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Submerged ship surfaces are often inhabited by diverse sessile and sedentary marine
organisms, which can directly impact vessel operations and increase the likelihood of
non-indigenous species (NIS) establishment and impacts. Ship in-water cleaning (IWC)
systems are now being incorporated into biofouling policy, and rigorous, transparent,
and predictive verification testing is vital to regulatory success. Performance criteria for
IWC approval should focus on environmental protection goals by including: qualified
and independent testing; quantitative, robust, and statistically sound data, rather than
qualitative observations; water sampling at all critical control points to characterize the
release of harmful materials, including dissolved and particulate biocides; measurable
and protective endpoints, rather than percent reductions; determinations of presence or
absence of macro-organisms, irrespective of species origins or physiological state; and
appropriately trained IWC operators.

Keywords: ship biofouling, in-water cleaning, non-indigenous species, environmental regulations,
verification testing

INTRODUCTION

The colonization of submerged surfaces by sessile and sedentary organisms, including microbes,
invertebrates, and macroalgae, has long been a significant challenge for coastal and ocean-
going ships (Woods Hole Oceanographic Institute, 1952). Biofouling of the global shipping fleet,
which is responsible for transporting approximately 80% of the world’s goods and materials
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(UNCTAD, 2018), can result in increased vessel corrosion rates,
hydrodynamic drag, fuel consumption, and exhaust emissions
(Townsin et al., 1981; Schultz, 2007; Li and Ning, 2019).
Beyond the direct impacts on vessel operations, maintenance,
and associated legal/contractual requirements (e.g., BIMCO,
2013, 2019; Altarriba and Halonen, 2019), which drive advances
in biofouling prevention/management systems (Scianni and
Georgiades, 2019), biofouling management is the focus of current
and evolving environmental protection regulations.

Greenhouse gas (GHG) emissions from ships have been
regulated since 2005 under Annex VI (Regulations for the
Prevention of Air Pollution from Ships) of the International
Convention for the Prevention of Pollution from Ships
(MARPOL 73/78, 1997). Therefore, biofouling, which even at the
biofilm (i.e., slime layer) level requires ships to increase fuel use to
maintain speed (e.g., Schultz et al., 2011), will result in amplified
GHG emissions that may exceed required limits.

The role of ship biofouling in the introduction, establishment,
and subsequent spread of non-indigenous species (NIS) is also a
significant concern (Hewitt and Campbell, 2010; Ruiz et al., 2015;
Davidson et al., 2018; Bailey et al., 2020; Georgiades et al., 2021).
Marine NIS have caused a range of impacts to various economic,
ecological, societal, and cultural resources (Ruiz et al., 1997;
Grosholz, 2002; Hewitt et al., 2004; Bell et al., 2011; Georgiades
et al., 2021). Thus, guidelines and regulations to prevent NIS
impacts via ship biofouling are beginning to emerge.

In response to ship operational needs, and to a lesser extent
emissions and biosecurity regulations, a sophisticated antifouling
system (AFS) industry continues to evolve to minimize
biofouling accumulation. The primary AFS employed by ships
is surface coatings, which inhibit macrofouling attachment
(using biocides) or reduce adhesion (foul-release) to wetted
surfaces (Dafforn et al., 2011). Biocidal coatings typically require
regulatory approval for use to prevent unintended environmental
degradation (Dafforn et al., 2011). Although some biocides
are now banned [e.g., tributyl tin (TBT)] due to non-target
environmental effects (e.g., Sonak et al., 2009), copper- and
zinc-based biocidal AFS remain the most commonly applied on
commercial ships (Scianni et al., 2021).

Despite continuous improvements in AFS efficacy and safety,
coatings have a limited service life (reapplied at 5–10 year dry-
docking intervals) and do not prevent biofouling accumulation
on all ship surfaces (Davidson et al., 2016; Georgiades and Kluza,
2017), especially if ships have extended stationary/immobile
periods (BIMCO, 2013; Davidson et al., 2020). Biofouling
“hotspots” also exist that include areas on ships which are
difficult to paint (e.g., dry-dock support strips) or sub-optimal
for antifouling coating performance (e.g., niche areas such as
rudders and sea chests) (Coutts and Taylor, 2004; Davidson et al.,
2009, 2016). In-water removal of established macrofouling (i.e.,
individual organisms or colonies visible to the eye) is a common
practice for many ships, primarily to increase fuel efficiency (e.g.,
Schultz et al., 2011).

Traditionally, ship in-water cleaning (IWC) has involved
divers or remotely operated vehicles (ROV), which use scraping
tools or cleaning carts to remove macrofouling from hull and
propeller surfaces without capture of released debris (i.e., fouling

organisms and coating material) (Jones, 1999; McClay et al., 2015;
Morrisey and Woods, 2015). However, without debris capture,
IWC of macrofouling can directly lead to discharges of NIS and
harmful AFS biocides (Scianni and Georgiades, 2019; Tamburri
et al., 2020a). Thus, IWC technology is rapidly developing to
either (a) capture and process debris removed from ships or
(b) conduct periodic proactive IWC (i.e., reduction/removal
of biofilms to prevent or inhibit/limit macrofouling growth)
(Tribou and Swain, 2010; Scianni and Georgiades, 2019;
Tamburri et al., 2020a). Although proactive IWC is typically
less abrasive than macrofouling removal, substantial amounts of
microscopic material (biological and chemical) can be released
into the environment. However, proactive IWC is viewed as a
relatively low biosecurity risk because it may ultimately minimize
the translocation of macrofouling species, including associated
pathogens (where present) (Department of Agriculture [DOA]
et al., 2015; Georgiades et al., 2021).

The removal or prevention of macrofouling through reactive
IWC with capture or proactive IWC, respectively, may represent
rare win-win solutions for both the shipping industry and the
environment. However, it is critical to ensure these practices do
not result in unintended consequences, including: (a) increased
biosecurity risk, (b) increased discharge of AFS biocides, and
(c) diminished coating condition that reduces AFS performance
or service life (Scianni and Georgiades, 2019; Tamburri et al.,
2020a). Therefore, as various authorities develop new biofouling
policies that include the use of approved ship IWC systems,
comprehensive, evidence-based consideration of system efficacy
and environmental safety is paramount.

This policy brief assesses the methods proposed for
evaluating IWC systems, describes the challenges associated with
quantifying IWC system performance and environmental safety,
and proposes a series of practical and feasible recommendations
for the verification testing and approval of ship IWC systems.

POLICY OPTIONS AND IMPLICATIONS

Ship biofouling management guidelines (IMO, 2011) and
regulations (California Code of Regulations, 2017; MPI, 2018)
have been developed at international, national, and regional
levels (Georgiades et al., 2020; Scianni et al., 2021) to minimize
biosecurity risks. Importantly, these guidelines and regulations
identify vessel IWC or treatment as important tools for ship
maintenance (IMO, 2011; Department of Agriculture [DOA]
et al., 2015; Scianni et al., 2017; Georgiades et al., 2018), renewing
the interest in appropriate and proven technologies.

The Australian and New Zealand antifouling and IWC
guidelines were drafted in 2011 (Ministry of Agriculture and
Forestry, 2011). This action was coincident with the development
of IMO biofouling guidelines and movement toward biofouling
management regulations in Australia, New Zealand, and
California, and followed the 2001 International Convention
on the Control of Harmful Anti-fouling Systems on Ships
that banned TBT internationally (IMO, 2001). The intent of
these guidelines was to provide a risk-based framework for
approving biofouling management practices by considering both
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chemical contamination and biosecurity risks. These guidelines
were published in 2013 and were updated by Australia in 2015
(Department of Agriculture [DOA] et al., 2015).

New Zealand’s Craft Risk Management Standard for
Biofouling on Vessels Arriving to New Zealand (CRMS-
BIOFOUL) requires ships to take preventive measures to
maintain a “clean hull” prior to arrival (MPI, 2018). Compliance
is through the presentation of documentary evidence showing
that one of the following measures has been undertaken: (a)
continual maintenance following best practice, or (b) cleaned
within 30 days prior to arrival in New Zealand, or (c) scheduled
arrangement with an MPI-approved provider for cleaning or
treatment within 24 h of arrival. While there are no MPI-
approved providers for cleaning or treatment of international
ships within New Zealand territorial waters, technical advice for
evaluation of IWC systems has been produced for external hulls
and niche areas (Morrisey et al., 2015) and internal niche areas
(Growcott et al., 2019), with the former being recently tested
(Jones and McClary, 2021).

In the United States, IWC is regulated under the National
Pollutant Discharge Elimination System (NPDES) section of the
Clean Water Act (33 U.S.C. 1342). IWC without capture is
regulated as a discharge incidental to the normal operation of
a vessel under the 2013 Vessel General Permit (USEPA, 2013),
whereas IWC with capture requires a separate NPDES permit
typically issued by a state or regional water quality regulatory
entity. This arrangement will change with the adoption of
regulations developed by the USEPA and U.S. Coast Guard under
the authority of the 2018 Vessel Incidental Discharge Act (VIDA,
33 U.S.C. 1322). Final rules have not been published, and there
remains uncertainty as to how these activities will be regulated
once they are in place.

In 2021, the Baltic and International Maritime Council
(BIMCO) and International Chamber of Shipping (ICS)
proposed an industry standard for IWC with capture
(BIMCO/ICS, 2021a,b). The intent of this standard is to
help “ensure that the in-water cleaning of a ship’s hull, and
niche areas, including the propeller, can be carried out safely,
efficiently and in an environmentally sustainable way.” However,
several components of the proposed standard and approval
regime may limit the latter goal. These include, among others:
(a) allowance of 10% of macrofouling to remain on the
hull following cleaning, (b) reliance on percent reduction
for removal of material from the effluent that allows for
proportional increases of material release with increasing
vessel size and fouling extent, (c) use of untested systems
on substantial portions of vessels (up to 5%), and (d) option
to not include measurements for AFS biocide release in
evaluations/approvals.

The Australian Government consulted on their draft IWC
standard in 2021 (DAWE, 2021). The draft standard includes
water quality (biocide) testing, captured debris effluent filtration
to 10 µm (or treatment to render organisms non-viable),
and relies on a percentage cut-off for capture akin to (but a
higher level than) BIMCO/ICS. Similarly, Transport Canada
released draft voluntary guidance for relevant authorities on
ship IWC for consultation (Transport Canada, 2021). Their

draft guidelines introduce secondary treatment of captured
debris, in addition to particle separation (10 µm post-
2023), and also require the discharge to meet all legal
requirements within the jurisdiction of the activity. Importantly,
while independent testing is fundamental to both drafts,
detailed guidance regarding quantitative IWC system evaluation
is not provided.

ACTIONABLE RECOMMENDATIONS

Comprehensive, consistent, and rigorous performance
verification of any technology, and its subsequent approval
for use, is often a complicated process that requires: (a)
careful consideration of policy goals, (b) clear communication
of technology performance requirements, (c) availability of
accepted/validated verification test methods and approaches,
(d) defensible, independent test results, and (e) post-approval
compliance and enforcement processes (e.g., Bedson and
Sargent, 1996; USEPA ETV, 2010; Tamburri et al., 2020b). This
complexity is particularly true for the diverse suite of novel
IWC systems designed for use on various types of ships (e.g.,
numerous designs, coatings, ages, and operational profiles) and
biofouling (e.g., assorted stages, types, coverages, and locations),
and under diverse environmental conditions (e.g., variable
visibilities, swells, currents, and ambient water qualities) (Scianni
and Georgiades, 2019; Tamburri et al., 2020a). This section
provides advice to help avoid pitfalls in verification testing and
approval of IWC systems, which can undermine the success of
emerging environmental regulations.

The likelihood of NIS introduction and establishment from
ship biofouling is driven by a variety of factors (e.g., volume
of traffic; vessel operational profiles; antifouling measures
employed; time since dry-docking; fouling type, extent, and
maturity; and environmental conditions of fouling origin and
recipient locations) (Coutts et al., 2010; Inglis et al., 2010;
Davidson et al., 2020). While it is unrealistic to expect ships
to remain completely free of all biofouling at all times,
minimizing the species richness, abundance, and maturity of
macrofouling lowers the biosecurity risks (Georgiades and
Kluza, 2017; Georgiades et al., 2021). As different authorities
consider acceptable measures for minimizing ship biofouling and
acceptable biofouling levels, statistical comparisons of biofouling
on various areas of ships (i.e., hull and niche areas) before and
after IWC, including treated (cleaned) and control (not cleaned)
areas, remains key to protective and robust IWC system approval.

Detailed methods for quantitative assessments of ship
biofouling for NIS inspections, and in association with both
reactive and proactive IWC performance testing, are available
(e.g., Morrisey et al., 2015; ACT/MERC, 2019, ACT/MERC, 2020;
Growcott et al., 2019; Georgiades and Kluza, 2020; Tamburri
et al., 2020a). While these approaches vary to some extent,
they all require a sufficient level of biofouling sampling and
analysis that will produce the statistically sound and predictive
data needed for meaningful IWC system assessment. While a
balance between testing practicability (in particular, time and
cost) and comprehensive data for IWC approval is needed,
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the use of qualitative estimates of biofouling (e.g., inconsistent,
non-numerical video assessments) as part of IWC system
approval is ineffective and discouraged.

Ship biofouling is an open system, with live organisms and
coating biocides directly exposed to local waters. Nevertheless,
IWC activities can exacerbate the release of harmful material
to the environment through: (a) the lack of, or ineffective,
capture of debris at the cleaning unit/vessel interface, (b)
cleaning operations related disturbances (e.g., support boat
movement, diver or ROV movement, umbilical or hose
management), and (c) incomplete/ineffective processing and
disposal of captured debris (if attempted) (Figure 1). Therefore,
to identify measurable environmental impacts, if any, verification
testing of IWC systems should include appropriate water
sampling and analysis at all points critical for potential
harmful material release, and for statistical comparisons to
be made against ambient water not influenced by IWC (e.g.,
ACT/MERC, 2019,ACT/MERC, 2020; Tamburri et al., 2020a;
Jones and McClary, 2021).

It has been demonstrated that water quality sampling and
analyses targeting both chemical contaminants of concern (e.g.,
copper and/or zinc when cleaning a biocidal coating) and total
suspended solids (TSS, as a proxy for particulate debris, including
macrofouling organisms) is a feasible and effective approach
(e.g., Tamburri et al., 2020a). Importantly, both the particulate
and dissolved forms of coating biocides should be assessed to
enable a complete understanding of environmental impacts (e.g.,
Tamburri et al., 2020a; Jones and McClary, 2021). Examination of
possible chemical contamination during IWC should only be an
optional consideration for non-biocidal coatings.

Visual approaches to detect the release of harmful material
(e.g., visible plumes) during IWC are also under consideration.
While such observations can help to identify areas of concern,
they are subjective, qualitative estimates that are highly
influenced by environmental conditions (e.g., sea state,
water clarity/visibility, amount and angle of light, distance
of observations). Visual observations of debris capture or

release should, therefore, only be considered supplementary
information, and not as approval criteria.

Determination of measurable environmental impacts as a
result of IWC system use avoids the drawbacks associated
with requiring a percent reduction in levels of potentially
harmful materials. IWC performance standards based on
percent reductions (whether in biofouling removal or in debris
capture and disposal) are inappropriate because quantitative,
mass balance measures of: (a) what is removed from a
ship’s submerged surface, (b) what is captured, and (c)
what is released over the entire cleaning process (e.g.,
from cleaning unit to shore processing waste disposal and
discharge) would be required but not currently (nor ever
likely to be) practical or feasible. Furthermore, while arbitrary
criteria of 90, 95, or 99% reductions would clearly decrease
risks, if initial biofouling levels or debris loads are high,
particularly in the case of larger vessels, even > 99%
capture and removal can lead to considerable discharges
of harmful material, which may significantly impact local
waters (Figure 2).

The physiological state of dislodged organisms, and their
origins, are also being considered as part of biofouling policy
and IWC approval. Ideally, effective reactive IWC would
release very few, if any, live macrofouling organisms (and
their propagules or associated pathogens) into the environment.
However, because no technology (especially new and complex
technologies) is perfect, interest in requiring the release
of only dead, non-viable or local/native organisms would
appear reasonable. The problem remains that methods for
appropriate levels of species identification, and for definitive
determination of live vs. dead and/or viable vs. non-viable
(including propagules and tissue fragments but excluding
residual baseplates or basal shell material remaining after reactive
IWC) are in dispute and often challenging and error-prone
(e.g., Zaiko et al., 2016; Blatchley et al., 2018). However,
where IWC systems are required to minimize discharges of
the dissolved and particulate components of biocidal coatings

FIGURE 1 | Possible sources for the release of harmful material during ship (A) reactive and (B) proactive in-water cleaning (IWC).
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FIGURE 2 | Considerations of ship size in the development of in-water cleaning standards.

to appropriate levels, or to treat/disinfect debris to prevent
the release of possible pathogens, this secondary processing
of debris will likely have a similar effect on macrofouling
organisms and their propagules (Scianni and Georgiades, 2019;
Georgiades et al., 2021).

Emphasis on proactive IWC and “clean-before-you-leave”
approaches may eliminate many of the organism-based concerns,
compared to reactive IWC (Department of Agriculture [DOA]
et al., 2015; Scianni and Georgiades, 2019; Georgiades et al.,
2021). However, to date, no proactive IWC system has been
independently assessed for efficacy and environmental safety.
The applicability of clean-before-you-leave is also dependent
on: (a) the vessel’s prior itinerary, (b) NIS and pathogen
status of areas previously visited since last dry-docking or
cleaning event and the recipient area, and (c) proximity to
high-value areas (Department of Agriculture [DOA] et al., 2015;
Georgiades et al., 2021). While not insurmountable, it requires
authorities to determine the boundaries for what would
be considered “local/regional” biofouling (Department of
Agriculture [DOA] et al., 2015; DAWE, 2021) noting that the
larger the area, the less protective it will be in terms of NIS
spread (Outinen et al., 2021). This determination should be
underpinned by suitable knowledge of the presence/absence of
macro-organisms and pathogens (e.g., surveillance programs;
Sim-Smith and Diggles, 2019; Woods et al., 2019), while
also recognizing that NIS continue to occur and their
distributions constantly shift (Bailey et al., 2020). Further,
authorities should continue to be mindful of the potential
for chemical release associated with all IWC activities and
potential for AFS damage (Scianni and Georgiades, 2019;
Tamburri et al., 2020a).

Finally, all current IWC operations are conducted by divers
or ROV pilots (with support staff). Therefore, any IWC

approval should also explicitly consider both operator safety and
proficiency. It is recommended that, at minimum, standards be
developed for required levels of diver and ROV pilot training,
expertise, and experience to ensure consistent and effective IWC.

CONCLUSION

Independent, transparent, and predictive verification testing
of IWC systems is fundamental to regulatory success of
emerging biofouling policies. Performance criteria required
for IWC approval should focus on the most environmentally
protective variables, including presence or absence of macro-
organisms (irrespective of species origins or physiological
state), and measurable impacts to local water quality (as
opposed to percent reductions in the release of debris).
Equally important is the need to measure the selected
performance criteria with scientifically and statistically
sound, quantitative methods that provide regulatory agencies,
approval bodies, ship owners/operators, and the public
with the confidence needed that IWC of ship biofouling is
safe and effective.
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