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Biosecurity and water, sanitation, and hygiene (WASH)
interventions in animal agricultural settings for reducing
infection burden, antibiotic use, and antibiotic resistance:
a One Health systematic review

Chris E Pinto Jimenez, Sarai Keestra, Pranav Tandon, Oliver Cumming, Amy J Pickering, Arshnee Moodley, Clare | R Chandler

Prevention and control of infections across the One Health spectrum is essential for improving antibiotic use and
addressing the emergence and spread of antibiotic resistance. Evidence for how best to manage these risks in
agricultural communities—45% of households globally—has not been systematically assembled. This systematic
review identifies and summarises evidence from on-farm biosecurity and water, sanitation, and hygiene (WASH)
interventions with the potential to directly or indirectly reduce infections and antibiotic resistance in animal agricultural
settings. We searched 17 scientific databases (including Web of Science, PubMed, and regional databases) and grey
literature from database inception to Dec 31, 2019 for articles that assessed biosecurity or WASH interventions
measuring our outcomes of interest; namely, infection burden, microbial loads, antibiotic use, and antibiotic resistance
in animals, humans, or the environment. Risk of bias was assessed with the Systematic Review Centre for Laboratory
Animal Experimentation tool, Risk of Bias in Non-Randomized Studies of Interventions, and the Appraisal tool for
Cross-Sectional Studies, although no studies were excluded as a result. Due to the heterogeneity of interventions
found, we conducted a narrative synthesis. The protocol was pre-registered with PROSPERO (CRD42020162345). Of
the 20672 publications screened, 104 were included in this systematic review. 64 studies were conducted in high-
income countries, 24 studies in upper-middle-income countries, 13 studies in lower-middle-income countries, two in
low-income countries, and one included both upper-middle-income countries and lower-middle-income countries.
48 interventions focused on livestock (mainly pigs), 43 poultry (mainly chickens), one on livestock and poultry, and
12 on aquaculture farms. 68 of 104 interventions took place on intensive farms, 22 in experimental settings, and ten in
smallholder or subsistence farms. Positive outcomes were reported for ten of 23 water studies, 17 of 35 hygiene studies,
15 of 24 sanitation studies, all three air-quality studies, and 11 of 17 other biosecurity-related interventions. In total,
18 of 26 studies reported reduced infection or diseases, 37 of 71 studies reported reduced microbial loads, four of
five studies reported reduced antibiotic use, and seven of 20 studies reported reduced antibiotic resistance. Overall,
risk of bias was high in 28 of 57 studies with positive interventions and 17 of 30 studies with negative or neutral
interventions. Farm-management interventions successfully reduced antibiotic use by up to 57%. Manure-oriented
interventions reduced antibiotic resistance genes or antibiotic-resistant bacteria in animal waste by up to 99%. This
systematic review highlights the challenges of preventing and controlling infections and antimicrobial resistance, even
in well resourced agricultural settings. Most of the evidence emerges from studies that focus on the farm itself, rather
than targeting agricultural communities or the broader social, economic, and policy environment that could affect
their outcomes. WASH and biosecurity interventions could complement each other when addressing antimicrobial
resistance in the human, animal, and environmental interface.

Introduction that are easily disseminated through mobile genetic
Widespread antimicrobial use in human health care™ elements.""
and agriculture,* and subsequent environmental In animal production, antimicrobial use contributes to

residues’® are key drivers in the emergence and spread
of antimicrobial resistance.® Antimicrobial use and
antimicrobial resistance have increased in low-income
countries and middle-income countries (LMICs) in
which food production systems are intensifying’
Since 2000, meat production has grown by 68% in
Africa, 64% in Asia, and 40% in South America,” and
aquaculture is one of the fastest-growing sectors
in Asia.*® This agricultural intensification could increase
microbial flows into wider food chains, especially enteric
zoonotic pathogens,” such as pathogenic Escherichia coli,
Enterococcus  spp, Salmonella  spp, Klebsiella  spp,
Enterobacter spp, and Campylobacter spp, which are
known to harbour many antibiotic resistance genes
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the presence of antimicrobial residues in animal food
products, antibiotic-resistant bacteria, and antibiotic
resistance genes in animal waste. These residues,
bacteria, and genes enter the environment through
leachates from manure heaps, contaminating rivers,
lakes, soil, and food crops.” Contaminated water sources
can act as vehicles of resistant bacteria and antibiotic
resistance genes, creating transmission cycles among
humans, animals, and the environment. This is especially
important for people living or working in close contact
with animals. In domestic husbandry practices,” for
example, free-ranging poultry increases human exposure
to animal faeces" and zoonotic transmission. Globally,
almost 45% of the population live in households
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This systematic review comprehensively assessed the collective relevance of water,
sanitation, and hygiene (WASH) and biosecurity interventions to the antimicrobial-
resistance agenda in agricultural settings and appraised their reported effects on
infection burden, antibiotic use, and antibiotic resistance in livestock production and

aquaculture.

By seeking to assess evidence not only in English but also in other languages, we were
able to access an aggregate of literature and provide an overview of interventions that
are reported to reduce antibiotic use, antibiotic resistance, infection burden, and
microbial loads in animal agricultural settings that could be trialled at a broader scale
and identify gaps and potential directions for future research.

Successful interventions identified in this study commonly aimed to reduce antibiotic
resistance genes in animal manure or applied farm-specific biosecurity protocols to
reduce antibiotic use, suggesting these types of interventions could be explored further.
Some interventions that could increase the risk of spreading antibiotic resistance and
diarrhoeal disease in humans are not yet addressed (eg, sharing water resources
between humans and animals).

Some of the interventions included in this systematic review were antimicrobial
resistance-sensitive, therefore their effect on antibiotic use and antimicrobial
resistance was not directly measured. It would be necessary to test the magnitude of
their effect on these outcomes across different settings to inform the assessment of
their relevance to antimicrobial resistance.

This systematic review curates the evidence for the impact of WASH and biosecurity
interventions in animal agricultural settings and emphasises the relevance of
accounting for not only animal faeces but also all animal fluids when aiming to reduce
microbial loads and antimicrobial resistance.

See Online for appendix

dominated by agricultural activity.” Despite this increased
exposure, there is no systematic assessment across the
One Health spectrum of interventions to prevent
infection and antimicrobial resistance in these
populations.

Despite evidence of antibiotic-resistance gene transfer
between bacteria affecting humans and animals,*™ the
potential for water, sanitation, and hygiene (WASH), and
on-farm biosecurity interventions as infection prevention
and control measures to address antimicrobial resistance
from a One Health perspective remains underexplored.
Most WASH interventions focus on human populations,
particularly reducing morbidity and mortality from
diarrhoea in children in LMICs.”” However, WASH
interventions in animal production settings are also
important to public health, as they can reduce the
emergence and spread of resistant bacteria to consumers,
farmworkers, and the surrounding farm environment.
Likewise, biosecurity interventions” mainly focus on
farmed animals, but their effect on protecting
farmworkers from animal infections (other than the
known zoonoses) is not always measured.

Recognising antimicrobial resistance as a development
problem, the World Bank proposed the term
antimicrobial resistance-sensitive to classify interventions
that indirectly impact antimicrobial resistance by
reducing multiple infections concurrently and the term
antimicrobial resistance-specific for interventions aiming

to curb antimicrobial resistance and antimicrobial use
directly.” In this context, both WASH and biosecurity
interventions can be antimicrobial resistance-sensitive—
eg, improving access to clean water and sanitation
facilities or supporting farmers to implement biosecurity
measures. Both intervention types can be implemented
at a system level, from which point they could influence
risk factors embedded in social structures and address
socioeconomic vulnerabilities. For example, structural
interventions** promote health by aiming “to alter the
structural context where health is produced or
reproduced”” and can be highly effective in driving
a positive effect on health. They have been proven
successful in addressing other public health issues such
as HIV, obesity, and chronic conditions.*?

Despite the recognition of antimicrobial resistance as
a global health priority, evidence of the effectiveness of
interventions addressing antimicrobial resistance from
a One Health perspective is scarce, making difficult the
task of implementing effective policies. The overlapping
aims and objectives between WASH and biosecurity
concepts® warrant an investigation into their ability to
prevent and control infections, reduce antimicrobial use,
and reduce the emergence and spread of antimicrobial
resistance in the One Health spectrum (people, animals,
and the environment). In an overview of all systematic
reviews related to antimicrobial resistance between
database inception and Dec 31, 2019, we found that from
578 systematic reviews, 400 summarised knowledge on
antimicrobial resistance, and 178 focused on interventions
to prevent antimicrobial resistance. None of the
systematic reviews covered WASH or biosecurity
interventions’ relevance to antimicrobial resistance
(unpublished).

In this systematic review, we examined a range of
WASH and biosecurity interventions that were
implemented in animal production settings to reduce
infection burden in animals or humans, microbial loads
in the farm environment, antibiotic use, and antibiotic
resistance. We aimed to identify what interventions were
tested, any potential research gaps, and the enabling
conditions or barriers for implementation across
different settings. We also summarised the evidence of
the interventions’ effects and assessed their
methodological quality.

Methods

Search strategy and selection criteria

We conducted a systematic review with a pre-published
protocol” in accordance with PRISMA reporting stan-
dards,” registered with PROSPERO (CRD42020162345;
appendix pp 3-5). We developed a search strategy in
English covering five themes: populations (animal or
humans), production systems (livestock, aquaculture,
intensive farming, small-holders, subsistence, pastoralists),
intervention types (WASH and biosecurity), study types
(project, pilot, intervention, and policy), and countries
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(appendix pp 6-14) from database inception to Dec 31, 2019.
A comprehensive literature search was conducted in Web
of Science, PubMed, Ovid (CAB Abstracts, Global Health,
Embase, MEDLINE, Veterinary Science, Social Work
Abstracts, and PsycINFO), ProQuest, Epistemonikos, Trip,
AgEcon, and Cochrane Library from May to August, 2020,
with no language restrictions. We also performed searches
in Spanish, Portuguese, and French in regional databases;
namely, Scopus, Scielo, BIREME, E-Revistas, Redalyc,
Lilacs, AfricaPortal, and Index Medicus for the South-East
Asian and Western Pacific WHO regions. Manual searches
were conducted in Access to Global Online Research in
Agriculture (Food and Agriculture Organization of the
UN), Agris, the Joint Programming Initiative on Antimi-
crobial Resistance, JSTOR, the Journal of Librarianship
and Information Science, The World Bank database, the
International Development and Research Centre Digital
Library; and in Google Scholar and Open Grey for grey
literature. Additional articles were identified through
snowball searching references of relevant literature.

We included articles describing WASH and biosecurity
interventions (table 1) measuring outcomes aiming to
reduce infection or disease burden, microbial loads,
antibiotic use, and antibiotic resistance in animal
agricultural settings (including livestock, poultry, regional
farm animals, and aquaculture). Included studies
investigated bacterial and non-bacterial pathogens (eg,
viruses or unicellular parasites) commonly treated with
antibiotics, and that included an assessment of the
intervention. No restrictions were applied to quantitative
study designs. We excluded studies implementing inter-
ventions in human settings only with no connection to
animals, applied outside farms (eg, disinfection of animal
transport vehicles or carcasses), focusing on vaccinations
or changes to animal nutrition, or other ways of improving
animal husbandry not directly associated with WASH
or biosecurity, or that tested disinfectants in vitro.
Additionally, studies that were not in English, Spanish,
Portuguese, French, German, Dutch, or unavailable in full
text after contacting the authors were excluded.

Abstracts were downloaded and duplicates removed
using EndNote X9. Searches were done by CEPJ. The
selection process included independent screening of titles
and abstracts of English articles, and full-text assessment
by SK and PT. Any disagreements were resolved by CEPJ.
The inter-rater agreement was moderate (k 0-55). Articles
not written in English were screened and assessed by
authors with Spanish, German, or Dutch as their first-
language or with fluency in the language (Portuguese and
French); CEP] for Spanish, Portuguese, and French, and
SK for German and Dutch. CEPJ, SK, and PT checked and
agreed on the articles included. All articles not meeting
the eligibility criteria after full-text examination are listed
in the appendix (pp 15-25), with the reasons for exclusion
also stated. Data were extracted by SK and PT with
a pre-designed form and 52 of 104 articles were randomly
assigned for verification by CEPJ.
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Definition

WASH or biosecurity intervention typology*
Water

Provide infrastructure or improve water distribution systems, or implement
policies to ensure access to water for drinking or cleaning, to safeguard human and
animal health and welfare

Water quantity

Water quality Remove or inactivate pathogens at source and at the point of use, or implement

policies to ensure clean water for both humans and animals

Air
Air quality Prevent the dissemination of airborne pathogens among humans and animals
Sanitation
Sanitation Provide or implement infrastructure for the safe disposal of human waste to reduce
infrastructure access by animals or vectors

Waste management  Establish strategies or policies to safely dispose of wastewater or fallen stock, or
treat animal or human faeces to be used as fertilisers, to prevent the spread and
dissemination of microbial threats to and from the environment

Hygiene
Food or feed safety  Introduce hygiene strategies to safely manage and store food products including
those of animal origin and animal feed, avoiding cross-contamination
Cleaning and Promote hygienic practices, implement protocols, or enforce policies to facilitate
disinfection good hygiene in the household, among individuals, and around animal dwellings,

avoiding the introduction and spread of pathogens among humans, animals, and
the environment

Other biosecurity measures complementing traditional WASH

Barrier Preserve boundaries, implement barriers, or introduce policy strategies to limit
implementation exposure to microorganisms between animals and humans, and control potential
vectors and fomites

Health protection Implement strategies to boost immunity or manage infections in humans and
animals, or improve access to health care, ensuring wellness, welfare, and

productivity for humans and animals

Combined Interventions combining a set of strategies included in different categories of this
interventions type
Intervention level
Interventions operating at a system level

Structural Operate at the social, political, and economic level and aim to change the structural
context in which health is produced and reproduced (eg, policy on manure
treatment, incentives for farmers to reduce antimicrobial use through biosecurity
measures)
Interventions operating at an individual or community level

Managerial Focus on changing the management of the farm (eg, introducing new biosecurity

protocols for visitors or implementing hygienic milking practices)

Educational or Improve practices at an individual level through education or behaviour change

behavioural strategies: people are not just applying the intervention but are the main focus for
the change (eg, addressing handwashing or milking techniques)

Physical or Changing the physical environment to improve animal husbandry (eg, improved

infrastructural flooring and air filtration of animal facilities)

Biological or Focus on the microbial presence and burden (eg, implementing disinfection

chemical strategies, biological treatments, and cleaning products to eliminate pathogens)
(Table 1 continues next page)

Risk of bias

As we included different study designs, we selected the
following tools: the Systematic Review Centre for
Laboratory Animal Experimentation tool for randomised
controlled trials (RCTs),” Risk of Bias in Non-Randomised
Studies of Interventions for non-randomised trials,” and
the Appraisal tool for Cross-Sectional Studies for cross-
sectional and ecological studies.” Authors independently
assessed the risk of bias for English (SK and PT), German
(SK), Spanish (CEPJ]), and Portuguese (CEPJ) studies.
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Definition

(Continued from previous page)
Outcomes of interest

Antimicrobial resistance-sensitive

Relevant to Reduction of bacterial counts, positive microbiological culture, non-bacterial

microbial loads pathogens that may be treated with antibiotics, or reduction of bacterial counts
isolated from animal facilities, or animal or human samples

Relevant to the Reduced incidence or prevalence of infections, disease, morbidity, or mortality

burden of infections  rates

or diseases

Antimicrobial resistance-specific

Relevant to Reduction in the number of veterinary visits or treatments, the quantity of

antibiotic use antibiotics or medicated animal feed used, and antibiotic residue in animal
products

Relevant to Reduced presence of antibiotic resistant bacteria and antibiotic resistance genes

antibiotic resistance

Adapted from Pinto Jimenez et al (2023).2 WASH=water, sanitation, and hygiene.

Table 1: Typology of interventions used to classify studies

Disagreements were resolved through discussion (SK,
PT, and CEPJ). To calculate the overall risk of bias, we
developed a criterion putting emphasis on bias due to
confounding and randomisation, collection of results,
and data reporting (appendix p 44). Additionally, as
interventions in animal production settings tend to be
complex, RCT methods are not always possible, and
multiple pathways can generate the same outcome;*
therefore, we did not exclude studies on the basis of the
risk of bias assessment. Instead, we used this as a proxy
to assess the strength of the evidence.

Data analysis

The heterogeneity of study designs used in the selected
articles, including differences in strategies implemented,
animal species, and outcomes of interest, precluded
a meta-analysis. Thus, a narrative synthesis of inter-
ventions was done. Data extracted included type
of publication, language, year, journal, country, region,”
level of income (World Bank classification),” study design,
intervention type, microorganism involved, animal
species, production system, population type, livelihood
system, outcomes, intervention results (reduction percent-
ages, or measures of improvement), intervention effect
(positive, negative, mixed, or neutral effect according to
whether authors reported an improvement, a worsening
of the situation, a combination, or no effect), statistical
analysis, potential co-benefits, unintended consequences,
and barriers.

Selected articles were classified depending on their
relevance to WASH or biosecurity,® and the level of
intervention at which the outcome was measured;
namely, structural, educational-behavioural, managerial,
physical-infrastructural, or biological-chemical. These
categories were established by author consensus with
input from existing intervention types and academic
literature. Definitions of these types® and outcomes of
interest were grouped by their impact on infection

e421

burden, microbial loads, antibiotic use, and antibiotic
resistance (table 1). The narrative analysis involved cross-
tabulations between the outcomes and intervention types
and their reported effects.

Frequencies, percentages, p values, and CIs were
extracted if available. We reported outcome effects in
percentage reductions. Data from studies reporting log-
arithmic reductions in bacterial counts were transformed
to percentage reductions using P=(1-10")x100, where P is
the percentage reduction, and L is the Log reduction.

Results

20672 records were identified through primary searches
and 102 articles through snowballing. After title and
abstract screening, 320 full-text articles were assessed for
eligibility. After 216 studies were excluded, 104 studies
remained, representing 104 interventions (99 in English,
three in Spanish, one in German, and one in Portuguese),
published between database inception and Dec 31, 2019
(figure). A summary of selected studies with references
is included in the appendix (pp 26-42).

Studies were from 39 countries in five geographical
regions: 37 in Europe, 26 in Asia, 19 in North America,
11 in Africa, and 11 in Latin America (appendix p 43).
64 studies were done in high-income countries, 24 in
upper-middle-income countries (UMICs), 13 in LMICs,
two in low-income countries, and one study included both
UMICs and LMICs. 48 studies focused on livestock
(primarily pigs in 27 studies); 43 on poultry (primarily
chickens in 36 studies), 12 on aquaculture, and one on
livestock and poultry. 85 studies included interventions
only focusing on animals, two focused only on humans
(in animal production contexts), and 17 on both. In studies
that focused on humans, 16 were done on farmworkers
and three on household members. 19 studies also
included the environment surrounding animal settings.
68 interventions took place in intensive farming
environments and 22 in experimental settings. Only
five studies were set in smallholder farms, five in
subsistence farming, and four in mixed production
systems (table 2). Overall, beyond information about
production system type, little to no information about the
physical, agroecological, socioeconomic, or cultural
context in which the studies were conducted was provided.

Interventions targeted a range of pathogens that are
commonly treated with antibiotics, but largely focused
on bacteria. 44 studies investigated zoonotic pathogens,
including 19 Salmonella spp, ten Campylobacter spp,
five Staphylococcus aureus (including methicillin-resistant
S aureus [MRSAY]), seven E coli (including 0157:H7), one
Leptospira, one Brucella, and one highly pathogenic avian
influenza. Eight studies targeted pathogens of animal
health importance; three investigated mastitis-associated
bacteria, two coliforms, two Vibrio spp, and one
Streptococcus agalactiae. 30 studies analysed different
bacterial ~ species  simultaneously  (multibacteria),
six focused on viruses, and two on unicellular parasites.
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Six studies did not search for pathogens but investigated
antibiotic resistance genes only, and eight studies
assessed other indicators (table 2).

Studies were classified according to our WASH or
biosecurity typology: two focused on water quantity,
21 water quality, three air quality, 24 waste management
(sanitation), two food or feed safety (hygiene), 33 cleaning
and disinfection (hygiene), 13 barrier implementation,
four health protection, and two were combined
interventions (table 3). When classified on the basis of the
level at which the intervention took place, 51 studies were
classified as Dbiological-chemical, eight behavioural-
educational, 26 physical-infrastructural, 18 managerial,
and one was structural.

26 articles assessed outcomes related to infection or
disease burden (reduced incidence or prevalence of
infections, or reduced morbidity or mortality rates), 71 to
microbial loads (reduced bacterial counts, non-bacterial
pathogens, or positive microbiological culture), five to
antibiotic use (reduced quantity of antibiotics used,
number of treatments, veterinary visits, or antibiotic
residues) and 20 to antibiotic resistance (reduced
antibiotic-resistant bacteria or antibiotic resistance genes).
As some studies assessed more than one relevant outcome
of interest, they appear more than once in the subanalysis.
Overall, 55 studies were assessed as high risk of bias,
28 were low, and 21 had a moderate risk (appendix
pp 46-49). A summary table of study outcomes, their
reported effect and the relevance to the One Health
spectrum is provided in appendix (p 50). The interventions
included, classified by type of animal farmed (poultry,
livestock, or aquaculture), intervention typology, reported
effect, and risk of bias is also reported (appendix p 51).

From 104 interventions, 57 reported positive effects on
our outcomes of interest, 11 reported negative effects,
19 reported neutral effects, and 17 reported mixed effects.
Differences in efficacy were seen based on the production
setting: positive results were reported in 19 of 22 studies
set in experimental settings, 32 of 68 interventions in
intensive farming systems, and in only four of
11 interventions with smallholders and subsistence
farmers. Among the WASH or biosecurity typology,
positive results were reported for ten of 21 water quality
interventions, all three air quality interventions, 15 of
24 waste management interventions, one of the two food
or feed safety interventions, 16 of 33 cleaning and
disinfection interventions, seven of 13 barrier
implementation interventions, and all four health
protection interventions (table 4). At the delivery level,
positive effects were found for 28 of 51 biological-
chemical interventions, four of eight behavioural-
educational interventions, 13 of 26 physical interventions,
11 of 18 managerial interventions, and the one structural
intervention (table 5).

From interventions aiming to reduce antibiotic use in
animals, four targeted farmworkers in commercial farms
in high-income countries.”* Three were health protection

www.thelancet.com/planetary-health Vol 7 May 2023

15080 articles identified through
database searching in key
databases

5530 articles identified by
searching regional
databases in other

languages

62 articles identified through
manval searching of grey
literature and specific journals

A 4

| 20672 articles identified through primary searches

—bl 1804 duplicate articles removed |

y

| 18868 articles screened using titles and abstracts

articles and snowballing

102 articles identified via citations in primary

—>| 18650 articles did not meet eligibility criteria |

320 full-text articles assessed for eligibility

216 articles removed due to exclusion

criteria
19 full text not available (including 4 in
Chinese or Russian)
15 studies with no data on animals or
people living or working with animals
7 studies about disinfection of carcasses or
transport vehicles
12 studies including pathogens not relevant
to this Review
1 study limited to health facilities
16 studies about vaccination or animal
husbandry measures not associated with
biosecurity
6 studies did not include an outcome of
interest
19 prevalence studies
5 studies published outside the relevant
timeframe
5 studies testing disinfectants in vitro
21 types of publication (systematic review,
study protocol, conference abstracts,
posters, reports)
12 studies that did not describe an
intervention
78 articles identified as risk factor studies

y

104 articles included in this systematic review

Figure: Flow diagram of study selection

interventions”* focusing on the optimisation of health
planning with a herd-specific approach in consultation
with farmers, veterinarians, and other stakeholders.
Although risk of bias was high®” or moderate,” all
three interventions had positive effects on reducing
antibiotic use by 19%,” 47%,” and 52%.* Positive effects
on costs of farm management”® were reported
throughout the studies, without negative effects on
productivity,”** health, or mortality.”** A hygiene-oriented
intervention® evaluating MRSA carriage by veal calves
and farmworkers had mixed results as, unexpectedly,
farms reducing antibiotic use in combination with
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Animal studies Human studies Animal studies Human studies
(n=102)* (n=19)* (n=102)* (n=19)*
Study design (Continued from previous column)
Before and after study 15 (147%) 7(36-8%) Type of intervention (classified by intervention target)
Cross-sectional 5(4-9%) 2(10-6%) Biological or chemical 50 (49-0%) 5(26-3%)
Ecological 19 (18:6%) 0(0-0%) Managerial 18 (17-6%) 4(211%)
Interrupted time series analysis 23 (22:5%) 4(211%) Educational or behavioural 15 (14-7%) 6 (31-6%)
Non-randomised trial 14 (13:7%) 1(53%) Physical or infrastructural 26 (25-5%) 3(15-8%)
Randomised controlled trial 26 (25-5%) 5(26-3%) Structural 1(53%)
Country classification by income status Sample studied
High income 62 (60-7%) 10 (52:6%) Air 2(2:0%) .
Upper-middle income 24 (23:5%) 2 (10:5%) Milk 8 (7:9%) 5(26-3%)
Lower-middle income 13 (12:7%) 4 (21-1%) Body or hand swabs 5(4-9%) 1(5-3%)
Low income 2(1-9%) 2(10:5%) Compost samples 1(1-0%)
Including both upper-middle or 1(1-0%) 1(5-3%) Database on disease incidence 1(1-0%)
lower-middle income Dermatitis scores 3(2:9%)
Region Fallen stock 2 (2:0%)
Europe 37 (36:3%) 4(21-1%) Nasal swabs 2 (2:0%)
Asia 24 (23-5%) 6 (31-6%) Litter 3(2:9%)
Northern America 9 (18-6%) 4 (21-1%) Human facces . 1(5-6%)
Latin America and the Caribbean 11 (10-8%) 1(5:3%) Animal facces 20 (19-6%) 3(15:8%)
Africa 1(10-8) 4(211%) Rectal or cloacal swabs 7 (6-9%) 1(5-3%)
Population studied Tissues 3(2:9%)
Cattle 18 (17:6%) Blood 9(8:8%) 2 (10-5%)
Sheep 1(1-0%) Personal protective equipment 3(2:9%) 3(15-8%)
Pigs 26 (255%) Farm equipment and surfaces 16 (157%) 1(53%)
Horses 1(1:0%) Water 15 (14:7%)
Chickens 37(363%) Not relevant or not applicable 3(2:9%) 3(15-8%)
Ducks 3(2:9%) Environmental area
Turkey 3(2:9%) Water 25 (24-5%)
Goose 1(1-0%) Air 3(2:9%)
Fish or shellfish 12 (11-7%) Soil 7 (6:9%)
Farm workers 16(84-2%) Farm environment 64 (62-7%) 16 (84-2%)
Household members 3(15:8%) Household environment 3(2:9%) 3(15-8%)
Type of production system (Table 2 continues in next column)
Intensive farming 67 (65-7%) 7 (36:8%)
Smallholders 5(4-9%) 2(10-5%)
Subsistence 5 (4-9%) 3(15:8%) a specific cleaning and disinfection protocol had
Mixedt 4(3-9%) 3 (15:8%) significantly higher loads of MRSA in the air than control
Experimental set-up 21(206%) 4(211%) farms (potentially due to MRSA aerosolisation during

Type of intervention (classification by WASH or biosecurity typology)

Water: water quantity

Water: water quality

Air: air quality

Sanitation: waste management

Hygiene: food or feed safety

Hygiene: cleaning and disinfection

Other biosecurity: barrier
implementation

Other biosecurity: health protection

Combined interventions

2 (1:9%)

20-6%)

2:9%)

22:6%) 2(10-6%)
1.9%)

32:3%) 9 (47-3%)
11-8%) 6 (31-6%)

2

3

3
3
2
3
12

21(
(
(
(
(
(

4(3-9%) 2 (10-6%)
2(1:9%)

(Table 2 continues in next column)

cleaning or co-selection because resistance to the biocide
applied), and attained reductions in antibiotic use of
9-20% compared with control farms. This study reported
that veterinary costs significantly increased with higher
antibiotic use.”

From interventions aiming to reduce the dissemination
of antimicrobial resistance (either by reducing antibiotic
resistance genes or antimicrobial-resistant bacteria),
eight had positive,"* six mixed,”** three negative,**
and three neutral effects,” and 14 of 20 took place in
intensive farming contexts. Ten studies aimed to reduce
antibiotic-resistant bacteria in animals and four in the
environment. A reduction of antibiotic resistance genes
was measured in seven studies in animal waste and
two in the environment. Six of the studies in waste
management reduced antibiotic resistance genes in
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Animal studies Human studies
(n=102)* (n=19)*
(Continued from previous column)
Microorganisms*
Bacteria
Enterobacteriaceae
Escherichia colit 7 (6:9%) 1(5-3%)
Salmonella spp 18 (17-6%) 1(53%)
Coliforms 2 (2:0%)
Campylobacter spp 10 (9-8%) 3(15-8%)
Vibrio spp 2(2:0%)
Non-enteric bacteria
Staphylococcus aureus 5(4-9%) 1(53%)
Streptococcus agalactiae 1(1-0%)
Brucella spp 1(1-0%) 1(53%)
Leptospira spp - 1(53%)
Mastitis-associated bacteria 3(2:9%) 3(15-8%)
Multibacteria 30(29-4%) 3(15-8%)
Antibiotic resistance genes§ 6 (5-9%)
Viruses
Avian influenza virus 1(1-0%) 1(53%)
Porcine epidemic diarrhoea virus 2 (2:0%) 1(53%)
Porcine reproductive and 2 (2:0%) 1(53%)
respiratory syndrome
Viral haemorrhagic septicaemia 1(1-0%)
virus
White spot virus 1(1-0%)
Parasites
Toxoplasma gondii 1(1-0%)
Myxosoma cerebralis 1(1-0%)
Indicators other than microorganisms 8 (7-8%) 2 (10-5%)
(prevalence or incidence of infections
or diseases; morbidity; or mortality)
WASH=water, sanitation, and hygiene. *Studies can be included in more than
one category: from the 104 interventions included, 85 studies were only done in
animals whereas two studies were only done in humans. The other 17 studies
were done in both humans and animals. tStudies including more than one type of
production system. fIncludes three studies in E coli 0157:H7. SSome studies only
detected antibiotic resistance genes from microorganism DNA.
Table 2: Summary of study characteristics

wastewater through filtering®* or by use of diverse
experimental manure management, or composting
methods,”?** with antibiotic-resistance gene removal
ranging from 21-99%“*# (with various methods and
targeted antibiotic resistance genes). Although these
studies collectively suggest antibiotic resistance gene
elimination is feasible with wastewater filtration or
manure treatment, four took place in experimental
settings®** and only two took place on commercial
farms.** The risk of bias in these studies was assessed to
be low in three studies,*#* moderate in two,** and high
in one.” Two additional studies,”* only focusing on
antibiotic resistance genes, had mixed results, but
showed that it was possible to reduce the abundance of
antibiotic resistance genes in manure by anaerobic
digestion at different temperatures (25°C, 37°C, and
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55°C,” albeit with an attenuated reduction at 55°C) and
by farm treatment processes, reporting that microbial
fermentation beds could reduce antibiotic resistance
genes by 0-1-18 logs, whereas septic tanks, biogas
digester, and natural drying increased some antibiotic
resistance genes (ie, tetC, tetG, sull, and sul2).”" Both
studies suggested that the existing bacterial communities
could be essential in mitigating antibiotic resistance
gene abundance and transfer. Further, six inter-
ventions®*** led to increased antibiotic resistance or
increased abundance of specific antibiotic resistance
genes, whereas other antibiotic resistance genes were
significantly reduced, leading to mixed results. For
example, a study evaluating the effects of different
flooring designs on resistant E coli in turkeys treated with
enrofloxacin paradoxically increased the abundance of
ampicillin-resistant isolates despite no ampicillin being
used in the trial.”* The three interventions with negative
effects were done in commercial intensive farming
systems and aimed to reduce resistant bacteria by
adjusting barn flooring,* implementing biosecurity
measures,” and assessing the effect of integrated fish
farming on antimicrobial resistance.” All found an
increased prevalence of antibiotic-resistant isolates
(including multidrug-resistant E coli, Acinetobacter spp,
and Enterococcus spp), with resistance to clinically
relevant antibiotics such as chloramphenicol, cipro-
floxacin, erythromycin, oxytetracycline, streptomycin,
sulfamethoxazole, tetracycline, and trimethoprim. In
these studies, the authors hypothesised: that installing
elevated slat platforms reduced birds’ exposure to
manure, but caused birds to prefer elevated areas, leading
to high population density and fostering the transmission
of antimicrobial resistance;* that seasonal variations
could influence Salmonella prevalence and variations in
the implementation of biosecurity practices due to
paucity of reward for producers, could have influenced
the results; and that integrating fish farming with
livestock manure could increase the selective pressure of
antimicrobials in the pond environment, or introduce
antimicrobial residues and antimicrobial resistance
bacteria from animal manure.”

From the studies aiming to reduce microbial loads,
71 sought to reduce Campylobacter, Salmonella, or various
other bacterial species in the farm environment or in
animals or farmworker samples, of which 37 had
positive,”** ten mixed,**"* eight negative,* "™ and
16 neutral®®" ' effects. Outcomes of interest were
measured in farmworkers’ hands or personal protective
equipment (four studies), animal samples (34 studies), or
animal facilities or the farm environment (58 studies). Of
the 40 biological-chemical-based interventions, 21 were
positive753,62,64,67,69771,75,76,7&87,91,92 one was l’legathe,mg and 18 had
either mixed or neutral effects.®e-10321416.12012-25 The most
frequently reported interventions applied chemical
diSinfeCtion’48,58,64,70,73,78,79,81783,96,997104,124 manure management
or composting methods, 7?7271 acidified drinking
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Water
Water quantity (n=2)

Interventions adjusting the quantity of water by lowering water levels to 50% (n=1) or by use of water troughs rather than pin-
metered water lines (n=1)

Water quality (n=21)

Interventions to improve the quality of drinking water provided to farm animals, including acidifying the water with the addition of
products such as organic acids or vinegar for poultry: these products were added in water systems to lower the pH and improve
water quality by preventing the growth of microbes (n=7)

Interventions that focus on providing clean drinking water systems through novel methods; applying low-frequency
electromagnetic fields (n=1), filtration-treating wastewater (n=1), chlorination (n=1), or with nipple versus cup water troughs (n=1)

Interventions to improve the microbial water quality in aquaculture fishponds fed with animal manure or sewage (n=5) and
interventions to provide clean water for aquaculture through changing the water temperature (n=1), or adding advanced oxidation
processes (n=1), ultra-violet radiation (n=1), fish and shrimp polyculture (n=1), or Nile tilapia and filter-feeding bivalve mussles
(n=1)

Air

Air quality (n=3)
Interventions to improve air quality on farms, including reducing airborne microorganisms with air filtration, super plasma ionising
air purifiers, or with acidic electrolysed-water spray (n=3)

Sanitation

Waste management™ (n=24)

Asstructural intervention implementing a livestock Manure Control Act that makes it compulsory for farms to be equipped with
appropriate sludge process facilities (n=1)

Studies in manure composting methods: adding wet slurry to the cattle manure bedding (n=1), adding urea and ammonia
treatments (n=1), or use of black soldier-fly larvae, bamboo charcoal, and high temperatures to prevent the persistence of antibiotic
resistance genes in the manure (n=3); and interventions with microbial fermentation beds, septic tanks, biogas digesters, and
natural drying methods to decrease antibiotic resistance genes in animal manure (n=3)

Interventions to reduce animal contact with their own excreta by adjusting farm flooring, heating of the barn floor, or the litter
type or bedding used (n=7)

An intervention that enables biosecure disposal of infected pig carcasses to prevent pathogens escaping from the farm (n=1)

Studies implementing strategies to control pathogens in poultry litter (n=4), two studies looked at the safety in the repeated reuse
of litter, and two studies used on-farm litter treatments with quicklime or litter tarping to reduce microbial counts

Intervention to control Escherichia coli 0157:H7 faecal prevalence in feedlot cattle by adjusting the timeframe that artificial lighting
isused in (n=1)
Integrated fish-farm investigations into the effect of filtering processes to removing antibiotic resistance genes from farm
wastewater in flow-through aquaculture (n=1) and constructed wetlands (n=1)

Hygiene

Food or feed safety (n=2)

Introducing hygiene strategies to safely manage and store food products for humans and animals; one study investigated an
intervention to address improved water and feed hygiene for cattle (n=1) and one study looked at the characteristics of bacteria in
water in the troughs of litter-managed chicken systems (n=1)

Cleaning and disinfection (n=33)

Interventions to test different disinfectant practices to eliminate or control infectious diseases in the farm environment, including
the application and comparison of different detergents and commercially available disinfectants, the use of a high-pressure water
rinse, and wet versus dry cleaning (n=17); one study compared cleaning and disinfection to competitive exclusion practices

Interventions that change farm hygiene practices, cleaning and disinfectant protocols, and cleaning products (n=2), including
handwashing and the introduction of a hygienic barrier for footwear and overalls changing areas

Interventions that take measures to improve hygiene of the farm, ensuring a proper environment, including regular cleaning of
animal facilities (n=2)

Interventions to improve staff hygiene practices on farms; testing protocols to improve hand hygiene in veterinary staff (n=1) or
altering hygiene practices in animal production workers’ shower facilities (n=1)

An intervention implementing a code of hygienic practices in poultry farms through a participatory staff training programme (n=1)
Interventions implementing a set of hygienic milking practices to prevent and control mastitis (n=5); changing milking order and
technique, making use of disposable plastic gloves during milking, individual towels for wiping cow teats, and dipping cow teats in
disinfectant post milking

Educational interventions to improve practices around mastitis (n=4), including the importance of hand washing before and after
milking and hygienic farm management in mastitis prevention and control

106,107

80,84,91,108,114,122,123

110,118,121,125

55,65,67.75,76,85,97,116,129,135

6272132

0

41-43,45,46,51.71,92

53.54,50,89,130,133,137

87

66,68,115,120

109

44552

61112

40,48,57,64,70,73,78,81-83,96,99-103,124

86,98

93128

5069

77

496395113138

60117131,136

(Table 3 continues on next page)
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(Continued from previous page)
Other biosecurity measures complementing traditional WASH
Barrier implementation (n=13)

Interventions to preserve boundaries, implement barriers, or introduce policy strategies to limit exposure to microorganisms
between animals and humans, and control potential vectors and fomites, including testing footbaths by looking at the bactericidal
effects of commercial disinfectants to clean farm workers’ boots (n=2)

Preventing pathogens from entering the farm and enhancing biosecurity compliance by improving existing practices, including
changing clothes and showering before entering thefarm (n=1)

Promoting the use of pig confinement systems (n=1) or the corralling of free-range chicken (n=1) to replace the practice of animals
roaming around freely in the community or household

Implementing a pond shutdown strategy in aquaculture (n=1) or a vacancy period in livestock (n=1) to manage disease outbreaks
on commercial farms

Implementing animal movement strategies (n=3), including the strategic movement of animals after weaning to stop
intergenerational pathogen transmission chains

Testing educational and behavioural change interventions to improve backyard poultry biosecurity, human protection, and disease
management, yard, equipment, and poultry-pen cleaning, and the use of cages to protect chicks (n=1)

Interventions to prevent the transmission of pathogens through farm workers with management strategies that aim to disrupt the
transmission cycle of existing pathogens on the farm (n=2), including changes to the movement patterns and biosecurity practices

79104

105126

58,127

8890111

139

74,94

Health protection (n=4)

management practices to conventional farming methods (n=1)

Combined interventions (n=2)

or mitigate the risk of antibiotic resistance genes in animal manure.

of farm staff regarding the use of personal protective equipment, clean footwear, and face shields

Interventions to boost immunity, manage infections in humans and animals, or improve access to health care, ensuring wellness, 34
welfare, and productivity for humans and animals, including herd-specific intervention strategies and health planning focusing on
the optimisation of herd management to reduce antimicrobial use (n=3) and a study comparing organic antibiotic-free animal

Interventions that make use of combined strategies related to hygiene or biosecurity to reduce the prevalence of bacterial disease in 93
dairy cattle, including a questionnaire to evaluate a set of biosecurity practices to prevent digital dermatitis (n=1)

WASH=water, sanitation, and hygiene. *Interventions to establish strategies or policies to safely dispose of wastewater or fallen stock, or treat animal or human faeces,

Table 3: Overview of WASH and biosecurity interventions reviewed?

water sources for animals,*# %4213 or improved air
quality.” Mixed-effects interventions partly reduced the
presence of bacteria, and inadvertently increased bacte-
rial prevalence in other farm areas.™ ' Barrier
implementation strategies focusing on changing personal
protective equipment or taking showers when entering
farms,” use of disposable or bleach boot baths by
farmworkers,” bag-in-a-box shipping methods, and
strategic animal movement®* were effective biosecurity
strategies to lower™* or eliminate™ microbial
transmission among animals because they reported
positive effects. Three waste management studies™”
focusing on safely composting manure,” manure
cultivation,” or fallen stock disposal® to reduce microbial
loads in the environment, reported positive effects.
One study showed a significant (p<0-05) reduction of
E coli via manure cultivation, whereas another ascertained
the ability of urea and ammonia to remove Salmonella or
Yersinia enterocolitica-contaminated pig slurry. The studies
had a low” and moderate”” risk of bias, respectively.
Two studies applying fish polyculturing of Liza and
Catfish,” or Nile tilapia” with shrimp or mussels
successfully reduced Vibrio spp in a commercial farm in
India and Streptococcus agalactiae in an experimental
culture system in Malaysia by 80% and 87% (percentages
converted from log reduction). Two studies, with
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commercial air filtration or purification products in
commercial poultry in China, sought to improve air
quality by spraying slightly acidic electrolysed water® or
super plasma ionising air purifiers™ to reduce microbial
counts in air samples. Both interventions had positive
results, reducing 25-50% (percentage converted from log
reduction) of total indoor airborne bacterial counts. They
also reported co-benefits, as the spray reduced airborne
fungi by 35%, and the air purifiers reduced broiler
mortality and significantly (p=0-003) improved weight
gain. Finally, two interventions addressing water quantity
had negative outcomes. The use of water troughs to
improve welfare and access to water for ducks,"” or
to reduce E coli 0157:H7 faecal shedding in feedlot cattle
by adjusting the water-to-cattle ratio in troughs,™ caused
a statistically significant increase of microbial loads of
E coli, coliforms, and Staphylococcus (p=0-001); greater
duck mortality (p=0-008)"” and E coli 0157:H7 shedding
(odds ratio 1-6, 95% CI 1-2-2-0; p=0-02);"* and greater
risk for farmworkers.

From interventions aiming to reduce infections or
disease burden, 26 studies reduced the incidence
or prevalence, or reduced morbidity or mortality rates in
anlmalS (24 St'lldles) 37,49,63,64,67,72,77,86,107,113,126-139 or humans
(two studies),”* of which 18 had positive, 77278 126-135.140
three mixed,”***” three negative,*”"* and two neutral
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. . . one structural. Nearly all biological-chemical-based inte-
Positive Mixed Negative Neutral . ix of had e T . duci
54.-8% (n=57)* 16:3% (n=17)* 10-6% (n=11)* 18:3% (n=19)* Fventl.ons (S%X of seven) ha pQSltlve effects in reducing
infectious diseases and mortality, #1213 and one had
Water 138 . . . .
no effect.” The successful interventions either applied
Water quantity (n=2, 1-9%) 2 . . . .
chemical desinfectants and improved farm hygiene
Reduced microbial load 1 S . . .
strategies in conventional agriculture, or improved water
Reduced burden of infections or 1t o . . . P
d quality in aquaculture with ultraviolet irradiation, poly-
e ul I. The only study classified
Water quality (n=21, 202%) 10 1 3 7 culture, or temperature control. The only s .y classt .e
. as structural® was a waste management intervention
Reduced microbial load 7 1 2 7 R . R
- evaluating the effectiveness of the 2007 Korean Livestock
Reduced burden of infections or 3t A .
diseases Manure Control Act, which made it compulsory for
Reduced antibiotic resistance 1 livestock farmers to be equipped with appropriate sludge
Air process facilities on their farms. This intervention attained
O, O, . 1
Air quality (n=3, 2-8%) 3 a 33 /:. (9?6 CFI ‘13—53, p<0'(.)1) decrease in human
Reduced microbial load 1eptosp1r051s. 1nc1d§nce during a . 7-year post-
Reduced burden of infections or 2t 1mpllementat10n pe.rlod. Three r}egatlve-effect inter-
diseases ventions were classified as educational or behavioural
Sanitation (one study)®” and physical or infrastructural
Waste management (n=24, 23-1%) 15 4 > 3 (two studies),”™"” with the intended outcome of reducing
Reduced microbial load 6 1 2 infections or diseases and mortality. Two of these were
Reduced burden of infections or 3 1 barrier implementation studies aiming to reduce backyard
diseases poultry Dbiosecurity for subsistence farmers," Dby
Reduced antibiotic use 1% corralling poultry and changing hygiene practices, which
Reduced antibiotic resistance 5 3 1 1 resulted in increased campylobacteriosis incidence in
Hygiene children," and highly pathogenic avian influenza mortality
Food or feed safety (n=2, 1:9%) 1 1 rates.” The other study compared two water systems for
Reduction of microbial load 1 ducks to reduce bacterial contamination and mortality.”
Cleaning and disinfection 16 1 0 6
(n=33,31.7%) Discussion
Reduced microbial load 10 7 2 This systematic review summarises the effect of WASH
Reduced burden of infections or 61 2t and Dbiosecurity interventions on infection burden,
diseases microbial loads, antibiotic use, and antibiotic resistance in
Reduced antibiotic use " animal agricultural settings. From 104 selected studies,
Reduced antibiotic resistance 2t 2 positive effects were reported for interventions imple-
Other biosecurity measures complementing traditional WASH menting: strategies to improve water quality in aquaculture;
Barrierimplementation (n=13,12:5%) 7 1 4 1 waste management by preventing contamination of water
Reduced microbial load 5 1 1 bodies with antimicrobial resistance genes or enforcing
Reduced burden of infections or 2 2t policies to provide farmers with sludge processing facilities
diseases to reduce antibiotic resistance genes in manure; barriers
Reduced antibiotic resistance B i to disrupt transmission cycles in farms by providing
Health protection (n=4, 3-8%) 4 farmworkers with personal protective equipment; health
Reduced antibiotic use 35 protection measures involving farmers and veterinarians
Reduced antibiotic use if in discussions to reduce antibiotic use; or air-quality
Combined interventions (n=2, 1-9%) improvements in animal facilities.
Reduced microbial load 1 Reduction of antibiotic use by 19-52%7* was attained by
Reduced burden of infections or 1 interventions involving discussions among farmers,
diseases veterinarians, and facilitators with knowledge of antibiotics
WASH=water, sanitation, and hygiene. *An intervention appears more than once if it addresses several relevant stewardship, although the impact of reducjng antibiotic
outcomes belorTglng to a different outcome‘grouplng: 16 of 104 articles |nc|udeld ochomes relevaljltto different use and the abundance of antimicrobial resistant bacteria
outcome groupings. tIncludes one or more interventions that also measured microbial load reduction. fIncludes one 3 N
or more interventions that also measured reduction in antibiotic resistance. Sincludes one or more interventions that was not evaluated. A Stllde applylng a pre-determlned
also measured burden of infections or disease reduction. deaning and disinfection pI’OtOCOl without pl’eViOLlS
Table 4: Outcomes of WASH or biosecurity interventions with reported effect Consu'l,tatl(.)n Wﬂ:'h.re.levant Stakeh()lde.rs.attalned a lower
reduction in antibiotic use (9—20%). It is important to note

that these studies were applied in different livestock

interventions were classified as
eight  physical-infrastructural,
educational-behavioural, and

effects.”®  Seven
biological-chemical,
six managerial, four

production or intensification systems and countries, where
the baseline situation could vary depending on the national
policies related to antibiotic use already implemented.
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The different metrics found across studies could have
influenced the difference in reduction of antibiotic use.
However, implementing problem-oriented approaches to
reducing the use of antibiotics, in which stakeholders are
consulted about their needs and goals, could improve
alignment with interventions and contribute to the success
of programmes to reduce antibiotic use. Similar reports
from Denmark" and the Netherlands,” where bans on
antibiotic use as growth promoters were introduced in
the 2000s, indicate that the involvement of farmers and
veterinarians in implementing health management plans
within farms contributed to an effective reduction of
antibiotic use.

Reductions in antibiotic resistance were mainly
attained by studies focusing on antibiotic resistance
gene mitigation in animal manure or farm wastewater.
Collectively, these robustly designed studies showed that
it is possible to reduce a broad range of clinically
important antibiotic resistance genes by 21-99%, includ-
ing tetracycline, sulfonamide, macrolide, vancomycin
resistance genes, and mobile genetic elements. This
result is particularly promising, as these are among the
most frequently detected antimicrobial resistance genes
in livestock waste.” Nonetheless, more research is
needed to understand the factors influencing antibiotic
resistance gene elimination and how best to manage
manure outside commercial and experimental settings.
Ultimately, approaches to reduce antibiotic gene resis-
tance are crucial for reducing antibiotic resistance in
other sectors, as the discharge of antibiotic resistance
genes in animal waste represents a challenge of clinical
importance not only for humans, but also for animals,*
increasing the risk of hampering animal health and
productivity.

Half of the interventions to reduce microbial loads in
animals, humans, and the farm environment were
successful. From these, interventions applied in aqua-
culture were especially relevant to antibiotic resistance, as
prophylactic antibiotic use (particularly in LMICs) is
considered a hotspot for the horizontal exchange of
antibiotic resistance genes, which can easily contaminate
nearby water resources.”” These studies attempted to
reduce initial microbial loads in the aquatic environment
by deploying various interventions, including polyculture,
feeding fish with fermented manure, shifting water
temperatures, and installing ultra-violet light and oxidative
processes. The efficacy of these interventions against a
range of clinically relevant bacteria (eg, E coli, Salmonella
spp, Vibrio spp, Streptococcus spp, Staphylococcus spp, and
other coliforms) indicates that these strategies should be
further explored to reduce excessive antibiotic use in
aquaculture.

Interventions aiming to reduce infections in either
animals or humans broadly took place in smallholder or
subsistence farming settings, where curbing antibiotic use
is particularly important as appropriate animal health-care
services and diagnostic tools can be absent, inadequate, or
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Negative
54.8% (n=57)* 16-3% (n=17)* 10-6% (n=11)* 18-3% (n=19)*

Neutral

1t

11

2t

Positive Mixed
Structural (n=1, 0-9%) 1
Reduced burden of infections or 1
diseases
Managerial (n=18, 17:3%) 11 2 2
Reduced microbial load 4 - 1
Reduced burden of infections or 3t
diseases
Reduced antibiotic use 3 1%
Reduced antibiotic resistance 1t 1§ 1t
Educational or behavioural (n=8, 4 2 1
7:7%)
Reduced microbial load 2
Reduced burden of infections or 2t 1 1
diseases
Reduced antibiotic resistance - 1t
Physical or infrastructural (n=26, 13 3 6
25%)
Reduced microbial load 6 - 3
Reduced burden of infections or 5t 1 2t
diseases
Reduced antibiotic use 1f
Reduced antibiotic resistance 1 2 1
Biological or chemical (n=51, 49-1%) 28 10 2
Reduced microbial load 18 9 1
Reduced burden of infections or 6t
diseases
Reduced antibiotic resistance 4 1 1
*An intervention appears more than once if it addresses multiple relevant outcome-types; 16 of 104 articles included
outcomes relevant to different outcome groupings. fincludes one or more interventions that also measured microbial
load reduction. fIncludes one or more interventions that also measured reduction in antibiotics resistance. §includes
one or more interventions that also measured disease burden, infections, or disease reduction.
Table 5: Reported effects organised by intervention level

inaccessible. These interventions often did not directly
assess their effect on antibiotic use or antibiotic resistance.
In these settings, an intervention including the free
provision of cleaning tools to farming families™ suc-
cessfully reduced mortality rates in sheep. The evidence
suggests that applying cleaning and disinfection regimens
and products should supplement good hygienic practices
rather than replace them outright,*""* as more than half
of studies, including cleaning and disinfection protocols,
reported mixed or neutral effects and changes in microbial
loads that were transient.” Two-thirds of interventions that
involved a combination of changing a farm personnel’s
hygiene practices with other measures reported positive
results. However, these studies often did not measure
adherence to introduced biosecurity practices and sus-
tained changes in behaviour. When the studies did make
these assessments, the simplicity and feasibility of biose-
curity interventions influenced adherence by farmers,*
especially for interventions that changed working habits
and routines by improving hand and personal hygiene,
changing needles, and implemented regular analysis of
water quality.
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Interventions incurring high costs or introducing
pronounced changes (such as implementing technical
cleaning systems) were less common, and their
effectiveness could be undermined by underapplication
if the increased costs of implementing biosecurity co-
occur with a (perceived) lack of reward.** Similarly,
previous findings suggested that insufficient information
on costs and revenues of implementing biosecurity
practices can hinder the adoption of stringent preventive
measures on farms.” Smallholders and subsistence
farmers require evidence of the economic benefits to
adopt biosecurity measures.” In this systematic review,
most studies did not measure adoption, adherence, or
cost-effectiveness. In addition to measuring adherence to
changes by farmers, a cost-effectiveness analysis is
needed to make the case for investing in an intervention.

The few studies reporting negative outcomes also offer
important learning opportunities. Negative results often
occurred when experimental designs failed to reproduce
the same positive effect in a real-world setting. A previous
modelling study suggested that reducing the volume of
water in troughs by half would reduce E coli O157:H7
prevalence in feedlot cattle, yet the opposite effect
occurred when tested on farms."™ Similarly, a study based
on previous epidemiological investigations hypothesised
that corralling backyard free-ranging chickens in a peri-
urban shantytown would reduce rates of Campylobacter-
related diarrhoea in children exposed to those chickens;"
however, children from corralling groups had twice the
incidence of Campylobacter-related diarrhoea compared
with control households, potentially due to less exposure
to local Campylobacter strains, which affected children’s
immunity to external strains. Given the discrepancies
between hypothesised effects and their imperfect
translation into tangible improvements, especially in
experimental studies (ie, more likely to report positive
results), it is crucial to account for the settings and other
relevant contextual factors when assessing interventions.

Several contextual factors that are also structural (such
as the economic, social, and political contexts in which
interventions are being implemented) can hinder or
promote the adoption of measures and shape reliance on
antibiotics. However, such factors are poorly documented
in the studies included. It is commonly assumed that
interventions are transferable beyond the research setting,
but this is not always true. For WASH and biosecurity
interventions the context is crucial, for example, the farm
setting (ie, type of production system, location, population
density, and infrastructure) strongly influences the risk of
introducing pathogens and therefore the efficacy of any
implemented measures. The lack of consideration of the
influence of the context in the success or failure of these
types of interventions may explain why fewer studies were
performed in low-resource settings, where most farmers
are smallholders or subsistence producers and do not
engage in intensive farming practices, therefore the
associated challenges of implementing interventions in

these settings (ie, accessibility of the location, availability
of funding, length of the study, ease of recruitment, and
political and social barriers) make them less attractive
for trialling interventions. In low-resource settings
(smallholders and subsistence farmers), only three
interventions addressed aspects such as the confinement
of animals or educational interventions on biose-
curity,”* with mixed effects. To assess the enabling and
limiting conditions for how interventions in these fields
might, or might not, work in different settings, authors
should document the context when reporting their results
(eg, by applying a socioecological framework).*® This
documentation is especially important in animal pro-
duction because the evidence suggests that the take-up of
biosecurity measures by farmers and farmworkers
(especially in LMICs) is shaped and influenced by context-
related factors beyond psychosocial influences,” such as
competing priorities, structural factors,™ and perceived
lack of support by governments."

Only one intervention was classified as structural and
successfully reduced the incidence of human leptospirosis
by providing farmers with sludge processing facilities."
Although such measures could be essential in combating
antimicrobial resistance, we found insufficient evidence
to show this. In animal health, the introduction of
regulations for the use of antimicrobials as growth
promoters by some European countries,"” together with
a set of supportive measures (eg, the implementation of
agriculture extension services, monitoring systems,
farmer support programmes, farm treatment plans, farm
health plans, and task forces with relevant stakeholders)
successfully reduced antibiotic use. These are examples of
how integrated structural changes promoted at a system
level can positively reduce antibiotic use and affect
antimicrobial resistance. In comparison, the introduction
of regulations for antibiotic use in Mexico without
additional supporting measures failed to produce positive
results,”® highlighting the importance of integrated
measures addressing co-existent structural factors.
Opportunities to pilot interventions in WASH and
biosecurity in agricultural settings at a structural or system
level might be most beneficial if focused on farm planning
(eg, location, density, and size); the provision of incentives
or safety nets for farmers to implement biosecurity
measures focusing on disease prevention rather than
control; and the implementation of WASH interventions
that also address animal health problems and the safe
disposal of animal waste.

Overall, the risk of bias was deemed high for 53% of
selected studies. In our systematic review, most RCTs
with high risk of bias contained few details about their
randomisation methods and allocation concealment.
Despite these flaws, almost all RCTs made conclusions
with a low risk of reporting bias. Non-randomised trials
with high risk of bias frequently showed issues with
sample size, bias due to confounding, and selective
reporting. Similarly, most ecological and cross-sectional
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studies with high risk of bias omitted sample size
justification. We tried to minimise differences in bias
assessment due to differences in study designs with
various tools.

Important limitations of our systematic review include
that (1) half of the selected studies reported positive
effects—highlighting the need for assessment of
publication bias; (2) the analysis of the context in which
interventions were trialled was not possible as
descriptions were often insufficient; (3) many authors
did not provide sufficient information on their method
and study designs for a confident assessment of the risk
of bias and the interpretation of the results; (4) the
heterogeneity and complexity of interventions included
and the diversity of outcomes reported prevented us
from conducting a meta-analysis; and (5) although we
complemented our searches through snowballing, we
did not include search terms for all countries beyond
LMICs therefore some studies could have been missed.

The potential for WASH interventions, including an
animal component to support antimicrobial resistance
control strategies and the relevance of food-producing
animals to WASH, has already been recognised,™
particularly as water is a vehicle for spreading animal
and human waste, and associated antimicrobial
resistance genes. However, as WASH interventions often
do not assess animals or the occupational risk of
farmworkers or household members of farming or
agricultural communities, many of these studies were
excluded, creating a bias for studies focusing on animals
only. Another important analysis would show whether
reported positive effects were short term or sustained,
which was often excluded by authors. Future studies in
WASH and biosecurity should consider how the
documentation and assessment of contextual factors
influences the success or failure of interventions, and
analyse the effects of combining interventions from
these two fields (WASH and biosecurity), especially in
agricultural communities.

Conclusion

Overall, this systematic review identifies several
potentially effective interventions to reduce infection
burden, microbial loads, antibiotic use, and antibiotic
resistance in animal agricultural settings. Future studies
in WASH and biosecurity could test some of these
interventions or combinations of them, specifically in
small-scale production systems and LMICs. Human
health researchers must consider that most microor-
ganisms important for animals are also important for
human health as they can be a source of antibiotic
resistance genes, especially in settings where humans
and animals interact frequently. The provision of WASH
is essential in creating the basic conditions for good
health, but a One Health approach that recognises the
closeness of people living or working with animals and
the subsequent exchange of pathogens and contamination
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of the environment is often overlooked. The paucity of
studies evaluating structural interventions in agricultural
communities indicates an important gap to be filled by
future research. Moreover, addressing antimicrobial
resistance in populations engaging in animal agriculture
(almost half of the world) requires drawing on and
developing further evidence—such as in this systematic
review—of findings from across the One Health
spectrum.
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