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Ship biofouling interferes with vessel operations and spreads non-indigenous
species. While in-water cleaning (IWC) with debris capture is increasingly
promoted as a management strategy, key elements remain poorly defined,
including which materials must be collected, an acceptable level of capture,
and how capture can be quantified. Although the processing efficacy of collected
debris can be assessed, because IWC occurs in an open, dynamic system,
measurement of overall capture efficiency is not feasible. Thus, ambiguous
‘capture’ requirements risk inconsistent performance, unnecessary costs, and
barriers to innovation. Instead, regulations should emphasize measurable
outcomes (e.g., acceptable levels of change in water quality indicators) rather
than mandating specific methods. This outcome-based approach would better
ensure that IWC supports ship operational efficiency while minimizing
biosecurity and environmental contamination risks.
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Introduction

The impacts of biofouling on vessel operational efficiency have long been known across
the global shipping industry (Townsin, 2003; Schultz, 2007; Pagoropoulos et al., 2018).
While operational impacts (e.g., increased corrosion, hydrodynamic drag, and fuel
consumption) are obvious due to the occurrence of macrofouling, such as barnacles,
tubeworms, and macroalgae (Choi et al, 2024), the initial colonization of microbial
biofilms can also result in substantial impacts (Schultz et al., 2011; Farkas et al., 2019).
Biofouling-induced inefficiency to fuel consumption also has the knock-on effect of
increased greenhouse gas emissions, and has, in turn, drawn considerable attention at
both local and international scales (e.g., IMO, 2023a; Liu et al., 2023). Another important
impact of ship biofouling is the inadvertent translocation of non-indigenous species
between port regions around the world (Hewitt and Campbell, 2010; Ruiz et al.,, 2015;
Davidson et al., 2018; Bailey et al., 2020).
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To manage biofouling on submerged ship surfaces, the
maritime industry relies on two basic strategies (used separately
or in combination): antifouling coatings (AFC) and in-water
cleaning (IWC) (GESAMP, 2024). AFC are complex
formulations, comprised of polymers as binding agents (ie.,
plastics), cosmetic pigments, extenders, and plasticizers. AFC can
be further subdivided into: (a) biocidal coatings when employing
active ingredients (e.g., cuprous oxide and other inorganic/organic
toxic compounds) or (b) non-biocidal coatings that typically limit
the adhesion of macrofouling (Dafforn et al., 2011). IWC represents
a suite of processes and tools used to remove biofouling on ship
surfaces (Scianni and Georgiades, 2019; Tamburri et al., 2021).
During IWC, not only are microscopic and/or macroscopic
organisms detached, but some amount of abiotic dissolved and
particulate material is also released, with amounts dependent on the
IWC technology, operator, and AFC (Figure 1).

IWC has evolved in recent decades, transitioning from
traditional methods employing divers with handheld brushes and
scrapers to more mechanized diver-operated cleaning units or carts.
These initial approaches made little or no attempt to collect any of
the materials detached from ship hulls and niche areas (e.g.,
propellers, sea chests, rudders, and thrusters). Modern IWC now
includes a variety of proactive (i.e., focused on periodic
microfouling or biofilm removal for macrofouling prevention)
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and reactive (i.e., focused on direct macrofouling removal)
systems. Advanced IWC systems can be diver, remotely, or
autonomously operated, and commonly perform some type of
debris collection, physical separation (e.g., filtration), and, in
some cases, additional treatment for the elimination or
neutralization of materials of environmental concern (Scianni and
Georgiades, 2019; Tamburri et al., 2021; Scianni et al., 2023).

The main driver of ship IWC, both traditional and modern
approaches, is the cost savings of reduced fuel consumption.
However, with emerging biofouling policies (Santos-Simon et al.,
2025), IWC goals have widened to include the minimization of
biosecurity and environmental contamination risks (Tamburri
et al, 2021, 2022; Scianni et al., 2023). Currently, expectations and
claims regarding IWC with ‘capture’ to mitigate these risks remain
vague and inconsistent. Yet biofouling guidance documents and
emerging regulations either suggest or require debris capture for
some or all IWC operations, without careful consideration of:
(a) what specifically needs to be captured, (b) what level of capture
efficiency is required/acceptable, or (c) whether capture efficiency can
be determined. The purpose of this policy brief is to provide clarity on
the term ‘capture’ as it relates to the IWC of ship biofouling. We also
provide recommendations for IWC regulations, approvals, and
related environmental policies to help avoid the pitfalls of enacting
non-measurable, subjective requirements.
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Debris capture in the context of ship
in-water cleaning

The International Maritime Organization (IMO) recently
updated its 2011 Guidelines for Biofouling Management on Ships
to Minimize the Transfer of Invasive Aquatic Species (IMO, 2023b).
These 2023 guidelines provide basic best practice recommendations
to minimize biosecurity and environmental risks, and emphasize
safe and effective AFC and IWC strategies, as part of a
comprehensive ship biofouling management approach. To
support the application of the 2023 guidelines, the IMO
subsequently developed the Guidance on In-Water Cleaning of
Ships’ Biofouling (IMO, 2025). This guidance provides suggestions
for IWC approvals and operations, including independent testing of
IWC systems (e.g., the use of ISO 20679, 2025), minimum IWC
performance standards, and the need for demonstrated IWC and
AFC compatibility. In both recent IMO documents, there is a clear
intent that biofouling management in general, and IWC specifically,
should not cause unintended or significant environmental harm.
Thus, the capture of debris removed from ship surfaces during IWC
is recommended. The IMO (2023b; 2025) defines capture as “the
process of containment, collection, and removal of biofouling
material and waste substances detached from submerged surfaces
during cleaning in water or in dry dock”. However, there is no
direction on what specifically should be captured. For example, does
capture include the collection and disposal of some or all of
dissolved and particulate contaminants, microorganisms, and
macrofouling organisms? Furthermore, current IMO instruments
provide no information on how debris capture should be quantified
or on a level of capture performance that would be
environmentally acceptable.

Several countries have, or are developing, similar IWC
requirements and regulations. For example, in 2024, the US
Environmental Protection Agency final national standards of
performance for the Vessel Incidental Discharge Act (VIDA)
(EPA, 2024) includes requirements for the capture of debris
during ship IWC (e.g., “any discharge from IWC without capture
of macrofouling is prohibited”). However, VIDA only defines IWC
with capture as the “use and operation of a cleaning system for
vessel surfaces that is designed to capture and transport coatings
and biofouling organisms to an adjacent barge or shore-based
facility for collection and processing.” Similarly, the 2025 Norway
Maritime Authority proposed regulations on the management of
ship biofouling (NMA, 2025) include the application of IWC that
“shall be carried out using the best available technology at the time,”
and best available technology is determined in part as “the highest
possible capture rate of material released during hull cleaning.”
However, what material released during IWC needs to be captured,
and how to determine the capture rate, are not specified. A
consistent and standardized definition of the term ‘capture’ in the
context of IWC, including what specific material(s) need(s) to be
captured and an acknowledgment of what can and cannot be
measured, is critical for the effective implementation,
enforcement, and success of any IWC requirements or approvals,
and by extension any biofouling regulations or policies.
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Capture in industrial and
environmental settings

The concept of ‘capture’, including associated requirements and
methods of quantification, has been examined in numerous
disciplines and applied contexts. In the fields of air and water
treatment, the term ‘capture’ refers to the process of extracting
specific substances (i.e., contaminants or pollutants) from the media
using particular methods or materials to separate, entrain, and/or
selectively bind to the target(s). This process allows the remaining
air or water to either be released to the environment or to further
treatment (e.g., microbial disinfection in drinking water treatment
plants). In fully characterized systems, where the amount or
concentration of target substances is monitored or known (ie.,
can be directly measured) before and after the capture process, rates
and efficiencies can be documented in a statistically robust manner.
However, while it is not uncommon for the terms ‘capture rate’ and
‘capture efficiency’ to be used interchangeably, they are distinct.
‘Capture rate’ is specific to the amount of target substances
successfully collected or eliminated over a particular timeframe
(e.g. Ji et al, 2023; Hanson et al., 2025). By contrast, ‘capture
efficiency’ represents the effectiveness of the process in collecting or
eliminating substances and is typically expressed as the percent
reduction of the amount or concentration of target material
(i.e., concentration before capture compared to concentration
after capture) (e.g., Sweetman et al., 2018; Zhang and Liu, 2022).

While quantification of capture efficiency can be
straightforward in applications with confined and measurable
influent and effluent conditions, such as carbon dioxide capture
from power plant flue gases (e.g., Obi et al., 2024) and ship ballast
water treatment (e.g., Outinen et al., 2024), open systems with
unknown and variable conditions are far more challenging. For
example, stock assessments and management of many commercial
fisheries depend on population estimates from trawl net sampling
(e.g., Oyafuso et al,, 2022; Latour et al, 2023). These surveys
typically assume: (a) all fish in the sampled area are encountered
by the trawl and (b) capture vulnerability is known and fish length-
dependent (e.g., Dean et al., 2021). However, fish abundance,
composition, and size distributions before and after sampling are
unknown, and species differ in capture vulnerability due to
variations in age, body shape, swimming ability, sensory capacity,
and habitat use. Consequently, it is widely recognized that these
assumptions are invalid, and the accurate quantification of fish
abundance in open ocean systems is not feasible (Mander and
Punt, 2013).

Assessing debris capture during in-
water cleaning

Similar to fish trawl surveys, ship IWC is an open system with
several unknowns, resulting in the impracticality of direct
measurement of capture efficiency (or rate) under realistic and
predictive operational conditions (Figure 1). Documentation of
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IWC capture efficiency would require measures of how much
microfouling, macrofouling, and coating material (including
dissolved and particulate coating biocides and plastics) was: (a)
on the ship surface before cleaning, (b) detached from the ship
surface and collected/entrained by the IWC system, (c) detached
from the ship surface and not collected/entrained but rather
released into the surrounding waters, and (d) remained on the
ship surface after cleaning. While the mass and/or volume of the
collected material can be estimated from a debris processing stage
(e.g., amount of waste gathered and disposed of), there is currently
no feasible way to measure the amount of material from a ship’s
surface that is not collected and enters the environment, beyond
measures of change to water quality parameters as a result of IWC
(Tamburri et al., 2021; ISO 20679, 2025). Furthermore, while likely
a relatively small contributor to environmental release of materials
of concern, other IWC operational disturbances beyond the
cleaning unit itself (e.g., hoses, tethers, and divers making contact
with ship surfaces) should not be ignored until a better
understanding of various IWC operations is gained. Thus, given
the nature of this open and dynamic system (with diverse materials
of concern from ship surfaces continuously being exchanged with
surrounding waters even without IWC) and all of the unknowns, it
is not currently possible to document overall IWC
capture efficiency.

While overall IWC capture efficiency is currently not feasible to
quantify, the debris processing efficacy of the material collected/
entrained by the cleaning unit can be assessed. Representative
samples can be taken and analyzed for the amounts or
concentrations of material of concern in the influent and effluent
of IWC debris physical separation and/or treatment stages
(Tamburri et al., 2021; ISO 20679, 2025). However, a measurable
and achievable percentage reduction in these materials during
debris processing is not necessarily environmentally protective
(Tamburri et al., 2021; Scianni et al., 2023). The debris collected
for processing most likely represents only a fraction of the total
material detached from ship surfaces (Tamburri et al., 2020; Soon
et al., 2024). Moreover, if the material of concern in the influent of
IWC debris processing is at a high concentration (which would
often be expected; Tamburri et al, 2020), even an aspirational
separation/treatment efficacy of 99% could still result in harmful
levels being discharged to the environment in the effluent
(Tamburri et al., 2021).

There are several recognized abiotic and biotic materials of
concern released from ship surfaces during IWC, which may
require effective collection, neutralization, and/or disposal
(Figures 1A-C) (Georgiades et al., 2021; Tamburri et al., 2021,
2022; Soon et al., 2023; ISO 20678, 2025). Abiotic materials of
concern include, but are not limited to: (a) coating-associated
dissolved inorganic and organic biocides, co- or booster-biocides,
and other possible chemical contaminants; (b) coating-associated
particulate inorganic and organic biocides, co- or booster-biocides,
and other possible chemical contaminants; (c) coating-associated
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macro-, micro-, and nanoplastics; and (d) cleaning unit-associated
macro-, micro-, and nanomaterials (e.g., wearing of cleaning
brushes). Biotic material of concern, from a biosecurity and
environmental/human health perspective, includes all biofouling
organisms, ranging from microbes such as viruses, bacteria,
microalgae, macroalgal spores, and invertebrate larvae (within/on
biofilms), to intact and fragments of macrofouling organisms and
their associated gametes, propagules, microbial communities (e.g.,
macrofouling-associated viruses, bacteria, and parasites), and
bioaccumulated coating biocides found in macrofouling tissues.
Fortunately, there are water quality parameters that can be sampled
and analyzed to either directly or indirectly identify or estimate the
majority of materials of concern during ship IWC (Tamburri et al.,
2021; ISO 20678, 2025), and that can provide fundamental insight
into IWC capture performance. For example, if there is no
statistically significant increase in the measured water quality
parameters during IWC, above ambient or background levels, it
may be assumed that debris capture is performing appropriately.

Recommendations

Modern IWC systems, designed specifically to reduce
environmental impacts, involve a variety of new technologies and
continue to evolve and mature. As very few of these systems have
undergone comprehensive independent verification testing, there is
currently limited information on the best available technologies,
how the different approaches function, or their variability in
performance (including that of the operator). While the aim of
requiring debris capture during IWC is to minimize unintended
biosecurity and environmental contamination risks, enacting
subjective and unmeasurable requirements may undermine policy
and regulatory goals, add unnecessary costs, and stifle innovation
that could yield more reliable, efficient, and effective solutions. Some
combinations of biofouling extent and AFC may always require
effective debris capture during IWC (e.g., heavy hard macrofouling
on a biocidal coating), but others may not if they do not result in
significant risks. For example, it may be possible for proactive IWC
systems to not elevate the release of AFC-associated biocides
(Ralston et al., 2022) and plastics during cleaning (e.g., benign
removal of only biofilms on a hard foul-release coating).
Furthermore, the cleaning unit could also employ an in situ
treatment (e.g., lasers, heat, or UV radiation) to kill or deactivate
microfouling organisms on the surface or after they have been
detached to reduce biosecurity risks.

Given that the goal of IWC is to maximize ship operations while
minimizing biosecurity and environmental contamination risks,
IWC-associated policies, regulations, and approvals should focus
on relevant standards or requirements that can be measured, and
avoid mandating only one possible approach to meet those
standards or requirements. For instance, the safety and efficiency
of IWC systems can be evaluated in a scientifically robust manner
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by assessments of direct and indirect water quality parameters at
possible release points of material of concern during cleaning, and
comparing them to coinciding background or ambient levels of the
same parameters (Tamburri et al., 2021; ISO 20679, 2025). Thus,
IWC performance standards could allow environmentally
acceptable levels of increase in materials of concern or develop
not-to-exceed threshold levels, while remaining agnostic to the
means by which the IWC system achieved those requirements
(i.e., with or without debris capture).

While measurable water quality performance standards would
represent an effective approach to achieving biosecurity and
environmental contamination goals, setting arbitrary standards
must also be avoided. For example, requiring IWC effluents not
to contain particles greater than 10 um in size (or any size
requirement) would be misguided. While this approach may be
similar to ballast water management discharge standards (IMO,
2004), it is irrelevant in the context of IWC risks and ignores the
release of dissolved biocides (Tamburri et al., 2020), nanoplastics
(Tamburri et al,, 2022), macroalgal propagules (Sherman et al,
2020), and pathogenic microorganisms (Georgiades et al., 2021).
Again, a more appropriate regulatory approach would be to identify
acceptable levels of risk for the various materials of concern and set
commensurate and feasible limits for concentrations in the
receiving water, or require no measurable increases.

Assessing the performance and potential impacts of IWC
requires careful consideration. Ship biofouling is a complex, open
system influenced by numerous interacting factors that affect all
aspects of IWC, including capture effectiveness (Tamburri et al., 2020,
2021; ISO 20679, 2025). While not all possible IWC scenarios and
conditions can be evaluated or monitored, system approval testing
should be conducted in situ on active vessels to minimize
assumptions, uncertainties, and biases. Large-tank, ex situ testing
has been proposed to quantify IWC capture efficiency (Cho et al,
2024), but several significant limitations hinder its representativeness
for the diversity of IWC systems and approaches, including the
appropriate test tank volumes/dimensions, types and geometries of
test surfaces to be cleaned (including niche areas), coating types and
ages, biofouling types and extent, and water quality, visibility, and
hydrodynamic conditions. Although ex situ trials can be a valuable
step in technology research and development, representative and
predictive in situ testing is essential for meaningful assessments of
IWC performance and possible impacts (IMO, 2025).

Finally, two additional IWC capture issues are currently being
overlooked but are key to the success of related environmental
regulations. First, when IWC includes some form of debris capture,
all gathered material must be handled and disposed of in an
environmentally acceptable manner. Second, the IWC of ship niche
areas is challenging and inconsistently implemented, if at all. Capture
of materials of concern released from surfaces during complex niche
area cleaning is also more difficult than when cleaning large, relatively
flat hull areas, and is currently either not attempted or crudely
performed. Given that niche areas are more likely to be heavily
fouled and hence, a higher biosecurity risk than hull areas (Coutts
et al, 2003; Frey et al, 2014), inadequate collection of debris may
carry significant environmental consequences.
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Conclusions

To be effective, a capture requirement must specify target
materials and their necessary capture efficiency. However, in the
context of IWC of ship biofouling, direct measurement of overall
capture efficiency is not feasible. This ‘capture dilemma’ presents
challenges that must be acknowledged by all stakeholders, including
regulators and IWC service providers. Although direct
measurement of overall IWC capture efficiency is impractical, the
efficacy of debris processing can be assessed and should be
documented for any IWC system employing some form of debris
collection. Debris processing efficacy, however, must not be
conflated with overall IWC capture efficiency. Instead, changes in
direct and indirect water quality indicators should be evaluated by
appropriately sampling and analyzing background waters and
waters at all release points for all IWC systems (with or without
capture) during normal cleaning operations. Such data can facilitate
statistical detection of significant releases of material resulting from
an IWC event, which produce increases above background or the
exceedance of prescribed thresholds.

IWC of ship biofouling has the potential to deliver mutual
benefits to the maritime industry and the environment—provided
that individual systems can be shown to be both safe and effective.
For IWC policies, regulations, and approvals to succeed, they
should prioritize demonstrating no, or only acceptable levels of,
environmental harm rather than mandating specific risk-mitigation
methods that may or may not actually be effective or needed. The
successful capture and disposal of debris is a viable risk-mitigation
method, but it is only one potential approach to achieving safe and
effective IWC.
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