 

 

 

 

M  

 

M  

 

M  

 

 

M  

 

 

M  

M  

 

 

M  

 

M  

 

 

M  

 

M  

 

 

 

[  

 

M  

 

M  

 

N  

 

N  

 

 

O  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/73/7/494/7238116 by U

niversity of G
uelph user on 10 August 2023
nglis G , Floerl O, Woods C. 2012. Scenarios of vessel biofouling risk
and their management. MAF Research Project RFP11832, Ministry
of Agriculture and Forestry , Wellington, pp. 41- 93.

IPBES] Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services . 2019. Global Assessment Report on Biodi-
versity and Ecosystem Services of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services . IPBES. https://doi.
org/10.5281/zenodo.3831673 .

aluza P , Kölzsch A, Gastner MT, Blasius B. 2010. The complex net-
work of global cargo ship movements. Journal of the Royal Society
Interface 7: 1093–1103. 

atsanevakis S et al. 2015. European Alien Species Information Net-
work (EASIN): Supporting European policies and scientific re-
search. Management of Biological Invasions 6: 147–157.

atsanevakis S , Wallentinus I, Zenetos A, Leppäkoski E, Çinar
ME, Oztürk B, Grabowski M, Golani D, Cardoso AC. 2014. Im-
pacts of invasive alien marine species on ecosystem services
and biodiversity: A pan-European review. Aquatic Invasions 9:
391–423.

atsanevakis S , Zenetos A, Belchior C, Cardoso AC. 2013. Invading
European seas: Assessing pathways of introduction of marine
aliens. Ocean and Coastal Management 76: 64–74.

atsanevakis S et al. 2020. Unpublished Mediterranean records of
marine alien and cryptogenic species. BioInvasions Records 9: 165–
182.

olaczyk ED , Csárdi G. 2014. Statistical Analysis of Network Data with
R . Springer.

ousteni V , Tsiamis K, Gervasini E, Zenetos A, Karachle PK, Cardoso
AC. 2022. Citizen scientists contributing to alien species detec-
tion: The case of fishes and mollusks in European marine waters.
Ecosphere 13: e03875.

ake TA , Runquist B, Ryan D, Moeller DA. 2020. Predicting range ex-
pansion of invasive species: Pitfalls and best practices for obtain-
ing biologically realistic projections. Biodiversity Research 26: 1767–
1779.

ane H , Seaward K, Inglis G. 2021. Marine Non-Indigenous Species in the
Pacific Islands: A Desktop Review. National Institute of Water and
Atmospheric Research.

arson ER et al. 2020. From eDNA to citizen science: Emerging tools
for the early detection of invasive species. Frontiers in Ecology and
the Environment 18: 194–202 

ehtiniemi M , et al. 2015. Dose of truth: Monitoring marine non-
indigenous species to serve legislative requirements. Marine Policy
54: 26–35.

ocke A , Mandrak NE, Therriault TW. 2003. A canadian
rapid response framework for aquatic invasive species.
http://www.northeastans.org/docs/meetings/201104/files/ 
Rapid%20Response%20Mandrak.pdf.

ucy FE et al. 2016. INVASIVESNET towards an international associ-
ation for open knowledge on invasive alien species. Management
of Biological Invasions 7: 131–139.

yons DA , Lowen JB, Therriault TW, Brickman D, Guo L, Moore AM,
Peña MA, Wang Z, DiBacco C. 2020. Identifying marine invasion
hotspots using stacked species distribution models. Biological In-
vasions 22: 3403–3423.

agaletti E et al. 2018. Developing and testing an early warning sys-
tem for Non Indigenous Species and ballast water management.
Journal of Sea Research 133: 100–111.

aistrello L , Dioli P, Bariselli M, Mazzoli GL, Giacalone-Forini I. 2016.
Citizen science and early detection of invasive species: Phenol-
ogy of first occurrences of Halyomorpha halys in Southern Europe.
Biological Invasions 18: 3109–3116.
an JP , Weinkauf JG, Tsang M, Sin JHDD. 2004. Why do some coun-
tries publish more than others? An international comparison of
research funding, English proficiency and publication output in
highly ranked general medical journals. European Journal of Epi-
demiology 19: 811–817. https://doi.org/10.1023/B:EJEP.0000036571.
00320.b8 .

archini A , Galil BS, Occhipinti-Ambrogi A. 2015. Recommendations
on standardizing lists of marine alien species: Lessons from the
Mediterranean Sea. Marine Pollution Bulletin 101: 267–273. 

arine Pest Sectoral Committee 2018. National Biofouling Management
Guidelines for the Aquaculture Industry . Marine Pest Sectoral Com-
mittee.

aslin M , Louis S, Dejean GK, Lapierre L, Villéger S, Claverie T. 2021.
Underwater robots provide similar fish biodiversity assessments
as divers on coral reefs. Remote Sensing in Ecology and Conservation
7: 567–578.

cGeoch MA , Genovesi P, Bellingham PJ, Costello MJ, McGrannachan
C, Sheppard A. 2016. Prioritizing species, pathways, and sites to
achieve conservation targets for biological invasion. Biological In-
vasions 18: 299–314.

eeus S et al. 2021. BioBlitz is more than a bit of fun. Biodiversity
Information Science and Standards 5: e74361.

eo SA , Al Masri AA, Usmani AM, Memon AN, Zaidi SZ. 2013. Impact
of GDP, spending on R&D, number of universities and scientific
journals on research publications among Asian countries. PLOS
ONE 8: e66449. https://doi.org/10.1371/journal.pone.0066449 . 

inchin D. 2007. Aquaculture and transport in a changing environ-
ment: Overlap and links in the spread of alien biota. Marine Pollu-
tion Bulletin 55: 302–313. 

iralles L , Dopico E, Devlo-Delva F, Garcia-Vazquez E. 2016. Control-
ling populations of invasive pygmy mussel ( Xenostrobus securis )
through citizen science and environmental DNA. Marine Pollution
Bulletin 110: 127–132. 

olnar JL , Gamboa RL, Revenga C, Spalding MD. 2008. Assessing the
global threat of invasive species to marine biodiversity. Frontiers
in Ecology and the Environment 6: 485–492.

oser CS , Wier TP, First MR, Grant JF, Riley SC, Robbins- Wamsley
SH, Tamburri MN, Ruiz G, Miller W, Drake L. 2017. Quantifying the
extent of niche areas in the global fleet of commercial ships: The
potential for "super-hot spots” of biofouling. Biological Invasions 19:
1745–1759.

MPI] New Zealand Ministry of Primary Industries. 2022. Surveil-
lance Programmes for Pests and Diseases . MPI. www.mpi.govt.
nz/biosecurity/how- to- find- report- and- prevent- pests- and- 
diseases/surveillance-programmes .

urray C , Pakhomov EA, Therriault TW. 2011. Recreational boating:
A large unregulated vector transporting marine invasive species.
Diversity and Distributions 17: 1161–1172.

yers JH , Simberloff D, Kuris AM, Carey JR. 2000. Eradication revis-
ited: Dealing with exotic species. Trends in Ecology and Evolution 15:
316–320.

unes PALD , Nunes PAL, Markandya A. 2008. Economic value of
damage caused by marine bio-invasions: Lessons from two Eu-
ropean AASE studies. ICES Journal of Marine Science 65: 775–
780.

uñez MA , Chiuffo MC, Seebens H, Kuebbing S, McCary MA, Lieu-
rance D, Zhang B, Simberloff D, Meyerson LA. 2022. Two decades
of data reveal that biological invasions needs to increase partici-
pation beyond North America. Biological Invasions 24: 333–340.

idtmann BC , Thrush MA, Denham KL, Peeler EJ. 2011. International
and national biosecurity strategies in aquatic animal health.
Aquaculture 320: 22–33.

https://doi.org/10.5281/zenodo.3831673
http://www.northeastans.org/docs/meetings/201104/files/Rapid\begingroup \count@ "0025\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef 12{{\char "7E}}}\endgroup \setbox \thr@@ \hbox {12}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 1220Response\begingroup \count@ "0025\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef 12{{\char "7E}}}\endgroup \setbox \thr@@ \hbox {12}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 1220Mandrak.pdf
https://doi.org/10.1023/B:EJEP.0000036571.00320.b8
https://doi.org/10.1371/journal.pone.0066449
http://www.mpi.govt.nz/biosecurity/how-to-find-report-and-prevent-pests-and-diseases/surveillance-programmes


Carvalho et al. | 511 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/73/7/494/7238116 by U

niversity of G
uelph user on 10 August 2023
Ojaveer H et al. 2015. Classification of non-indigenous species based
on their impacts: Considerations for application in marine man-
agement. PLOS Biology 13: e1002130. 

Olenin S et al. 2011. Recommendations on methods for the detec-
tion and control of biological pollution in marine coastal waters.
Marine Pollution Bulletin 62: 2598–2604. 
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