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Executive Summary

Monitoring of antimicrobials and their transformation products presents a strategic
opportunity for Australia to strengthen environmental stewardship and demonstrate global
leadership in One Health implementation.

Antimicrobials are defined as chemicals and their relevant metabolites/transformation products
that have antimicrobial properties. We refer to these collectively as ‘antimicrobials’. Protecting
their long-term effectiveness requires responsible use and ongoing efforts to understand and
manage antimicrobial resistance (AMR) across One Health settings.

In alignment with the Australian National AMR Strategy and related Federal programs spanning
environment, agriculture, biosecurity and public health, coordinated environmental antimicrobial
monitoring provides a practical pathway to provide local evidence to support risk-based decision-
making. Strengthening national monitoring capability also positions Australia to demonstrate high
standards of antimicrobial stewardship.

As environmental antimicrobial monitoring continues to evolve in Australia, there is an opportunity
to strengthen national capability through harmonisation and prioritisation. This report contributes
to that effort through the following aims:

1. Produce a customised and prioritised list of antimicrobials (analytes) of
potential concern for both aquatic and agribusiness environmental settings.

2. Present a decision-making framework for analytical techniques for
antimicrobial identification and/or quantification in waters and agribusiness
environments.

3. Describe core analytical detection methods currently available for
antimicrobials in waters and agribusiness environments, including their
strengths and weaknesses and recommendations for applications.

4. Identify opportunities and priorities for advancing antimicrobial monitoring
tools to support future AMR-related research, monitoring and practical
applications.




We first propose a framework for selecting priority antimicrobials for monitoring across aquatic
and agribusiness environments in Australia, aligned with the objectives of key stakeholders. For
each setting, two priority lists are defined: (1) antimicrobials of global importance to support
international benchmarking, and (2) Australia-specific priorities, capturing compounds of national
relevance.

Given the interconnected nature of antimicrobial pathways across One Health settings, we also
present a schematic to enable rapid prioritisation and visualisation of antimicrobials of both
international and national relevance, per industry. While this framework supports pragmatic
decision-making where resources need to be prioritised, the most comprehensive approach —
where time and resources permit — would be to monitor all compounds which fall under the One
Health monitoring framework:
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Alongside identifying priority analytes, we present a simplified decision-making framework to
support the selection of analytical techniques, based on matrix type, analytical requirements,
study objectives, and target compound properties:

What matrix are you testing?
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By bringing together priority antimicrobials, technical monitoring tools and sector-specific
(aquatic or agribusiness) applications, this report lays the foundations for a more cohesive
and fit-for-purpose One Health approach to monitoring the occurrence of antimicrobials in
Australian environments. In doing so, it supports delivery of national AMR objectives,
strengthens the evidence available to inform policy and regulation, and contributes to
Australia’s ability to demonstrate high standards of environmental protection, biosecurity and
antimicrobial stewardship against international benchmarks.
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1. Introduction

Antimicrobials are defined as chemicals and their relevant metabolites/transformation products
that have antimicrobial properties. There are several key types of antimicrobials, each designed
to treat specific groups of microorganisms. Antibacterials or antibiotics (herein referred to as
antibacterials) are used to treat bacteria, antifungals target fungi, antivirals target viruses, and
antiparasitic agents target parasitic microorganisms. We refer to these collectively as
antimicrobials.

Since the discovery of penicillin, antimicrobial compounds have become a cornerstone of modern
medicine. In 2018, global defined daily doses (DDD) of antibacterials alone were estimated to be
40 billion "2. Beyond human healthcare, antimicrobials are also widely used in animal and plant
health, agricultural practices, food preservation and in the wider agribusiness industry, together
account for approximately 70% of global antimicrobials used 2.

Australia's healthcare and agricultural sectors rely on antimicrobials to support human, animal
and plant health. Australia has invested in longstanding national surveillance systems for
antimicrobial use and resistance that provide an important foundation for antimicrobial
stewardship, treatment guidelines and evidence-based decision-making. The latest AURA Report
(2026) states that antimicrobial use remains below 2015 levels, emphasising the value of
Australia's stewardship and surveillance programs *.

Extending this capability into environmental antimicrobial monitoring represents a natural
progression of Australia's One Health approach to AMR. Australia's extensive and diverse
agricultural industries across all states and territories further highlight the importance of
coordinated environmental monitoring to support evidence-based stewardship, maintain
Australia's high standards, and demonstrate leadership in One Health antimicrobial
management.

1.1. Environmental pathways of antimicrobials

There are several pathways for antimicrobials to enter the environment 5. Within human health,
antimicrobials can be ingested, topically applied or injected, and most active pharmaceutical
ingredients (APIs) — biologically active components of pharmaceuticals including metabolites and
transformation products 7 — are not fully metabolised and excreted within urine or faeces, and
make their way to wastewater treatment plants (WWTPs) or onsite treatment facilities such as
septic tanks.

Within WWTPs, treatment processes reduce but do not completely remove all antimicrobial
compounds. As a result, some antimicrobials and their transformation products may remain
detectable in treated wastewater, aquatic environments via wastewater effluent, septic tank
discharge, or sewer overflows. Under some environmental conditions, residual concentrations
may contribute to selection pressures associated with antimicrobial resistance (AMR) .

APls may also enter the environment through a range of pathways, including industrial effluents
and the reuse of biosolids. From these pathways, antimicrobial compounds may be transported
to surrounding environments through processes such as runoff, drainage and infiltration.

Similarly, in animal or food-production systems (inclusive of agriculture and aquaculture),
antimicrobials are not fully metabolised within animal bodies, where even ‘complete degradation’
may result in the emission of transformation products or metabolites. Plant protection products
(e.g. herbicides, insecticides, fungicides) may also incorporate antimicrobial compounds,
meaning agricultural soils are another possible environmental pathway®. Whilst there are data
available on global antimicrobial concentrations in agricultural systems 2, comparable datasets
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remain relatively limited in Australia, highlighting the value of environmental monitoring to better
understand the Australian landscapes.

1.2. Introduction to One Health

The One Health concept recognises that human, animal, plant and environmental health are
inherently interconnected. The concept of One Health is integral to understanding the occurrence
and management of antimicrobials in the environment, in that all aspects of this threat represent
a true One Health challenge (Figure 1). In the eyes of the World Health Organisation’s (WHO)
One Health High-Level Expert Panel "*:

“One Health is an integrated, unifying approach that aims to
sustainably balance and optimize the health of people, animals
and ecosystems”

URBAN
ENVIRONMENT

» VITIGULTURE o & °

WASTE WATER
TREATMENT

! CULTURE

HORTICULTURE

ORGANIC
WASTE

SAAFE™

AQUACULTURE

Figure 1. A ‘One Health’ approach to managing AMR recognises that populations, species,
facilities, and industries co-exist within environments, and are connected by water/air and the
movement of people, animals, plants, goods and materials. The drivers of AMR, as well as the
resistant organisms and their genes (all represented here by white dots), may likewise be
connected across populations, species and environments. Image © SAAFE ™.

1.3. Antimicrobial Resistance

Antimicrobial resistance or AMR describes the ability of microorganisms to survive or continue
growing in the presence of an antimicrobial agent. As resistance develops, some infections and
diseases in humans, animals and plants can become more difficult to manage, creating
implications for healthcare, veterinary medicine, agriculture and food production systems.
Recognising these broad societal and economic implications, the World Health Organization
(WHO) has identified AMR as a major global health challenge™®.

Some microorganisms are naturally, or inherently, resistant to specific antimicrobials. Resistance
may also evolve or be acquired in response to selection pressures. Selection can be direct,
leading to the emergence of a resistance gene or AMR determinant specific to the antimicrobial




to which a bacterium is exposed, although, other co-selective pressures do exist. These include,
but are not limited to, exposure to organic and inorganic chemicals (both individually and as
mixtures) %17 AMR evolution can result from genetic mutations, recombination, or horizontal
gene transfer, which involves the transfer of genetic material between vectors or pathogens
(bacterial cells) 8.

1.4. Australia’s National Antimicrobial Resistance Strategy

Australia has maintained a coordinated national approach to AMR for more than a decade
through successive National AMR Strategies. These strategies are underpinned by a One Health
framework, recognising the interconnected nature of human, animal, plant and environmental
health.

A central theme across both the 2015-2020 Strategy '°® and the current Australia's National
Antimicrobial Resistance Strategy — 2020 and Beyond % is the importance of surveillance,
monitoring and evidence generation to support informed decision-making, stewardship and policy
development.

Within this context, chemical monitoring of environmental antimicrobials provides an important
complementary evidence stream. Monitoring can support a better understanding of the
occurrence, distribution and fate of antimicrobial compounds across environmental, agricultural
and food production systems, helping to inform management approaches and contribute to
broader One Health surveillance objectives.

This report has been developed within that policy context, providing an overview of available
monitoring approaches, analytical tools and implementation considerations relevant to
antimicrobial residue monitoring across Australia.

1.5. Aims of this report

This report lays the foundation for applying currently available analytical techniques to strengthen
antimicrobial monitoring and support the development of new techniques. This will be addressed
through four sub-objectives:

1. Produce a customised and prioritised list of antimicrobials (analytes) of potential concern
for both aquatic and agribusiness environmental settings.

2. Present a Decision-Making Framework for analytical techniques for antimicrobial
identification and/or quantification in waters and agribusiness environments.

3. Describe core analytical detection methods currently available for antimicrobials in waters
and agribusiness environments, including their strengths and weaknesses and
recommendations for applications.

4. Identify opportunities and priorities for advancing antimicrobial monitoring tools to support
future AMR-related research, monitoring and practical applications.

13
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2.ldentifying Priority Antimicrobials

Antimicrobial resistance may evolve under a direct selection pressure — where a specific
compound selects for resistance to that same compound — or through an indirect selection
pressure. Indirect selection for AMR is called co-selection, and several different types of
micropollutants have been shown to contribute to co-selection for AMR ', including: metals &
metalloids 2, biocides ?2-2°, fungicides 2°, microplastics '"?’, plastic additives ?® and non-
antibacterial drugs °.

The relative contribution of antimicrobials versus other compounds (e.g. metals, non-
antimicrobial pharmaceuticals and various pesticides), however, remains unclear. Accordingly,
this report focuses on existing evidence of antimicrobial parent compound
concentrations across Australia, and where possible, their transformation products.

Furthermore, whilst a wide range of different compounds are used and detected in environmental
settings, it is important to consider financial and time constraints when designing monitoring
programs. Therefore, we have applied a strategy-based approach to prioritising antimicrobial
compounds for monitoring in Australian aquatic (2.1) and agribusiness environments (2.2).

The strategy-based approach is
designed to support practical
prioritisation, not exclusion. Where
time, budget and technical capability
permit, monitoring antimicrobials
across both priority strategies
provides the most comprehensive
assessment of environmental
occurrence.
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2.1. Priority antimicrobials in aquatic environments

Aquatic environments (wastewater, surface waters etc.) receive antimicrobial inputs from clinical,
domestic and, in some cases, industrial, veterinary and agricultural sources. Given the diversity
of inputs, numerous antimicrobial analytes may be relevant for monitoring. For the prioritisation of
antimicrobials in aquatic environments, a strategy-based system is proposed which considers
two key stakeholder strategies: international benchmarking and national relevance for Australia:

Global Benchmarking National Relevance

Internationally Comparable:
Aligned with European practice,

we suggest focussing on the
antimicrobials that are on the
current or previous EU Water
Framework Directive's Watch

Australia Targeted:
Antimicrobials of relevance to

Lists. This will ensure our national Australia, identified by a horizon

dataset is comparable with global
benchmarks, and supports
international alignment in
environmental antimicrobial
monitoring (Table 1).

scan of available national data
and documentation (Table 2).

This approach considers:

e Time and budget constraints which influence the number of analytes that can be measured.

e Availability of analytical instrumentation, standards, and methods, which may further
influence the number of analytes that can be included.

e Including antimicrobials from current EU Water Framework Directive Watch Lists to support
international benchmarking and comparison with established monitoring programs.

e Retaining antimicrobials included in earlier Watch Lists which enables Australian data
generation for compounds that have completed their data collection cycle in the EU.

e Capturing Australian-specific substances to ensure that national priorities are reflected in
ongoing and future monitoring efforts.

To ensure relevance to Australia, all compounds were searched in the Therapeutic Goods
Administration’s (TGA) ‘Australian Register of Therapeutic Goods’ (ARTG) Search Visualisation
Tool and database to confirm their registration or approval for use in Australia before inclusion in
either list. All compounds not registered for use in Australia with the TGA were excluded
from the prioritisation framework.

Strategy 1 (Table1) is recommended as the core suite of analytes for aguatic
environmental monitoring where international benchmarking is an objective. By aligning
with the current and previous EU Water Framework Directive Watch Lists, Strategy 1 supports
international benchmarking while providing a practical and harmonised foundation for
environmental antimicrobial monitoring in Australia.

The EU Water Framework Directive Watch List provides a coordinated framework for prioritising
and monitoring emerging compounds across Europe. By harmonising monitoring across
European Member States, it has established a valuable evidence base for priority compounds
and enables direct comparison of monitoring data between jurisdictions. Compounds included on
the Watch List, are monitored by EU Member states over a defined monitoring cycle, generating
consistent datasets that support future prioritisation, analytical method development and
scientific understanding of environmental occurrence. The current Watch List was published in
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2025 and includes 4 priority antibacterials and 10 priority antifungals 3. Three of these
compounds are registered on the TGA's ARTG Search and Visualisation Tool *', and were
therefore included in Strategy 1 (Table 1). Monitoring these antimicrobials in Australia will enable
direct comparison with international datasets while contributing Australian evidence to the global
knowledge base for priority antimicrobial compounds.

Although bromuconazole is listed on the current Watch List, it is neither registered with the TGA
nor in the APVMA's (Australian Pesticides and Veterinary Medicines Authority) search tool -
PubCRIS 3. Therefore, this compound has not been included within the Australian aquatic
prioritisation framework.

The remaining compounds in the current Watch List were registered only with the APVMA, not
the TGA, and have therefore been incorporated into the agribusiness prioritisation framework
(Section 2.2).

Strategy 1 also includes all antimicrobials that are listed on previous EU Watch Lists (2022 32,
2020 **, 2018 3% and 2015 3¢). With each new iteration of the Watch List, compounds are only
retained for a defined monitoring cycle of up to 4 years, during which EU Member States
generate monitoring data. Including compounds from previous Watch Lists enables Australia to
generate comparable datasets for analytes that have completed their European monitoring cycle,
while maintaining alignment with internationally recognised monitoring priorities for environmental
antimicrobial monitoring.

For aquatic stakeholders seeking greater emphasis on Australian priorities, Strategy 2
(Table 2) expands the framework to include analytes of particular interest within
Australian aquatic environments. This list is informed by a horizon scan of nationally
relevant sources, including:

e Australian Commission on Safety and Quality in Health Care (2023). AURA 2023: Fifth
Australian report on antimicrobial use and resistance in human health. Sydney:
ACSQHC.

e Australian Commission on Safety and Quality in Health Care (2026). AURA: Sixth
Australian report on antimicrobial use and resistance in human health. Sydney:
ACSQHC.

e Li, J., O'Brien, J.W., Tscharke, B.J., He, C., Shimko, K.M., Shao, X., Zhai, N., Mueller, J.F.
and Thomas, K.V., 2024. National survey of the occurrence of antimicrobial agents in
Australian wastewater and their socioeconomic correlates. Nature Water, 2(12), pp.1166-
1177.

e Li, J., OBrien, J.W., Tscharke, B.J., Verhagen, R., He, C., Shimko, K.M., Shao, X., Zhai,
N., Hulleman, T., Mueller, J.F. and Thomas, K.V., 2025. Occurrence, removal, and risk
assessment of antimicrobials and their transformation products in effluent from Australian
wastewater treatment plants. Environmental Science & Technology, 59(13), pp.6825-
6838.

Table 2 should not be interpreted as a systematic or exhaustive list. Rather, it provides a practical
baseline that can be refined as additional Australian monitoring and evidence becomes available.
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Table 1. International benchmarking priority compounds (international comprehensive)
for aquatic monitoring in Australia, adopted from current and previous EU Watch Lists.
Only antimicrobials registered for use with the Australian Government’s Department of Health
and Aged Care Therapeutic Goods Administration ARTG Search Visualisation Tool °'.
Emboldened text highlights compounds included in our national relevance tier below.

Persistent (P)

Compound Bioaccu_mulative Eil;tWatch
(B), Toxic (T)
Norfloxacin Antibacterial Fluroquinolone Does not currently | 2025
meet PBT criteria *
Erythromycin Macrolide P (suspected), T 3" | 2015
Clarithromycin Macrolide P (suspected), T %8 | 2015
Azithromycin Macrolide P, T 2015
Amoxicillin Penicillin P (suspected), T4 | 2018
Ciprofloxacin Fluoroquinolone [P (suspected), T*' | 2018
Sulfamethoxazole Sulfonamide P, T (suspected) 3* | 2020
Trimethoprim Diaminopyrimidine |P, T (suspected) ** | 2020
Cefalexin Cephalosporin No data 2022
Clindamycin Lincosamide P (suspected), T 2022
(suspected) 4
Ofloxacin Fluoroquinolone No data 2022
Itraconazole Antifungal Azole (triazole) T 2025
Ketoconazole Azole (imidazole) _I? Suspected), B, 2025
Clotrimazole Azole (imidazole) |P, B (suspected) ** | 2020
Fluconazole Azole (triazole) No data 2020
Miconazole Azole (imidazole) P,B, T 2020
(suspected) **
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2.2. Priority antimicrobials in agribusiness environments

Similarly to our approach for monitoring antimicrobials in aquatic systems, we propose a
strategy-based approach for prioritising antimicrobials for monitoring in agribusiness
environments based on two key stakeholder objectives:

Global Benchmarking National Relevance

Internationally Comparable:
Antimicrobials listed as

critically important
antimicrobial agents on the
World Organisation for Animal
Health's (WOAH) List of
Antimicrobial Agents of Veterinary
Importance (2021), or agricultural
antimicrobials included on the EU
Water Framework Directive's
Watch Lists. This will ensure our
national dataset is comparable
with global benchmarks and
supports international alignment in
environmental antimicrobial
monitoring (Table 3).

Australia Targeted:
Antimicrobials of relevance to

Australia, identified by a horizon

scan of available national data
and documentation (Table 4).

To ensure relevance to Australia, all compounds were searched in the APVMA PubCRIS
database to confirm their registration or approval for use in Australia before inclusion in
either strategy. Compounds not registered for use in Australia were excluded from the
agribusiness prioritisation framework.

For agribusiness stakeholders seeking a robust, condensed, internationally relevant
and practical list of priority compounds for environmental monitoring, we have
recommended following internationally comprehensive guidelines (Table 3).

This includes all antimicrobials listed as critically important antimicrobial agents on the WOAH’s
(World Organisation for Animal Health) List of Antimicrobial Agents of Veterinary Importance 4’
and agriculturally relevant antimicrobials listed on the current EU Water Framework Directive
Watch List (2025 *°). Together these internationally recognised frameworks provide a practical
and harmonised foundation for monitoring antimicrobials relevant to animal and plant production
systems.

The WOAH List identifies antimicrobials of global importance to veterinary medicine and provides
an internationally recognised reference for antimicrobial stewardship and surveillance. Aligning
Strategy 1 with the WOAH List, together with agriculturally relevant antimicrobials included on the
EU Water Framework Directive Watch List, supports international benchmarking while ensuring
relevance across Australian animal and plant production systems.

24
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For agribusiness stakeholders that prioritise national relevance, Strategy 2 (Table 4)
expands the framework to include. analytes of particular interest for Australia. This list
is informed by a horizon scan of nationally relevant evidence sources for antimicrobials of
importance for Australian agribusiness systems and environments. To do this, key available
resources were screened, including:

All antimicrobials listed as ‘High Importance’ for animal health in: Australian Strategic and
Technical Advisory Group on Antimicrobial Resistance (ASTAG) (2018). Importance ratings
and summary of antibacterial uses in human and animal health in Australia. Canberra:
Commonwealth of Australia.

Australian Pesticides and Veterinary Medicines Authority (APVMA). (2014). Quantity of
antimicrobial products sold for veterinary use in Australia (July 2005 to June

2010). Canberra, ACT: APVMA.

Australian Wine Research Institute (2025). Agrochemicals registered for use in Australian
viticulture. Adelaide: AWRI. Available at: https://www.awri.com.au/wp-
content/uploads/agrochemical booklet.pdf

Australian Pesticides and Veterinary Medicines Authority (2026). Proposal to suspend permit
for florfenicol in salmon. Available at: https://www.apvma.gov.au/news-and-
publications/statements/proposal-suspend-permit-florfenicol-salmon

Australian Pesticides and Veterinary Medicines Authority (2026). APVMA suspends permit for
florfenicol. Canberra: APVMA. Available at: https://www.apvma.gov.au/news-and-
publications/news/apvma-suspends-permit-florfenicol

Environment Protection Authority Tasmania (EPA Tasmania) (2026). Florfenicol. Available

at: https://epa.tas.gov.au/business-industry/regulation/salmon-aguaculture/management-of-
therapeutants-including-antibiotics/use-of-therapeutants-in-the-marine-
environment/florfenicol

Table 4 should not be interpreted as a systematic, or exhaustive list. Rather, it provides a
practical baseline that can be refined as additional Australia monitoring data and evidence
become available.
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Potential AMR co-selective compounds

Whilst this report’s scope and focus is limited to antimicrobials and their transformation products,
other environmental compounds have also been shown to contribute to AMR co-selection under
some conditions. Although these compounds fall outside the scope of this report, they represent
an important area for future research and monitoring.

This list is not exhaustive and reflects the current evidence base, which continues to evolve. At
present, there are no internationally coordinated monitoring frameworks specifically targeting
AMR co-selective agents or adopting AMR selection endpoints.

Examples reported in the literature include:

Copper %3

Zinc %

Lead *°

Cadmium %6

Quaternary ammonium compounds °’

Biocides, including triclosan 8

Some non-antibacterial pharmaceuticals including diclofenac, metformin and 17-p-estradiol
2999 have also been identified as potential co-selective agents, particularly in combination
antimicrobial compounds?¢":
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2.1. A One Health prioritisation framework

In our initial prioritisation (Sections 2.1 and 2.2), we sought to account for the diverse factors
shaping antimicrobial monitoring capacities across stakeholders, recognising that utilities,
laboratories, and industries differ substantially in analytical capacity, infrastructure, and available
resources.

However, sector-specific prioritisation alone does not fully capture the interconnected nature of
antimicrobial occurrence and movement within a One Health framework. Antimicrobials may
move between aquatic and agribusiness environments through a range of interconnected
pathways. For example, recycled water may be used for irrigation, bio-solids may be beneficially
reused on agricultural land, and sewer overflows may discharge to receiving environments,
including those supporting aquaculture. Conversely, agribusiness activities may also contribute
residual antimicrobials to aquatic environments through processes such as runoff to surface
waters, for example.

Accordingly, we propose an integrated One Health monitoring framework (Figure 2). Where
resources and monitoring objectives permit, coordinated monitoring across stakeholders would
target antimicrobials identified as priorities across domestic wastewater, surface waters,
horticulture, viticulture, aquaculture and livestock systems. This integrated approach provides the
most comprehensive understanding of antimicrobial occurrence across interconnected One
Health settings while supporting collaboration, data comparability and evidence-based decision-
making. User guidance and supporting case studies are provided (Figure 3).
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Clinical wastewater | Domestic wastewater , Surface waters Horticulture Viticulture Aquaculture Livestock Companion
: Azithromycin Climbazole Trimethoprim + Sulfonamide :
: Clarithromycin Cyazofamid Spectinomycin
: Clotrimazole Difenoconazole Streptomycin
. Ketoconazole Epoxiconazole Sulfacetamide
: Miconazole Propiconazole Sulfadiazine
v Ofloxacin Triticonazole Sulfadimidine
’ Amoxicillin Mefentrifluconazole Sulfamerazine
Cefalexin Sulfaqulr_wxa“ne
Ciprofloxacin Apramycin | Gentamicin
Clindamycin stmyodn';un : Spiramycin
Erythromycin Phthalyl :
Fluconazole sulfathiazole
Itraconazole Ampicillin . Doxycycline
. Norfloxacin Kitasamycin *  Tetracycline
: Sulfamethoxazole Tulathromycin :
8 Trimethoprim Oleandomycin
‘ Hydroxy metronidazole Tilmicosin
. Moxifloxacin Erythromycin .
: Penicillin V Florfenicol ' 1
: Sulfapyridine OxwetraC)fcIme
Ampicillin Amoxycillin
Amoxicillin-clavulanic acid Chlortetracycline
Cefazolin Amoxicillin + Clavulanic Acid
Doxycycline Cloxacillin
Gentamycin Tylosin
Methicillin Ceftiofur
Metronidazole Azoxystrobin Polymyxin B
Posaconazole Fenhexamid Benzathine penicillin
Voriconazole Fludioxonil Penethamate
' Amoxicilloic acid Metalaxyl Procaine penicillin
: Erythromycin-18 Penconazole Bacﬂ_racin
: Proquinazid Virgini j : Cef
L. Pyraclostrobin . Cefovecin
: Pyrimethanil : Ceftriaxone
* Quinoxyfen @ mmmsmsmssssssss=== -? Enrofloxacin+
Key: Silver
Sulfadiazine
Internationally Comparable List ibafiocatin
Featured on Both Lists Marbofloxacin
Nitrofurazone
Australian Targeted List .
One Health Monitoring Pradofloxacin
Sodium
fusidate

Figure 2. A One Health prioritisation framework for environmental antimicrobial monitoring.
Created using BioRender.com.

The following examples (Figure 3) illustrate how the strategy-based prioritisation framework can
be applied to different monitoring objectives. They are intended as examples only, and alternative
approaches may be appropriate depending on monitoring goals, available resources and sector-
specific requirements.

Since the completion of this report, the Quadripartite Joint Secretariat on AMR
generated a comprehensive list of antimicrobial classes and subclasses proposed for
an antimicrobial panel for testing bacteria in an integrated One Health surveillance
programme. Several of the antimicrobials listed in Figure 2 are included. For more
details, please see the full report:




C How to Use )

Sector: Strategy 1: Strategy 2: One Health:

i Do you prioritise generating Do you prioritise generating - e

Wh:::'::::g,?; s:‘f::::t:re data on antimicrobials to data on antimicrobials shown é:ﬂ:(’;'epzmge%(n;"‘:;ilih’
2 focu sseg, ensure international to be important for the Al 2

. comparisons? Australian context?

Do you want to capture data on antimicrobials of both
international and Australian relevance?

Case Study 1:

A horticulture company is developing an antimicrobial monitoring program for
cropland soils and surrounding environments. The objective is to generate data

that are both internationally comparable and relevant to Australian production
systems.

Recommended approach:

L

Case Study 2:

|

A water utility is developing a comprehensive One Health environmental
antimicrobial monitoring program across interconnected water and agribusiness
systems. The objective is to capture analytes of Australian relevance whilst
maintaining international comparability across multiple sectors. Resources are
sufficient to implement a comprehensive monitoring program.

-‘-’-’nmu!- |

Recommended approach:

Strategy 1 Strategy 1 & 2 Strategy 2

it

Figure 3. Using the One Health prioritisation framework for environmental antimicrobial
monitoring, with supporting case studies. Created using BioRender.com.

Quadripartite guidance on One Health integrated surveillance of antimicrobial
resistance and use. Geneva: World Health Organization, Food and Agriculture
Organization of the United Nations, United Nations Environment Programme and
World Organisation for Animal Health; 2025. Licence: CC BY-NC-SA 3.0 IGO.
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3. Core Antimicrobial Monitoring
Methods

When deciding upon an appropriate detection method, sensitivity (i.e. limits of detection and
quantification), specificity and suitability are all essential to consider. Likewise, the preferred
method will depend on the sample matrix, access to analytical instrumentation, and the
monitoring objectives. Ultimately, method selection should be guided by the research question,
monitoring objective and application of the data.

Recommendations of when to use certain methods are shown in the decision-making framework
below (Figure 4), with illustrative case studies provided (Figure 5). The strengths and limitations
of each method, together with their recommended applications, are discussed throughout this
section (Table 5).

What matrix are you testing?

Wastewater Surface waters Bio-solids Agri-soils
i\ J

No Yes
i !
No Yes Yes No
| | |
q
No Yes Yes No
| | |
e
Yes No Yes

FTIR HPLC-UV LC-MS/MS
ELISA

Figure 4. Simplified decision-making framework for environmental antimicrobial monitoring.
Created using BioRender.com.




Case Study 1:

A horticulture company is developing an antimicrobial
monitoring program for cropland soils and surrounding
environments. The objective is to generate data that
are both internationally comparable and relevant to
Australian production systems.

Recommended approach:

LC-MS/MS

aters  Biosalids e Case Study 2:
. & )
S e A water utility is developing a comprehensive One
- Health environmental antimicrobial monitoring
\_] program across interconnected water and
e s v agribusiness systems. The objective is to capture

analytes of Australian relevance whilst maintaining
international comparability across multiple sectors.
Resources are sufficient to implement a
comprehensive monitoring program.

Areyou!

=
e
ILl

Recommended approach:

ELISA HPLC-UV

HPLC-UV

ELISA

Figure 5. Using the decision-making framework for environmental antimicrobial monitoring, with
supporting case studies. Created using BioRender.com.
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3.2. Chromatographic methods

3.2.1. Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) remains the gold standard for
reliable identification and quantification of non-volatile compounds. This method relies on the
separation of analytes using liquid chromatography, which are then ionised, fragmented and
analysed based on the mass-to-charge ratio of the ions (Table 5). Liquid Chromatography-
Tandem Mass Spectrometry methodologies are known to be extremely sensitive and selective,
providing excellent quantification using Triple Quadrupole (QQQ); Quadrupole-Time-of-Flight (Q-
TOF); lon Trap or Orbitrap mass analysers. This method is known for its ability to detect very low
concentrations of antimicrobials, which is essential, given that even extremely low, sub-inhibitory
concentrations can select for AMR ©°,

A key benefit of LC-MS/MS is its multi-analyte capacity, with one previous method developed to
analyse 31 different antimicrobials — including macrolides, quinolones, sulfonamides and
tetracyclines — in WWTP effluents 7°. Another article recently described a high-throughput
method to detect over 100 antimicrobials and metabolites 446! This method has since been
validated using Australian influent and effluent samples, and has several prospects for its
capacity in improving environmental antimicrobial monitoring (Figure 6).

Fllter '
% \\\\ e 109 Antimicrobials and metabolites

WW + 1S

-
m
2
]

Analyze el

Intensity (cps)

5x10°=

| 2
LC-MS/MS Time (min)

Figure 6. Summary of method and extracted ion chromatograms of all compounds in Li et al. ©'.
WW: wastewater; IS: internal standard.

Whilst LC-MS/MS can be extremely beneficial, the high cost of instrumentation and maintenance
reduces accessibility for laboratories across the globe, especially in regional settings. Beyond
practicalities of LC-MS/MS, suppression of electrospray ionisation is likely to occur in highly
contaminated samples, including sewage. This means that efficient clean-up is essential and
may extend the workflow and expense of the process.

44
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3.2.2. High-Performance Liquid Chromatography with Ultraviolet Detection
(HPLC-UV)

High-performance liquid chromatography with ultraviolet detection (HPLC-UV) follows the same
starting process as above, where analytes are separated using liquid chromatography
instruments and technologies (Figure 7). However, this method differs in that analytes are
distinguished based on absorption of UV wavelengths proportional to concentration (Table 5).

This method is arguably more simple and therefore lower cost than LC-MS/MS, granting precise
quantification and requiring less maintenance than mass spectrometers. However, HPLC-UV is
somewhat restricted, given that it cannot be used to quantify non-UV active compounds, nor
does it provide structural information of the compound, and is more prone to interference.

Using HPLC-UV, a recent paper developed and validated a solid-phase extraction (SPE) coupled
with HPLC-UV protocol to sensitively detect cefoperazone, cefipime, ceftazidime, ceftriaxone,
cefdinir, cefotaxime, amoxicillin, levofloxacin and ciprofloxacin in water samples; a method which
§:1ould be adopted to quantify antimicrobials in wastewater (albeit less sensitive than LC-MS/MS)

) o . . T T2 T4 TS T6 T7 T8
Gradient elution is a technique that involves a

shift in the composition of solvents (A and B) . B . .

| l‘_‘| |
during a time course. It is used to improve the
detectability of target compounds and reduce
the length of the HPLC analysis. —

T1 - T8 = elution gradients of solvent A and B at 5 um stationary phase

different time points.
Elution gradlents (mobile Chromatographic separation (stationary
phase) phase)
Solvent reservoirs o G o o o
: High o Pre-column
Solvent Degasser pressure Sample injection (guardian column)

reservoirs
il Antimicrobials
W H @
& \
il @ r“? primpurities ()
A B ' 1 —~ \

Air bubble &% @ o @ o
@ o 0 o 0O [} [ ] ° ([ ] [} [ ] e . e [ ]

° ° © ° . ® © © ° °
[ ° ® ?‘ O O c18 ©

. E[E (ﬁ.

Data Waste UV-VIS Analytical column
acquisition collection detector (separatory

column)

Autosampler

Figure 7. Components and steps of HPLC-UV analysis. Created in https.//BioRender.com by
Grozic and Kim 7273,
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3.2.3. Gas Chromatography-Mass Spectrometry (GC-MS)

Gas chromatography-mass spectrometry (GC-MS) follows the same mass spectrometry
principles as LC-MS, but samples are instead vaporised and carried by an inert gas and
separated using gas chromatography (Figure 8).

e
> g
Sairple \ W Magnetic field
@ \ N\ —_—
o Gas sample \_ I I
3 injection point A \
e | [J——_—— S\ detector T
— Electron beam N TN
@ : .
o \ - \
+]
- Sample
Carrier gas injection and
gas Mass spectrometer Data output and analysis
chromatograph
(oven, capillary
column)

Figure 8. Schematic diagram summarising GC-MS process. Created in https://BioRender.com.

It should be noted here that the majority of pharmaceuticals lack sufficient volatility and are

therefore not directly compatible with GC 74, however, this can often be rectified via derivatisation
75

A novel method was published in 2015 which adopts GC-MS for the simultaneous determination
of triclosan, a pervasive antimicrobial agent - and it’s transformation products: 2,4-
dichlorophenol, 2,8-dichlorodibenzo-p-dioxin, and methyl triclosan - from both wastewater and
sludge samples 8. Using this method, researchers revealed that the concentration of each
transformation product varied according to the type of treatment processes and sludge facilities
present, revealing that analytical methods not only need to consider the matrix and analyte
characteristics, but also the context of which the sample was extracted.




3.3. High-resolution and advanced mass spectrometry

3.3.1. High-Resolution Mass Spectrometry (HRMS)

Whilst this method is indeed mass spectrometry, the distinction lies in the resolution of the
analyser, regardless of any prior chromatography. High-Resolution Mass Spectrometry (HRMS)
is particularly beneficial when suspect screening, or conducting non-target screening for
unknowns, given the high resolving power measuring exact mass of analytes. However, with this
comes great financial burden, and requirement for advanced computational tools (Table 5).
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Figure 9. HRMS chromatogram of a milk extract fortified at screening target concentration level
for 57 antimicrobial compounds 77

Like LC-MS/MS and LC-UV, a benefit of HRMS is the capacity for multiresidue analyses.
Furthermore, HRMS can provide additional accurate mass information of precursor ions and
fragments which can help in the tentative identification (i.e. tentative structure) of unknowns,
particularly when you don’t have a reference standard available.

Previous work developed a multi-analyte method for the determination of antibacterials in milk,
compliant with procedures established by the European Union Commission Implementing
Regulation 2021/808 (outlining maximum residue limits (MRLs) for food contaminants) ”’. In total,
57 different antibacterials (including beta-lactams, tetracyclines, sulfonamides, quinolones,
pleuromutilins, macrolides and lincosamides) were successfully quantified in milk samples
(Figure 9). This method exemplifies potential applications for HRMS in monitoring antimicrobials
in environmental, liquid samples.

Building on this, a recent study (2024) produced a further HRMS-based analytical protocol to aid
the monitoring antimicrobials. Specifically, this method is able to simultaneously detect 214
veterinary drugs at limits of detection of 0.1-10 ng/g "®. Again, this protocol has great potential in
aiding the monitoring of antimicrobials in diverse matrices.
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3.4. Immunoassays and biosensors

3.4.1. Enzyme-linked Immunosorbent Assays (ELISA)

The ‘ELISA’ (enzyme-linked immunosorbent assay) is an immunoassay which relies on antigen-
antibody interactions to detect and quantify biomolecules. For antibacterial detection and
quantification, ELISA adopts antibacterial-protein conjugates. This method is extremely beneficial
in its speed, high-throughput methodology and scalability. Its downfalls are that the ELISA cannot
provide information on chemical structure but is a great option for simple monitoring and
quantification work, especially for lower income settings.

Furthermore, in comparison to the abovementioned tools, ELISA requires significantly less
sample cleanup, reducing the time and demands of the workflow. The principle of the ELISA is
based upon the production of a colour-producing reagent, where the colour change is a
measurable signal proportional to analyte concentration.

A previous study from Mosul City, Irag, conducted an environmental health risk assessment of
antibacterials in sewage using an ELISA protocol 7°. Within this work, a standard ELISA ‘kit’ was
purchased from a private company and utilised following manufacturers guidelines, detecting
antibacterials in all samples. This clearly demonstrates the accessibility, versatility and simplicity
in this method, alongside the practical capabilities of its data outputs.

Another study assessed antimicrobials in feed and fish from an aquaculture facility using ELISA
kits ¢ in Sicily, ltaly. Specifically, 30 samples were tested for concentrations of chloramphenicol,
gentamicin, enrofloxacin and the metabolites of furaltadone and furazolidone antibacterials. All
analytes were detected in every sample, with gentamicin and chloramphenicol having the highest
mean concentrations. Again, this study adopted commercial ELISA kits, demonstrating the
applicability and accessibility of this method for a wide range of samples.

3.5. Spectroscopic and electrochemical methods

3.5.1. Fourier Transform Infrared (FTIR) or Raman Spectroscopy

Lastly, FTIR or Fourier Transform Infrared Spectroscopy is another beneficial methodology to
have in an antimicrobial monitoring toolkit. This method relies on infrared spectra of antibacterial
chemicals to produce reagent free, quick, structural fingerprints (Table 5). This method has been
especially productive in previous antibacterial degradation assays ', and can be used to
measure antimicrobial quantities by analysing changes in absorbance intensity.
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3.6. Potential methodological challenges

Some antimicrobials are more likely to be detected in certain matrices and not others, simply
because of different chemical properties and partitioning. Additionally, there are matrix specific
challenges to consider:

In liquid (surface waters, freshwater, marine and wastewater)

As with any sample type in analytical chemistry, matrix effects can interfere with analysis. This is,
however, especially an issue for wastewater or highly polluted water samples &. With
contamination comes high organic loads, suspended soils, microbial activity, other chemical
contaminants and the presence of transformation products or metabolites. In attempt to
overcome this, liquid samples typically require a pre-filtration or centrifugation step, which can
increase workload and processing time, but will reduce contamination of samples. This is further
compounded by the often very low concentrations of target analytes. If any analyte is lost in
ineffective filtration, centrifugation, transport or storage, it could result in false negative results. To
overcome this, isotopically labelled internal standards can be used . Finally, a lack of
standardised protocols between laboratories or countries limits the ability for inter- or intra-
country / nation comparisons.

In solids (soils, agricultural waste and receiving sediments)

Analytical detection of antimicrobials in solid matrices — e.g. soils or solid animal waste - is also
challenging due to the large number of compounds (both target or non-target) potentially present,
and the need to distinguish between parent and metabolites. Antimicrobials in solid samples also
often occur at very low concentrations and within complex, highly variable matrices. All of which
further complicate extraction and cleanup, in samples that are rarely homogenous, requiring
additional pre-treatment steps. Finally, cross-state comparisons and collaborations could be
challenged by biosecurity permits, especially considering the transportation of soils or
microbiologically active bio-solids.







4. Considerations for Future
Development

Australia has strong foundations in antimicrobial stewardship, One Health policy and
environmental monitoring. Building on these strengths presents opportunities to further enhance
monitoring capability, improve data comparability and support evidence-based decision-making
across agribusiness, water and environmental systems.

4.1. Where Australia can move next

Three short opportunities would support Australia’s leadership:

Coordinated monitoring

Current monitoring primarily focuses on parent antimicrobial compounds. Expanding monitoring
to include metabolites and transformation products, together with greater harmonisation of
methods across sectors, would improve understanding of antimicrobial occurrence and enable
more comparable datasets over time.

Broader evidence generation

As monitoring datasets mature, there will be opportunities to broaden the evidence base beyond
parent compounds and conventional assessment endpoints. This may include improved
understanding of environmental pathways, transformation products, co-selective compounds and
One Health interactions across environmental, agricultural and water systems.

Practical Implementation

Continued advances in analytical methods and field-deployable technologies provide
opportunities to improve accessibility, reduce analytical costs and support more routine
monitoring across sectors.

Considerations for Future Development

Future work may include:

¢ refinement of priority analyte lists as new evidence emerges
improved harmonisation of analytical methods
inclusion of metabolites and transformation products
development of nationally comparable datasets
assessment of co-selective compounds
continued collaboration across One Health sectors

51




52

5. Conclusions

Australia’s national strategy against AMR appropriately recognises the importance of a One
Health approach, providing a strong foundation for coordinated environmental antimicrobial
monitoring. This report builds on that foundation by presenting a practical framework to
support the prioritisation of antimicrobials, selection of analytical methods and implementation
of monitoring across aquatic and agribusiness environments.

The uses of antimicrobials are complex, with different sectors adopting different classes and
patterns of use. Therefore, prioritising analytes for monitoring requires consideration of sector-
specific objectives, available resources and intended monitoring outcomes. In this report, we
have presented prioritised antimicrobial lists together with the rationale for their inclusion. To
account for variations in budget, scope and capacity, each list is organised by sector (aquatic
or agribusiness) and monitoring strategy (international benchmarking or Australian targeted).

We also provide a One Health monitoring framework, to support coordinated monitoring
across interconnected environmental settings. Together, these resources provide a practical
foundation that can be refined as new evidence and monitoring data become available.

We also outline the analytical methods available to support antimicrobial monitoring,
alongside a simplified decision-making framework to guide method selection across different
monitoring scenarios.

Collectively, the frameworks, priority lists and guidance presented in this report provide a
practical and adaptable foundation for environmental antimicrobial monitoring in Australia,
supporting evidence generation, international benchmarking and informed One Health
decision-making.




53

References

10.

Browne, A. J. et al. Global antibiotic consumption and usage in humans, 2000-18: a spatial
modelling study. The Lancet Planetary Health 5, €893-e904 (2021).

Barathe, P., Kaur, K., Reddy, S., Shriram, V. & Kumar, V. Antibiotic pollution and associated
antimicrobial resistance in the environment. Journal of Hazardous Materials Letters 5,
100105 (2024).

B K, V. & TR, S. Monitoring Antibiotic Pollutants in Water Using Electrochemical Techniques:
A Detailed Review. Crit Rev Anal Chem 56, 103—132 (2026).

AURA REPORT - Sixth Australian report on antimicrobial use and resistance in human
health. https://www.amr.gov.au/sites/default/files/2026-02/sixth-australian-report-on-
antimicrobial-use-and-resistance-in-human-health-aura-report_0.pdf (2026).

Lambert, H., Panwar, A., Taneja, N. & Wellington, E. Waste-ing antibiotics: Antimicrobial
resistance, environmental pollution and unsettled science in the governance of
pharmaceutical manufacturing. Social Science & Medicine 400, 119292 (2026).

Xiong, W., Sun, Y. & Zeng, Z. Antimicrobial use and antimicrobial resistance in food animals.
Environ Sci Pollut Res 25, 18377-18384 (2018).

Kneebone, J., Hensher, M. & Paull, B. Occurrence and ecotoxicological assessment of
pharmaceuticals in Australian aquatic environments: a review. Environ Sci Pollut Res 32,
25495-25510 (2025).

Han, X.-M. et al. Impacts of reclaimed water irrigation on soil antibiotic resistome in urban
parks of Victoria, Australia. Environmental Pollution 211, 48-57 (2016).

Stevenson, E. M. et al. Antifungal exposure and resistance development: defining minimal
selective antifungal concentrations and testing methodologies. Frontiers in Fungal Biology 3,
918717 (2022).

Robles-Jimenez, L. E. et al. Worldwide Traceability of Antibiotic Residues from Livestock in

Wastewater and Soil: A Systematic Review. Animals 12, (2021).




54

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Booth, A., Aga, D. S. & Wester, A. L. Retrospective analysis of the global antibiotic residues
that exceed the predicted no effect concentration for antimicrobial resistance in various
environmental matrices. Environment International 141, 105796 (2020).

Silva, V. et al. Pesticide residues in European agricultural soils — A hidden reality unfolded.
Science of The Total Environment 653, 1532—1545 (2019).

Proposal to suspend permit for florfenicol in salmon | Australian Pesticides and Veterinary
Medicines Authority. https://www.apvma.gov.au/news-and-publications/statements/proposal-
suspend-permit-florfenicol-salmon (2026).

Donner, E. et al. Introducing CRC SAAFE: a new Cooperative Research Centre (CRC)
focused on managing AMR in agriculture and the environment. Micriobiol Aust 45, 68—73
(2024).

EClinicalMedicine. Antimicrobial resistance: a top ten global public health threat.
eClinicalMedicine 41, (2021).

Murray, L. M. et al. Co-selection for antibiotic resistance by environmental contaminants. npj
Antimicrob Resist 2, 9 (2024).

Stevenson, E. M., Buckling, A., Cole, M., Lindeque, P. K. & Murray, A. K. Selection for
antimicrobial resistance in the plastisphere. Science of the Total Environment 168234 (2023).
Binet, M. T. et al. An approach for deriving water quality guideline values for antimicrobials
that integrates ecotoxicity and antimicrobial resistance endpoints. Integrated Environmental
Assessment and Management https://doi.org/10.1093/inteam/vjaf176
doi:10.1093/inteam/vjaf176.

Responding to the Threat of Antimicrobial Resistance: Australia’s First National Antimicrobial
Resistance Strategy 2015-2019. (Department of Health, Canberra, 2015).

Australia’s National Antimicrobial Resistance Strategy — 2020 and beyond.
https://www.amr.gov.au/resources/australias-national-antimicrobial-resistance-strategy-2020-
and-beyond (2021).

Singh, C. K., Sodhi, K. K., Shree, P. & Nitin, V. Heavy Metals as Catalysts in the Evolution of
Antimicrobial Resistance and the Mechanisms Underpinning Co-selection. Curr Microbiol 81,

148 (2024).




55

22.

23.

24,

25.

26.

27.

28.

20.

30.

31.

32.

33.

Gupta, S. Mutagenic effects of pesticides on Enteric Bacteria and their role in the rise of
antimicrobial resistance (AMR). (Brac University, 2023).

James, C., James, S. J., Onarinde, B. A., Dixon, R. A. & Williams, N. A Critical Review of
AMR Risks Arising as a Consequence of Using Biocides and Certain Metals in Food Animal
Production. Antibiotics 12, (2023).

Murray, L. Selection and Co-selection for Antibiotic Resistance by Plant Protection Products.
(University of Exeter, 2025).

Liao, H. et al. Herbicide Selection Promotes Antibiotic Resistance in Soil Microbiomes. Mol
Biol Evol 38, 2337-2350 (2021).

Fisher, M. C. et al. A one health roadmap towards understanding and mitigating emerging
Fungal Antimicrobial Resistance: fAMR. npj Antimicrob Resist 2, 36 (2024).

Stevenson, E. M. et al. Sewers to Seas: exploring pathogens and antimicrobial resistance on
microplastics from hospital wastewater to marine environments. Environment International
206, 109944 (2025).

Vlaanderen, E. J. et al. Plastic leachate exposure drives antibiotic resistance and virulence in
marine bacterial communities. Environmental Pollution 327, 121558 (2023).

Hayes, A. et al. Antimicrobial effects, and selection for AMR by non-antibiotic drugs in a
wastewater bacterial community. Environment International 199, 109490 (2025).

Gomez Cortes, Livia, Porcel Rodriguez, Elena, Marinov, Dimitar, Sanseverino, Isabella, &
Lettieri, Teresa. Selection of Substances for the 5th Watch List under the Water Framework
Directive. (Publications Office of the European Union, 2025).

ArtgSearch - Home - Custom Portal. https://compliance.health.gov.au/artg/.

Public Chemical Registration Information System Search - portal.apvma.gov.au.
https://portal.apvma.gov.au/pubcris.

Gomez, C. L. et al. Selection of substances for the 4th Watch List under the Water
Framework Directive. JRC Publications Repository
https://publications.jrc.ec.europa.eu/repository/handle/JRC130252 (2022)

doi:10.2760/01939.




56

34.

35.

36.

37.

38.

39.

40.

41.

Gomez Cortes, Livia et al. Selection of Substances for the 3rd Watch List under the Water
Framework Directive. (Publications Office of the European Union, 2020).

Participation, E. Commission Implementing Decision (EU) 2018/840 of 5 June 2018
establishing a watch list of substances for Union-wide monitoring in the field of water policy
pursuant to Directive 2008/105/EC of the European Parliament and of the Council and
repealing Commission Implementing Decision (EU) 2015/495 (notified under document
C(2018) 3362). https://webarchive.nationalarchives.gov.uk/eu-exit/https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32018D0840
https://www.legislation.gov.uk/eudn/2018/840.

COMMISSION IMPLEMENTING DECISION (EU) 2015/ 495 - of 20 March 2015 -
establishing a watch list of substances for Union-wide monitoring in the field of water
policy pursuant to Directive 2008/ 105/ EC of the European Parliament and of the
Council - (notified under document C(2015) 1756).

Erythromycin.
https://janusinfo.se/beslutsstod/lakemedelochmiljo/pharmaceuticalsandenvironment/databas
eenven/erythromycin.5.30a7505616a041a09b063251.html (2021).

Clarithromycin.
https://janusinfo.se/beslutsstod/lakemedelochmiljo/pharmaceuticalsandenvironment/databas
eenven/clarithromycin.5.30a7505616a041a09b062470.html (2021).

Azithromycin.
https://janusinfo.se/beslutsstod/lakemedelochmiljo/pharmaceuticalsandenvironment/databas
eenven/azithromycin.5.30a7505616a041a09b063158.html (2021).

Amoxicillin.
https://janusinfo.se/beslutsstod/lakemedelochmiljo/pharmaceuticalsandenvironment/databas
eenven/amoxicillin.5.30a7505616a041a09b06221f.html (2022).

Ciprofloxacin.
https://janusinfo.se/beslutsstod/lakemedelochmiljo/pharmaceuticalsandenvironment/databas

eenven/ciprofloxacin.5.30a7505616a041a09b0631ef.html (2022).




57

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Gomez Cortes, Livia et al. Selection of Substances for the 4th Watch List under the Water
Framework Directive. (Publications Office of the European Union, 2022).

AURA 2023: Fifth Australian report on antimicrobial use and resistance in human health.

Li, J. et al. National survey of the occurrence of antimicrobial agents in Australian wastewater
and their socioeconomic correlates. Nat Water 2, 1166-1177 (2024).

Li, J. et al. Occurrence, Removal, and Risk Assessment of Antimicrobials and Their
Transformation Products in Effluent from Australian Wastewater Treatment Plants. Environ.
Sci. Technol. 59, 6825-6838 (2025).

Connor, T. H., Stoeckel, M., Evrard, J. & Legator, M. S. The Contribution of Metronidazole
and Two Metabolites to the Mutagenic Activity Detected in Urine of Treated Humans and
Mice1. Cancer Res 37, 629-633 (1977).

World Organisation for Animal Health. OIE list of antimicrobial agents of veterinary
importance. https://www.woah.org/app/uploads/2021/06/a-oie-list-antimicrobials-
june2021.pdf (2021).

AWRI. Agrochemicals Registered for use in Australian viticulture.
https://www.awri.com.au/wp-content/uploads/agrochemical_booklet.pdf (2025).

APVMA suspends permit for florfenicol | Australian Pesticides and Veterinary Medicines
Authority. https://www.apvma.gov.au/news-and-publications/news/apvma-suspends-permit-
florfenicol (2026).

Florfenicol | EPA Tasmania. https://epa.tas.gov.au/business-industry/regulation/salmon-
aquaculture/management-of-therapeutants-including-antibiotics/use-of-therapeutants-in-the-
marine-environment/florfenicol.

ASTAG. Importance Ratings and Summary of Antibacterial Uses in Human and Animal
Health in Australia. https://www.amr.gov.au/sites/default/files/2022-10/importance-ratings-
and-summary-of-antibacterial-uses-in-human-and-animal-health-in-australia.pdf (2018).
APVMA. Quantity of Antimicrobial Products Sold for Veterinary Use in Australia (July 2005 to
June 2010). (2014).

Vats, P., Kaur, U. J. & Rishi, P. Heavy metal-induced selection and proliferation of antibiotic

resistance: A review. https://dx.doi.org/10.1111/jam.15492.




58

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Klimper, U. et al. Towards developing an international environmental AMR surveillance
strategy. https://jpiamr.eu/app/uploads/2022/08/Towards-developing-an-international-
environmental-AMR-surveillance-strategy_report-2022-08-04.pdf.

Arya, S. et al. Towards a general model for predicting minimal metal concentrations co-
selecting for antibiotic resistance plasmids. Environ Pollut 275, 116602 (2021).

Mazhar, S. H. et al. Co-selection of antibiotic resistance genes, and mobile genetic elements
in the presence of heavy metals in poultry farm environments. Science of The Total
Environment 755, 142702 (2021).

Murray, A. K., Zhang, L., Snape, J. & Gaze, W. H. Comparing the selective and co-selective
effects of different antimicrobials in bacterial communities. International journal of
antimicrobial agents 53, 767—773 (2019).

Yang, Q. E. et al. Evolution of triclosan resistance modulates bacterial permissiveness to
multidrug resistance plasmids and phages. Nat Commun 15, 3654 (2024).

Hayes, A. et al. Common non-antibiotic drugs enhance selection for antimicrobial resistance
in mixture with ciprofloxacin. ISME Commun 5, ycaf169 (2025).

Fatta, D., Achilleos, A., Nikolaou, A. & Merig, S. Analytical methods for tracing
pharmaceutical residues in water and wastewater. TrAC Trends in Analytical Chemistry 26,
515-533 (2007).

Li, J. et al. Direct injection liquid chromatography-tandem mass spectrometry as a sensitive
and high-throughput method for the quantitative surveillance of antimicrobials in wastewater.
Science of The Total Environment 900, 165825 (2023).

Thomas, S. N., French, D., Jannetto, P. J., Rappold, B. A. & Clarke, W. A. Liquid
chromatography—tandem mass spectrometry for clinical diagnostics. Nat Rev Methods
Primers 2, 96 (2022).

Ahmed, R. High-Performance Liquid Chromatography (HPLC): Principles, Applications,
Versatality, Efficiency, Innovation and Comparative Analysis in Modern Analytical Chemistry

and In Pharmaceutical Sciences. Clinical Investigation 14, 1-12 (2024).




59

64.

65.

66.

67.

68.

69.

70.

71.

72.

Tian, Y. et al. Photoaging processes of polyvinyl chloride microplastics enhance the
adsorption of tetracycline and facilitate the formation of antibiotic resistance. Chemosphere
320, 137820 (2023).

Giorgi, G. Mass Spectrometry and High Resolution Mass Spectrometry: An Overview. in
Molecular Technologies for Detection of Chemical and Biological Agents (eds Banoub, J. H.
& Capirioli, R. M.) 89-101 (Springer Netherlands, Dordrecht, 2017). doi:10.1007/978-94-024-
1113-3_5.

Oliveri Conti, G. et al. Determination of illegal antimicrobials in aquaculture feed and fish: An
ELISA study. Food Control 50, 937-941 (2015).

Anjos, V. P, Freire, M. R. V. B, Stasi, R., Silva, D. F. T. & Zezell, D. M. Fourier Transform
Infrared Spectroscopy-Based Detection of Amoxicillin and Ampicillin for Advancing Antibiotic
Monitoring with Optical Techniques. Medical Sciences Forum 35, (2025).

Ribeiro da Cunha, B., Fonseca, L. P. & Calado, C. R. C. Simultaneous elucidation of
antibiotic mechanism of action and potency with high-throughput Fourier-transform infrared
(FTIR) spectroscopy and machine learning. Appl Microbiol Biotechnol 105, 1269-1286
(2021).

Stanton, I. C., Murray, A. K., Zhang, L., Snape, J. & Gaze, W. H. Evolution of antibiotic
resistance at low antibiotic concentrations including selection below the minimal selective
concentration. Commun Biol 3, 467 (2020).

Miao, X.-S., Bishay, F., Chen, M. & Metcalfe, C. D. Occurrence of antimicrobials in the final
effluents of wastewater treatment plants in Canada. Environ. Sci. Technol. 38, 3533-3541
(2004).

Mahmoud, R. A., Hadad, G. M., Abdel Salam, R. A. & Mokhtar, H. |. Optimization of a Solid-
Phase Extraction Coupled with a High-Performance Liquid Chromatography and Diode Array
Ultraviolet Detection Method for Monitoring of Different Antibiotic Class Residues in Water
Samples. J AOAC Int 107, 52—-60 (2024).

Sinha, A. K., Verma, S. C. & Sharma, U. K. Development and validation of an RP-HPLC
method for quantitative determination of vanillin and related phenolic compounds in Vanilla

planifolia. Journal of Separation Science 30, 15-20 (2007).




73.

74.

75.

76.

77.

78.

79.

80.

60

Paskovi¢, . et al. Temporal Variation of Phenolic and Mineral Composition in Olive Leaves Is
Cultivar Dependent. Plants 9, (2020).

Buchberger, W. W. Novel analytical procedures for screening of drug residues in water,
waste water, sediment and sludge. Analytica Chimica Acta 593, 129-139 (2007).

Catarro, G. et al. Analytical Approaches Using GC-MS for the Detection of Pollutants in
Wastewater Towards Environmental and Human Health Benefits: A Comprehensive Review.
Chemosensors 13, (2025).

Tohidi, F. & Cai, Z. GC/MS analysis of triclosan and its degradation by-products in
wastewater and sludge samples from different treatments. Environ Sci Pollut Res 22, 11387—
11400 (2015).

Salis, S. et al. Analytical Approaches in Official Food Safety Control: An LC-Orbitrap-HRMS
Screening Method for the Multiresidue Determination of Antibiotics in Cow, Sheep, and Goat
Milk. Molecules 27, (2022).

Amelin, V. G., Lavrukhina, O. ., Tretyakov, A. V., Batoy, I. V. & Kish, L. K. Sample Screening
and Determination of 214 Veterinary Drug Residues in Food Using Chromatography—High-
Resolution Mass Spectrometry. J Anal Chem 79, 200-218 (2024).

Al-Hafidh, Z. A. B. & Albanna, A. Environmental Health Risks of Antibiotic Residue in Sewage
Discharged from Mosul City: An ELISA-Based Investigation. IOP Conf. Ser.: Earth Environ.
Sci. 1259, 012036 (2023).

Williams, M. L., Olomukoro, A. A., Emmons, R. V., Godage, N. H. & Gionfriddo, E. Matrix
effects demystified: Strategies for resolving challenges in analytical separations of complex

samples. Journal of Separation Science 46, 2300571 (2023).




Disclaimer

This publication is produced by Australia’s
Cooperative Research Centre for Solving
Antimicrobial Resistance (AMR) in Agribusiness,
Food and Environments (SAAFE CRC) which is
owned and operated by SAAFE Limited.

SAAFE CRC is supported through funding from the
Australian Government as well as contributions
from valued research and industry partners.

We gratefully acknowledge the support of our
funding partners, whose contributions have
enabled the research and development presented
in this work. The views and opinions expressed

in this publication are those of the authors and

do not necessarily reflect those of the Australian
Government or any other funding bodies.

The information contained in this publication is
general in nature. While every effort has been

made to ensure the accuracy and reliability of the
information contained herein, SAAFE CRC makes no
warranties or representations, express or implied,
about the completeness, correctness, or suitability
of the information for any particular purpose.

SAAFE CRC (which includes employees,
consultants, affiliated staff and students of SAAFE
Limited) and the authors or contributors of this
publication expressly disclaim, to the maximum
extent permitted by law, all responsibility for any
loss, damage or consequences arising directly

SAAFE™

or indirectly from any act or omission made in
reliance on the contents of this publication. This
disclaimer applies regardless of whether such loss
or damage was caused by negligence on the part
of SAAFE CRC or any of its associated individuals.

This research has been conducted in accordance
with the principles of the Australian Code for

the Responsible Conduct of Research, ensuring
integrity, rigour, and ethical standards throughout
the research process. The authors declare no
conflict of interest in relation to this research and
its publication.

© 2026 SAAFE Limited. This publication is
protected by copyright.

This work is licensed under a Creative Commons
Attribution Non-Commercial 4.0 International
Licence (CC BY-NC 4.0). You are free to share and
adapt the material for non-commercial purposes
provided that appropriate credit is given, a link to
the licence is provided and any changes made
are indicated. Commercial use of this material is
not permitted without prior written permission of
SAAFE CRC. Requests and enquiries relating to
rights and reproduction of this work should be
addressed to team@crcsaafe.com.au

Please direct any feedback on this publication
to SAAFE CRC via www.crcsaafe.com.au/contact,
or your SAAFE CRC contact.



www.crcsaafe.com.au
enquiries@crcsaafe.com.au
+618 8302 3617

PO BOX 66, Pooraka 5095

ustralian Government Cooperative Research This project is supported by the Australian Government
Department of Industry,

C t P Department of Industry, Science and Resources through
Science and Resources entres Frogram the Cooperative Research Centres Program.




