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Effective environmental policy often involves introducing and maintaining important activities with positive outcomes while minimizing environmental consequences; essentially decoupling a positive activity from its negative impacts. In-water cleaning (IWC) of biofouling from ships’ submerged surfaces is an example of an activity with positive outcomes (e.g., maintaining optimal ship energy efficiency and decreased biosecurity risk) and unintended negative consequences (e.g., release of living organisms, biocides, and microplastics). Several approaches exist to mitigate these negative consequences, including debris capture, with primary and secondary treatment of removed particulate and dissolved materials. However, it is unlikely that these approaches will eliminate environmental risk. Policy makers should be aware of the full suite of risks related to ship IWC and the tradeoffs to consider when balancing mitigation approaches.
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1 Introduction

The overarching goal of environmental protection regulations is to prevent or minimize environmental harm (i.e., perverse outcomes) associated with certain activities. When developing environmental protection regulations, policymakers are often encouraged to consider ‘decoupling’ as one of the main principles of sustainable development (United Nations Environment Programme [UNEP], 2011). The UNEP (2011) distinguishes between two types of decoupling: 1) resource decoupling defined as the reduction in the rate of use of resources per unit of economic activity; and 2) impact decoupling defined as the maintenance of economic output while minimizing the environmental impact of such activities.

Finding a balance between these objectives is challenging, as several additional factors and potential ‘rebound’ effects need to be considered from multi- and trans-disciplinary perspectives. As a result, policy adoption may lead to both direct and indirect negative consequences for the environment, economy, and industry. An example of an environmental protection policy with serious unintended consequences is the 2003 European Union Directive on the Promotion of the Use of Biofuels and other Renewable Fuels in Transport (Directive 2003/03/EC) that aimed to reduce greenhouse gas (GHG) emissions by introducing targets for the proportion of biofuel in transport fuel (EU, 2003; Lange, 2013). Modelling later demonstrated that biofuel crops were likely to displace less valuable food crops, which would lead to converting forests and grasslands into farmland to satisfy the demand for food production (Searchinger et al., 2008). Other negative effects linked to the policy included increased water use (Gerbens-Leenes et al., 2009), uncertainty in food prices due to fluctuations in food production capacity, and impacts on biodiversity due to projected habitat loss (Gallagher, 2008; Suckling et al., 2021).

Types of policy-related negative consequences commonly highlighted in the literature include:

	Unilateral actions that cause unintended environmental harm to other regions (Jalilov et al., 2013; Suckling et al., 2021);

	Non-uniform frameworks that create opportunities for economic gain at the expense of the environment (Levinson and Taylor, 2008; Dechezleprêtre and Sato, 2017); and

	Limits on innovation (Gurtoo and Antony, 2007).



Managing biosecurity risks in the marine environment is complex due to the number of vectors contributing to potential introductions of nonindigenous species (NIS), in combination with ocean biogeochemical changes leading to shifts in species composition, abundance, and biomass production (Bindoff et al., 2022). The main identified pathways for the translocation of marine NIS are the uptake and release of ballast water and biofouling accumulated on the submerged surfaces of commercial ships (Bailey, 2015; Chan and Briski, 2017; Costello et al., 2022). These are particularly complex global pathways to regulate and as such are likely susceptible to unintended consequences. For example, ships using ballast water management systems that rely on sodium hypochlorite or other active substances to kill entrained organisms could discharge unacceptable residual byproducts, even after the neutralization of biocides (e.g., Ziegler et al., 2019).

Discussions regarding international regulatory solutions to manage biofouling pathways are ongoing at the International Maritime Organization (IMO), representing an opportunity to strategically manage associated risks in a holistic manner. As a parallel to ballast water management systems, the use of in-water cleaning (IWC) systems has been identified as a potential management activity for ship associated NIS. Such systems are commonly used by industry to prevent or remove various levels and forms of biofouling (from microbes found in biofilms to macrofouling, such as barnacles, tubeworms, bryozoans, and bivalves) from submerged surfaces (Scianni and Georgiades, 2019; Tamburri et al., 2021). Thus, the environmental and industry benefits associated with IWC are widely recognized. These benefits include minimizing biosecurity risks and GHG emissions associated with ship operations while reducing fuel costs associated with biofouling accumulation (NAVSEA, 2006; IMO, 2011; Schultz et al., 2011; Farkas et al., 2018; Pagoropoulos et al., 2018; Kim, 2021; GEF-UNDP-IMO, 2022). However, IWC may also lead to unintended consequences.

This policy brief aims to draw attention to the consequences related to different IWC approaches, the extent to which the negative impacts can be mitigated, and the tradeoffs that must be appreciated as part of the policy making process dedicated to biofouling management. Considering unintended consequences related to IWC prior to local, regional, or global regulatory action is in line with the concept of impact decoupling and increases the chances of avoiding pitfalls that may cause unintended harm to the environment, economy, industry, and socio-cultural values.




2 Consequences of IWC

There are several potentially significant environmental and human health consequences related to cleaning ships while they remain in water. Human health consequences typically relate to diver safety (e.g., cleaning in areas of high shipping traffic, low ship clearance, the open ocean, or ship recesses), while the most obvious environmental consequence is the release of removed organisms, including viable fragments, larvae or other propagules, and human or wildlife parasites or pathogens into the receiving water (Morrisey et al., 2013; Scianni and Georgiades, 2019; Georgiades et al., 2021).

The accelerated and pulsed release of biocides from antifouling coatings represents another well-known environmental consequence (Morrisey et al., 2013; Scianni and Georgiades, 2019; Tamburri et al., 2020; Soon et al., 2021; Shin et al., 2023). Most commercial ships use antifouling coatings with one or more biocides (e.g., cuprous oxide) to limit biofouling accumulation (Scianni et al., 2021; Mihaylova and Barnes, 2023; Thompson et al., 2023). Most of these antifouling coatings are designed to slowly release primary and co-biocides over the typical three-to-five-year in-service period while the ship is between dry dockings (Arndt et al., 2021). Although biocides will normally be released at specific rates into the ocean to ensure they meet their specified in-service period, IWC can accelerate chemical release, resulting in pulses of biocides introduced where the ship is being cleaned (e.g., coastal port, anchorage). As the consequences associated with tributyl-tin (TBT) based coatings became globally recognized, IWC became forbidden in many regions (e.g., ANZECC, 1997). The IMO ultimately banned the use of TBT through the International Convention on the Control of Harmful Antifouling Systems on Ships (IMO, 2001) that was adopted in 2001 and entered into force in 2008. As a result, IWC became more acceptable when performed under specific conditions (e.g., DOE and MPI, 2013). Additionally, Morrisey et al. (2013) modelled the environmental risk of biocide release via IWC to inform environmentally safe IWC practices. However, the authors noted the following precautions: 1) a number of assumptions were required to deliver the outputs, as measured data were not readily available; 2) the model outputs did not factor the entry of additional contaminants, including copper from land-based sources, into the receiving environment; and 3) the modeling conducted did not account for the accumulation of biocides within the sediments.

Accumulation of antifouling coating biocides and co-biocides in sediments can have long-term consequences to receiving environments (Singh and Turner, 2009; Batista-Andrade et al., 2018; Muller-Karanassos et al., 2019; Richir et al., 2021; Turner, 2022). In addition, dredging activities to maintain water depth in channels, ports, and marinas may lead to the resuspension of contaminants in the water column (Norén et al., 2020; Polrot et al., 2021). Removal of dredge spoil from these areas may lead to wider distribution of contaminants in addition to physical impacts of disposal to the receiving environment (Norén et al., 2020; Warford et al., 2022). An unintended consequence of more frequent IWC may be the need for more frequent dredging as permits are often restricted to materials with contaminant concentrations below pre-defined limits (Norén et al., 2020). Increased dredging and disposal have implications for both GHG emissions and biosecurity (i.e., movement of contaminated dredging vessels and equipment between ports and the spread of benthic NIS from enclosed areas to open ocean environments).

A pulsed release of microplastics from antifouling coatings (containing 10-90% polymers as binding agents) may also occur during IWC operations (Tamburri et al., 2022). Additionally, IWC technologies (e.g., nylon brushes) may themselves be a source of microplastics during IWC events (Tamburri et al., 2022). Several routine processes can result in microplastic releases from ship coatings, including coating application, in-service use, routine ship maintenance (e.g., submerged surface and equipment inspections and testing; replacing anodes; pipe and valve maintenance), and especially end-of-life (i.e., coating removal and disposal or ship decommissioning/scrapping) if not carried out with due diligence in terms of waste disposal (Tamburri et al., 2022). In addition to these routine inputs IWC may release a larger plume directly into the marine environment. The potential for larger plumes of microplastics is similar to the potential for larger plumes of biocides released in an accelerated fashion through the actions of the IWC system.

Some less obvious consequences of IWC include the creation of conditions conducive to NIS establishment [e.g., copper contaminated ports or marinas favoring survival of copper tolerant species (Piola and Johnston, 2006; Piola and Johnston, 2007)], premature deterioration of biocidal antifouling coatings leading to a higher likelihood of refouling and the acceleration of re-cleaning cycles (Earley et al., 2014; Oliveira and Granhag, 2020; Swain et al., 2022), and a focus on cleaning the main hull at the expense of managing all submerged surfaces, including niche areas (Growcott et al., 2019; Davidson et al., 2023). Focusing attention away from niche areas is particularly troubling, as these areas are important hotspots for the accumulation and transfer of NIS (Coutts and Dodgshun, 2007; Frey et al., 2014).




3 Existing approaches to mitigate or prevent IWC consequences

There are several approaches to limiting unintended consequences associated with IWC, somewhat decoupling the action of IWC from the negative impact as suggested by UNEP (2011). One approach is to capture, separate, and retain all the particulate and dissolved material removed during cleaning operations (Scianni and Georgiades, 2019; Tamburri et al., 2020). By capturing and retaining the removed organic and inorganic debris during treatment stages (Figure 1), the release of these materials into receiving waters can be reduced. However, the extent to which releases are minimized depends on the capture efficiency at the cleaning unit and the retention or removal efficiency during the waste treatment stage (Tamburri et al., 2020; Tamburri et al., 2021). These reductions are largely dependent on the term ‘capture’ that currently lacks a clear and broadly accepted definition in the context of IWC (see Table 1 for proposed comprehensive definition).




Figure 1 | Conceptual diagram of an in-water cleaning (IWC) system with capture, including primary and secondary treatment, of the dissolved and particulate materials released from the ship’s underwater surfaces.




Table 1 | Proposed comprehensive definitions of key in-water cleaning (IWC) terms that currently lack consistent meaning.



The importance of debris capture during IWC is illustrated by Tamburri et al. (2020). This comprehensive independent evaluation of a reactive IWC system recorded total copper concentrations as high as 703 (39.8 SE) µg/L following capture and primary treatment set at 5 µm. This concentration was well above the local allowable discharge limit of 100 µg/L (i.e., uncontaminated site) and vastly exceeds those set to protect contaminated sites (e.g., 3.1 µg/L) or proposed by other jurisdictions (e.g., 1.3 µg/L; see United States Environmental Protection Agency [USEPA], 2000; DAWE, 2020; Rao et al., 2021).

Secondary treatment, as part of the capture process, can also be employed to further minimize the unintended consequences of IWC. These secondary treatments may be targeted at limiting the release of viable microorganisms (e.g., ultraviolet radiation, heat, sodium hypochlorite, or other biocides; Georgiades et al., 2021) or at limiting coating biocide concentrations through use of selective media separation (e.g., organoclays to bind metals). Such secondary treatments have been effective at reducing total copper concentrations in the treated effluent to 20 µg/L (Terraphase, 2012). To the authors’ knowledge, the secondary treatment of biocides or co-biocides other than copper has yet to be studied. In the context of IWC, the term ‘treatment’ also currently lacks a clear and broadly accepted definition (see Table 1).

Proactive IWC without capture has been discussed as an alternative approach to minimize unintended consequences (e.g., Swain et al., 2022). Proactive IWC involves periodic cleaning to restrict biofouling at the biofilm/microfouling level, or in some cases to limit the development of initial biofilms (Scianni and Georgiades, 2019; Georgiades et al., 2023). Because proactive IWC does not remove established macrofouling (i.e., visible invertebrates and macroalgae), the cleaning operations can be less abrasive than reactive IWC and may, thus, result in lower concentrations of biocides and microplastics being released from antifouling coatings during cleaning. However, a paucity of independent data exists on the performance and environmental safety of proactive IWC systems. To our knowledge, the only independent test of a proactive IWC system (without capture) on a ship was conducted by ACT/MERC (2022a; Table 2), showing elevated copper concentrations of 30.04 (0.39 SD) µg/L directly above the cleaning brushes. Additional comprehensive testing of proactive IWC systems on ships is necessary to better understand unintended consequences associated with these cleaning operations.


Table 2 | Mean (SD) concentration of copper in dissolved, particulate, and extractable form from a proactive IWC in Baltimore, MD.



An alternative approach to avoid negative environmental consequences near coastal areas is to conduct reactive IWC offshore (e.g., prior to entry into territorial waters). Such an approach, however, has implications for diver and crew health and safety and raises questions regarding the ability to achieve cleaning/treatment efficacy of external and internally submerged areas in a non-sheltered open ocean environment. Systems capable of in-transit proactive cleaning without capture also exist, however, these may have limitations in terms of the areas of the ship that can be serviced. Further, the environmental implications of non-capture technologies require specific attention from both biosecurity and environmental contamination perspectives, particularly considering the length of larval dispersal phases of some biofouling species (e.g., Bell et al., 2011; Hewitt et al., 2011; Vinagre et al., 2020), release and long distance dispersal of biocide debris plumes (Soon et al., 2021), onshore currents, and the vicinity to other anthropogenic structures (e.g., oil rigs, wind farms, aquaculture).

Arguably, the greatest mitigation of chemical contamination due to the release of biocides would be to emphasize the use of biocide-free coatings and proactive IWC of hull surfaces (DOE and MPI, 2013; Kim, 2021). However, transitioning to biocide free technologies may result in unintended environmental consequences, such as the increased release of potentially toxic components (Piazza et al., 2018; Lagerström et al., 2022) and the need for more frequent interventions. The frequency of interventions is likely to be affected by current limitations in global capacity and the number of locations where such interventions are allowed. The discussion of whether more frequent IWC actions would result in an overall benefit to the environment is challenging at present given the limited availability of data on the effect of current systems on different types of coatings and the fact that many solutions are still in early stages of development. Therefore, a structured approach to coating selection and specification, and ensuring that any potential IWC actions are carried out with suitable equipment that will not compromise the long-term effectiveness of the coating are critical for minimizing the likelihood of biofouling accumulation over the drydocking period (Georgiades et al., 2018; Mihaylova et al., 2022).

Niche areas (relatively small subsections of ships’ submerged surfaces with complex geometries, including curves, edges, protrusions, indentations, gratings, etc.) remain a major biosecurity gap, particularly internal niches, where IWC system efficacy and capture is either untested (e.g., using the testing approach of Growcott et al., 2019) or unproven (Jones and McClary, 2021). More data are becoming available on the operational, economic, and biosecurity consequences associated with biofouling accumulated in internal niches (e.g., Pamitran et al., 2016; Ceylan et al., 2022; Davidson et al., 2023) and automated technologies are being developed and tested with biosecurity concerns in mind (e.g., Park et al., 2023). For niche areas, a combination of biocidal coatings and marine growth prevention systems (MGPS) may still offer the best chance of fouling prevention, where applicable (Lewis, 2016; Georgiades et al., 2018). However, the efficacy of MGPS has long been questioned (Lewis and Smith, 1991; Frey et al., 2014; Lewis, 2016; MPI, 2020), and thus should also be subject to independent testing.




4 Policy implications

Like most environmental protection challenges, none of the solutions discussed in this paper represent a panacea. While each option offers some level of mitigation toward the primary issue of ship biofouling, they all have one or more negative environmental tradeoffs. In most cases, the immediate solution of reducing the amount of biofouling on ship wetted surfaces comes with the associated release of organisms/propagules (including pathogens), biocides, and microplastics into the receiving environment. This situation is also representative of the difficulty of establishing environmental protection systems retroactively to existing large scale maritime processes (e.g., aquaculture; Georgiades et al., 2016) or pathways (e.g., ballast water; Čampara et al., 2019).

Some of the unintended consequences of ship IWC can be mitigated to various degrees through debris capture, with removal and/or treatment, noting that the efficacy of these systems remains largely unproven (Tamburri et al., 2020; Jones and McClary, 2021; Tamburri et al., 2021; Park et al., 2023). While these measures can further minimize, but likely not eliminate, risks, they may be technologically complex and can add time and costs to IWC operations that are already under tight time constraints and cost points (Inglis et al., 2012; Pagoropoulos et al., 2018). For example, policies that require IWC at a greater frequency can lead to issues with constricted arrival windows and trade disruptions. IWC systems offer different theoretical cleaning rates, which in service depend on factors such as environmental conditions, the type and extent of biofouling, and the size and complexity of the area. Therefore, the time required to service the submerged areas of a ship will vary, making planning challenging. There are also issues with available IWC capacity (i.e., geographic coverage), which is partially linked to existing local and regional IWC policies, restrictions, and/or bans (GEF-UNDP-IMO GloFouling Partnerships Project and GIA for Marine Biosafety, 2022). Given these constraints, as well as those associated with available technologies and capacity, there needs to be careful planning and implementation of policies that require ships to conduct frequent interventions or to use different types of coatings that may be less effective at controlling biofouling accumulation over time. If this is not the case, the unintended consequences of delays and supply chain issues may lead to additional GHG emissions and biosecurity risks.

It is becoming increasingly evident that, given the current toolbox, tradeoffs will need to be made to minimize the biosecurity risk associated with ship-borne pathways. In some cases, the tradeoffs are costs and time, as unintended releases can be reduced with current technologies if enough resources are employed. In other cases, the tradeoffs include some release of organisms, biocides, and microplastics during IWC events. This type of tradeoff is not new to the world of biofouling management. Biocidal antifouling coatings (approximately 90-95% of all biofouling management coatings used; Scianni et al., 2021; Thompson et al., 2023) are designed to release biocides over the in-service period. The great majority of those biocides will enter the marine environment during this in-service period, as the benefits are deemed to outweigh the costs [e.g., New Zealand Environmental Protection Authority (2013)]. These biocides, however, are released slowly over the in-service period everywhere a ship trades, with much of this release occurring in the open ocean where the environmental impacts are minimized to a degree. In contrast, IWC accelerates the release of biocides in large pulses in a single location, typically in sheltered, low flushing coastal environments (e.g., ports and marinas) that are under many other pollution pressures (Morrisey et al., 2013; Richir et al., 2021; Tuholske et al., 2021; Hermansson et al., 2023). Dependent on location, even reduced biocide release on a per-cleaning basis can still result in long-term impacts from cumulative inputs over time. Biocidal paints are coming under increasing scrutiny (e.g., European Commission, 2007; European Commission, 2016; New Zealand Environmental Protection Authority, 2013), with controls recently put into place by the IMO’s Marine Environmental Protection Committee to ban the use of the biocide cybutryne from 1 January 2023 (IMO, 2021).

From an ethical standpoint, developed nations should actively shepherd the development and uptake of environmentally acceptable IWC rather than create conditions for the establishment of questionable IWC practices in regions with less stringent health, safety, and environmental standards. This approach not only protects more vulnerable areas but provides an incentive for the industry to develop and use sound/proven IWC systems (Morrisey et al., 2013).




5 Conclusions and recommendations

Commercial shipping is fundamental to the global economy, but it comes with known and unknown environmental consequences, including biofouling-mediated NIS establishments and GHG emissions. While complete elimination of these risks is unrealistic, they can be considerably reduced by biofouling management processes including existing and developing technologies. While some of the unintended consequences of current IWC systems have been identified, it may be necessary to make strategic tradeoffs when setting policy.

We recommend that policymakers attempt to quantify or otherwise understand the full suite of risks (e.g., biosecurity, greenhouse gas emissions, biocides, microplastics, human health) associated with the various approaches to IWC (including prohibitions) to ensure that fully informed decisions are made. While tradeoffs may be necessary, it is important to appreciate that embracing gains now based on current technologies can reduce risks in real time. Equally important is the need to continue making progress to further reduce risks by incentivizing innovation and considering innovative approaches like proactive IWC of biocide-free coatings.
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Capture | The process of containment, collection, transport, removal and/or treatment of both particulate and dissolved material detached from submerged surfaces

during, and/or produced as a consequence of, any form of ship IWC.

Treatment | Any process designed to remove or deactivate any particulate and/or dissolved material or debris captured during any form of IWC.
Treatment can be a single stage such as physical separation (e.g., settling tanks, filtration, flocculation), disinfection of biological constituents of concern (e.g.,
biocides, UV, ultrasound), or selective media binding of compounds of concern, or a multi-staged, combined treatment approach.
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A series of samples were collected for ambient/background levels of copper versus copper levels found during testing. B1 is a continuous, time-integrated sample collected at the surface of the test
ship but approximately 100 m away on the opposite side from the test cleaning event. U1 is a continuous, time-integrated sample collected from the cleaning unit when stationary on the side of
the ship, prior to cleaning event. U2 is a continuous, time-integrated sample collected from the cleaning unit while cleaning. All mean and SD values were calculated from three subsamples. For

details, see ACT/MERC (2022a; 2022b).
BQL, below quality limit.





