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ARTICLE INFO ABSTRACT

Keywords: Emerging evidence indicates that micro- and macro-plastics present in water can support a diverse microbial

Bif’ﬁlm ) community, including potential human pathogens (e.g., bacteria, viruses). This interaction raises important

x'crf’f’lﬁsncs concerns surrounding the role and suitability of current bathing water regulations and associated pathogen
astisphere

exposure risk within beach environments. In response to this, we critically evaluated the available evidence on
plastic-pathogen interactions and identified major gaps in knowledge. This review highlighted the need for a
conceptual shift in risk management at public beaches recognising: (i) interconnected environmental risks, e.g.,
associations between microbial compliance parameters, potential pathogens and both contemporary and legacy
plastic pollution; and (ii) an appreciation of risk of exposure to plastic co-pollutants for both water and waterside
users. We present a decision-making framework to identify options to manage plastic-associated pathogen risks
alongside short- and longer-term research priorities. This advance will help deliver improvements in managing
plastic-associated pathogen risk, acknowledging that human exposure potential is not limited to only those who
engage in water-based activity. We argue that adopting these recommendations will help create an integrated
approach to managing and reducing human exposure to pathogens at bathing, recreational water and beach
environments.

Public health risk
Sewage-related debris

1. Introduction whether marine or freshwater, and consider the potential risk to only

those who engage in water-based activity. However, new data show that

Environmental legislation and associated regulation evolve over
time to reflect new scientific understanding and evidence. Evidence-
based policy, therefore, provides underpinning support for the protec-
tion of environmental quality and public health (Sanchez-Garcia et al.,
2023; Holmes and Clark, 2008). For example, the EU Bathing Waters
Directive (BWD) (2006) provides the regulatory basis for managing risks
to human health from faecal pollution at designated coastal, lacustrine
and riverine bathing waters. The BWD has evolved since its introduction
in 1976, with regulations revoked and replaced over time to continue its
implementation (Kay et al., 2004; Oliver et al., 2014). Currently the
BWD and similar non-EU legislation, e.g., US Recreational Water Quality
Criteria (RWQC), focus on microbial quality of the aquatic environment,
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other pollutants (e.g., micro- and macro-plastics) are rapidly colonised
by microbial communities. This colonisation can facilitate the associa-
tion of potentially infectious viral (e.g., rotavirus), bacterial (e.g., Sal-
monella spp, E. coli) and fungal (e.g., Candida spp.) pathogens with
plastic surfaces (Moresco et al., 2022; Witsg et al., 2023; Metcalf et al.,
2024a, Vass et al., 2024), which may remain viable during their transfer
through the riverine-estuarine-marine-beach continuum as plastic
co-pollutants (Metcalf et al., 2023).

The interaction between plastic and microbial pollution, and in
particular potential human pathogens, raises important questions con-
cerning the role and suitability of current bathing and recreational water
regulation and associated risks at beach environments around the world.
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Furthermore, the increase in plastic debris (from both sewage and non-
sewage sources) on shorelines highlights the potential for human con-
tact with microbial hazards without any direct engagement with the
water environment (Metcalf et al., 2024b; Magalhaes et al., 2024). Risk
of acquiring infection from recreational exposure to seawater has been
demonstrated (Leonard et al., 2018); however, in response to this sig-
nificant potential public health issue, we propose the need for a con-
ceptual shift in risk management at public beaches to recognise: (i)
interconnected environmental risks, e.g., associations between micro-
bial compliance parameters, potential pathogens and both contempo-
rary and legacy plastic pollution; and (ii) an appreciation of risks to both
water and waterside users. Here we outline the evidence in support of
this conceptual shift in thinking and propose a series of priority re-
quirements that would help to underpin a transition to more effective
management of microbiological risks associated with plastic pollution at
bathing waters and public beaches.

2. Bathing water quality and the ‘hidden majority’ of beach
users

In coastal locations, healthy bathing/recreational waters represent a
diverse and valuable component of the marine system. They integrate
nearshore and beach environments to provide social spaces, health-
promoting and wellbeing opportunities for recreational users, and rev-
enue to support local economies (Grace et al., 2023). Bathing waters also
provide amenity value beyond recreational pursuits linked to bathing,
including social, aesthetic, cultural and wider wellbeing benefits that
individuals associate with sand dune, beach and nearshore zones (Gar-
rett et al., 2023). Improvements in bathing and recreational water
quality have provided safer environments for bathers; however, the
‘hidden majority’ of beach users do not engage in sea swimming and
therefore do not benefit directly from water quality monitoring (Elliott
et al., 2018; Coombes and Jones, 2010).

Appreciating the wider set of values that people attribute to bathing
water access, distributed across a broad range of users, is important to
promote inclusivity and support better beach management for those
who engage in different recreational pursuits afforded by bathing water
environments (Pascoe, 2019). For example, direct contact with beach
sand can facilitate potential exposure to pathogens (Halliday and Gast,
2011; Whitman et al., 2014; Solo-Gabriele et al., 2016). In addition,
plastic pollution on beaches provides further opportunities for
beach-users to encounter pathogens given their potential to associate
with biofilm on plastic surfaces (Rodrigues et al., 2019). This includes
exposure to faecal indicator organisms (FIOs, e.g., E. coli and intestinal
enterococci) and potential pathogens associated with sewage-related
plastic debris (Metcalf et al., 2022a; Ormsby et al., 2023), but also
plastic material that has been delivered into the environment through a
variety of other sources, e.g., fishing (Wright et al., 2021), shipping
(Saliba et al., 2022), other beach-users (Watts et al, 2017), agriculture
(Cusworth et al., 2024; Li et al., 2022), urban runoff (Miiller et al.,
2020), all of which may be (re)colonised by FIOs and pathogens over
time.

For parity, beach users should also benefit from a degree of protec-
tion from the same hazards that are being monitored in the water
environment for bathers, or at least have access to information at the
beach that raises their awareness of potential risk to their health. How
that would be implemented by regulators or beach managers in terms of
risk management is uncertain, but mounting evidence highlights a wider
range of exposure pathways for direct human contact with potentially
harmful microorganisms at beach environments beyond those associ-
ated with ingestion of contaminated water during swimming (Metcalf
et al., 2023; Metcalf et al, 2022a; Moresco et al, 2021).

3. Opportunities for pathogen colonisation of plastic

The presence of plastics in the environment can signal an escape
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from a waste management cycle (Zeb et al, 2023), represent the
breakdown and eroding of plastic from a point-of-use in the environ-
ment (Bodor et al., 2024), or reflect accidental or intentional environ-
mental littering ranging from personal to industrial scales (Giil, 2023;
Saliba et al., 2022). Upon entering the environment, plastic surfaces can
be rapidly colonised by microbial biofilm, resulting in a so-called
‘plastisphere’ community (Zettler et al., 2013). For sewage-associated
plastic debris this colonisation starts during passage through the sewer
network and wastewater treatment works (WWTW). If
plastic-environment interactions include exposure to faecal material, e.
g., from raw sewage or faecally-contaminated land and water matrices,
there will be potential for human pathogens to associate with the plas-
tisphere. There is also evidence that biofilm on micro- and macro-plastic
can function as a reservoir of antimicrobial resistance genes (ARGs),
demonstrating a further public health risk associated with the plasti-
sphere (Luo et al., 2023, Silva et al., 2023; Zadjelovic et al., 2023; Miiller
et al., 2024).

3.1. Combined sewer overflows: spilling the dirt (and plastic)

The close contact of plastics with microorganisms within sewerage
infrastructure and WWTW provides ample opportunities for microbial
colonisation of plastic surfaces through the formation of biofilms (Liu
et al., 2023). Thus, when a combined sewer overflow (CSO) discharges,
it could release plastic material that is harbouring microorganisms of
regulatory or potentially human health concern, directly into the
riverine-estuarine-coastal environment, bypassing several stages of
wastewater treatment within the WWTW (Giakoumis and Voulvoulis,
2023). To date, much of the debate concerning CSOs has focused on the
immediate impacts of sewage spills to the hygienic status of the
receiving water and downstream impacts on coastal water quality, in
particular at bathing beaches, as inferred through the use of the mi-
crobial compliance parameters, e.g., E. coli and intestinal enterococci
(Zan et al., 2023; Locatelli et al., 2020). However, a secondary issue is
the delivery of plastic (spanning nano, micro and macro scales) via both
treated and untreated wastewater discharge to receiving waters
(microplastic discharges of 2.2 x 107 particles day ! have been reported
from a WWTW with tertiary level treatment under low to medium flow
conditions) (Blair et al., 2019). Untreated discharge can also export
larger macroplastics, including inappropriately flushed plastic-laden
sanitary products and wet wipes, if the CSO screening is bypassed.

Consequently, there is potential for legacy stores of FIOs, pathogens,
ARGs, and plastic particles and fragments to accumulate over time in
riverbed sediments near to where CSOs discharge, providing further
opportunities for pollutant interactions and pathogen (re)colonisation of
plastic. These legacy stores, or hotspots, in riverbed sediments are likely
to be dynamic, varying in size distribution and locations through a net
effect of input factors (e.g., sedimentation as a function of flow rate,
shear velocity and turbulence) and removal processes (e.g., resuspension
mechanisms that erode the riverbed supplies and promote subsequent
dissemination and transport due to properties of plastic) (Kroeze et al.,
2016). The presence of legacy stores of microbial and plastic pollutants
in riverbed sediments could therefore provide a potential in-stream
source of contamination, resulting in delayed impairment of water
quality in riverine/estuarine and downstream coastal bathing water
zones following eventual resuspension into the water column (Afolabi
et al., 2023; Nyberg et al., 2023).

Legislation and permits define the sewer volume above which a CSO
can legally spill. Under higher flows, faecal solids will be diluted and
associated microorganisms may dissipate more rapidly and decline
through dispersal and die-off processes to concentrations below
thresholds used as regulatory standards; however, plastics (whether fi-
bres, nano, micro, fragments or macro) will behave differently and
persist much longer, breaking down into smaller (secondary) plastic
particles that will represent significant problems in the future, with
respect to both the plastic itself but also their co-pollutants (Monira
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et al., 2023). Buoyancy, durability and the diversity of plastic types and
sizes therefore contribute a very different environmental management
challenge relative to the microbiological load of a CSO spill. When a
storm hydrograph subsides, larger plastics discharged from a CSO will
likely end up trapped in riverside vegetation or in shoreline debris, along
with their co-pollutants (Perry et al., 2024).

3.2. Plastic-pathogen associations in the wider environment

Pathogen associations with plastic particles can be facilitated within
a range of other environmental settings. For example, interactions be-
tween microplastics and pathogens can occur within aquatic systems
such as aquaculture facilities (Zhong et al., 2023). Terrestrial ecosystems
also represent a significant sink for plastics, receiving inputs from
landfill or, if waste management options are limited, via direct dumping
in the environment allowing for plastics to mix with faecal material from
vermin, wildlife or diaper waste (White et al., 2023; Zhang et al., 2024).
In areas with poor sanitation, plastic waste may be dumped in rivers
alongside untreated human- and animal-derived sewage. In agro-
ecosystems, microplastics arise from soil amendments such as compost
and sewage sludge (Bodor et al., 2024) and the use of agriplastics such as
plastic mulching, plastic piping, seed and fertiliser coatings (Qi et al.,
2020; Shafea et al., 2023) in addition to irrigation water containing
microplastics (Jiang et al., 2023). Residues in soil from plastic films can
be exposed to cultivation practices and will also undergo mechanical
abrasion, fragmenting into increasingly smaller particles (He et al.,
2018). In agricultural systems the mixing of faeces, manures, slurries
and on-farm plastics provides potential opportunities for faecal mi-
crobes to interact with plastic surfaces (Quilliam et al., 2023). Agricul-
tural land can therefore act as a source of microbially contaminated
microplastic to the wider environment, delivering plastic fragments and
their co-pollutants from land to water via agricultural runoff; however,
the contribution from this terrestrial source is less well studied relative
to WWTW (Schell et al., 2022). Microplastics derived from tyre abrasion
may also be readily lost to aquatic environments via road runoff (Mayer
et al., 2024).

Large quantities of plastic debris are already present in the envi-
ronment. Oceanic plastic debris arising from shipping and fishing in-
dustries and from general plastic litter, having escaped waste
management cycles, provide surfaces for biofilm formation and path-
ogen (re)colonisation and represent a significant source of plastic that
has been accumulating for decades (Magalhaes et al., 2024). Further-
more, plastic debris in the environment will undergo environmental
weathering and physical and chemical erosion, increasing surface area
availability for biofilm colonisation and association of pathogens (Zhong
et al., 2023; Shafi et al., 2024).

Inland and coastal CSO discharges provide a relatively direct (and
local) hydrological connection to beach environments for plastics and
their co-pollutants via the catchment drainage network. The timing of
delivery to the coastal zone is influenced by proximity of the CSO but
also river and estuary characteristics and how different plastic fragments
are impacted by flow dynamics (Jago et al., 2024). However, the wide
range of potentially much more distant sources of micro- and
macro-plastics, and their indirect points of entry to the nearshore zone,
underscores the complexity of understanding (re)colonisation dynamics
of pathogens on plastic surfaces and challenges for managing risks at
bathing waters and beaches. Crucially, there also remains considerable
uncertainty regarding whether plastics are more readily colonised by
biofilm (and potential pathogens) relative to other natural debris, and
whether pathogens colonising the plastisphere are likely to pose any
more of a risk, with contradictory views and differences noted
depending on environmental context (Beans, 2023; Beloe et al., 2022;
Metcalf et al., 2022b). For example, the majority of plastisphere studies
have focused on microbial colonisation of plastic and determining the
presence/absence of microorganisms, with subsequent survival and
transfer processes often assumed rather than demonstrated (Beloe et al.,
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2022). Inconsistent evidence of preferential pathogen colonisation on
plastics relative to other materials in the environment suggests that
environmental factors rather than polymer type are more important in
influencing plastisphere formation (Metcalf et al., 2022b). Despite this,
how colonisation, survival, and transfer are influenced over multiple
seasons or sites and how this ultimately impacts on risk to human health
are rarely reported (Beloe et al., 2022). Furthermore, disease potential
requires a quantification of the associated microorganisms of concern,
which is often lacking. To some extent this has been caused by the
reliance on detection of pathogens by qPCR and genomic approaches
that provide no information on their viability and potential human
infection risk (Kevill et al., 2023).

4, Recommendations to support a conceptual shift in risk
management at bathing beaches

Plastic-associated pathogens are found in bathing waters and beach
environments but have yet to be formally recognised as a threat to
human health, e.g., via the BWD or revised strategies to risk manage-
ment at the beach. Undoubtedly, this requires investment of both time
and resource, which is challenging when funding available to support
environmental regulation is limited. Irrespective of what measures and
proposals are achievable in different regions of the world, it is appro-
priate and timely to reflect on scenarios for managing exposure path-
ways of pathogens associated with plastic and sewage-related debris.
Here we provide a series of recommendations that would help to deliver
a conceptual shift in risk management at bathing beaches; one that
recognises the co-pollutant potential of plastic debris, and that human
exposure potential is not limited to only those who use the water envi-
ronment as part of a recreational visit to the beach. Addressing the
following priorities would help to pave the way for a more integrated
approach to managing human exposure to pathogens at designated
bathing waters and beach environments. These recommendations
combine to form a roadmap of future priorities and are categorised and
outlined below as short (<5yr) and longer-term (5-10yr +) needs.

4.1. Short term priorities (within 5 years)

Recommendation 1 (R1) International joint-agency task force on
plastisphere-associated risk to human health. Establishing an interna-
tional, joint-agency task force to help facilitate initial shifts in concep-
tual understanding of beach-related risks from plastic-associated
pathogens is an important first step to bring about coordinated change.
This should involve policy makers, regulators, water industry practi-
tioners, campaign groups and research community stakeholders. How-
ever, participation in existing bathing and recreational water steering
groups at national levels should also be broadened to reflect expertise in
plastic pollution, facilitating increased debate on how plastic surfaces
colonised with biofilm may influence risk to human health at bathing
beaches. Integrating interdisciplinary knowledge on the fate, behaviour
and modelling of plastics in the environment with microbiology, public
health and environmental management expertise would help to co-
create a pathway for implementing any required change in bathing
water policy and practice, promote greater action at the science:policy
interface and accelerate a shift in focus beyond that of only faecal
pollution in bathing waters, particularly if national steering groups
formalise an approach to share best practice internationally regarding
risks arising from plastisphere communities. Providing timely avail-
ability of such information, driven by the formation of an international
joint-agency task force, would aid regulators to manage risks to human
health from plastic debris (Vethaak and Leslie, 2016). Emerging agendas
on integrated ocean and human health have identified similar benefits
via the proposal for a joint oceans and human health research and
governance programme in Europe (Borja et al., 2020).

Recommendation 2 (R2) Revisions to wastewater regulation and
new monitoring guidelines for plastics. Current revisions to the EU
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urban wastewater treatment directive (UWWTD) and the development
of monitoring guidelines for plastic provide options for more effective
management of a broader range of risks at bathing waters. Provisional
political agreement has been reached on a proposal to review and extend
the scope of the UWWTD, driven by a changing climate, changing
awareness of risks posed to downstream receptors and aging infra-
structure originally built to process much smaller volumes of wastewater
(Whelan et al., 2022). Extending the scope of the UWWTD includes the
alignment of thresholds and timelines for quaternary treatment (i.e.,
removal of a suite of micropollutants) in larger WWTW catering for
population equivalents of >150,000 and strategic routes for upgrading
WWTW (Abily et al., 2023). The provisional agreement also highlights a
need for systematic monitoring of microplastics within CSO discharges
and the need for a sampling programme to enable microplastic con-
centration and flux estimation in discharges of urban runoff to assist
water quality modelling (European Parliament, 2023). This provides an
impetus to drive forward strategies for environmental monitoring of
plastic, but specific detail on approaches to plastic pollution monitoring
remain vague. Crucially, extending that monitoring to include
plastisphere-associated FIOs and potential pathogens would deliver
significant added-value and help develop guidelines for wider environ-
mental monitoring of plastic-associated pathogens, which would likely
attract interest from environmental departments of national govern-
ment. This is especially the case for viral, fungal and protozoal patho-
gens for which no standard methods or risk categories exist.
Collaborating with the modelling community would be important to
help to establish the right spatial and temporal resolution of monitoring
alongside the validation/accreditation of methods (Oliver et al., 2016a).
Revisions to the UWWTD should help in the management of contem-
porary emissions to water of (micro)plastics and their co-pollutants
given that WWTW are one of the main sources of plastics to the wider
environment; however, there remains a need to consider a wider range
of sources, as described earlier.

Recommendation 3 (R3) Plastisphere monitoring as part of bathing
and recreational water regulation. Building on R1 and R2, some form of
regulatory monitoring of plastic, e.g., as part of the BWD, is also advo-
cated. Effective monitoring of microplastic for associated microbial
compliance parameters and/or potential pathogens would be chal-
lenging and is realistically a much longer-term ambition due to diffi-
culties associated with sample processing, a lack of standardisation and
available range of permutations of plastic size, shape, density and
chemical signatures (Phan and Luscombe, 2023; Koelmans et al., 2022).
However, regulatory monitoring of macroplastic-associated FIOs (and
pathogens) could offer greater feasibility. If undertaken,
macroplastic-associated plastisphere monitoring could help to identify
(i) regions of high loading potential in the environment and (ii) trans-
port patterns of plastics and hitchhiking microbial communities, with
that knowledge then helping to underpin strategies to reduce plastic and
co-pollutant delivery to the wider environment from WWTW overflows
and other sources. The BWD only monitors for FIOs and therefore, aside
from plastics, some form of pathogen surveillance, e.g. pathogenic vi-
ruses, would be required too. Importantly, employing the right tools to
tackle this question is essential. Relying on taxonomic characterisation,
such as 16S sequencing, will not provide a comprehensive understand-
ing of the microbial community dynamics, including which organisms
are active, dormant, or dead.

Recommendation 4 (R4) Awareness raising and behaviour change.
A greater awareness of risk among beach-users, but also the general
public, is essential and long-term effectiveness of reducing exposure to
plastic-associated pathogens will rely on changing public behaviour. For
example, there is an urgency to raise awareness of the risks posed by wet
wipes (and other non-flushable single use plastics), especially given the
surge in demand for single-use wipes since the COVID-19 pandemic and
their subsequent inappropriate domestic disposal (Allison et al., 2023).
Wet wipes vary in composition and while some comprise of cotton,
bamboo fibres and other ‘biodegradable’ materials, most are made up of
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synthetic polymers that over time fragment into plastic microfibres
(Allison et al., 2023). While the flushing of wet wipes and their presence
within sewage-related debris is a well-documented challenge (Alda-Vi-
dal et al., 2020), new evidence reporting the magnitude of wet wipes of
varying composition accumulating on some designated bathing water
beaches, and the levels of associated microbial pollutants that they can
harbour, reinforces the need to act on this issue (Metcalf et al., 2022a).
Furthermore, decreasing the volume of inappropriately flushed ‘non--
flushables’ is also important for reducing sewer blockages and subse-
quent CSO spills, highlighting how behavioural nudges designed to
promote better wet wipe disposal practices could deliver win-win out-
comes. It is far more effective to prevent plastic waste at source than to
implement infrastructural interventions to restrict plastic delivery to the
wider environment (Borg et al., 2022). Increased media reporting on
sewage overflows helps to enhance the visibility of wastewater man-
agement and infrastructure among the public, which previously may
have been relatively unknown to large proportions of the population
(Holmberg and Ideland, 2023). Other approaches could include clearer
warnings on wet wipe packaging; Water UK has recently removed their
Fine to Flush wet wipe certification to encourage users to appropriately
dispose of wet wipes (Water UK, 2023). Although a relatively easy win
due to lower economic and resource requirements, promoting this
strategy remains a significant challenge, e.g., modifying established
behaviour and widespread flushing cultures, which appear to be more
prevalent in the UK than in member states of the EU (Alda-Vidal et al.,
2020).

Recommendation 5 (R5) Public health education campaigns. Due to
the high abundance and associated lightweight properties of plastic
products, it is likely that beach-users will encounter plastic on the sand
surface or trapped within strandline materials on the shore. Colourful
plastic pellets (nurdles) can be found at relatively high concentrations
when trapped in strandlines on the beach (Rodrigues et al., 2019), and
children may be particularly curious to handle these items without
knowledge that they potentially harbour faecal microbes. Coordinated
education campaigns on the public health risk of plastic pollution at
beaches are therefore required to help inform beach-users (and those
involved in beach clean activities) about risks from exposure to plastic
waste. The BWD already deploys beach signage to communicate the
water quality status of designated bathing waters. Although approaches
to environmental risk communication via beach signage can be chal-
lenging (Oliver et al., 2016b), adopting wider signage to warn of
plastic-associated pathogens on the beach could be a complementary
approach to existing BWD classification signage. It would, however,
require a careful approach to risk communication to avoid scaremon-
gering. An initial trial of signage at high-risk locations (e.g., high visitor
numbers, high likelihood of plastic delivery) would be a valuable first
step, recognising geographical variability in plastic volume (and there-
fore risk) at the national scale, and offering a complementary approach
to existing app-based technologies that warn beach-users of recent CSO
discharges (Evers and Phoenix, 2022). However, a critical challenge in
the spatial targeting of such signage is the need for better understanding
of the relative risk associated with biofilm on plastic that has travelled
long distances and/or persisted in the environment for a significant
period of time, versus plastic recently discharged from local CSOs.

Recommendation 6 (R6) Government support for beach clean ac-
tivities. A final short-term priority is for greater support and funding for
beach clean activities. Community groups and NGOs often take the
initiative to run beach clean events, but full-time employment oppor-
tunities could become the norm if funding was available via local gov-
ernment support in recognition of the multiple benefits that such
activities could deliver, e.g. health, social, environmental and economic
(Jorgensen et al., 2021). Current beach clean activities are largely driven
by a combination of plastic pollution on beaches being a highly visible
issue and being a topic that engages the public (Nelms et al., 2022);
however, with increased recognition of the wider potential health risks
associated with contaminated plastic there is scope to capitalise further
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on public support. Harnessing the wealth of experience and knowledge
of community beach clean organisations would be important. Likewise
developing incentive/reward schemes to promote school and other
community group involvement in beach cleans would increase aware-
ness and could also deliver educational impact on the topic of
plastic-associated pathogens. Linking certification schemes, such as the
Blue Flag Award, to a micro- and macro-plastic criterion have also been
advocated (Kutralam-Muniasamy et al., 2022), which would further
support investment in beach clean activities for wider socio-economic
benefits to coastal communities.

4.2. Longer term priorities (5-10 years +)

Recommendation 7 (R7) New policy on public health risk of plastic

Water Research 261 (2024) 122028

co-pollutants at the beach. Policy development and/or modification,
and new legislation linked to public health risk of pathogen-associated
plastics at beach environments, would require the research commu-
nity to convincingly answer key questions. Those questions span issues
around the fate, transfer, exposure and impacts of plastic-associated
pathogens in both the aquatic and terrestrial zones of beach environ-
ments (Fig. 1). Our knowledge of the role of plastics in facilitating
pathogen fate and transfer in the environment is advancing and is
helping to influence change in the management of wastewater
discharge, but evidence needs to be evaluated carefully to avoid
misinterpretation (Beloe et al., 2022). However, our incomplete un-
derstanding of environmental risks from microplastic pollution origi-
nating from various sources complicates management decisions
(Mehinto et al., 2022). There is still much we are to understand of

Do we need policy modification?

(Tp]
o ) o NO o
Sufficient evidence that pathogen survival is supported s [ More research needed J C
on plastic surfaces in beach environments? 8
YE I M
2 NO
Sufficient evidence to demonstrate - - —
pathogen transfer facilitated via s [ e.g., Greater opportunity for pathogen dissemination ] :l
o N " YES Q
association with plastic? l =
(7]
—h
[ Awareness raising campaigns needed to inform public ] Q
On sand, is the potential for In water, is the potential for
exposure to pathogens NO Policy NO exposure to pathogens
increased through their modification increased through their Q-I
association with (micro)plastics? unnecessary association with (micro)plastics? o
YES YES
c
®
e.g., Ingestion, greater opportunity for e.g., Ingestion, greater opportunity for
concentrated pathogen hotspots concentrated pathogen hotspots
Promote public information at beaches; Develop guidelines for minimising exposure opportunities ]
Do we have sufficient knowledge of risks to human health
from exposure to pathogenl-associated plastics?
NO ; &
Is there convincing evidence that thoSe e Promote public Evidence indicates -g
pathogens retain their virulence? NO information at beaches;| 5 increased potential for oY)
Develop guidelines for AMR gene transfer O
YES minimising exposure ~+
/ opportunities YES
Is there convincing evidence that those o
pathogens are more virulent relative to
pathogens not associated with plastic === | Consultation on potential policy modification and/ or policy
surfaces? YES development

Fig. 1. Decision-making framework for identifying options for managing (micro, macro) plastic-associated pathogen risks relative to current state of evidence.
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microbial dynamics of biofilm on plastic debris and the co-pollutant
impacts of human exposure to plastics at bathing waters and beach
environments before we can conclusively argue for a need for policy
change. Consequently, our decision-making framework identifies
evidence-appropriate options to manage micro- and macro-
plastic-associated pathogen risks (Fig. 1), which should be considered by
decision-makers and policy practitioners.

Recommendation 8 (R8) Global legislation. Beyond national policy
and piecemeal regulatory measures, global legislation in support of
monitoring pathogen risks from beach (and river) plastics would offer
significant benefit. Establishing an international, joint-agency task force
to conceptualise beach-related risks from plastics and their co-pollutants
(R1) would be a key precursor to enable this. Critics may argue that
globally agreed legislation is overly ambitious or that there remain a
series of challenges to overcome due to a lack of harmonised definitions,
gaps in understanding, and trade-offs and conflicts between differing
policy objectives, among other factors (Kurniawan et al., 2023). Irre-
spective, the global significance and planetary crisis of plastic pollution
led the United Nations Environment Assembly (UNEA) in 2022 to adopt
a historic resolution to initiate intergovernmental negotiation and the
drafting of a legally binding international treaty on general plastic
pollution, although details with respect to the likely content remain
vague (Varvastian, 2023). There are many questions and debates
regarding this international negotiation (Wang et al., 2023) and reasons
for ultimately ‘opting in’ or ‘opting out’ will link to legal and political
discourse; however, this could represent an important policy instrument
within which to also recognise and coordinate the international man-
agement of plastic-associated pathogens accumulating at end-point re-
ceptors where human exposure is likely, and if omitted, would represent
a significant missed opportunity. Further, legacy oceanic plastic, and the
potential risks associated with its (re)colonisation by pathogens, needs
specific recognition in addition to any global efforts focused on limiting
contemporary plastic emissions to the environment (Richon et al.,
2023). The international science community should make every effort to
amplify the importance of including plastisphere-associated risks within
a legally-binding global treaty.

Recommendation 9 (R9) Continued refinement of our modelling
capability. Increased investment in our predictive capability of hot spots
(spaces) and hot moments (times) for plastic debris and microbial co-
pollutants at bathing water environments is recommended. While we
can do this already for other targets of interest discharged from WWTPs
and CSOs using hydrodynamic models (e.g., Robins et al., 2022), there is
a clear need for ongoing refinement so that predictive capability can be
captured in real time and includes the behaviour of plastics and their
co-pollutants in the environment. To do this effectively requires models
to be climate/river flow/tidal driven, which is extremely context spe-
cific and in turn requires heavy computation. For sewage-related plastics
and their co-pollutants, comprehensive monitoring and the accrual of
good quality historical data on WWTW and CSO discharges can provide
evidence to underpin model predictions at bathing water beaches, both
in terms of aquatic and terrestrial risks. The latter through linking
on-the-ground catchment campaigns to track patterns in deposition of
sewage related debris following CSO discharges. This type of approach
could help to enable spatially targeted (and therefore cost-effective)
beach clean activity in the future. However, such an approach does
not assist our modelling of non-sewage related plastic or legacy plastic in
the environment. Better and longer-term understanding of plastic
migration and (re)colonisation drivers is needed to underpin model
development and parameterisation when considering micro- and
macro-plastics contributed from a wider range of sources beyond
WWTW discharge. In addition, hydrodynamic models rely on good
quality bathymetric data that is not always available, particularly for
near-shore environments. The flocking and deposition behaviour of
pathogens and plastics in the river-estuarine transition zone also rep-
resents a major source of uncertainty.

Recommendation 10 (R10) Implementing bans. Banning, or
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increased taxation, of certain types of plastic is an important and
actionable recommendation that merits serious consideration as a key
step in reducing plastic and potential associated risks. For example,
highly recalcitrant single-use C-C backbone plastics (e.g., polyethylene,
polypropylene and polystyrene; representing 70 % of global production)
are almost impossible to biodegrade in the environment, thus repre-
senting a persistent environmental hazard (Ali et al., 2021). Further-
more, the long-lasting buoyant properties of PE and PP allow them to
have a much larger dispersal potential than other more dense polymers
(Stride et al., 2024), and their entry into the environment therefore
provides a surface for (re)colonisation by pathogens for decades to come
with implications for large-scale spatial distribution. In September 2023,
a ban on the sale of products containing intentionally added micro-
plastics was ratified in the European Union, going further than previous
legislation that limited the use of microplastics in personal care prod-
ucts, although such products only account for a relatively small pro-
portion of globally released microplastics (Zuccaro et al., 2024).

Recommendation 11 (R11) Futureproof and cutting-edge engi-
neering solutions. Despite the root cause of the plastic problem being
upstream, it is important to recognise that WWTW act as a ‘junction box’
that link that upstream activity with an opportunity for pathogen
colonisation and connection to downstream high value receptors, such
as bathing waters and beach environments. Therefore, a final long-term
priority is for widespread change in wastewater infrastructure and
treatment technology, going beyond typical scenarios of adding incre-
mental processes (Soares, 2020). This would represent futureproofed
extension to the UWWTD and link to a pressing need to identify
cutting-edge engineering solutions to remove nano- and microplastics
from wastewater effluent given that conventional treatment technology
was never designed to eliminate these particles (Jose et al., 2024). The
elimination of plastic particles in wastewater effluents would simulta-
neously prevent the delivery of plastic co-pollutants into receiving wa-
ters offering win-win opportunities for management of downstream
bathing waters and beach environments. Further, more effective
removal of plastics at WWTW is also likely to remove pathogens rep-
resenting a significant co-benefit. It is important to recognise that the
scale of plastic pollution (and therefore plastic co-pollutants) will vary
between countries and progress in engineering solutions may be more
advanced in different geographic regions of the world. The need for
sharing of international best practice is therefore implicit within this
recommendation. It should be noted that the removal of microplastics
into the biosolids fraction may represent a form of pollution swapping if
these are subsequently applied to land as an organic fertiliser.

5. Conclusion

Research has shown that plastics can facilitate the persistence and
transfer of microorganisms of regulatory and potential health concern.
The evidence base to support our understanding of how plastic-
associated pathogens affect ‘risk’ at bathing water and beach environ-
ments is more uncertain (e.g., does pathogen association with a plastic
surface pose greater risk relative to association with surfaces of natural
debris in environmental matrices; and do pathogens colonising plastics
retain their virulence and pathogenicity?). Current evidence to underpin
full-scale policy modification for addressing the risk posed by plastic-
associated pathogens at public beaches is therefore insufficient; how-
ever, we propose a series of priority recommendations that, if imple-
mented, would help to support the transition to a new era in risk
management at bathing water and beach environments for the benefit of
a broader range of beach-users.
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