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Abstract 

Marine biofouling is associated with remarkable impacts for many maritime industries and is linked with major envi‑
ronmental concerns. Although national biofouling regulations have been issued by a few countries in the recent past, 
these remain isolated initiatives. At a global scale, even if biofouling undeniably accounts for important costs and risks, 
there is currently no international legally binding framework on it. This work focuses on the evolution of interna‑
tional marine environmental protection legislation and analyzes existing regulatory instruments linked to the mat‑
ter, with particular emphasis on the European legislation and other few regional in‑force regulations on biofouling, 
and eventually focussing on the sector of recreational boating. Finally, the main gaps and challenges for the develop‑
ment of a regulatory framework on biofouling are identified and listed, along with the major learnings and propos‑
als derived from the experimental outcomes of recent works, to provide an integrative tool for suitable antifouling 
selection.
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Introduction
Any hard substrate exposed to or submerged in aquatic 
environments is susceptible to be colonised by organisms 
that compose the so-called hard-substrate communi-
ties, in a succession process that goes from a biochemi-
cal conditioning and biofilm formation to more mature, 

three-dimensionally complex communities [95]. The spe-
cific case of unwanted settlement and growth of organ-
isms on artificial hard substrates partially or totally 
exposed to aquatic environments is referred to as bio-
fouling [65].

The development of fouling communities is a fast, 
dynamic and cumulative process that can pose several 
problems for many human activities in sectors, such as 
aquaculture, extractive industry, renewable energy pro-
duction and its transportation, monitoring systems, mar-
itime defence and transport, tourism, and other forms of 
navigation ([4, 39, 88, 122], 6). Therefore, it is considered 
a cross-sectorial issue relevant within the blue economy. 
Its development is associated with remarkable impacts 
for the involved industries and is linked with major envi-
ronmental concerns.
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Marine biofouling in numbers: economic costs
Biofouling is a global and cross-sectorial issue that 
accounts for millions of euros annually. If we focus on 
maintenance derived expenses, at a time, an early study 
estimated that US Navy costs tied to biofouling for hull 
cleaning, paint removal and repainting, toxic water and 
grit disposal, OSHA health requirements, labour associ-
ated with corrective measures, and other maintenance 
measures were approximately 100–200 million US$ a 
year [1]. More recently, for the fishing fleet of Cantabria 
(Spain), the economic impact estimation resulted to be 
approximately the 3% of the intermediate consumption of 
the ship with respect to its fish production, and almost 
40% of the costs for spare parts, repair, and maintenance 
of the ship [124]. The authors calculated the total aver-
age annual costs of maintenance of the underwater hull 
to be 9,220 € per ship and 1,244,700 € for the total Can-
tabrian fishing fleet. In oil and gas industry, the cost to 
manually clean these platforms of accumulated organ-
isms is approximately 30,000–100,000 US$ per cleaning 
cycle [87]. The amount increases remarkably when the 
platforms reach their final stage and need to be decom-
missioned, with cost estimates ranging from 50,000 US$ 
for the smallest platforms to over 100 million US$ [80, 
87]. Finally, although it is difficult to determine the exact 
cost associated to biofouling in the aquaculture sector, 
estimates indicate that between 5 and 10% in industry 
value is spent in dealing with fouling related issues every 
year. This typically accounts for 20–30% of total operat-
ing costs and can be translated in 260 million € annually 
only for Europe [38, 64]. Taking as an example the sector 
of marine salmon aquaculture, the cost per farm site and 
production cycle ranged between 420,000 and 493,600 
US$ [8]

Additional costs on fuel consumption, which are 
directly related with fouling development and surface 
roughness, can be included in the equation in cases 
of mobile elements such as vessels. According to the 
study by [105], heavy slime, considered a level typi-
cal of the representative vessel DDG-51 of the US Navy, 
can increase fuel consumption by 10.3% and fuel costs 
by approximately 1.15  M US$ per ship per year. Simi-
larly, the IMO calculated an increase in 25% of fuel 
consumption and greenhouse gases emissions in a bulk 
carrier with 0.5  mm-thick biofilm covering 50% of the 
submerged surface (GEF-UNDP-IMO GloFouling Part-
nerships Project & GIA for Marine Biosafety, [43]).

Shipping has been identified as the main anthropo-
genic pathway, i.e., mean, for the entry or spread of spe-
cies outside their natural range, namely, non-indigenous 
species (NIS) [74]. Biofouling is also globally recognised 
as a major vector for the introduction of non-indigenous 
aquatic species [18, 51, 100], along with ballast water, 

although this later one is currently regulated [18]. The 
introduction of NIS, in particular invasive alien species 
(IAS, see [113] for differences in terminology), is another 
major economic concern, as it can account for remark-
able costs derived from direct and indirect impacts of the 
introduced species. Efforts are now being done to inte-
grate direct measurable costs and quantify ecological 
losses. Globally, cumulated costs linked to aquatic inva-
sive alien species accounted for 345 billion US$ based on 
5682 records from the expanded InvaCost database, with 
an observable increase in various orders of magnitude 
over the last years [24].

Marine biofouling in numbers: ecological costs
Biofouling poses important environmental and biosecu-
rity risks related to the introduction and spread of NIS. 
The translocation of organisms outside their natural 
range is considered one of the main threats for global 
biodiversity. In particular, the introduction of NIS poses 
a risk to the intrinsic value of biodiversity itself, with fur-
ther effects on ecosystem services [17] and biosecurity, 
whose impacts can go as far as pathogen translocation, 
and public and domestic or farmed animal health con-
cerns [46].

A report by Scianni et al. [106] gathered and updated 
global marine NIS introductions, hereby summarised 
for the purpose of illustrating in numbers the impacts of 
biofouling as a NIS vector. According to it, tidal waters 
of North America host 450 established marine and estua-
rine NIS, of which 44–78% are attributable to shipping, 
either by ballast water or by biofouling. Other regional 
estimates, also mentioned in the report, indicate that 
biofouling is responsible of up to 58% of the established 
coastal and estuarine NIS invertebrates and algae in 
Puget Sound in Washington State [27], 60% in California 
[101] and 78% in Hawaii [28]. As for the Mediterranean 
Sea, aside of embracing the largest number of species for 
its size on the planet [19], it also hosts the highest know 
number of NIS in the world, with estimates pointing out 
to nearly 1000 species, most of which arrived through 
the Suez Canal [140]. In this particular context, biofoul-
ing of recreational boats has been repeatedly suggested 
as major vector for the secondary spread of NIS, offering 
frequent opportunities for transfers and high connectiv-
ity between locations ([126], Ashton et al., 2022).

Scope of the work
Biofouling clearly poses important losses, both at eco-
nomic and ecological levels. To prevent or minimise its 
development and associated impacts, antifouling meas-
ures and management strategies are applied [26, 27, 52]. 
However, the regulatory framework directly addressing 
it is scarce and very scattered. The current legislation 
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unequally addresses different sectors, leaving some of 
these completely neglected. It is of particular concern 
the case of recreational boating, lacking of regulatory and 
enforcement tools that allow a solid legislative and imple-
mentation framework, in spite of the importance of this 
sector.

Despite biofouling of recreational boats being the main 
focus of this work, at the light of today’s global legislative 
scenario, which lacks a specific regulatory instrument on 
the matter, this work: (1) reviews the evolution of interna-
tional environmental protection, with particular focus on 
EU context and other regional cases, (2) analyses the cur-
rent regulations related to biofouling and its control, and 
(3) provides evidences and learnings, intended as propos-
als addressing identified gaps, aiming for their integration 
in existing biofouling management plans, mainly for the 
recreational boating sector, which could ultimately lead 
to a comprehensive biofouling policy framework.

Methodological approach
Traditional methods for systematic review were not fully 
applicable to this work; therefore, we used a top–down 
approach instead. Comprehensive textbooks on environ-
mental legislation [48, 118], and dedicated web portals 
(EUR-Lex European Union law portal, IMO ePublica-
tions and media centre; ECOLEX; UNEP Publications & 
Data portal) were used as a baseline for the extraction 
of major sources and as a starting point for searches or 
more specific provisions and regulations. Other domes-
tic regulations on the matter were accessed through their 
respective official portals (as specified accordingly in the 
references). Finally, to complement the interpretation of 
existing legislative instruments and support statements 
and recommendations, relevant scientific literature was 
consulted.

Addressing marine environmental threats derived 
from shipping
The global nature of shipping industry and the motile 
essence of boats of all classes implies that vessel derived 
marine pollution needfully requires to be dealt at inter-
national level. Threats and risks associated with shipping 
are rather broad; however, we will focus on the usage of 
antifouling systems and the environmental risks of bio-
fouling itself. Still, a summary of the international regu-
latory instruments is herewith considered fundamental, 
mostly sourced from Harrison [48] and Tanaka [118]. A 
supportive chart (Fig. 1) was additionally created with the 
purpose of accompanying the text explanations on the 
chronological development of the discussed regulatory 
instruments.

International regulatory framework
Understanding and beating marine pollution is acknowl-
edged as the first out of ten challenges of the United 
Nations Decade of Ocean Science for Sustainable Devel-
opment [49]. Globally, the most important legal instru-
ment in the modern law of the sea relies in the United 
Nations Convention on the Law of the Sea, adopted in 
1982 (UNCLOS, [129]), a convention whose origin dates 
back to 1958 with the first United Nations Conference 
on the Law of the Sea, leading to important international 
treaties. However, imbalanced rights and obligations, 
an overall sense of dissatisfaction in the international 
community, together with catastrophic events (Torrey 
Canyon incident in 1967), evidenced a deficient marine 
environmental protection and an urgent need to address 
environmental emergencies, whilst promoting preven-
tive and protective measures on its regard. Without a 
designated body with specific competences on the mat-
ter (back then, the International Maritime Organisa-
tion (IMO) only worked as a forum for cooperation on 
shipping regulation), a new gathering was set to discuss 
existing deficiencies in UNCLOS I (1958) and demand 
a regulatory body with competences. Finally, the ques-
tion of marine pollution was raised at the United Nations 
Conference on the Human Environment [128], which con-
cluded with the Stockholm Declaration and Action Plan 
for the Human Environment (Fig. 1), setting the starting 
line in marine environmental protection [128]. It all pro-
pelled a series of changes, including the creation of the 
United Nations Environment Programme (UNEP, [128]), 
the broadening of the IMO competences in 1975 and the 
establishment of a permanent Marine Environmental 
Protection Committee (MEPC) (IMO Convention, after 
the amendments of 1975), as well as the convening of the 
third and last United Nations Conference on the Law of 
the Seas in 1973 and the negotiations for provisions on 
the protection and preservation of the marine environ-
ment, integrated in the final UNCLOS text as Part XII of 
the Convention, adopted in 1982 [129] (Fig. 1).

Still, first steps on environmental protection had 
started earlier in time, but specifically addressing vessel-
sourced oil pollution of the marine environment, the 
1954 International Convention on Pollution of Sea by Oil 
(1954 OILPOL Convention) (Fig. 1) [48, 127]. This treaty 
was soon considered deficient in many aspects, falling to 
cover other types of pollution from the same source.

The 1954 OILPOL Convention cleared the way to the 
International Convention on the Prevention of Pollution 
from Ships (MARPOL Convention, 1973), as amended 
by the adoption of a Protocol in 1978, and still today, is 
the major treaty to regulate marine pollution sourced 
from ships, with 161 parties to it, making it 99.89% of the 
gross tonnage of the world’s merchant fleet [56] (Fig. 1). 
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It classifies vessel-sourced pollution addresses particular 
them in designated annexes, providing detailed techni-
cal standards [118]. At smaller scale, specific directives 
on environmental protection aim to set quality standards 
and mechanisms to achieve those. In particular, in EU, 
the Water Framework Directive (WFD, [35]/60/EC) “set 
out rules to halt deterioration in the status of EU water 
bodies and achieve good status for Europe’s waterbod-
ies, including coasts, rivers, lakes, and groundwater”, and 

fuelled specific daughter directives like the Marine Strat-
egy Framework Directive (MSFD, [36]/56/EC). Other 
efforts at smaller scale have also been taken, including 
multiple regional conventions [47, 48, 85]. The definitions 
and provisions of these treaties and conventions are of 
broad scope, thought in such a way to be applicable to all 
sources of pollution, making them flexible enough to face 
new environmental threats as they emerge, backing-up 
specific regulatory instruments thereafter developed.

Fig. 1 Chronological development of the major regulatory instruments, including those relevant for biofouling management, divided 
into colour coded sections. From up to bottom: section "Introduction" (pink): designation and evolution of specific regulatory bodies; 
section "Addressing marine environmental threats derived from shipping" (yellow): relevant events and main drivers; section "Current policies 
and legislation on antifouling systems" (blue): global international treaties and conventions; 4 (green): European regulations; 5 (orange): domestic 
regulations. The historical background is provided to contextualise the convening of international meetings, the creation of competent bodies, 
and the development of regulatory instruments and their amendments or substitutions. The interactions are indicated with an arrow (effect arrow), 
pointing the direction of the effect and colour coded indicating the transition between sections. Doubled blue box margins in the section of global 
international treaties and conventions indicate major IMO milestones. EIF: Entry In Force
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Current policies and legislation on antifouling 
systems
Background: understanding the origins of antifouling 
systems’ regulations
Regulations on antifouling systems saw light after unde-
niable evidences of serious environmental impacts 
derived from the use of tributyltin-based (TBT) paints. 
In the 1960s, the usage of TBT containing paints was 
very much spread due to their high efficiency related to 
its toxicity. Yet, the effects were observable beyond target 
species, with impacts in the surrounding environments 
and the species they host. These effects included imposex 
in gastropods and consequent reduction in reproductive 
capability; shell deformation and abnormalities in oys-
ters; as well as bioaccumulation potential and persistence 
in sediments [10, 94, 102, 115]. Gradually, supported 
by the scientific evidence, restrictions on its use arrived 
(Council Directive 76/769/EEC, 1989,MPEC Resolution 
46(30), 1990), leading eventually to its global ban in 2001 
with the adoption of the International Convention on the 
Control of Harmful Anti-fouling Systems on Ships (AFS 
Convention, [53]) and the European Union (EU) Regula-
tion (EC) No 782/2003, aiming for its effective elimina-
tion from ships by 2008 (Fig. 1).

International level
The AFS Convention emerges from the decision to 
develop a self-standing treaty, rather than a new Annex 
to MARPOL Convention, based on practicalities [48]. 
The AFS Convention also introduces the important obli-
gation to the parties of “taking appropriate measures to 
promote and facilitate scientific and technical research 
on the effects of antifouling systems as well as monitor-
ing such effects”, permitting the proposal of antifouling 
systems to the Annex 1 of the Convention, which lists 
prohibited antifouling (AF) systems. To this end, the 
Convention sets a group of technical experts to review 
proposals and report decisions to the Committee, which 
dictates the final resolution applying the precautionary 
approach [Article 6(3)].

European level
At European level, the Regulation (EC) No 1907/2006 
concerning the Registration, Evaluation, Authorisa-
tion and Restriction of Chemicals (REACH) establishes 
a general framework for the legislation of substances 
“ensur[ing] a high level of protection of human health 
and the environment as well as the free movement of 
substances, (…), whilst enhancing competitiveness and 
innovation” (Art. 1). In this aim, it establishes the Euro-
pean Chemicals Agency (ECHA), an independent central 

entity for the effective management of the technical, 
scientific, and administrative aspects of this regulation 
(Fig. 1).

Specific regulations concerning biocides in particular 
were first gathered under the Biocidal Products Directive 
(BDP; Directive 98/8/EC) and later on replaced by the 
Regulation (EC) No 528/2012. These provisions regulate 
the usage of biocidal products and the authorisation for 
placing them on the market, including biocides as anti-
fouling agents (product type 21), always ensuring that 
“they are sufficiently effective and have no unacceptable 
effect on the target organisms such as resistance, or, in 
the case of vertebrates, unnecessary suffering and pain. 
Furthermore, they may not have, in the light of current 
scientific and technical knowledge, any unacceptable 
effect on human health, animal health or on the environ-
ment. Where appropriate, maximum residue limits for 
food and feed should be established with respect to active 
substances contained in a biocidal product to protect 
human and animal health” (Article 19 1(b)) (Regulation 
(EU) No 528/2012).

Currently, unauthorised biocidal antifouling products 
banned from use include TBT [53, 96]; Regulation (EC) 
536/2008) and Irgarol (cybutryne) (MEPC 76/3/7 (69); 
Commission Implementing Decision (EU) 2016/107, 
[20]), both listed under the Annex I of the AFS Conven-
tion, although some studies keep reporting the use and 
commercialization of the first one [90, 125].

Other domestic regulations
At national level, domestic regulations can extend the 
limit of usage to additional substances and, therefore, the 
list of unauthorised substances can differ across countries 
[94, 120]. Copper is still widely used, cuprous oxide being 
the main active agent used in the market [2, 57, 138]. 
Nonetheless, increasing concerns regarding its environ-
mental impacts have made copper go under scrutiny [2, 
26, 86, 114, 138]. Consequently, some countries are start-
ing to limit its use and/or concentration as biocide in AF 
coatings, including the Danish Environmental Protection 
Agency ([31; [33]) in the Baltic region, as well as cer-
tain US states like California (California Regional Water 
Quality Control Board for San Diego Region, [14]; and 
Los Angeles Region, 2015) and Washington (Washington 
State Legislature, [133]). Additionally, the United States 
Environmental Protection Agency (US EPA) is also pro-
moting the shift towards safer alternatives that exclude 
the use of copper by financing projects such as the one 
in San Diego bay (‘Copper Reduction Program’, [93]) and 
is currently working on a ‘Clean Boating Act’ (US [131]).

Surprisingly, in Europe, despite having specific direc-
tives that address the issue of marine environmen-
tal status, with tailored assessments designed for its 
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monitoring, the reporting of certain substances is 
regarded as voluntary. As an example, the Baltic Marine 
Environment Protection Commission (Helsinki Commis-
sion, HELCOM) considers reporting copper concentra-
tions voluntary, limiting mandatory metal indicators to 
just three, these being mercury, cadmium, and lead [50]. 
Proposals to have copper included as a core indicator in 
HELCOM third Holistic Assessment (HOLAS III) have 
been raised [62], together with the load compilations 
from shipping and leisure boats [139], after it being iden-
tified as a remarkable source of pollution linked with AF 
usage [37, 139].

Current policies and legislation on biofouling
Thus far, it has been addressed the legislation on the 
usage of certain chemical substances, including also the 
case of biocides in antifouling paint formulations. These 
regulations focussed on the chemical aspect of biofouling 
control, aiming for environmental protection and pollu-
tion prevention. Therefore, their focal point is the assess-
ment of chemical risk and limitation, when applicable, of 
certain substances to safeguard marine environmental 
health. However, even if they relate to the issue of bio-
fouling, they do not state the need of controlling biofoul-
ing nor provide measures to do so. In fact, to date, there 
is no international legally binding framework on bio-
fouling, which, despite being associated with important 
costs and risks, at a global scale, remains largely unregu-
lated, although a few remarkable exceptions exist (Fig. 1; 
Table 1), as discussed below.

Voluntary management of biofouling is a common 
practise, yet it focuses on drag reduction, fuel saving, 
and the cost and effectiveness of the biofouling control 
method, but without specifically targeting the biodi-
versity conservation goals. As a result, it only partially 
addresses the NIS introduction problem, and some com-
monly employed antifouling practises, such as in-water 
cleaning, may be ineffective for certain taxa [41] or may 
even result in dissemination of biofouling propagules 
and promotion of new NIS introductions [117]. The need 
for an international regulatory framework on biofouling 
is strictly linked to the conservation of biodiversity and 
the concept of biosecurity. Although the Stockholm Dec-
laration states that “[hu]man has a special responsibility 
to safeguard and wisely manage the heritage of wildlife 
and its habitats (…)” [128], the concept of biodiversity 
in international rules emerged a decade later with the 
World Charter for Nature [134], as a non-binding instru-
ment adopted by the UN General Assembly. The first 
global binding treaty on biodiversity arrived in 1992 with 
the Convention on Biological Diversity [130] (Fig. 1). The 
CBD Convention established a general framework for the 
conservation of biological diversity and sustainable use of 

its components, demanding the integration of biodiver-
sity conservation into (cross) sectorial plans, programmes 
and policies (Art. 6 and 10), as well as the implementation 
of environmental impact assessment plans for individual 
projects. Particular measures to ensure in situ conserva-
tion are stated in the Article 8, in which, “each Contract-
ing Party shall, as far as possible and as appropriate (…) 
prevent the introduction of, control or eradicate those 
alien species which threaten ecosystems, habitats or spe-
cies”. However, the CBD itself does not perform a regu-
latory role and acts as an umbrella treaty, in which the 
Parties, ultimately, are to take further action to regulate 
activities.

Under the umbrella of the CBD, more regulations are 
still needed, as the international legal framework on bio-
logical diversity and its conservation is of a broad scope. 
Efforts to tackle biodiversity loss include the prevention 
of biological introductions, through instruments such as 
the Regulation (EU) No 1143/[98] of the European Par-
liament and of the Council on the prevention and man-
agement of the introduction and spread of invasive alien 
species at European level (recently modified through the 
Commission Implementing Regulation (EU) 2024/574 in 
February 2024) or New Zealand’s Biosecurity Act [83]. 
Their application to the marine environment, however, 
is particularly challenging because of the complex juris-
dictional regime governing it, as well as the intrinsic dif-
ficulties to study it and the greater scientific uncertainty 
surrounding certain marine ecosystems [48].

IMO guidelines
As stated above, the Art. 8 of the CBD (UNEP, 1992) 
states the obligation of targeting alien species and their 
vectors of introduction, but the nature of the issue 
implies that only international regulations can effectively 
address the problem.

The IMO has, during the last two decades, addressed 
the issue of NIS introduction related to shipping, first 
with the Ballast Water Management (BWM) Conven-
tion in 2004 as a binding instrument, and after with vol-
untary guidelines focussed on biofouling as the vector of 
introductions. The case of BWM Convention is herewith 
considered of particular interest, acting as a reference 
paving the way to a potential future international regula-
tion of biofouling. During the 1980s, after the initial steps 
on the protection of the marine environment (focussed 
on pollution), increasing concerns on biological diversity 
were emerging, including those related to marine alien 
species. As mentioned above, a series of events (WCN; 
CBD Convention) succeeded, and the IMO took steps 
forward to address the issue. In 1993, the IMO finally 
adopted the Guidelines for Preventing the Introduction of 
Unwanted Aquatic Organisms and Pathogens from Ships’ 
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Ballast Water and Sediment Discharges, a non-binding 
instrument giving guidance to States on measures to be 
taken on the matter. Further efforts first leaned into the 
creation of a new Annex to MARPOL Convention, but 
eventually, in 1997, the IMO decided to work towards a 
self-standing treaty, which saw light in 2004, and entered 
in force only in 2017, but with a time frame of 7 years 
for parties to implement it within National Regulations 
(deadline in 2024). The BWM Convention includes meas-
ures to be taken by both coastal and flag States and sets 
regulations for ballast water management, according 
to vessel dimension and construction date. Ships built 
after certain date are required to have approved ballast 
water management systems that ensure the treatment 
of these waters on board (BWM Convention, Regula-
tion D-3; [54], and to date, these systems include more 
than a hundred [55]. It also states the requirement of a 
record book containing all the ballast water operations, 
including reasons of discharge. It establishes regulations 
and minimum standards for ballast water management, 
but recognising the right of the coastal States to take 
‘more stringent measures’ on the matter (BWM Conven-
tion [54], Art. 2(3)) and encourages them to implement 
continuous monitoring (Art. 6). Finally, the Convention 
sets the obligation of providing technical assistance for 
developing countries to support them with all the duties. 
In particular, the IMO, together with other partners, does 
so under the umbrella of a specific programme (GEF-
UNDP-IMO GloBallast Partnership Project).

Regarding biofouling management, coordinated inter-
national efforts to address it started in 2006, after for-
mally raising the matter at the IMO [107], which was 
placed on the agenda of the MEPC in 2007, leading to the 
establishment of an IMO correspondence group on bio-
fouling the year after [45]. The first voluntary Guidelines 
for the Control and Management of Ships’ Biofouling to 
Minimize the Transfer of Invasive Aquatic Species arrived 
in 2011 [70] and were extended to leisure boats with the 
Guidance for Minimizing the Transfer of Invasive Aquatic 
Species as Biofouling (Hull Fouling) for Recreational Craft 
[71]. These guidelines have been updated (MEPC, 2023b) 
after the launch of a global project on the topic (GEF-
UNDP-IMO GloFouling Partnerships Project). These 
guidelines propose the development and application of 
two vessel-specific tools: the Biofouling Management 
Plan (BFMP) and the Biofouling Record Book (BFRB), 
mirroring the steps taken for the BWM Convention.

To date, these are the only international documents 
that set a baseline for biofouling control, although their 
provisions remain voluntary. The complexity of the issue 
of biofouling, characterised by clear challenges (see 
below), lessens the pace of the regulatory process. Still, 
exemplary cases with enforced legislation on the matter 

exist and are the proof that biofouling regulation, albeit 
tricky, is an achievable goal and a necessary process.

California biofouling regulations, State of California, USA
California launched a programme for the control of NIS 
though ballast water in 1999 and Marine Invasive Species 
Act followed in 2003. Based on scientific evidence and 
existing data on vessel maintenance, operational practises 
and biofouling surveys, California’s Legislature amended 
the Marine Invasive Species Act of the state in 2007, 
which addressed ballast water but not biofouling itself; 
placing a mandate on the California State Lands Com-
mission (CSLC) with the aim of developing and adopt-
ing regulations on biofouling management [12, 107]. The 
CSLC started working on specific regulations in 2010, 
supported by an advisory technical group, which finally 
arrived in 2017 as California Biofouling Regulations (Cal-
ifornia State Lands Commission, [15]). The process was 
accompanied of stakeholder engagement, outreach cam-
paigns, industry meetings, etc. before the entry into force 
in October of the same year. However, these provisions 
apply only to large vessels (vessels 300 Gross Registered 
Tonnes or above) that “carry, or are capable of carrying, 
ballast water that arrive at a California port”. Similar to 
what proposed by the IMO guidelines, these vessels 
require having a BFMP and BFRB as well as submitting 
an ‘Annual Vessel Reporting Form’. If vessels are found to 
violate those requirements during an inspection, 60-day 
grace period is given to correct the deficiencies that, once 
over, if these prevail, the vessel will receive a Notice of 
Violation.

Craft risk management standard for biofouling on vessels 
arriving to New Zealand, New Zealand
By the time that the CBD entered into force in 1993, 
New Zealand was launching a legislative tool to protect 
their local biodiversity, addressing the issue of pests. The 
Biosecurity Act of 1993 is an “act to restate and reform 
the law relating to the exclusion, eradication, and effec-
tive management of pests and unwanted organisms” 
which are defined as “any organism that a chief technical 
officer believes is capable or potentially capable of caus-
ing unwanted harm to any natural and physical resources 
or human health” (Biosecurity Act; New Zealand Legisla-
tion, [83]). It provided the background for the develop-
ment of further regulations addressing specific vectors. 
In particular, a targeted research and risk analysis period 
between 2004 and 2007 led New Zealand to identify bio-
fouling-related NIS introduction as a key priority for the 
country’s biosecurity [107]. A consultation was launched 
on biosecurity management [45] and translated into a 
consultation paper [75], followed by further research and 
cost–benefit analysis [9], and ultimately culminating with 
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the development of Craft Risk Management Standard for 
Biofouling on Vessels Arriving to New Zealand (CRMS-
BIOFOUL) by the Ministry for Primary Industries (MPI) 
in 2014 and adopted that same year. The entry in force 
considered a 4-year adaptation period in which compli-
ance was voluntary. In 2018, it finally became of manda-
tory implementation [76], in this case, for all vessel types, 
including recreational boats. Recently, the CRMS-BIO-
FOUL has been updated into the Craft Risk Management 
Standard (CRMS) for Vessels [77].

The MPI regards that “marine pests and diseases intro-
duced to New Zealand on vessel hulls (biofouling) are a 
threat to our marine environment and resources. All ves-
sels arriving in New Zealand must provide evidence of 
biofouling management prior to arrival”. Therefore, vessel 
operators or the person in charge is required to take pre-
ventive biofouling measures prior to the arrival to New 
Zealand territory (excluding innocent or transit passage) 
and sets a minimum outcome to be met. In particular, 
the person in charge shall provide, at least 48 h prior to 
the vessel’s entry into New Zealand territory, the MPI 
with (1) vessel details, (2) voyage details, and (3) biofoul-
ing information, as stated in the section "Methodological 
approach" of the CRMS for vessels [77]. The CRMS relies 
on IMO guidelines as a model of good practises and, 
currently, the MPI is working on a document with the 
“Approved Biosecurity Treatments” (MPI-STD-ABTRT). 
In case of noncompliance, the MPI may (a) require a 
hull inspection upon arrival to New Zealand territory, 
(b) restrict the itinerary in New Zealand; (c) restrict the 
entry of the vessel into New Zealand territory; or (d) ask 
for vessel cleaning within 24 h by an approved provider 
in New Zealand, all at the expense of the vessel owner or 
operator. To ensure compliance with the CRMS for ves-
sels, the MPI has a fully dedicated site [78] with all the 
required information, complemented with additional 
resources and tools that facilitate boat owners [79] and 
operators to prepare their entrance in New Zealand 
territory.

The Australian biofouling management requirements, 
Australia
The Biosecurity Act of 2015 is an “Act relating to diseases 
and pests that may cause harm to human, animal or plant 
health or the environment” [84]. In 2021, a Regulation 
Impact Assessment was carried out, aiming to provide 
policy options to improve the regulation of biosecurity 
risk associated with biofouling on vessels arriving into 
Australian territory. The decision was to rely on proac-
tive biofouling management practises. The Biosecurity 
Act 2015 was amended in 2021 (Biosecurity Amendment 
(Biofouling Management) Regulations 2021) and in force 
since 2022. The Department of Agriculture, Fisheries and 

Forestry (DAFF), in charge of its administration, imple-
mented an 18-month education phase after extensive 
consultation with stakeholders.

The Australian Biofouling Management Requirements 
[25], in particular, “set[s] out vessel operator obligations 
for the management of biofouling when operating vessels 
under biosecurity control within Australian territorial 
seas. These requirements apply to all operators of ves-
sels subject to biosecurity control and provide guidance 
for vessel operators on best practise biofouling manage-
ment”. It established the requirement of submitting a ves-
sel pre-arrival report for commercial vessels through the 
department’s Maritime and Aircraft Reporting System 
(MARS) at least 12  h prior to its entrance in Austral-
ian territory and not before 96 h. Vessel operators shall 
report compliance with one of the established options of 
biofouling management: (a) implementation of an effec-
tive BFMP and BFRB (as in IMO guidelines); (b) cleaning 
of all biofouling within 30 days prior to the arrival; or (c) 
implementation of an alternative biofouling management 
method pre-approved by the DAFF. Vessel operators that 
cannot demonstrate compliance with one of the three 
proactive biofouling management options will be subject 
to further pre-arrival reporting questions through MARS 
[25]. MARS is therefore used by the DAFF as a tool to 
target vessel interventions and assess biosecurity risks 
associated with vessel biofouling. Finally, verification 
upon arrival is carried out to certify compliance with the 
stated requirements. Reporting for non-commercial ves-
sels is regarded as optional, through a non-commercial 
vessel pre-arrival report.

Regulations on the management of hull biofouling, 
Norway
The case of Norway can be considered the most recent 
step forward by a State to regulate biofouling (DTR 
2024/9003/NO), led by the Norwegian Maritime Author-
ity [81], following IMO guidelines for the control and 
management of ships’ biofouling. The aim of the regula-
tion is “to prevent the introduction of hazardous invasive 
species to Norway through hull biofouling resulting from 
international shipping, and to prevent the further spread 
of hazardous non-indigenous species in Norwegian 
waters” (Section  "Introduction"). Just like in California 
State, these provisions apply only to certain vessels types 
and ‘mobile offshore units’. Specifically, it applies to “Nor-
wegian passenger ships, cargo ships and barges certified 
for foreign voyages, as well as for mobile offshore units 
and for fishing vessels with trade area Bank Fishing I or 
greater trade area when they are in Norwegian territo-
rial waters, (…), in Norwegian [EEZ] and on Norwegian 
Continental Shelf” (Section "Addressing marine environ-
mental threats derived from shipping"). However, they 
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share with other regulations the requirement of BFMP 
and BFRB, as well as the obligation of implementing a 
biofouling control and management system. Additionally, 
they provide an alternative option to the BFMP and to the 
control system and state the conduction of inspections as 
independent assessments and entry requirements.

A first regulatory document was drafted and notified to 
the EU Commission in March 2024, which was in stand-
still until June, when no conflict with the community 
regulations was found [123]. Although its entry into force 
was initially planned for 2024, the consultation period 
between March and June provided feedback and infor-
mation that resulted in the decision of reassessing initial 
regulation draft and incorporate changes [82]. Currently, 
its entry into force is expected by July 2025 [81].

Implementation and enforcement: from adoption 
to action
Generally, the implementation and enforcement of inter-
national shipping standards relies on three main jurisdic-
tional mechanisms: (1) the flag State jurisdiction, (2) the 
coastal State jurisdiction, and (3) the port State enforce-
ment jurisdiction.

Flag States have primary responsibility to implement 
international standards and national regulations, it being 
a basic principle of the law of the sea that flag States have 
jurisdiction over their ships for all matters, regardless 
where they are in the world (UNCLOS, Art. 94; [129]). 
Flag States bear due diligence obligation to take all appro-
priate measures to prevent violations of regulations and 
shall do so by instruments, such as inspections and certi-
fications, as well as investigations of suspected violations. 
To ensure implementation of standards by the States, 
external mechanisms have been approved by the IMO in 
2005 and relate to audit schemes (a Member State Audit 
Scheme) and specific sub-committees (Flag State Imple-
mentation Sub-Committee) [48].

Coastal States have an important role in prescribing 
and enforcing international standards in the areas in 
close proximity to their coast, yet, these may depend 
on the location of the vessel (territorial waters or exclu-
sive economic zone, EEZ) and the type of standard. In 
the territorial sea, the coastal State is given the power 
to enforce its own laws and regulations (UNCLOS, Art. 
220; [129]), but mostly limited to discharge and opera-
tional standards and protection of particular ecological 
features, always ensuring the right of innocent passage, 
and shall do so by taking special navigational measures, 
e.g., prescribing sea-lanes or traffic separation schemes. 
In the EEZ, the coastal State’s power is additionally lim-
ited and dependant on the degree of harm or threat to 
the marine environment (UNCLOS, Art. 220 [129]). 
The adoption of navigational measures in this area 

needs the approval of a competent international organi-
sation (UNCLOS, Art. 211(6) [129]), and further inter-
ventions (inspections and judicial proceedings) need to 
be backed up by evidence of violation.

Port State enforcement jurisdiction refers to the situ-
ation in which action is taken against a vessel for a vio-
lation of international or national standards, including 
those that have taken place at sea before entering the 
port, with UNCLOS considering three main scenarios:

1. Enforcement of quasi-territorial jurisdiction [48, 73], 
or ‘effects jurisdiction’ when a vessel is voluntarily in 
port and suspected of violation of standards

2. Proceedings against a vessel or gathering evidence of 
noncompliance on behalf of another State (coastal or 
flag State) (MARPOL Convention, Art. 6(5)).

3. Enforcement of so-called ‘universal jurisdiction’ [7, 
48] on behalf of the international community regard-
ing violations of applicable international rules and 
standards in high seas (UNCLOS, Art. 218 [129]).

Although not explicitly mentioned in the Convention, 
a port State shall also set and enforce standards or con-
ditions that must be met by a vessel to enter the port, 
considered a matter of general international law [48]. 
A port State can do so by denying access to its ports, 
regarded as an exercise of sovereignty, or by sanction-
ing any violation (lack of information regarding the 
voyage, false information, etc.). Mechanisms, such as 
the Paris Memorandum of Understanding (Paris MoU) 
on Port State Control and several other regional MoUs, 
allow harmonised PSC. Further collaborations between 
the Paris MoU and the its counterpart Tokyo MoU have 
given rise to Concentrated Inspection Campaign on 
BWM enforcement (Paris [89]).

Recent examples of port State enforcement jurisdic-
tion on the matter of national biosecurity include multi-
ple cruises (Viking Orion, the Coral Princess, the Seven 
Seas Explorer, and the Queen Elisabeth) that were denied 
entry permission in New Zealand and Australian ports 
[67, 119]. These port authorities, by routinely inspect-
ing vessels on biofouling level, even domestic ones, [44], 
can detect cases of incompliance and take measures on 
the matter, including the entry denial until appropriate 
actions (e.g., cleaning) are taken.

Gaps and challenges
A complex panorama lies ahead regarding the issue of 
biofouling, with multiple gaps and challenges yet to 
be addressed, and here synthesised in Box 1 and Box 2. 
These identified gaps and challenges are described more 
in detail in the subsequent subsections.
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Box 1. Main identified gaps

• Uncertainty of the performance of some AF products 
and their environmental effects.

• Uncertainty on the required biocidal load, generally too 
high.

• Uncertainty on their effects in non-target species.
• Uncertainty on the influence of location and associated 

environmental factors and the operational profile of the 
boat.

• Lack of approved AF technologies, rather than just 
substances listed in Annex 1 of AFS Convention.

• Lack of roadmap to suitable AF strategy selection, par-
ticularly for recreational boats.

• Lack of services and facilities for enhanced manage-
ment of biofouling.

• Feasibility of some products and services for the sector 
of recreational boats.

• Scarce knowledge on the topic in certain sectors or 
stakeholders.

Box 2. Main challenges

• Applicability of certification and inspection regimes for 
recreational boats.

• Alignment between industries, authorities, scientific 
community, and final users.

• Regulation and enforcement in regions, such as the 
Mediterranean, with multiple nations and overcoming 
geopolitical issues that may arise.

• Implementation and enforcement in certain sectors, 
e.g., recreational boating.

• Engagement and behavioural changes, increasing per-
ceived risk by end users.

Limitations and uncertainties of antifouling 
coatings
It has been demonstrated that antifouling paints, in 
particular the ones containing biocides, can be toxic 
for non-target organisms, including planktonic crusta-
ceans like the brine shrimp or harpacticoid copepods, 
macro- and microalgae, and fish [2, 58, 59, 86, 138], caus-
ing major physiological impairments even at the lowest 
tested concentrations (Santos-Simón et  al., submitted.). 
Furthermore, some fouling species demonstrated higher 
tolerance to biocide-based coatings [23, 91, 92, 104]. This 

tolerance phenomenon has major biosecurity implica-
tions, since some of the studied species are considered 
NIS. Besides, in-field performance testing experiments 
suggested that the selected biocide-based coating did 
only reduce the coverage of biofouling in the short term, 
but hosting higher NIS ratios during the high boating 
season, and failed to meet performance goals in the long 
term [23, 104]. In fact, these studies together with that 
from [40] remark that common AF measures, e.g., appli-
cation of copper containing coatings, are often highly 
selective and, even if effective at controlling the growth of 
certain species, they fail to prevent the growth and trans-
port of others.

In fact, determining the effective concentration for the 
prevention of all fouling organisms can be challenging. 
Biocidal coatings leach compounds to the environment, 
ideally at a defined and constant rate which ensures the 
effective concentration of active compounds at the sur-
face. Estimates have been done on the release rate from 
antifouling coatings [109, 114] and further experiments 
on their chemical behaviour of showed that environ-
mental factors, such as salinity and temperature, affected 
the release of metals from the coatings to the water [61, 
111, 112, 137], potentially affecting the toxicity [32, 108], 
durability, and performance of the tested coatings. There-
fore, these factors are of particular importance for suit-
able AF selection based on geographical location and 
risk mitigation under a climate-change scenario. Fur-
thermore, coating preparation and application could also 
alter the release of metals to the environment and, there-
fore, it should be considered as an important variable for 
efficient and safe antifouling use.

Regulations on biofouling and antifouling systems
Having reviewed the main regulatory instruments, it is 
evident that the main gap regarding biofouling is the lack 
of a global international binding framework that ensures 
the application of measures and approved antifouling 
treatments to control or, at least, minimise the introduc-
tion of non-indigenous species.

Biofouling Convention is expected to be some day 
the sibling Convention of the BWM Convention. As 
described before, the ongoing steps on biofouling regula-
tion resemble the origins of BWM Convention. In both 
cases, first regulatory attempts started with non-binding 
instruments that provided guidance to both flag and 
coastal States. Like the BWM Convention, current guide-
lines for biofouling consider vessel design as a key factor; 
management plan and record book as the main tools; 
and describe different AF measures, whilst referring to 
various considerations on the selection, installation or 
application, and their maintenance. It refers to the AFS 
Convention as supportive, despite it only lists two banned 
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substances; conversely, a list of approved technologies 
similar to that from BWM Convention and New Zea-
land’s CRMS for vessels [77] is missing, even if some pilot 
programmes have proved it feasible [93]. Indeed, a list of 
approved systems could be more suitable to face all the 
new technological developments in the field of antifoul-
ing coatings, which include alternative biomimetic sur-
faces, enzymatic inhibitors, and non-biocidal coatings, 
such as foul-release and superhydrophobic coatings [110, 
135, 136] Furthermore, IMO guidelines describe factors 
to be taken into account for the selection of AF coatings, 
but do not provide a roadmap to the final choice, as done 
for example by the National Institute for Public Health 
and the Environment of the Ministry of Health, Welfare 
and Sport of the Dutch Government [135]. In fact, the 
current plethora of available market products and solu-
tions only contributes to blurry the choices of boat own-
ers. Recently, under the scope of the GEF-UNDP-IMO 
GloFouling Partnerships Project, the lack of clarity on 
available solutions has been recognised as a major gap, 
and in that same document, clear efforts have been done 
to tackle it [42].

Cultural measures for effective regulation enforcement
Ensuring commitment from the involved stakehold-
ers implies adopting further measures other than just 
enforcement. Cultural tactics generally are understood 
as practises that prevent or delay pest outbreaks, includ-
ing site selection, scheduling and planning management 
tactics, and increasing efficacy by removing sources of 
the pest [22, 23], yet they can include other measures, 
such as access to information, outreach programmes, 
improvement of services and maintenance facilities, 
training courses and technical assistance, etc. Some of 
these measures have accompanied the implementation of 
international measures and examples of it are the BWM 
Convention, which explicitly established the obligation 
for technical assistance (Art. 13(1); [54]), or the imple-
mentation of the CRMS by the MPI, with targeted out-
reach campaigns [107]. It requires specific resources to 
be allocated for the purpose assigned to (a) infrastructure 
improvement, (b) outreach or engagement programmes, 
and (c) technical assistance and information points.

Aligning drivers of interest
Motivations behind the need of biofouling control and its 
regulation vary according to the interested parties and it 
can be challenging to set common minimum standards 
satisfying their demands. The review by [30] concluded 
that, despite unified wills to regulate and manage bio-
fouling do actually exist, the resolution of the gathered 
information and the areas of utmost concern compose 
the main discrepancies across parties. Cost saving, safety 

at sea, biosecurity, biodiversity, and conservation are not 
always shared priorities and fall within interests of par-
ticular sectors. Whilst industry seeks optimization of 
operational performance and cost savings, for authorities 
and environmental managers, biosecurity risk reduction 
is the main driver. However, overcoming this discrepancy 
appears reasonable and feasible. Greater uncertainties 
surround the sector of recreational boating, as there has 
been less emphasis on understanding them, as well as less 
awareness on the matter. As other stakeholders incor-
porate to the equation, different drivers may emerge. It 
should also be remembered that biofouling is a natural 
process and these organisms are an important part of the 
marine ecology. There are opportunities to design and 
manage in-water structures, in such a way that biofouling 
may contribute to it [66, 99].

Finding the balance
Balancing risks has never been an easy task and estab-
lishing acceptable environmental risks is no exception. 
Defining a middle ground in biofouling management 
implies counterpoising biosecurity risks to those from 
antifouling systems’ implementation, both under the 
umbrella of environmental protection [42]. Addition-
ally, measures need to be feasible and practical, whilst 
meeting the established minimum environmental stand-
ards. Due to concerns on the effects of certain biocides, 
antifouling technologies are shifting towards alternative 
novel solutions and, as seen above, certain regional gov-
ernments are promoting projects in doing so [93]. How-
ever, currently existing biofouling management strategies 
are not protective of biosecurity goals (Davidson et  al., 
2016) and, although some exceptions exist [25, 77], the 
scale is unbalanced.

Geopolitics
Effective environmental protection and regulation 
requires targets to be reconciled with social, economic, 
cultural, and political needs [60]. In practise, where 
regions have inherent geopolitical complexity and a wide 
range of priorities, like the case of the Mediterranean 
Sea, challenges arise, hampering the development of a 
common shared legal framework. The Mediterranean is 
an interesting case study from the jurisdictional perspec-
tive as, once declared, the EEZs of the over 20 countries 
leave no space for High Seas. Coastal States have “sover-
eign rights for the purpose of exploring and exploiting, 
conserving and managing the natural resources, whether 
living or non-living, of the waters superadjacent to the 
seabed and of the seabed and its subsoil, and with regard 
to other activities for the economic exploration and 
exploitation of the zone” (UNCLOS, Art. 56 [129]). Fur-
thermore, coastal States have legislative and enforcement 
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jurisdiction with regard to the protection and preser-
vation of the marine environment, including matters 
defined by international law (UNCLOS, Art. 56(1)b 
[129]). This is a double-edged sword: even if it offers an 
unprecedented opportunity for environmental jurisdic-
tional matters [60], disputes over EEZ’s boundaries entail 
legal uncertainty over the complex jurisdictional scenario 
of the region and the applicable rules and standards aim-
ing for effective environmental protection [3].

The interaction between the described challenges is 
illustrated in Fig. 2.

Learnings and proposals
Proposals to some of the existing gaps
A tiered compliance framework is recommended to 
address the complexity of the issue and the multiplicity 
of parties involved. The subsequent proposals, there-
fore, are aimed at different levels and with differentiated 
obligations for specific targets. First, gaps related to 
antifouling systems could be addressed by creating a list 
of approved antifouling products and technologies by 

designated bodies [e.g., under development Approved 
Biosecurity Treatments” (MPI-STD-ABTRT); BWM 
approved systems], which could positively contribute 
to a shift in the market and greater regulation enforce-
ment regarding the products, taking as a reference the 
procedures of ballast water treatments. Environmen-
tal safety certifications and periodical revisions on the 
available solutions, particularly those containing bioc-
ides, could contribute to ease the choice of more envi-
ronmentally friendly alternatives whilst redirecting the 
global antifouling market towards sustainability and 
fuel associated technological innovation. Additionally, 
requirements to include suitability of use of a prod-
uct, i.e., information on environmental conditions and 
geographical location, boat area, etc., could help to 
enhance the performance of the product, contribute to 
environmental protection, and facilitate the choice of 
appropriate solutions. These measures could contribute 
to reducing the total biocidal load of some products or 
adequate it to certain environments, including addi-
tional limits to copper usage. Besides, it is required to 

Fig. 2 Main challenges to be faced for effective biofouling management, Arrows represent interactions amongst compartments
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consider the effects of other compounds in paint for-
mulations, which, despite not being considered active 
compounds, could contribute to the overall toxicity 
of the products (mainly low-molecular-weight aro-
matic compounds, such as naphtha, ethylbenzene, and 
xylene). Ecotoxicological tools are key to support such 
decisions and, therefore, a key instrument to address 
antifouling related uncertainties. Furthermore, certified 
sellers, appliers, and managers could improve product 
selection and their suitable application, as well as waste 
reduction and management, extending durability of the 
selected systems and minimising environmental risks.

Second, an additional supportive measure for suitable 
AF selection would be the development of a roadmap 
to guide users in the decision-making process. Gener-
ally, the information available tends to summarise the 
types of AF systems [11, 42, 116, 121] and the most 
recent contribution to a guided decision could be that 
from Wezenbeek et  al. [135], whose decision-tree has 
been updated here in Fig. 2, to cover the latest findings, 
including those from Culver et  al. [22], GEF-UNDP-
IMO GloFouling Partnerships Project [42], Lagerström 
et  al. [63], and Santos-Simón (submitted.), amongst 
others. Figure  3 has been conceived as a proposal to 
assist in the decision of coating selection, considering 
multiple factors, such as the vessel operational profile, 
maintenance, boat area, and environmental conditions 
(e.g., salinity, water temperature). Ensuring access to 

this type of information by final users is key to optimise 
AF measure selection.

Third, creating a network of information and promot-
ing dissemination activities would, ultimately, help to 
increase awareness and promote commitment amongst 
boat owners. In fact, tools, such as the guidelines by the 
IMO [42] with clear language and illustrative informa-
tion, are essential to translate policy and scientific out-
comes to final users. Still, enhanced engagement from 
the stakeholders is necessary, which could be achieved 
by allocating funds to infrastructure improvement and 
design of outreach campaigns with different goals. 
Indeed, GEF-UNDP-IMO GloFouling Partnerships 
Project, aside of acting as an authoritative knowledge 
hub, also serves as a model for stakeholder engage-
ment. Accessible cleaning and waste management 
facilities in ports and marinas areas must reduce pol-
lution and biosecurity risks, backed up by management 
and risk reduction plans. Besides, having technical staff 
in charge of applying those plans and of assisting final 
users in their maintenance activities, accompanied 
by training courses could contribute further to reach 
this goal. Finally, clear procedures for vessel inspec-
tions and surveys are required where regulations are in 
force, similar to those proposed by Georgiades & Kluza 
[44], although further steps could be done by marina 
and port managers as implied responsible authorities. 
This later step also requires investing in a network of 

Fig. 3 Decision tree for suitable antifouling coating selection for recreational boat owners.  Modified from [135], including recent updates 
from reviewed works [42], Washington State Department of Ecology,). Colour indicates the class of factor on the decision process: yellow 
for operational profile; pink for maintenance (cleaning); green for environmental factors and powder blue for boat area. The final coating choice 
is indicated in grey background
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certified personnel and important efforts need to be 
done regarding engagement and outreach. Widely avail-
able, standardised information provided by the IMO, 
through the GEF-UNDP-IMO GloFouling Partnerships 
Project knowledge hub, addressing stakeholders, soci-
ety and decision-makers at global level, contribute to 
overcome major challenges, in particular larger geopo-
litical issues (see also Fig. 2).

Main conclusions
The current uncertainties and challenges in biofouling 
management leave a gap that entails legal uncertainty 
over effective environmental protection, therefore 
highlighting the urgent need of regulatory instruments 
on the matter. Biofouling regulations are a necessary 
legal instrument and achieving it should be regarded 
as a priority. Recent events are leading the way and the 
development of a legally binding instrument on bio-
fouling has been approved in the MEPC 83º, held on 
April, 2025.

These regulations, however, should naturally rely on 
different type of actions, as listed above, which requires 
an important reshaping of it was conceived until now, 
and includes (1) clear and accessible information and 
provision of reliable tools, (2) engagement activities, (3) 
infrastructure improvement, (4) solid network of certi-
fied personnel and product sellers, and (5) implementa-
tion of management plans.

Abbreviations
AF  Antifouling
AFS Convention  International convention on the control of harmful anti‑

fouling systems on ships
BDP  Biocidal products directive
BFMP  Biofouling management plan
BFRB  Biofouling record book
BWM Convention  Ballast water management convention
CBD  Convention on biological diversity
CRMS  Craft risk management standard
CSLC  California State lands commission
DAFF  Department of Agriculture, Fisheries and Forestry
ECHA  European chemicals agency
EEZ  Exclusive economic zone
HELCOM  Helsinki commission
IMO  International maritime organisation
MARPOL  International convention on the prevention of pollution 

from ships
MARS  Maritime and aircraft reporting system
MEPC  Marine environmental protection committee
MoU  Memorandum of understanding
MPI  Ministry of primary industries
MSFD  Marine strategy framework directive
NIS  Nonindigenous species
OILPOL  International convention on pollution of sea by oil
REACH  Registration, evaluation, authorisation and restriction of 

chemicals
TBT  Tributyltin (TBT)
UN  United Nations
UNCLOS  United Nations convention on the law of the sea
UNEP  United Nations environment programme

US EPA  United States environmental protection agency
WFD  Water framework directive

Acknowledgements
The authors would like to thank Imanol Basterrechea Iribar for getting the 
teams in contact and, thus, fuelling such collaboration; and Emilio Mancuso 
for providing high‑quality underwater pictures that have been used for 
illustrative and dissemination purposes. The authors would like to thank 
the anonymous reviewers and their assessment significantly contributed to 
improve this work.

Author contributions
MSS, MOZ, AM, and AFG conceived the ideas and conceptualised the 
research; MSS lead the investigation, with the support and participation of the 
other authors. The structure was designed by MSS, MOZ, AM, and AFG, and 
culminated with the review of works of interest. MSS performed the formal 
analysis and visualisation, which were ultimately validated by MOZ, AM, and 
AFG. The writing of the original draft was done by MSS and the review and 
editing by the remaining authors, MOZ, AM, and AFG. Funding acquisition was 
done by MOZ and SS.

Funding
This study was funded by the Basque Government through a predoctoral 
grant to MSS (PRE_2020_1_0373), and through the grant to CBET + consoli‑
dated research group (IT1743‑22). It was additionally supported as part of 
the research project TED2021‑132109B‑C21 funded by MCIN/AEI/https:// doi. 
org/ 10. 13039/ 50110 00110 33 and EU NextGenerationEU/PRTR; and through 
Knowledge Generation Projects 2023 (PID2023‑149939NB‑C33), funded by 
the Ministry of Science, Innovation and Universities (MCIU), State Agency for 
Research (AEI) and European Regional Development Fund (ERDF). Finally, this 
work was supported by the European Union’s Horizon Europe HORIZON‑CL6‑
2024‑BIODIV‑01 project ‘GuardIAS—Guarding European Waters from IAS’, 
under Grant Agreement No. 101181413.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 18 March 2025   Accepted: 6 July 2025

References
 1. Alberte RS, Snyder S, Zahuranec BJ, Whetstone M (1992) Biofouling 

research needs for the United States Navy: program history and goals. 
Biofouling 6(2):91–95. https:// doi. org/ 10. 1080/ 08927 01920 93862 14

 2. Amara I, Miled W, Slama RB, Ladhari N (2018) Antifouling processes and 
toxicity effects of antifouling paints on marine environment. A review. 
Environ Toxicol Pharmacol 57:115–130. https:// doi. org/ 10. 1016/j. etap. 
2017. 12. 001

 3. Andreone G (2022) Legal patchwork and national borders in the Medi‑
terranean Sea. CNR Case Hist Blue Planet Econ. https:// doi. org/ 10. 2376/ 
2499‑ 6661. 2022. 16. 16

 4. Apolinario M, Coutinho R (2009) Understanding the biofouling of 
offshore and deep‑sea structures. In: Hellio C, Yebra D (eds) Advances in 
marine antifouling coatings and technologies. Woodhead Publishing, 
New Delhi, pp 132–147

https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.1080/08927019209386214
https://doi.org/10.1016/j.etap.2017.12.001
https://doi.org/10.1016/j.etap.2017.12.001
https://doi.org/10.2376/2499-6661.2022.16.16
https://doi.org/10.2376/2499-6661.2022.16.16


Page 16 of 19Santos‑Simón et al. Environmental Sciences Europe          (2025) 37:127 

 5. Ashton GV, Zabin CJ, Davidson IC, Ruiz GM (2022) Recreational boats 
routinely transfer organisms and promote marine bioinvasions. Biol 
Invasions 1–14

 6. Bannister J, Sievers M, Bush F, Bloecher N (2019) Biofouling in marine 
aquaculture: a review of recent research and developments. Biofoul‑
ing 35(6):631–648

 7. Birnie PW, Boyle AE, Redgwell C (2009) International law and the 
environment. Oxford University Press, Oxford

 8. Bloecher N, Floerl O (2021) Towards cost‑effective biofouling man‑
agement in salmon aquaculture: a strategic outlook. Rev Aquacult 
13(2):783–795. https:// doi. org/ 10. 1111/ raq. 12498

 9. Branson, J. (2012). Cost‑Benefit Analysis of Proposed Import Health 
Standard for Vessel Biofouling. Ministry for Primary Industries. Techni‑
cal Paper, (2018/68).

 10. Bryan GW, Gibbs PE (1991) Impact of low concentrations of tributyl‑
tin (TBT) on marine organisms: a review. In: Newman MC, McIntosh 
AW (eds) Metal ecotoxicology concepts and applications. CRC Press, 
Boca Raton, pp 323–361

 11. Cao S, Wang J, Chen H, Chen D (2011) Progress of marine biofouling 
and antifouling technologies. Chin Sci Bull 56:598–612. https:// doi. 
org/ 10. 1007/ s11434‑ 010‑ 4158‑4

 12. California Legislature (2007). Assembly Bill No. 740, Chapter 370. An 
act to amend Sections 71200, 71201, 71204, and 71205 of, and to 
add Section 71204.6 to, the Public Resources Code, relating to ves‑
sels. Accessed online with date 2024/08/26 at: https:// legin fo. legis 
lature. ca. gov/ faces/ billN avCli ent. xhtml? bill_ id= 20072 0080A B740

 13. California Regional Water Quality Control Board (2015). Reconsidera‑
tion of the total maximum daily load for toxic pollutants in Marina 
del Rey harbor. Final report, Los Angeles Region. Accessed online 
with date 2024/08/25 at: https:// www. water boards. ca. gov/ losan 
geles/ board_ decis ions/ basin_ plan_ amend ments/ techn ical_ docum 
ents/ 96_ New/e_ Staff Report_ 9_ FINAL_ inclu desEO Corre ctions_ clean. 
pdf

 14. California Regional Water Quality Control Board (2005). Resolution 
No. R9–2005–0019. Basin Plan Amendment and Technical Report 
for total maximum daily load for dissolved copper in shelter island 
yacht basin, San Diego Bay. Accessed online with date 2024/08/25 at: 
https:// www. water boards. ca. gov/ sandi ego/ water_ issues/ progr ams/ 
water shed/ docs/ swu/ shelt er_ island/ techr pt020 905. pdf

 15. California State Lands Commission (2017). Guidance Document 
for: Biofouling Management Regulations to Minimize the Transfer 
of Nonindigenous Species from Vessels Arriving at California Ports. 
California Code of Regulations, title 2, section 2298.1 et seq. Commu‑
nication from the California State Lands Commission Marine Invasive 
Species Program.

 16. CBD (1992). Convention on Biological Diversity. Secretariat of the 
Convention on Biological Diversity. United Nations Environment Pro‑
gramme. EIF: 1993.

 17. Çinar ME, Arianoutsou M, Zenetos A, Golani D (2014) Impacts of 
invasive alien marine species on ecosystem services and biodiversity: a 
pan‑European review. Aquat Invasions 9(4):391–423. https:// doi. org/ 10. 
3391/ ai. 2014.9. 4. 01

 18. Clarke Murray C, Pakhomov EA, Therriault TW (2011) Recreational boat‑
ing: a large unregulated vector transporting marine invasive species. 
Divers Distrib 17(6):1161–1172. https:// doi. org/ 10. 1111/j. 1472‑ 4642. 
2011. 00798.x

 19. Coll M, Piroddi C, Steenbeek J, Kaschner K, Ben Rais Lasram F, Aguzzi 
J, Voultsiadou E (2010) The biodiversity of the Mediterranean Sea: 
estimates, patterns, and threats. PLoS ONE 5(8):e11842. https:// doi. org/ 
10. 1371/ journ al. pone. 00118 42

 20. Commission Implementing Decision (EU) 2016/107 (2016). Commis‑
sion Implementing Decision (EU) 2016/107 of 27 January 2016 not 
approving cybutryne as an existing active substance for use in biocidal 
products for product‑type 2. Official Journal of the European Union. Brus‑
sels, 27 January 2016

 21. Commission Implementing Regulation (EU) 2024/574 (2024) specifying 
the technical formats for reporting by the Member States pursuant to 
Regulation (EU) No 1143/2014 of the European Parliament and of the 
Council, and repealing Commission Implementing Regulation (EU) 
2017/1454. Official Journal of the European Union. Brussels, 15 February 
2024.

 22. Culver CS, Johnson LT, Lande MD (2012) IPM for boats: integrated pest 
management for hull fouling in southern California coastal marinas. 
Regents of the University of California, Oakland

 23. Culver CS, Johnson LT, Page HM, Dugan JE, Santschi CA (2021) Inte‑
grated pest management for fouling organisms on boat hulls. N Am J 
Fish Manag 41(2):301–328. https:// doi. org/ 10. 1002/ nafm. 10360

 24. Cuthbert RN, Pattinson Z, Taylor NG, Verbrugge L, Diagne C, Ahmed 
DA, Leroy B, Angulo E, Briski E, Capinha C, Catford JA, Courchamp F 
(2021) Global economic costs of aquatic invasive alien species. Sci Total 
Environ 775:145238. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 145238

 25. DAFF (2023) Australian biofouling management requirements. Depart‑
ment of Agriculture, Fisheries and Forestry, Canberra

 26. Dafforn KA, Lewis JA, Johnston EL (2011) Antifouling strategies: history 
and regulation, ecological impacts and mitigation. Mar Pollut Bull 
62(3):453–465. https:// doi. org/ 10. 1016/j. marpo lbul. 2011. 01. 012

 27. Davidson, I., Zabin, C., Ashton, G., & Ruiz, G. (2014a). An assessment of 
the biofouling introductions to the Puget Sound region of Washington 
State. Report to the Washington Department of Fish & Wildlife and 
Washington Department of Natural Resources, Olympia, Washington.

 28. Davidson, I., Ruiz, G., & Gorgula, S. (2014b). Vessel biofouling in Hawaii: 
current patterns of a potent marine bioinvasion vector and potential 
management solutions. Department of Land and Natural Resources 
(DLNR), Coordinating Group on Alien Pest Species (CGAPS), and the 
Hauoli Mau Loa Foundation.

 29. Davidson, I. C., Scianni, C., Ceballos, L., Zabin, C., Ashton, G., & Ruiz, G. 
(2014c). Evaluating ship biofouling and emerging management tools 
for reducing biofouling‑mediated species incursions. Report to the 
Marine Invasive Species Program of the California State Lands Commis‑
sion, Sacramento.

 30. Davidson I, Scianni C, Hewitt C, Everett R, Holm E, Tamburri M, Ruiz G 
(2016) Mini‑review: Assessing the drivers of ship biofouling manage‑
ment–aligning industry andbiosecurity goals. Biofouling 32(4):411‑428

 31. DEPA (2011). Statutory Order no. 1257 of 15 December 2011 restricting 
the import, sale and use of biocidal anti‑fouling. Ministry of the Environ‑
ment, Danish Environmental ProtectionAgency

 32. de Souza Machado AA, Spencer K, Kloas W, Toffolon M, Zarfl C (2016) 
Metal fate and effects in estuaries: a review and conceptual model for 
better understanding of toxicity. Sci Total Environ 541:268–281. https:// 
doi. org/ 10. 1016/j. scito tenv. 2015. 09. 045

 33. DEPA (2024). Ban on anti‑fouling paint containing biocides for different 
uses. Danish Environmental Protection Agency. Ministry of Environ‑
ment of Denmark. Accessed online with date 2024/08/24 at: https:// 
eng. mst. dk/ chemi cals/ bioci des/ legis lation/ fact‑ sheet‑ anti‑ fouli ng‑ paint

 34. Directive 98/8/EC (1998). Directive 98/8/EC of the European Parlia‑
ment and of the Council of 16 February 1998 concerning the placing 
of biocidal products on the market. Official Journal of the European 
Communities.

 35. Directive 2000/60/EC (2000). Directive 2000/60/EC of the European 
Parliament and of the Council of 23 October 2000 establishing a frame‑
work for Community action in the field of water policy. Official Journal 
of the European Communities.

 36. Directive 2008/56/EC (2008). Directive 2008/56/EC of the European 
Parliament and of the Council of 17 June 2008 establishing a frame‑
work for community action in the field of marine environmental policy 
(Marine Strategy Framework Directive). Official Journal of the European 
Union.

 37. Directorate‑General for Environment (2023). Baltic Sea shipping should 
avoid copper in antifouling paints and open‑loop scrubbers to mitigate 
pollution. News article. European Commission DG Environment News 
Alert Service, edited by the Science Communication Unit, The Univer‑
sity of the West of England, Bristol.

 38. Dürr S, Watson DI (2009) Biofouling and antifouling in aquaculture. 
In: Dürr S, Thomason JC (eds) Biofouling. Blackwell Publishing Ltd, pp 
267–287

 39. Edyvean R (2010) Consequences of fouling on shipping. In: Dürr S, 
Thomason JC (eds) Biofouling. Wiley Online Library, Hoboken, pp 
217–225

 40. Floerl O, Pool TK, Inglis GJ (2004) Positive interactions between non‑
indigenous species facilitate transport by human vectors. Ecological 
Applications, 14(6):1724‑1736.MEPC 76/3/7 (2021): should be cited in 
the text as MEPC (2021)

https://doi.org/10.1111/raq.12498
https://doi.org/10.1007/s11434-010-4158-4
https://doi.org/10.1007/s11434-010-4158-4
https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=200720080AB740
https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=200720080AB740
https://www.waterboards.ca.gov/losangeles/board_decisions/basin_plan_amendments/technical_documents/96_New/e_StaffReport_9_FINAL_includesEOCorrections_clean.pdf
https://www.waterboards.ca.gov/losangeles/board_decisions/basin_plan_amendments/technical_documents/96_New/e_StaffReport_9_FINAL_includesEOCorrections_clean.pdf
https://www.waterboards.ca.gov/losangeles/board_decisions/basin_plan_amendments/technical_documents/96_New/e_StaffReport_9_FINAL_includesEOCorrections_clean.pdf
https://www.waterboards.ca.gov/losangeles/board_decisions/basin_plan_amendments/technical_documents/96_New/e_StaffReport_9_FINAL_includesEOCorrections_clean.pdf
https://www.waterboards.ca.gov/sandiego/water_issues/programs/watershed/docs/swu/shelter_island/techrpt020905.pdf
https://www.waterboards.ca.gov/sandiego/water_issues/programs/watershed/docs/swu/shelter_island/techrpt020905.pdf
https://doi.org/10.3391/ai.2014.9.4.01
https://doi.org/10.3391/ai.2014.9.4.01
https://doi.org/10.1111/j.1472-4642.2011.00798.x
https://doi.org/10.1111/j.1472-4642.2011.00798.x
https://doi.org/10.1371/journal.pone.0011842
https://doi.org/10.1371/journal.pone.0011842
https://doi.org/10.1002/nafm.10360
https://doi.org/10.1016/j.scitotenv.2021.145238
https://doi.org/10.1016/j.marpolbul.2011.01.012
https://doi.org/10.1016/j.scitotenv.2015.09.045
https://doi.org/10.1016/j.scitotenv.2015.09.045
https://eng.mst.dk/chemicals/biocides/legislation/fact-sheet-anti-fouling-paint
https://eng.mst.dk/chemicals/biocides/legislation/fact-sheet-anti-fouling-paint


Page 17 of 19Santos‑Simón et al. Environmental Sciences Europe          (2025) 37:127  

 41. Floerl O, Inglis GJ, Marsh HM (2005) Selectivity in vector management: 
an investigation of the effectiveness of measures used to prevent 
transport of non‑indigenous species. Biol Invasions 7:459–475. https:// 
doi. org/ 10. 1007/ s10530‑ 004‑ 4863‑5

 42. GEF‑UNDP‑IMO GloFouling Partnerships Project (2022) Biofouling 
management for recreational boating: recommendations to prevent 
the introduction and spread of invasive aquatic species. GloFouling 
Partnerships Project Coordination Unit, International Maritime Organi‑
zation, London

 43. GEF‑UNDP‑IMO GloFouling Partnerships Project & GIA for Marine 
Biosafety (2022) Analysing the impact of marine biofouling on the 
energy efficiency of ships and the ghg abatement potential of biofoul‑
ing management measures. GloFouling Partnerships Project Coordina‑
tion Unit, International Maritime Organization, London

 44. Georgiades, E., & Kluza, D. (2020). Conduct of in‑water biofouling sur‑
veys for domestic vessels. Ministry for Primary Industries. Manatū Ahu 
Matua.

 45. Georgiades E, Kluza D, Bates T, Lubarsky K, Brunton J, Growcott A, 
Smith T, McDonald S, Gould B, Parker N, Bell A (2020) Regulating vessel 
biofouling to support New Zealand’s marine biosecurity system–a blue 
print for evidence‑based decision making. Front Mar Sci 7:390. https:// 
doi. org/ 10. 3389/ fmars. 2020. 00390

 46. Georgiades E, Scianni C, Davidson I, Tamburri MN, First MR, Ruiz G, 
Ellard K, Deveney M, Kluza D (2021) The role of vessel biofouling in the 
translocation of marine pathogens: management considerations and 
challenges. Front Mar Sci 8:660125. https:// doi. org/ 10. 3389/ fmars. 2021. 
660125

 47. Grip K (2017) International marine environmental governance: a review. 
Ambio 46(4):413–427. https:// doi. org/ 10. 1007/ s13280‑ 016‑ 0847‑9

 48. Harrison J (2017) Marine environmental threats from shipping. In: 
Harrison J (ed) Saving the oceans through law. The international legal 
framework for the protection of the marine environment. Oxford 
University Press, New York

 49. Hatje, V., Rayfuse, R., Polejack, P., Goddard, C., Jiang, C., Jones, D., Falout‑
sos, D., Fiedler, H., Akrofi, J., Sheps, K., Leung, K., Pinheiro, L.M., Pradhan, 
M., Castrillejo, M., Bustamante, P., Kershaw, P., Zitoun, R., Silva, S., & 
Kiefer, T. (2024). Ocean Decade Vision 2030 White Papers – Challenge 1: 
Understand and Beat Marine Pollution. Paris, UNESCO‑IOC. (The Ocean 
Decade Series, 51.1).

 50. HELCOM (2018). HELCOM thematic assessment of hazardous sub‑
stances 2011–2016. Baltic Sea environment proceedings n°157.

 51. Hewitt CL, Gollasch S, Minchin D (2009) The vessel as a vector—biofoul‑
ing, ballast water and sediments. In: Rilov G, Crooks JA (eds) Biological 
invasions mar ecosystems. Springer, Berlin, pp 117–131. https:// doi. org/ 
10. 1007/ 978‑3‑ 540‑ 79236‑9_6

 52. Hopkins G, Davidson I, Georgiades E, Floerl O, Morrisey D, Cahill P (2021) 
Managing biofouling on submerged static artificial structures in the 
marine environment–assessment of current and emerging approaches. 
Front Mar Sci 8:759194. https:// doi. org/ 10. 3389/ fmars. 2021. 759194

 53. IMO (2001). International Convention on the Control of Harmful 
Antifouling Systems on Ships – AFS Convention, International Maritime 
Organization, London. EIF: 2008

 54. IMO (2004). International Convention for the Control and Management 
of Ships’ Ballast Water and Sediments (BWM). International Maritime 
Organization. EIF: 2017

 55. IMO (2023). List of ballast water management systems that make 
use of Active Substances which received Basic and Final Approval. 
BWM Convention 2004. BWM.2/Circ.34/Rev.12 International Maritime 
Organization.

 56. IMO (2024). Comprehensive information on the status of multilateral 
Conventions and instruments in respect of which the International 
Maritime Organization or its Secretary‑General performs depositary or 
other functions. International Maritime Organization, Status of Conven-
tions. Last update 24 July 2024.

 57. Jones B, Bolam T (2007) Copper speciation survey from UK marinas, 
harbours and estuaries. Mar Pollut Bull 54:1127–1138. https:// doi. org/ 
10. 1016/j. marpo lbul. 2007. 04. 021

 58. Karlsson J, Ytreberg E, Eklund B (2010) Toxicity of anti‑fouling paints for 
use on ships and leisure boats to non‑target organisms representing 
three trophic levels. Environ Pollut 158(3):681–687. https:// doi. org/ 10. 
1016/j. envpol. 2009. 10. 024

 59. Katranitsas A, Castritsi‑Catharios J, Persoone G (2003) The effects of a 
copper‑based antifouling paint on mortality and enzymatic activity of a 
non‑target marine organism. Mar Pollut Bull 46(11):1491–1494. https:// 
doi. org/ 10. 1016/ S0025‑ 326X(03) 00253‑4

 60. Katsanevakis S, Levin N, Coll M, Giakoumi S, Shkedi D, Mackelworth P, 
Levy R, Velegrakis A, Koutsoubas D, Caric H, Brokovich E, Öztürk B, Kark S 
(2015) Marine conservation challenges in an era of economic crisis and 
geopolitical instability: the case of the Mediterranean Sea. Mar Policy 
51:31–39. https:// doi. org/ 10. 1016/j. marpol. 2014. 07. 013

 61. Lagerström M, Ytreberg E, Wiklund AKE, Granhag L (2020) Antifouling 
paints leach copper in excess–study of metal release rates and efficacy 
along a salinity gradient. Water Res 186:116383. https:// doi. org/ 10. 
1016/j. watres. 2020. 116383

 62. Lagerström, M., Lunde Hermansson, A., & Ytreberg, E. (2021). Copper 
as a HELCOM core indicator. Accessed online with date 2024/08/25 at: 
https:// resea rch. chalm ers. se/ publi cation/ 527564

 63. Lagerström M, Wrange AL, Oliveira DR, Granhag L, Larsson AI, Ytreberg 
E (2022) Are silicone foul‑release coatings a viable and environmentally 
sustainable alternative to biocidal antifouling coatings in the Baltic Sea 
region? Mar Pollut Bull 184:114102. https:// doi. org/ 10. 1016/j. marpo lbul. 
2022. 114102

 64. Lane A, Willemsen P (2004) Collaborative effort looks into biofouling. 
Fish Farm Int 4:34–35

 65. Lewis JA (1998) Marine biofouling and its prevention on underwater 
surfaces. Mater Forum 22:41–61

 66. Maher MM, Swain G (2019) Corrosion control and ecosystems enhance‑
ment for offshore monopiles. Mater Performance 58(8):28–33

 67. Maishman, E. & Murphy, M. (2023). Viking Orion: Cruise passengers 
stranded after marine growth halts ship. BBC News

 68. MPEC (1990). Measures to control potential adverse impacts associated 
with use of tributyl tin compounds in anti‑fouling paints. Resolution 
MEPC.46(30).

 69. MEPC (2021). Amendments to the International Convention on the 
Control of Harmful Anti‑fouling Systems on Ships, 2001. Amendments 
to Annexes 1 and 4. Controls on cybutryneand form of the Interna‑
tional Anti‑fouling System Certificate. MEPC.331(76). 17 June 2021

 70. MEPC (2011). Guidelines for the control and management of ships’ 
biofouling to minimize the transfer of invasive aquatic species. Marine 
Environment Protection Committee. MEPC.207(62). International Mari‑
time Organization, London

 71. MEPC (2012). Guidance for Minimizing the Transfer of Invasive Aquatic 
Species as Biofouling (Hull Fouling) for Recreational Craft. IMO Resolu‑
tion MEPC.1/Circ.792. International Maritime Organization, London

 72. MEPC (2023b). Guidelines for the control and management of ships’ 
biofouling to minimize the transfer of invasive aquatic species. Marine 
Environment Protection Committee. Resolution MEPC.378(80).

 73. Molenaar E (2015) Port and Coastal States. In: Rothwel D, Elferink AO, 
Scott K, Stephens T (eds) The Oxford Handbook of the Law of the Sea. 
Oxford University Press, Oxford

 74. Molnar JL, Gamboa RL, Revenga C, Spalding MD (2008) Assessing the 
global threat of invasive species to marine biodiversity. Front Ecol 
Environ 6(9):485–492

 75. MPI (2010). Import Health Standard for Vessel Biofouling. Draft for Con‑
sultation. Ministry of Agriculture and Forestry Biosecurity. Wellington, 
New Zealand.

 76. MPI (2018). Craft Risk Management Standard for Biofouling on Vessels 
Arriving to New Zealand. Ministry for Primary Industries, Wellington, 
New Zealand.

 77. MPI (2023). Craft Risk Management Standard: Vessels. Revoking and 
replacing the ‘Craft Risk Management Standard for Biofouling on Vessels 
Arriving to New Zealand’. Ministry for Primary Industries, Wellington, 
New Zealand.

 78. MPI (2024a). Biofouling Management. Ministry for Primary Industries, 
New Zealand. https:// www. mpi. govt. nz/ import/ border‑ clear ance/ 
ships‑ and‑ boats‑ border‑ clear ance/ biofo uling/ biofo uling‑ manag 
ement/# non‑ compl iant

 79. MPI (2024b). Yatch and recreational vessels’ biofouling requirements. 
Ministry of Primary Industries. Accessed 05/04/2024 at: https:// www. 
mpi. govt. nz/ import/ border‑ clear ance/ ships‑ and‑ boats‑ border‑ clear 
ance/ biofo uling/ yachts‑ and‑ recre ation al‑ vesse ls/

https://doi.org/10.1007/s10530-004-4863-5
https://doi.org/10.1007/s10530-004-4863-5
https://doi.org/10.3389/fmars.2020.00390
https://doi.org/10.3389/fmars.2020.00390
https://doi.org/10.3389/fmars.2021.660125
https://doi.org/10.3389/fmars.2021.660125
https://doi.org/10.1007/s13280-016-0847-9
https://doi.org/10.1007/978-3-540-79236-9_6
https://doi.org/10.1007/978-3-540-79236-9_6
https://doi.org/10.3389/fmars.2021.759194
https://doi.org/10.1016/j.marpolbul.2007.04.021
https://doi.org/10.1016/j.marpolbul.2007.04.021
https://doi.org/10.1016/j.envpol.2009.10.024
https://doi.org/10.1016/j.envpol.2009.10.024
https://doi.org/10.1016/S0025-326X(03)00253-4
https://doi.org/10.1016/S0025-326X(03)00253-4
https://doi.org/10.1016/j.marpol.2014.07.013
https://doi.org/10.1016/j.watres.2020.116383
https://doi.org/10.1016/j.watres.2020.116383
https://research.chalmers.se/publication/527564
https://doi.org/10.1016/j.marpolbul.2022.114102
https://doi.org/10.1016/j.marpolbul.2022.114102
https://www.mpi.govt.nz/import/border-clearance/ships-and-boats-border-clearance/biofouling/biofouling-management/#non-compliant
https://www.mpi.govt.nz/import/border-clearance/ships-and-boats-border-clearance/biofouling/biofouling-management/#non-compliant
https://www.mpi.govt.nz/import/border-clearance/ships-and-boats-border-clearance/biofouling/biofouling-management/#non-compliant
https://www.mpi.govt.nz/import/border-clearance/ships-and-boats-border-clearance/biofouling/yachts-and-recreational-vessels/
https://www.mpi.govt.nz/import/border-clearance/ships-and-boats-border-clearance/biofouling/yachts-and-recreational-vessels/
https://www.mpi.govt.nz/import/border-clearance/ships-and-boats-border-clearance/biofouling/yachts-and-recreational-vessels/


Page 18 of 19Santos‑Simón et al. Environmental Sciences Europe          (2025) 37:127 

 80. National Research Council (1985) Disposal of offshore platforms. 
National Academy of Sciences, USA

 81. NMA (2024a). Regulations on the management of hull biofouling. Nor‑
wegian Maritime Authority. Accessed online with date 2024/09/23 at: 
https:// www. eftas urv. int/ cms/ sites/ defau lt/ files/ docum ents/ gopro/D‑ 
2024‑ 9003‑ EN‑ 01. pdf

 82. NMA (2024b). Reassessment of the Biofouling Regulations. Published 
in July, 2024 by the Norwegian Maritime Authority. Accessed online 
with date 2024/09/23 at: https:// www. sdir. no/ en/ news/ news‑ from‑ the‑ 
nma/ reass essme nt‑ of‑ the‑ biofo uling‑ regul ations/

 83. New Zealand Legislation (1993) Biosecurity act 1993. An act to restate 
and reform the law relating to the exclusion, eradication, and effective 
management of pests and unwanted organisms. Ministry for Primary 
Industries, New Zealand

 84. Office of Parliamentary Counsel (2015). Biosecurity Act 2015. An Act 
relating to diseases and pests that may cause harm to human, animal 
or plant health or the environment, and for related purposes. Series Act 
No. 61, 2015. Australian Government.

 85. Ojaveer H, Galil BS, Carlton JT, Alleway H, Goulletquer P, Lehtiniemi M, 
Zaiko A (2018) Historical baselines in marine bioinvasions: implications 
for policy and management. PLoS ONE 13(8):e0202383. https:// doi. org/ 
10. 1371/ journ al. pone. 02023 83

 86. Oliveira IB, Groh KJ, Schönenberger R, Barroso C, Thomas KV, Suter MJF 
(2017) Toxicity of emerging antifouling biocides to non‑target fresh‑
water organisms from three trophic levels. Aquat Toxicol 191:164–174. 
https:// doi. org/ 10. 1016/j. aquat ox. 2017. 07. 019

 87. Page HM, Dugan JE, Piltz F (2009) Fouling and antifouling in oil and 
other offshore industries. In: Dürr S, Thomason JC (eds) Biofouling. 
Blackwell Publishing Ltd, pp 252–266

 88. Pagoropoulos A, Kjaer LL, Dong Y, Birkved M, McAloone TC (2018) 
Economic and environmental impact trade‑offs related to in‑water hull 
cleanings of merchant vessels. J Ind Ecol 22(4):916–929

 89. Paris MoU (2024). Paris MoU 57th Committee meets in Madrid, Spain. 
Press Release. Paris MoU on Port State Control. Accessed online with 
date 2025/02/17 at: https:// paris mou. org/ 2024/ 05/ paris‑ mou‑ 57th‑ 
commi ttee‑ meets‑ madrid‑ spain

 90. Paz‑Villarraga, C. A., Castro, Í. B., & Fillmann, G. (2022). Biocides in anti‑
fouling paint formulations currently registered for use. Environmental 
Science and Pollution Research, 1‑12.

 91. Piola RF, Johnston EL (2006) Differential resistance to extended copper 
exposure in four introduced bryozoans. Mar Ecol Prog Ser 311:103–114. 
https:// doi. org/ 10. 3354/ meps3 11103

 92. Piola RF, Johnston EL (2009) Comparing differential tolerance of native 
and non‑indigenous marine species to metal pollution using novel 
assay techniques. Environ Pollut 157(10):2853–2864. https:// doi. org/ 10. 
1016/j. envpol. 2009. 04. 007

 93. Port of San Diego (2024). Copper Reduction Program. Accessed online 
with date 2024/08/25 at: https:// www. porto fsand iego. org/ envir 
onment/ envir onmen tal‑ prote ction/ copper‑ reduc tion‑ progr am

 94. Price, A., Readman, J. (2013). Booster biocide antifoulants: is history 
repeating itself? In: Late lessons from early warnings: science, precau‑
tion, innovation. Part B – Emerging Lessons from Ecosystems Part 12. 
The European Environment Agency, Luxembourg, pp. 297–310.

 95. Railkin AI (2003) Marine biofouling: colonization processes and 
defenses. CRC Press, Boca Raton

 96. Regulation (EU) No 782/2003 (2003). Regulation (EC) No 782/2003 of 
the European Parliament and of the Council of 14 April 2003 on the 
prohibition of organotin compounds on ships. Official Journal of the 
European Union. Luxembourg, 14 April 2003.

 97. Regulation (EC) No 1907/2006 (2006). Regulation (EC) No 1907/2006 of 
the European Parliament and of the Council concerning the Registra‑
tion, Evaluation, Authorisation and Restriction of Chemicals (REACH), 
establishing a European Chemicals Agency, amending Directive 
1999/45/EC and repealing Council Regulation (EEC) No 793/93 and 
Commission Regulation (EC) No 1488/94 as well as Council Direc‑
tive 76/769/EEC and Commission Directives 91/155/EEC, 93/67/EEC, 
93/105/EC and 2000/21/EC. Official Journal of the European Union.

 98. Regulation (EU) No 1143/2014 of the European Parliament and of the 
Council of 22 October 2014 on the prevention and management of the 
introduction and spread of invasive alien species. Official Journal of the 
European Union.

 99. Richard KN, Hunsucker KZ, Hunsucker TJ, Swain G (2024) The benefits 
of biofouling‑promoting the growth of benthic organisms to enhance 
ecosystem services. Benefits Biofoul‑Promot Growth Benthic Organ 
Enhance Ecosyst Serv. https:// doi. org/ 10. 1291/ 22998 993/ 190642

 100. Ros M, Ashton GV, Cabezas MP, Cacabelos E, Canning‑Clode J, Carlton 
JT, Ferrario J, García‑de‑Lomas J, Gestoso I, Marchini A, Martínez‑Laiz G, 
Ruiz GM (2023) Marine bioinvasions in the anthropocene: challenges 
and opportunities. Free Espinosa. Academic Press, Cambridge. https:// 
doi. org/ 10. 1016/ B978‑0‑ 323‑ 85613‑3. 00006‑2

 101. Ruiz GM, Fofonoff PW, Steves B, Foss SF, Shiba SN (2011) Marine invasion 
history and vector analysis of California: a hotspot for western North 
America. Divers Distrib 17(2):362–373. https:// doi. org/ 10. 1111/j. 1472‑ 
4642. 2011. 00742.x

 102. Santillo, D., Johnston, P., and Langston, W.J., (2002). ’Tributyltin (TBT) 
antifoulants: a tale of ships, snails and imposex’, in: EEA, 2002, Late 
lessons from early warnings: the precautionary principle 1896–2000, 
Environmental issue report No 22, pp. 135–148, European Environment 
Agency.

 103. Santos‑Simón, M., Seoane, S., Etxebarria, N., Marchini, A., Zarragoitia‑
Ortiz, M. (submitted.). Toxicity of vessel antifouling coating lixiviates 
in target and non‑target marine microalgal species: multi‑taxa and 
biological multi‑level approach testing.

 104. Santos‑Simón M, Ferrario J, Benaduce‑Ortiz B, Ortiz‑Zarragoitia M, Mar‑
chini A (2024) Assessment of the effectiveness of antifouling solutions 
for recreational boats in the context of marine bioinvasions. Mar Pollut 
Bull 200(1):116108. https:// doi. org/ 10. 1016/j. marpo lbul. 2024. 116108

 105. Schultz, M. P., Bendick, J. A., Holm, E. R., & Hertel, W. M. (2011). Economic 
impact of biofouling on a naval surface ship. Biofouling, 27(1), 87‑98.

 106. Scianni, C., Falkner, M., & DeBruyckere, L. (2017). Biofouling in the US 
Pacific States and British Columbia. Coastal Committee of the Western 
Regional Panel on Aquatic Nuisance Species. White Paper.

 107. Scianni C, Lubarsky K, Ceballos‑Osuna L, Bates T (2021) Yes, we CANZ: 
initial compliance and lessons learned from regulating vessel biofoul‑
ing management in California and New Zealand. Manag Biol Invasions. 
https:// doi. org/ 10. 3391/ mbi. 2021. 12.3. 14

 108. Schiedek D, Sundelin B, Readman JW, Macdonald RW (2007) Interac‑
tions between climate change and contaminants. Mar Pollut Bull 
54(12):1845–1856. https:// doi. org/ 10. 1016/j. marpo lbul. 2007. 09. 020

 109. Schiff K, Diehl D, Valkirs A (2004) Copper emissions from antifouling 
paint on recreational vessels. Mar Pollut Bull 48(3–4):371–377

 110. Selim MS, Shenashen MA, El‑Sockary MA, Fatthallah NA, Higazy SA, 
El‑Saeed AM, El‑Azabawy OE, El‑Safty SA (2023) Polymer/graphene‑
derived nanocomposites as advanced marine antifouling coatings. In: 
Ram Gupta B, Sharma S, Nadda AK, Nguyen TA, Bilal M (eds) Advances 
in nanotechnology for marine antifouling. Elsevier, Amsterdam, pp 
193–230

 111. Singh N, Turner A (2009) Leaching of copper and zinc from spent anti‑
fouling paint particles. Environ Pollut 157(2):371–376. https:// doi. org/ 
10. 1016/j. envpol. 2008. 10. 003

 112. Soroldoni S, Martins SE, Castro IB, Pinho GLL (2018) Potential ecotoxic‑
ity of metals leached from antifouling paint particles under different 
salinities. Ecotoxicol Environ Saf 148:447–452. https:// doi. org/ 10. 1016/j. 
ecoenv. 2017. 10. 060

 113. Soto I, Balzani P, Carneiro L, Cuthbert RN, Macêdo R, Serhan Tarkan A, 
Haubrock PJ (2024) Taming the terminological tempest in invasion sci‑
ence. Biol Rev. https:// doi. org/ 10. 1111/ brv. 13071

 114. Srinivasan M, Swain GW (2007) Managing the use of copper‑based 
antifouling paints. Environ Manage 39:423–441

 115. Stroben E, Schulte‑Oehlmann U, Fioroni P, Oehlmann J (1995) A com‑
parative method for easy assessment of coastal TBT pollution by the 
degree of imposex in prosobranch species. Haliotis, Paris

 116. Swain GW (1999) Redefining antifouling coatings. J Protect Coat Lin 
16(9):26–35

 117. Tamburri, M. N., Georgiades, E. T., Scianni, C., First, M. R., Ruiz, G. M., & 
Junemann, C. E. (2021). Technical considerations for development of 
policy and approvals for in‑watercleaning of ship biofouling. Frontiers 
in Marine Science, 8, 804766

 118. Tanaka Y (2023) The international law of the sea, 4th edn. Cambridge 
University Press, Cambridge

 119. The Maritime Executive (2023). Fourth Cruise Hit with Biofouling as 
New Zealand and Industry Meet.

https://www.eftasurv.int/cms/sites/default/files/documents/gopro/D-2024-9003-EN-01.pdf
https://www.eftasurv.int/cms/sites/default/files/documents/gopro/D-2024-9003-EN-01.pdf
https://www.sdir.no/en/news/news-from-the-nma/reassessment-of-the-biofouling-regulations/
https://www.sdir.no/en/news/news-from-the-nma/reassessment-of-the-biofouling-regulations/
https://doi.org/10.1371/journal.pone.0202383
https://doi.org/10.1371/journal.pone.0202383
https://doi.org/10.1016/j.aquatox.2017.07.019
https://parismou.org/2024/05/paris-mou-57th-committee-meets-madrid-spain
https://parismou.org/2024/05/paris-mou-57th-committee-meets-madrid-spain
https://doi.org/10.3354/meps311103
https://doi.org/10.1016/j.envpol.2009.04.007
https://doi.org/10.1016/j.envpol.2009.04.007
https://www.portofsandiego.org/environment/environmental-protection/copper-reduction-program
https://www.portofsandiego.org/environment/environmental-protection/copper-reduction-program
https://doi.org/10.1291/22998993/190642
https://doi.org/10.1016/B978-0-323-85613-3.00006-2
https://doi.org/10.1016/B978-0-323-85613-3.00006-2
https://doi.org/10.1111/j.1472-4642.2011.00742.x
https://doi.org/10.1111/j.1472-4642.2011.00742.x
https://doi.org/10.1016/j.marpolbul.2024.116108
https://doi.org/10.3391/mbi.2021.12.3.14
https://doi.org/10.1016/j.marpolbul.2007.09.020
https://doi.org/10.1016/j.envpol.2008.10.003
https://doi.org/10.1016/j.envpol.2008.10.003
https://doi.org/10.1016/j.ecoenv.2017.10.060
https://doi.org/10.1016/j.ecoenv.2017.10.060
https://doi.org/10.1111/brv.13071


Page 19 of 19Santos‑Simón et al. Environmental Sciences Europe          (2025) 37:127  

 120. Thomas KV, Brooks S (2010) The environmental fate and effects of anti‑
fouling paint biocides. Biofouling 26(1):73–88. https:// doi. org/ 10. 1080/ 
08927 01090 32165 64

 121. Tian L, Yin Y, Bing W, Jin E (2021) Antifouling technology trends in 
marine environmental protection. J Bionic Eng 18:239–263. https:// doi. 
org/ 10. 1007/ s42235‑ 021‑ 0017‑z

 122. Titah‑Benbouzid, H., & Benbouzid, M. (2015). Marine renewable energy 
converters and biofouling: A review on impacts and prevention. EWTEC 
2015, Paper‑09P1.

 123. TRIS‑EC (2024). Notification Detail on Regulations on the management 
of hull biofouling. 2024/9003/NO. Communication from the Commis‑
sion ‑ TRIS/(2024) 0695. Technical Regulation Information System. Euro‑
pean Commission. Accessed online with date 2024/09/23 at: https:// 
techn ical‑ regul ation‑ infor mation‑ system. ec. europa. eu/ en/ notifi cati on/ 
25687

 124. Trueba‑Castañeda, L., Sanz, D. S., García, S., & Trueba, A. (2021). Analysis 
of biofouling economic impact on the Cantabria fishing fleet. In 
OCEANS 2021: San Diego–Porto (pp. 1–6). IEEE. https:// doi. org/ 10. 
23919/ OCEAN S44145. 2021. 97060 79

 125. Uc‑Peraza, R. G., Castro, Í. B., & Fillmann, G. (2022). An absurd scenario 
in 2021: Banned TBT‑based antifouling products still available on the 
market. Science of the TotalEnvironment, 805, 150377.

 126. Ulman A, Ferrario J, Forcada A, Seebens H, Arvanitidis C, Occhipinti‑
Ambrogi A, Marchini A (2019) Alien species spreading via biofouling on 
recreational vessels in the Mediterranean Sea. J Appl Ecol 56(12):2620–
2629. https:// doi. org/ 10. 1111/ 1365‑ 2664. 13502

 127. United Nations (1954). International Convention on Pollution of Sea by 
Oil, OILPOL Convention. London. EIF: 1958.

 128. United Nations (1972). United Nations Conference on the Human 
Environment. Stockholm. A/CONF.48/14/Rev.1

 129. United Nations (1982). United Nations Convention on the Law of the 
Sea (UNCLOS). EIF: 1994.

 130. UNEP (1992). Convention on Biological Diversity. Secretariat of the 
Convention on Biological Diversity (CBD). United Nations Environment 
Programme (UNEP). EIF: 1993.

 131. US EPA (2024). Clean Boating Act. United States Environmental Protec‑
tion Agency. Accessed online with date 2024/08/25 at: https:// www. 
epa. gov/ vesse ls‑ marin as‑ and‑ ports/ about‑ clean‑ boati ng‑ act‑ cba

 132. Washington State Department of Ecology (2025). Clean, green boating. 
Hull cleaning advisory flyer, Accessed online with date 2025/05/07 
at: https:// ecolo gy. wa. gov/ ecolo gys‑ work‑ near‑ you/ earth‑ day/ washi 
ngton‑ waters‑ ours‑ to‑ prote ct‑ 16d23 78f76 d0cd1 25137 8b5df a15b3 be/ 
clean‑ green‑ boati ng

 133. Washington State Legislature (2011). Use of antifouling paints on 
recreational water vessels. Substitute Senate Bill Report 5436, 62nd Leg‑
islature, 2011 Regular Session. Accessed online with date 2024/08/25 at: 
https:// apps. leg. wa. gov/ bills ummar y/? BillN umber= 5436& Year= 2011& 
Initi ative= false

 134. WCN (1982). World Charter for Nature. In: Resolutions and decisions 
adopted by the United Nations General Assembly during its 37th ses‑
sion, 21 September‑21 December 1982 and 10–13 May 1983. ‑ A/37/51. 
‑ 1983. ‑ p. 17–18. New York.

 135. Wezenbeek JM, Moermond CTA, Smit SE (2018) Antifouling systems for 
pleasure boats: overview of current systems and exploration of safer 
alternatives. National Institute for Public Health and the Environment 
(RIVM), Bilthoven. https:// doi. org/ 10. 21945/ RIVM‑ 2018‑ 0086

 136. Xie Q, Pan J, Ma C, Zhang G (2019) Dynamic surface antifouling: mecha‑
nism and systems. Soft Matter 15(6):1087–1107

 137. Yebra DM, Kiil S, Dam‑Johansen K (2004) Antifouling technology—past, 
present and future steps towards efficient and environmentally friendly 
antifouling coatings. Prog Org Coat 50(2):75–104. https:// doi. org/ 10. 
1016/j. porgc oat. 2003. 06. 001

 138. Ytreberg E, Karlsson J, Eklund B (2010) Comparison of toxicity and 
release rates of Cu and Zn from anti‑fouling paints leached in natural 
and artificial brackish seawater. Sci Total Environ 408(12):2459–2466. 
https:// doi. org/ 10. 1016/j. scito tenv. 2010. 02. 036

 139. Ytreberg E, Hansson K, Hermansson AL, Parsmo R, Lagerström M, 
Jalkanen JP, Hassellöv IM (2022) Metal and PAH loads from ships 
and boats, relative other sources, in the Baltic Sea. Mar Pollut Bull 
182:113904. https:// doi. org/ 10. 1016/j. marpo lbul. 2022. 113904

 140. Zenetos A, Albano PG, Garcia EL, Stern N, Tsiamis K, Galanidi M (2022) 
Established non‑indigenous species increased by 40% in 11 years in 
the Mediterranean Sea. Mediterr Mar Sci. https:// doi. org/ 10. 1268/ mms. 
29106

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1080/08927010903216564
https://doi.org/10.1080/08927010903216564
https://doi.org/10.1007/s42235-021-0017-z
https://doi.org/10.1007/s42235-021-0017-z
https://technical-regulation-information-system.ec.europa.eu/en/notification/25687
https://technical-regulation-information-system.ec.europa.eu/en/notification/25687
https://technical-regulation-information-system.ec.europa.eu/en/notification/25687
https://doi.org/10.23919/OCEANS44145.2021.9706079
https://doi.org/10.23919/OCEANS44145.2021.9706079
https://doi.org/10.1111/1365-2664.13502
https://www.epa.gov/vessels-marinas-and-ports/about-clean-boating-act-cba
https://www.epa.gov/vessels-marinas-and-ports/about-clean-boating-act-cba
https://ecology.wa.gov/ecologys-work-near-you/earth-day/washington-waters-ours-to-protect-16d2378f76d0cd1251378b5dfa15b3be/clean-green-boating
https://ecology.wa.gov/ecologys-work-near-you/earth-day/washington-waters-ours-to-protect-16d2378f76d0cd1251378b5dfa15b3be/clean-green-boating
https://ecology.wa.gov/ecologys-work-near-you/earth-day/washington-waters-ours-to-protect-16d2378f76d0cd1251378b5dfa15b3be/clean-green-boating
https://apps.leg.wa.gov/billsummary/?BillNumber=5436&Year=2011&Initiative=false
https://apps.leg.wa.gov/billsummary/?BillNumber=5436&Year=2011&Initiative=false
https://doi.org/10.21945/RIVM-2018-0086
https://doi.org/10.1016/j.porgcoat.2003.06.001
https://doi.org/10.1016/j.porgcoat.2003.06.001
https://doi.org/10.1016/j.scitotenv.2010.02.036
https://doi.org/10.1016/j.marpolbul.2022.113904
https://doi.org/10.1268/mms.29106
https://doi.org/10.1268/mms.29106

	Past, present and (possible) future of biofouling regulatory instruments within the international marine environmental protection framework
	Abstract 
	Introduction
	Marine biofouling in numbers: economic costs
	Marine biofouling in numbers: ecological costs
	Scope of the work
	Methodological approach

	Addressing marine environmental threats derived from shipping
	International regulatory framework

	Current policies and legislation on antifouling systems
	Background: understanding the origins of antifouling systems’ regulations
	International level
	European level
	Other domestic regulations

	Current policies and legislation on biofouling
	IMO guidelines
	California biofouling regulations, State of California, USA
	Craft risk management standard for biofouling on vessels arriving to New Zealand, New Zealand
	The Australian biofouling management requirements, Australia
	Regulations on the management of hull biofouling, Norway

	Implementation and enforcement: from adoption to action
	Gaps and challenges
	Box 1. Main identified gaps
	Box 2. Main challenges
	Limitations and uncertainties of antifouling coatings
	Regulations on biofouling and antifouling systems
	Cultural measures for effective regulation enforcement
	Aligning drivers of interest
	Finding the balance
	Geopolitics

	Learnings and proposals
	Proposals to some of the existing gaps
	Main conclusions

	Acknowledgements
	References


