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ABSTRACT ARTICLE HISTORY
Background: Antimicrobial resistance (AMR) in the environment is an important component Received 3 April 2025
of One Health AMR research and is increasingly incorporated into AMR National Action Plans Accepted 30 July 2025
(NAPs), including the UK’s AMR NAP ‘Tackling antimicrobial resistance 2019-2024'. However,
implementation of the environmental commitments has yet to be evaluated.
Objective: In this study, we aimed to understand UK stakeholder perspectives on the
delivery and implementation of the environmental components of the UK's AMR NAP KEYWORDS
2019-2024, with a particular focus on wastewater, which could be used to inform the Antimicrobial resistance
2024-2029 NAP. (AMR); one health; research
Methods: We undertook semi-structured, qualitative interviews with informed UK stake-  Policy; environmental
holders to discuss how the NAP had been implemented and future directions relevant to ~ nealth; stakeholder

. engagement
environmental AMR.
Results: Two main themes emerged from the interviews: 1) the perception of ‘risk’, and 2)
barriers that have hampered policy action. Some wanted more evidence to inform policy and
mitigations, particularly concerning the relative risk posed by different pollution sources in
driving and maintaining AMR in the environment, and the risk posed by transmission of AMR
from the environment to humans. Where evidence was lacking, several academics and
regulators proposed that policy action could be justified based on the precautionary
principle.
Conclusions: Although we do not know the impact environmental exposure plays in
driving clinical AMR infections relative to other sources, evidence suggests that exposure
to environmental and wastewater sources may play a role, and thus requires policy
interventions. Government leadership is critical for ensuring the uptake of environmental
AMR research to inform mitigation and interventions based on the precautionary
principle.

RESPONSIBLE EDITOR
Maria Emmelin

PAPER CONTEXT

® Main findings: Tensions in the environmental AMR community arose regarding risk;
specifically, the perceived need for more evidence and to act under the precautionary
principle emerged as central in environmental AMR policy. Technical barriers, such as the
lack of agreed surveillance markers, and no clear targets or baselines, combined with
funding constraints, have hampered policy progress.

e Added knowledge: This study provides knowledge on what stakeholders deem important
to progress in the field of environmental AMR research, as well as regulation and mitiga-
tory action in this area, with a particular focus on wastewater.

e Global health impact for policy and action: These findings highlight the need for
ensuring that the environment is incorporated as a key part of global action plans. It
also highlights the requirements of key stakeholders involved in the research, regulation or
implementation of environmental AMR commitments.

Background

Health’ issue, which mobilises multiple sectors, includ-
Antimicrobial resistance (AMR) is a public health  ing veterinary, public health and environmental sec-
threat, with 1.27 million deaths directly attributed to tors, to create long-term, sustainable solutions [2,3]. In
bacterial AMR in 2019 [1]. AMR is considered a ‘One  environmental settings, AMR microorganisms and
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resistance-driving chemicals (ARDCs) can be released
from anthropogenic inputs, including treated and
untreated wastewater, and agricultural runoff from
crop treatment and animal waste [4]. The presence of
AMR in the environment poses a risk to human health
through multiple exposure routes, including through
recreational activities in sewage-impacted waters [5],
which can potentially lead to colonisation by AMR
microorganisms [6].

Internationally, AMR is recognised by the United
Nations General Assembly as an urgent global health
threat [7,8] and the World Health Organisation
(WHO) has offered guidance to member states in
developing National Action Plans (NAPs) on
AMR [9,10].

In the UK, documentation on tackling AMR in the
decades preceding the development of formalised
NAPs, including the ‘UK AMR Strategy and Action
Plan> (2000) [11], and the ‘UK Five Year
Antimicrobial Resistance Strategy 2013 to 2018
[12]. The Department of Health and Social Care
also published a 20-year vision for AMR [13] along-
side the UK’s five-year NAP ‘Tackling antimicrobial
resistance 2019-2024’ [14], with the NAP setting out
the opinions and actions supporting the 20-year
vision. Environmental AMR features throughout the
2019-2024 NAP in ambitions and challenges, gener-
ally to deepen understanding about AMR and
ARDC:s in the environment and to minimise their
contamination and dissemination. Action around
wastewater and AMR was not explicitly included in
the nine ambitions of the 2019-2024 NAP, however it
was discussed in relation to some, for example,
Ambition 6: Minimise environmental spread [14].

Evaluation of the implementation of NAPs is cri-
tical to the success of future AMR policies and out-
Previously, studies have undertaken
evaluations of global NAPs (e.g. Willemsen et al.
(2022) [15] and Charani et al., (2023) [16]), and an
evaluation of the UK’s AMR NAP 2013-2018 has
been undertaken [17,18]. The UK’s AMR NAP
2014-2019 has been evaluated by Pacho et al. 2025
[19] and Bennani et al. 2024 [20] regarding both
clinical and agricultural targets, respectively. The
UK Government’s response to the AMR crisis in
England has also recently been assessed by the
National Audit Office [21]. In addition, Neale and
Cullen (2024) evaluated the 2019-2024 NAP through
roundtable discussions [22] and briefly discussed
AMR in the environment, but largely focused on

comes.

agriculture and food security [22]. However, although
qualitative analyses of environmental commitments
relating to AMR have been undertaken in other
regions (e.g. investigating barriers to environmental
surveillance of AMR in low- and middle-income
countries [23]), no such evaluation has been under-
taken regarding the environmental commitments and
implementation of UK AMR NAPs. In this study, we
aimed to understand UK stakeholder perspectives on
the delivery and implementation of the environmen-
tal components of the UK’'s AMR NAP (2019-2024).
We used semi-structured interviews with UK stake-
holders to discuss how the NAP had been implemen-
ted and future directions relevant to environmental
AMR, particularly relating to wastewater, as waste-
water is perceived as a significant contributor of
AMR to the natural environment. Stakeholders were
chosen for their relevance to what was perceived as
a largely unaddressed challenge within a One Health
NAP, similar to an approach taken by (23). This work
was undertaken as part of a wider evaluation of the
One Health components of the 2019-2024 NAP and
was delivered to the UK Government to inform the
development of the new UKs AMR NAP
2024-2029 [24].

Methods
Qualitative interviews

For this study, we have included the consolidated
criteria for reporting qualitative research (COREQ)
checklist (Supplementary Materials 1), as described in
Tong et al. (2007) [25].

Participants

Professionals were contacted from three sectors: gov-
ernment/environmental regulators (n=>5); waste-
water industry (n=6); and academia (n=6).
Candidates were chosen based on their relevant
expertise and potential role in delivering under the
NAP and were invited to interview by email
(Supplementary Materials 2). Of the 17 potential par-
ticipants contacted, seven either did not respond,
declined or suggested alternative participants, result-
ing in 10 participants (Table 1). All participants were
contacted before interview with a participant infor-
mation sheet and were asked to sign a consent form
(Supplementary Materials 3).

Table 1. Overview of interview participant numbers by country and sector.

Country England Northern Ireland Scotland Wales Total
Government/Environmental Regulators 1 1 1 1 4
wastewater industry 1 0 1 1 3
Academic 1 1 1 0 3
Total 3 2 3 2 10




Semi-structured interviews

Topic guides developed (Supplementary
Materials 4), with questions around: 1) how the reg-
ulators and wastewater industry have addressed or
are planning to address environmental challenges in
the UK AMR NAP; and 2) expert judgement (e.g.
what needs to be done in the future, how is the UK
performing in an international context, etc.). Each
interview was conducted by ICS and HJT via
Microsoft Teams and lasted approximately
30-60 minutes. Interviews were conducted in
January and February 2023, audio recorded on an
encrypted device and sent for transcription.

were

Data analysis

Interview transcripts were analysed to identify com-
mon themes. A coding framework (Supplementary
Materials 5) was developed, and transcripts were
coded by hand with data compiled into themes
using Microsoft Excel. ICS and HJT identified
themes, undertook coding, and analysed data, in con-
sultation with AP and RG. Given the paucity of actors
in these sectors, due attention was given to ensuring
anonymity. Participants were anonymised in this and
other subsequent reporting by excluding identifiable
information (e.g. UK country) and instead are
referred to by their broad sector.

Ethical approval

This study was reviewed and approved by the
Health Research Authority (REC Ref: 22/HRA/
3073) and the London School of Hygiene and
Tropical Medicine Ethics Committee (LSHTM
Ethics Ref: 27930).

Results

Two main themes emerged from the interviews: con-
versations around risk, and barriers to action.

Risk

Participants conceptualised risk in several ways: the
relative importance of environmental AMR within
the One Health agenda, the risk of investments not
yielding sufficient returns, and as the risk of
inaction.

Perceptions of relative risk among one Health
sectors

Opverall, participants discussed different conceptuali-
sations of ‘risk’ and how it drives monitoring or
funding. One regulator stated:
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Risk is about scale or magnitude of [...] harm [...]
and the probability of that happening, and who are
we interested in as receptors [...]. Mainly, I think it’s
humans but to some degree it will be animal, parti-
cularly valued animals, so livestock [...]. And [...]
the environment [...] I think human is where the
main drive’s going to be. (Environmental
regulator 1)

An academic further described a risk hierarchy; it was
human health and not simply the ‘risk to the envir-
onment’ that is considered important to communi-
cate to policymakers, as:

All the effort of the research community in this area
is trying to understand the role of the natural envir-
onment [...] in the emergence and transmission of
[AMR] infections in humans. (Academic 1)

The concept of relative risk was discussed by partici-
pants in reference to the risk posed by different
pollution sources and the risk of different exposure
routes to human health. Specifically, the relative risk
from wastewater or combined sewer overflows
(CSOs) in comparison to other sources. One waste-
water industry representative suggested that the ben-
efits of mitigation measures to reduce AMR pollution
from wastewater treatment works need to be shown
before the wastewater industry is likely to invest in
improved treatment:

[...] if you did nothing with the prescribing in the
human population and you spent billions cleaning
up wastewater, what impact would that have on
overall antimicrobial resistance? [...] there’s a lot of
knowledge about the existence of antimicrobials and
[...] [AMR] but come to the mitigations, I don’t
think there’s the same evidence base [...] its fine
stating ‘we’ve reduced all the antimicrobials coming
out of our wastewater treatment works.” Has that
made a difference? Are you just spending a big
clump of money doing it, but has it made
a difference? [We need to] go with the [action] that
will deliver the biggest benefit [and] not which one is
the easiest to do. (Wastewater industry 1)

A second wastewater industry representative framed
the problem similarly:

[...] i's understanding, well what are the risks? And
should we be looking a lot more at the source control
approach? How do you reduce the prescribing of
antibiotics? And for that matter, use of antibiotics
in agriculture as well. (Wastewater industry 2)

Similarly, a different wastewater industry participant
related the cost to the sector of resolving a problem of
unknown size (and severity):

What I'm always wary of is someone saying [...] it’s
a privatised water industry, they’ll pick up the tab for
doing something’ and we could spend billions of
pounds addressing one percent of the national pro-
blem. But if it’s billions of pounds and it’s 30% of the
problem, then it’s a different equation entirely. So
that’s my one plea, is who looks at what the risk in
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the round? Where are the optimal interventions?
(Wastewater industry 2)

The industry framing around the scale of the problem
was predicted by environmental regulators and aca-
demics alike:

I think if you ask the water companies, they will say
[...] ‘are [we] providing the biggest source and the
biggest risk? and ‘shouldn’t other industries or
groups also be contributing [to the solutions]?’
(Environmental regulator 1).

It seems totally obvious to us as academics or stake-
holders [...] that [...] if you stop [CSO] inputs
you’re going to significantly reduce [environmental]
AMR [...]. (Academic 2).

The relative lack of data linking exposure to environ-
mental AMR and negative human health outcomes was
noted by multiple participants, including in this state-
ment by an academic: ‘How [does environmental AMR
contribute] to the overall burden of infection? We don’t
know’ (Academic 1). A regulator also stated:

[...] eventually somebody’s going to have to bite
bullets and put their hands in their pockets and
fund some substantial surveillance [...] to begin to
understand the risk [...] of being exposed in the
environment compare[d] to some other risk.
(Environmental regulator 1)

A wastewater industry participant reiterated this
knowledge gap; however, their statements were
given in the context of needing information to inform
decisions around costs to implement mitigation mea-
sures. They said:

[...] T have mentioned this in various forums [...],
no one can tell me [...] my risk of picking up an
AMR infection from paddling in my local stream
verses catching the train to London or going to
a sporting event or concert [...] What are the trans-
mission risks, what are the obvious [transmission]
routes? I know the most obvious one is [going
inside] a hospital [...] There are obviously hotspots
about where you would need to implement AMR
control measures but it’s understanding that hierar-
chy of where [...] is it the easiest to break the chain
of infection [...] and what are the costs of doing
that? (Wastewater industry 2)

The same wastewater industry participant highlighted
knowledge gaps in the current research base, particu-
larly in the context of the recently published UK
Water Industry Research (UKWIR) Chemicals
Investigation Programme (CIP) 3 report on AMR,
which aimed to better understand the role of waste-
water treatment works on treating and transforming
AMR [26]. The participant stated:

[...] the UKWIR project [showed] that you can
measure what’s coming in, and you can measure
what’s coming out, but you don’t actually know the
impact of what’s coming out is having. (Wastewater
industry 2)

How much knowledge is enough for action?

There were fundamental tensions among interviewees
about how much evidence would be required to sup-
port environmental AMR interventions.

Academics and regulators highlighted that there is
sufficient evidence of the risks of AMR, and therefore
a compelling reason to act, as ‘[there is a] need to see
the translation of this work into environmental stan-
dards and regulation’ (Environmental regulator 2).
Another regulator agreed, stating:

[...] Some of the NAP commitments we’re working
on felt a bit like an exercise in putting this off [...] -
we’ll ask for some research. We’ve reached the point
where we should be past that now and starting to
start doing things. (Environmental regulator 1)

The same participant drew comparisons with precau-
tionary mitigation efforts in other One Health areas.
When asked about future plans after their current
surveillance work is complete, they said:

I work in a research team; I'm not going to say,
‘don’t do research’, but we need to move on beyond
that, [...] the clinicians [and] the vets, didn’t wait
until they could provide you hard proof that if you
withdraw use of colistin then colistin resistance starts
to decline [...]. Maybe we need to be thinking the
same, particularly for antifungals in agriculture.
(Environmental regulator 1)

This was supported by another regulator, who
expressed that now is the time to implement changes
and mitigate using our existing knowledge:

I think we already know enough, [...] I think we
need to move into some degree of surveillance
Perhaps we don’t need to measure everywhere like
we do with chemicals, but we need [...] a broader
standard  programme, a mainstream  one.
(Government 1)

Some industry representatives stood apart, suggesting
the evidence base needed strengthening, or that even
with more evidence, the environmental AMR actions
needed were not clear. One wastewater industry par-
ticipant said ‘[the regulators] are relatively active in
this space but they’re not regulating because I don’t
think we’re at that stage yet’ (Wastewater industry 1).
Therefore, it appears the scale of the problem, and the
nature of the solution, to some extent remain con-
tested. Moreover, another industry representative
highlighted the perceived relative priority of environ-
mental AMR: ‘For the water industry to do it, it also
needs to be important for governments and regula-
tors, and I don’t think it is’ (Wastewater industry 3).

One wastewater industry representative even
expressed there may be hidden risks to eliminating
antibiotic residues:

[...] if you take something out, does that create an
environment for something else to thrive that might



be worse than the thing that we've taken out.
(Wastewater industry 1)

As well as requiring more evidence to act, the water
industry also discussed the financial implications of
mitigating potential risks, with a particular focus on
CSOs. CSOs (also referred to as sewage spills, sewage
discharges, outfalls, etc., by participants) release
untreated sewage into aquatic environments, poten-
tially posing a public health risk [27]. The costs of
tackling CSOs were also discussed by all wastewater
industry representatives. Cost estimations from par-
ticipants ranged between ‘£50-something billion’ and
‘£60-100 billion’ to meet potential targets of <10
discharges per year in England. Industry representa-
tives discussed desires to see cost-benefit analyses
indicating to what extent improvements in CSO
discharges will affect environmental AMR and
often hypothesised that spending money in other
sectors may help minimise risks associated with pol-
luting inputs and AMR:

[...] if you could divert some of the billions and
billions of pounds that’s going to be spent on the
water company assets, to local authorities and to
the Highways Agency, you’d make a much, much
better start to dealing with storm overflows and
then the overflows that occur a sewerage works as
well. (Wastewater industry 3)

Environmental regulators also acknowledged the costs
of wastewater treatment improvements, with one par-
ticipant expressing applying antimicrobial discharge
limits to treated effluent at this time would be ‘techni-
cally [...] and financially prohibitive’ (Environmental
regulator 2), and further stating that ‘we do need to be
very mindful of the cost implications and the technol-
ogy implications for starting to address this issue
beyond what we’re doing already’ (Environmental reg-
ulator 2). However, there is some contrast between
industry and regulator/government opinions, often
with the industry questioning the risk posed by
CSOs, particularly in relation to the required capital
investment, whereas regulators are focused on gather-
ing the evidence to demonstrate the scale of the pro-
blem caused by CSOs and other polluting inputs.

Overall, participants had conflicting opinions of
‘risk’ and on evidence requirements prior to imple-
menting mitigating measures to tackle pollution
sources that increase environmental AMR.
Wastewater industry representatives often suggested
that data are needed to inform both the relative risk
of different pollution sources on environmental AMR
and the relative risk from the environment on clinical
AMR, before mitigation measures can be implemen-
ted. In addition, some called for cost-benefit ana-
lyses. In contrast, many non-industry participants
thought there was sufficient compelling evidence to
act now.
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Barriers to policy action

Technical barriers: standardisation

Participants described barriers to UK environmental
regulation including the lack of consensus around
surveillance markers and baseline measurements,
funding constraints and the de-prioritisation of the
environment in policy. Some participants hesitated to
begin monitoring due to the absence of standardised
approaches. They cited the need for a new surveil-
lance method or lack of agreement in current meth-
ods. Additionally, there was limited consensus on
appropriate surveillance markers (e.g. specific genes
or organisms of interest). One participant stated:

[...] we need a proper surveillance design and we’re
not there yet because there are so many different
ways of measuring [AMR] [...] we probably need
a new method, [...] If you take another few years to
say, ‘OK, this is the method, then already time has
passed so I think we should start [...] some kind of
surveillance. (Government 1)

Another participant agreed that monitoring will
require a different approach to other types of
surveillance:

There [is] a real lack of understanding of how envir-
onmental data would need to be reported; [...] you
can’t just necessarily use the same measures that you
used for clinical or veterinary. (Academic 2)

The same participant further expressed the lack of
consistency in the literature and the nuances in
choosing the right surveillance marker(s):

If you're looking at the literature there’s no consis-
tency in how people have carried out studies. [...]
There’s [...] such a bias to the organism or the gene
of interest [...] you've got to be able to link it to
[human] health. (Academic 2)

This was echoed by a regulator, who stated ‘we don’t
have the robust standards to use in licensing emis-
sions to the environment to safeguard against AMR’
(Environmental regulator 2). The same participant
offered examples of questions that need still answer-
ing, including:

[...] how do we address AMR in terms of water
pollution or [...] environmental pollution control?
What constitutes harm? What criteria should we be
using to assess harm in the environment? What
standards should we be working towards in seeking
to implement licence conditions and interventions?
And at the moment this type of information [...] is
not available to us. (Environmental regulator 2)

Therefore, despite the regulators and academics lar-
gely  supporting  the  implementation  of
a precautionary approach to mitigation, there was
still uncertainty on the best measure of improvement.

Some participants also thought that understand-
ing/collecting more baseline data and defining the
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state of AMR in the environment is still needed to
inform targeted mitigation and evaluate whether it
worked. For example, one academic stated ‘Right now
we kind of need to know what’s out there and where
it’s bad’ (Academic 2).

An environmental regulator discussed that
a similar approach to the Water Framework
Directive (WFD) (which characterises rivers and
ranks them by their ecological and chemical health)
would be useful. For example, an approach begin-
ning with the ‘characterisation of pressures, the
assessment of state, the evaluation of impact and
the design of interventions, programmes of mea-
sures’ (Environmental regulator 2). The same par-
ticipant also referred to the ‘DPSIR’ (Driver-
Pressure-State-Impact-Response) framework [28]
and expressed the need for establishing the ‘state’
part. Further, an academic and a regulator both
discussed the current drive for designated inland
bathing [29], with the regulator suggesting that
routine testing of inland bathing waters could
include both AMR and ARDCs. The academic sug-
gested that bathing in inland waters poses a greater
risk to human health in comparison to coastal
bathing waters as there will be less dilution and
that inland bathing designation should lead to
increased investment, improved treatment, and
a reduction in CSO discharges.

Financial barriers: research/governmental funding
constraints

Financial constraints were discussed widely. The abil-
ity of regulators to only work within the confines of
their core duties was mentioned by two participants,
with one regulator stating ‘we do what we’re funded
for at present. So, if surveillance for AMR became
a requirement, then that would need paying for’
(Environmental regulator 1). This was also echoed
by another regulator:

Where is the policy and the regulatory drive to do
something about this; where is the funding to sup-
port that regulation? Particularly in these days of
constrained resources, we need to be acutely aware
of what our core work is. (Environmental
regulator 2)

Constraints in funding were also mentioned by aca-
demics, particularly in regard to whether academics
should fill the gaps in larger-scale environmental
monitoring of AMR:

[...] perhaps it should be fulfilled by the regulators
actually, but funded properly. I think [...] it’s very
rare to get the kind of money that you need to do
that kind of study [in academia]. (Academic 2)

However, this same participant described that
although regulators might be better placed to do
this work, they ‘get the impression that the regulators

don’t have the funding. So, they’re reliant on [aca-
demics] to do this, and we may or may not be able to
fund it’ (Academic 2).

Participants linked funding to research priorities,
with research areas of highest priority likely being
assigned more funding. One environmental regula-
tor explained that it had taken a long time to get
funding for the Pathogen Surveillance in
Agriculture, Food and Environment (PATH-SAFE)
Programme [30], as it was not seen as a priority.
The PATH-SAFE Programme is a UK cross-
government programme, including the
Environment Agency, which undertook multiple
studies on environmental AMR. The environmental
regulator stated:

PATH-SAFE [...] came about after three abortive
attempts to get that funding through the spending
review mechanism [...] failing every time, because
it’s hard to get it up the agenda high enough. Even
within an AMR context it’s hard because the clini-
cians will be there first. (Environmental regulator 1)

Other participants, particularly government/environ-
mental regulator representatives, felt the environment
has often been seen as a minor piece of the One
Health AMR picture:

I think public health is the big one, animal health is
the middle one and were the little one [...].
(Government 1)

Human health still takes precedence, and under-
standably so, but there has been good collaboration
between human health and animal health. I think
probably the environment is further down in the
pecking order. (Environmental regulator 2)

The environment always seems to end up as the poor
relation. (Environmental regulator 1)

Some responses suggested that participants thought
the sentiment expressed in the last quote was chan-
ging: ‘people are [...] increasingly recognising the
environment has an important role to play’
(Environmental regulator 2), and:

I'm going to be talking to [...] people that are
involved in coordinating the National Action Plan
[but] we wouldn’t have even been let through the
door 10 years ago because they would have consid-
ered [the environment] to be irrelevant. If you think
about it in those terms, the amount of progress is
remarkable really. (Academic 1)

Overall, it was evident some representatives felt there
was a general lack of funding for environmental AMR
research and a de-prioritisation of the topic in
a political context. However, it was also felt that
some progress has been made and some were hopeful
that this will improve further.



Next steps and desirable policy outcomes

When participants were asked to describe what
policy interventions should come next, they wanted
to better build on existing research (e.g. research
completed under the PATH-SAFE programme),
improve and inform environmental surveillance,
and improvements and mitigation within the was-
tewater industry.

Building on existing research

Academics, environmental regulators, and industry
representatives valued different ways forward, but
an academic and two environmental regulators
described the importance of PATH-SAFE and the
levels of recent governmental investment in environ-
mental AMR research.

The key thing will [be] what happens when PATH-
SAFE finishes, whether it transitions into embedding
some of that understanding and practice that’s been
scoped in PATH-SAFE into their routine activity.
(Academic 1)

An environmental regulator explained that: ‘the first
thing we need to do is digest what comes out of
PATH-SAFE and [decide] if we are [going] to do
anything more’, for which ‘the agency will require
more funding’ (Environmental regulator 1). Another
regulator mentioned financing, however, stating that:
‘there is no shortage of investment in terms of
research at the moment, and [...] I'm keen to see
[...] the translation of that research into [policy]
action.” (Environmental regulator 2). Furthermore,
some had concerns about whether the completion of
the research done under the PATH-SAFE pro-
gramme would lead to shored-up, longer-term, fund-
ing for the sector.

Environmental surveillance of AMR

Regardless of whether they thought more research
was needed prior to action, some academics and
environmental regulators called for surveillance pro-
grammes. One participant suggested that regulators
should invest in a surveillance programme that:

[...] includes human, animal and environment and
potentially wastewater which is essentially part of
understanding AMR in human populations.
(Academic 1)

Another academic stated:

I think a programme of monitoring across water
bodies [...] would be really helpful. Obviously,
that’s a huge financial burden. So, using a sentinel
species for isolate-based work and then some
selected genes for genes-based work, [is] what
needs to be done [...] you’ve got to be able to link
it to health, [and] the isolate work has some potential
to actually do that. (Academic 2)
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When asked about statutory monitoring of environ-
mental AMR, a wastewater industry representative
expressed that:

[...] Id like to see the monitoring approaches
refined so that they’re a lot simpler and cheaper
[...] you need to make it really inexpensive at
a bulk level, [...] the effort needs to go into making
the process of analysis much, much cheaper first, and
then you make your business case for a wider scale
application. (Wastewater industry 3)

Some participants discussed uncertainties brought on
by Brexit concerning legislative changes in Europe
and how they might be transposed into UK legisla-
tion. This was in relation to the revision of the Urban
Waste Water Treatment Directive (UWWTD) (91/
271/EEC) [31]. The proposed revisions will include
monitoring AMR in wastewater treatment works with
a population equivalent >100,000 [31]. One partici-
pant expressed uncertainties about how these amend-
ments will affect the UK water industry:

There’s a revision of the Urban Wastewater Directive
[...] within the European context. I certainly know
the Scottish Government has said they’re going to
align with EU standards for political reasons [...]
and the UK Government is probably not aligning
for political reasons as well. (Wastewater industry 1)

Better quality surveillance was called for by stake-
holders from all sectors as a priority future area; as
the quotations above demonstrate, the discussion
centred around how to undertake better surveillance,
not its relative importance.

Wastewater industry action

Some academic and environmental regulator/gov-
ernment representatives called for improvements to
wastewater treatment processes, with one partici-
pant thinking ‘[waste]water input is probably the
most significant [driver]’ (Academic 2), and another
stating ‘the water industry [are] the solution’
(Academic 3). Another participant stated we
need to:

Improve the issues with the CSOs, which is complex,
expensive and [need] to be long-term, [and] improv-
ing [...] sludge management in the water industry.
(Government 1)

Another regulator/government participant also called
for better wastewater treatment:

[...] from my own perspective, it would be great to
see better treatment of wastewater [...] to stop anti-
biotics getting out there to limit the amount of
resistant bacteria [developing]. (Environmental
regulator 3)
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However, when asked about their opinions of what
action the wastewater industry should take, one was-
tewater industry representative stated:

I imagine that we would be looking [at] a greater
number of [...] inland bathing river designations,
which [...] will drive more work on disinfection of
effluent into areas that people are swimming in. [...]
The other thing which will have some impact over
the next 25 years is the government’s storm overflow
reduction plan. [...] That will remove one route of
entry of AMR organisms into the environment. It’s
a 25-year plan and [will] take some time to imple-
ment. (Wastewater industry 2)

The same participant went on to discuss the potential
future of wastewater industry research into sludge
amendment to land [32]:

[...] in terms of dissemination of AMR to back into

the agricultural areas, we expect [...] further
upgrades [are] needed to meet some changes in
sludge use in agriculture regulations [...]. It’s not

inconceivable that in the longer term, the use of
biosolids in agriculture will start to look very, very
different indeed. [For example,] pyrolysis or wet
oxidation [...] and ending up with [...] a nicely
sterile product in much smaller volumes.
(Wastewater industry 2)

Another wastewater industry participant stated the
overall improvements that need to be made with
respect to wastewater, CSOs and AMR:

The work that the industry needs to do is [to] con-
tinually [improve] the level of treatment and [...]
transportation of the wastewater to the treatment
[plant] so that we’re minimising the untreated sew-
age that’s going into the environment. (Wastewater
industry 1)

Overall, it was felt by some that the wastewater
industry had a significant role to play in mitigating
environmental AMR. The prioritisation of any
improvements, however, will likely vary according
to the regulation - which in turn will depend on
and reflect political priorities, emerging or escalating
evidence and stakeholder interest.

Discussion

This study sought stakeholder views on the imple-
mentation of the UK’s AMR NAP 2019-2024 [14]
focusing on environmental AMR challenges.
Interviews with UK academics, government, regula-
tors and wastewater industry representatives high-
lighted two core themes: 1) the perception of ‘risk’
and the need for more evidence and 2) barriers hin-
dering policy action.

A common concern was the need for more evi-
dence in areas of significant uncertainty.
Environmental regulators and the wastewater indus-
try highlighted gaps in data quantifying AMR risks

from wastewater compared to other pollution sources
and the potential risks to human health. Although
gaps exist in the academic literature, research is
increasingly addressing these issues. Evidence shows
that wastewater impacts environmental AMR globally
[33-38]. In the UK, studies have highlighted that
wastewater treatment work effluent can elevate levels
of AMR in downstream sediments and biofilms [39-
41]. Similarly, research has shown that antibiotic
concentrations in environmental matrices can be dri-
ven by wastewater effluent [42,43] and may be high
enough to select for resistance [44]. Further, the
water industry has conducted its own research into
this through its completed CIP 3, where AMR was
investigated across the treatment processes [26], and
in its ongoing CIP4 AMR work [32]. Whilst these
studies show the levels of AMR, and in some cases,
the direct impact of wastewater pollution, they do not
investigate the relative risk of wastewater compared
to other pollution sources. Providing this kind of
evidence and deciphering source apportionment can
be difficult, as many factors can drive environmental
AMR [45]; however, catchment-based modelling
approaches could be used to investigate this (e.g.,
[46] and [47]).

Many interviews included discussion on CSOs act-
ing as a potential contributor to AMR spread [27]. As
treated wastewater effluent can increase AMR in the
downstream river environment [39], raw wastewater
discharge from CSOs may further exacerbate the
issue. While CSOs were discussed across all sectors,
one wastewater industry participant questioned their
role in AMR pollution. Limited UK data exists on
AMR risks from CSOs [27], but international studies
suggest that AMR increases during wet weather
(when CSOs are likely to discharge) [48,49], and
that CSO discharges have higher levels of AMR com-
pared to treated effluent [50]. The recent installation
of event duration monitors on storm overflows [51]
has highlighted the number and duration of spills in
England and Wales [52,53]. At the time of the inter-
views, no publicly available data were available for
Scotland or Northern Ireland, making it impossible to
know the extent of these at this time. A water indus-
try participant also pointed to other contributors,
such as local authorities, Highways Agency, and pri-
vate drainage systems, as factors in increased flows
and CSO discharges. Future research and policy
should involve these stakeholders to improve evi-
dence collection and develop effective mitigation
strategies.

The wastewater industry highlighted the need for
evidence on the human health risks posed by envir-
onmental AMR, particularly in relation to waste-
water. One participant noted the lack of clarity on
the relative risk of obtaining an AMR infection from
environmental exposure compared to other sources.



While research in this area is limited, it is expanding.
For example, globally significant clinical resistance
genes have been traced to environmental origins
[54,55]. In addition, a systematic map [5] identified
40 studies linking environmental AMR to negative
human health outcomes, with water environments
being the most studied (e.g., [6,55-59]). Further,
more recent findings on this topic are mixed, with
some studies suggesting increased exposure to the
environmental AMR does [60] or does not [61,62]
increase risk to human health. This gap was docu-
mented in a recent Royal Academy of Engineering
report commissioned by the UK’s Chief Medical
Officer, titled ‘Testing the waters: Priorities for miti-
gating health risks from wastewater pollution’ [63].

Expanding the evidence base on the relative role
different pollution sources play in influencing
environmental AMR, and quantifying the relative
risk to humans from exposure to environmental
AMR from different pollution sources, is critical.
However, it is also vital to ensure that current
academic evidence is effectively communicated
and shared with stakeholders to enable those
responsible actors to guide mitigations where evi-
dence shows they are required. The difficulty that
academic microbiologists have with engaging with
non-experts in policy was highlighted in a recent
opinion piece [64].

The barriers associated with clinical AMR are well-
explored in global [9] and regional AMR NAPs, while
the environment is a minor component, including in
the UK’s [14]. This de-prioritisation of the environment
was highlighted in interviews. Unlike clinical challenges
in the UK’s NAP, which often had targeted objectives,
environmental objectives focused largely on building
knowledge and improving the evidence base. Further,
environmentally focused objectives aiming to minimise
AMR and antimicrobial pollution lacked specificity.
This has potentially delayed the establishment of envir-
onmental targets for monitoring and regulation, similar
to findings in a previous evaluation of the UK AMR
NAP 2019-2024 [22]. However, as noted by some par-
ticipants, there is increasing recognition of the environ-
ment as an important component of the One Health
agenda. Examples include: the progression from the
UK’s 2013-2018 AMR strategy, where environment
was not explicitly included in key areas for future
action, to the environmentally focused ambitions within
the 2019-2024 NAP, and the development of specific
pilot monitoring plans (e.g. through PATH-SAFE [65]).

Some participants noted that action from the
water industry will likely follow regulation from
environmental regulators. It was also apparent
that regulators are looking to academia for gui-
dance on surveillance methods and regulatory tar-
gets. An AMR monitoring system needs to be
affordable, easy to implement, reproducible, and
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fit for purpose. The choice of surveillance approach
largely depends on the questions being asked and
varies by location and policy objectives [66].
Therefore, it is unresolved as to what a successful
AMR monitoring system should look like, i.e. what
approach should be taken, what should be moni-
tored, and what the targets and comparative base-
lines should be. Participants felt that a lack of
consensus on surveillance markers may be causing
delays, restricting policymakers to evidence-
gathering. Whilst there are markers routinely used
in research or suggested by academic reviews (e.g.
intll and blaCTX-M genes) [40,66-72] that could
be used in pilot or large-scale surveillance pro-
grammes, none of these have been used in
a national AMR monitoring system to date. There
is also a need to develop a ‘target baseline’, repre-
senting the goal for any mitigation effort, which
should be achievable but also poses a low risk to
humans, animals and the environment. Some par-
ticipants thought baseline data for environmental
AMR were lacking, without which, the success of
mitigation cannot be measured.

The current ambiguity around environmental
AMR surveillance has the potential to continue to
reinforce policy inaction. However, the World
Health Organization’s Quadripartite Technical
Group on Antimicrobial Resistance and Use
Integrated  Surveillance [73], could provide
a pragmatic way forward in harmonising environ-
mental AMR surveillance globally by developing
guidance. Further, questions around whether the
UK would adopt any of the recent amendments to
EU legislation in the UWWTD [31] were also
raised. Aligning with EU commitments around
AMR surveillance in wastewater could further
help to  harmonise  surveillance  efforts.
Undertaking pilot monitoring campaigns that are
intensive will enable identification of surveillance
markers of interest for long-term monitoring and
will help to establish baselines and inform target
baselines. This could include integrating environ-
mental AMR surveillance into existing campaigns
(e.g. bathing water quality monitoring), which will
allow for baseline data to be generated whilst tai-
lored monitoring is designed.

Conclusion

Whilst we do not know the relative impact environ-
mental exposure plays in driving clinical AMR infec-
tions, evidence suggests that exposure to
environmental and wastewater sources may play
a role, and thus require policy interventions.
Government leadership is critical for ensuring envir-
onmental AMR can continue to secure funding to
address the knowledge gaps. This ensures mitigations
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are evidence-based, and policy can shift from
a reliance on the precautionary principle to policy
founded on robust evidence.
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