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ARTICLE INFO ABSTRACT

Keywords: Understanding antibiotic use in livestock systems is key in combating antimicrobial resistance (AMR) and
Antimicrobial resistance developing effective interventions. Using a standardised questionnaire, we investigated the patterns and drivers
]]:;\‘;ét“k of antibiotic use in 165 cattle farms across the three major cattle production systems in Kenya: intensive,

extensive, and semi-intensive systems across in three counties: Machakos, Makueni and Narok in Kenya. We used
a causal diagram to inform regression models to explore the drivers of antibiotic use in the study farms. Anti-
biotic use was reported in 92.7% of farms, primarily for prophylactic purposes. Oxytetracycline, penicillin, and
streptomycin were the most used antibiotics to treat and control the most reported diseases including mastitis,
diarrhoea and East Coast fever (ECF). Regression analysis indicated a positive association between the frequency
of antibiotic use at the farm level and both disease incidence and herd size. Conversely, farms that provided cattle
with appropriate housing were less likely to use antibiotics, and there was no difference in antibiotic use between
those who consulted with veterinarians or sourced antibiotics directly from animal health providers. Our study
highlights the complexities around understanding the interplay between practices and drivers of antibiotic use. It
also underscores the necessity to enhance education regarding the appropriate usage of antibiotics among cattle
farmers, encourage the adoption of proper herd management practices which may reduce disease burden, and
reinforce veterinary services and supportive legislation to promote the prudent use of antimicrobials.

Semi-intensive

1. Background

Antimicrobial stewardship (AMS) programs in animal production
systems and human health are critical for combating antimicrobial
resistance (AMR) [1]. Irrational use of antibiotics in animals is a major
driver of AMR globally [2]. In livestock systems, antibiotics are used for
therapy, growth promotion, prophylaxis and metaphylaxis [3]. Thera-
peutic use is controlled by prescription and antibiotic label instructions
or through extra-label guidelines by a qualified prescriber e.g., a
veterinarian [3]. However, in most low and middle-income countries
(LMICs), farmers self-diagnose and administer antibiotics without

proper guidance from a veterinarian [4]. Moreover, the use of falsified
or sub-standard antimicrobials has been reported due to poor regulatory
systems [5], potentially resulting in misuse or overuse which may
contribute to the selection and emergence of antimicrobial-resistant
pathogens [4]. To mitigate AMR, the World Organization for Animal
Health (WOAH), the World Health Organization (WHO), and the Food
and Agricultural Organization of the United Nations (FAO) have advo-
cated for a collaborative ‘One Health’ approach [6,7], promoting pru-
dent and optimised use of antimicrobials and the development of AMS
programs in both human and animal sectors, given the increased risk of
AMR pathogen transmission from livestock farms into the environment
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and agri-food chain [8]. To inform AMS efforts, data on antimicrobial
consumption and the drivers of antimicrobial use (AMU) in food-
producing animals is required. One of the aims of Kenya's National Ac-
tion Plan on AMR is to optimise the use of antimicrobials in animal and
human health while considering the needs of the country [6]. It is
therefore important to generate local evidence to develop realistic
stewardship programmes for the Kenyan agricultural sector without
negatively impacting farmers' livelihoods and food security.

Cattle production in Kenya encompasses diverse systems that are
structured according to the country's geography, climate, and cultural
practices. According to the FAO report of 2018, these production sys-
tems can be categorized into traditional extensive, semi-intensive, and
intensive or zero-grazing systems [9]. Extensive systems involve free-
ranging herding on communal lands or open rangelands, relying on
natural grazing resources. Depending on the level of pasture manage-
ment and interventions, extensive cattle production may be practised as
pastoralism, which is traditionally uncontrolled — minimal management
interventions, or as ranching, whereby some level of management
practices such as rotational grazing or paddocking within a defined tract
of land is implemented. Semi-intensive systems combine grazing with
supplementary feeds and are commonly found in peri-urban areas or
small-scale farms. Intensive systems confine cattle to controlled spaces,
such as barns or feedlots. Large-scale intensive systems are characterised
by their significant herd sizes and investments in infrastructure, while
small-scale intensive systems are operated by individual farmers or
small-scale farming enterprises.

Most cattle production systems in Kenya are dual-purpose, encom-
passing both beef and dairy production. These systems are vital to the
country's agricultural sector, contributing significantly to the economy
and meeting the demand for both meat and milk products. In particular,
the dairy production system contributes approximately 80% to the
livestock production sector. Milk consumption is a regular part of the
daily diet [10] in Kenya with a significant proportion being supplied by
small-holder farmers who either consume the milk domestically or sell it
directly at the farm gate [11,12]. These smallholder farmers face various
challenges such as poor farm biosecurity practices, disease outbreaks
and low milk productivity, resulting in antibiotic overuse [13]. A pre-
vious study conducted in Kenyan cattle production systems revealed that
10% of the milk from small-holder dairy farmers contained beta-lactam
residue levels that exceeded the maximum allowed limits [14] Similarly,
the beef production sector in Kenya also contributes significantly to
antibiotic usage. Previous research also shows high levels of antibiotic
use in the beef industry [15] mirroring the challenges observed in the
dairy sector. Veterinary drug stores which are sometimes operated by
unqualified animal health professionals (AHPs) have been previously
reported as the main sources of antibiotics (63% usage) for livestock in
Kenya [16] A previous study indicated that irrational use of antibiotics
in food-producing animals as compensation for poor animal husbandry
practices in Kenya is a significant contributor to the rising AMR rates,
and reducing such usage was identified as a national priority [17].

Despite the growing availability of data on AMU in LMICs, there is a
lack of knowledge about the patterns and factors that drive AMU in
Kenyan cattle production systems which will play a key role in
informing the development of AMS programmes. This study therefore
aimed to investigate patterns of antibiotic use, practices and factors that
drive the use of antibiotics in cattle production systems in Kenya. We
hypothesized that there could be a link between farm profiles, herd
management practices, disease incidence and the use of antibiotics,
which could be used to inform measures that could reduce the need for
antibiotics for growth promotion and disease control.

One Health 17 (2023) 100646

2. Materials and methods
2.1. Study sites and sampling

A cross-sectional study targeting different cattle production systems
including intensive, semi-intensive and extensive systems, as previously
defined (FAO, 2018), was conducted between October and December
2021. A total of 165 farms across the three major production systems
were sampled in three counties including Narok, Machakos and Makueni
in Kenya. Narok county is characterised by a large-scale, free-range
cattle production system with a majority of the farms keeping exclu-
sively indigenous breeds of cattle and a few semi-intensive farms while
in Makueni and Machakos counties, there is a mix of farmers practising
either exclusively zero-grazing or both zero-grazing and free-range
(semi-zero) cattle production systems [18,19]. The study's sample size
was estimated based on previous estimates; about 90% of food-
producing animals receive medication at some point during their life-
span [9] a precision level of 5%, and a confidence level of 95%, which
resulted in a sample size of 139 cattle farms. To account for potential
missing data and other factors such as study cost and time constraints,
the sample size was increased to 165 (Fig. 1). We obtained a sampling
frame comprising all farmers from each of the selected counties with the
assistance of county veterinary officers from which we randomly
selected 165 farms stratified by the estimated number of livestock in the
counties and by the reported production systems according to FAO,
2018. Therefore 38 farms were sampled in Machakos, 23 in Makueni and
104 in Narok Counties to achieve equitable representation of cattle
production systems and cattle densities across each county while also
accounting for practical considerations in data collection.

2.2. Data collection

The ‘Antimicrobial use in livestock production systems’ (AMUSE)
questionnaire (developed and validated by the International Livestock
Research Institute (ILRI) [20] was customised and adopted for this study
(Supplementary Material). An Open Data Kit (ODK) version of the
questionnaire was created and loaded onto tablets and mobile phones
for the field survey. Upon obtaining informed consent from the farm
owner or manager, the questionnaire was administered electronically
(to the farm owner or manager) to gather information on the socio-
demographics and geolocation of the farm, as well as production sys-
tem characteristics, including housing, nutrition, herd health and
management practices, antibiotic use within the last year (frequency,
types and reason for usage), and knowledge of antibiotic use and bio-
security practices. The questionnaire was conducted in English with an
interpreter in Swahili and the local language where necessary. Data
were uploaded onto and stored on a protected cloud server at ILRI.

2.3. Statistical analysis

Data cleaning and statistical analyses were carried out using R soft-
ware (version 4.2.3). Initial descriptive statistics were prepared for all
data including frequencies and percentages for categorical variables
(such as production systems, breed types, grazing types, cattle housing,
antibiotic outsourcing, consultation, use of water troughs and vaccines)
and means, medians, standard deviations (SDs), quartiles, and ranges for
quantitative variables such as herd size and diseases incidence)
depending on the distribution of the data. To reduce the potential bias
that may arise from cattle herd size variations, we categorized farms into
quartiles based on their herd size and within each quartile, we analysed
the average counts of antibiotic use.

A directed acyclic graph (DAG) was constructed a priori, using
DAGgitty software [21] to describe potential relationships between
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Fig. 1. Sampling sites Machakos, Makueni and Narok Counties in Kenya.
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possible predictor variables, confounders, and the outcome of antibiotic
use frequency during the year before the study. Each arrow in the DAG
denotes a potential causal pathway. A direct effect of a predictor was
indicated by an arrow connecting exposure to an outcome, while indi-
rect pathways linked the exposure to the outcome via one or more
intervening variables. Fig. 2 illustrates the pathways examined in this
study, with disease incidence identified as central in the DAG and thus
the primary predictor of antibiotic use. Other possible drivers of anti-
biotic use included herd size, husbandry/grazing types, biosecurity
measures such as floor cleaning and the use of water troughs, and herd
management practices such as cattle housing, vaccine use, drug
consultation, drug outsourcing, water source, waste feed, and drug
expenditure, while breed types were considered potential confounders
[22]. (See Fig. 2.)

We then performed univariable analyses to test for the independent
associations between the various predictor variables and the frequency
of antibiotic use. We used the zero-inflated negative binomial (ZINB)
model for both the univariable and multivariable analyses to account for
the substantial number of zeros in the outcome variable and over-
dispersion, as the variance exceeded the mean. Predictor variables with
a p-value <0.2 were then included in a multivariable zero-inflated
negative binomial model to examine significant associations with the
frequency of antibiotic use while controlling for known confounders
identified using the DAGs plot and according to the literature [22]. To

account for the variability among different households, we used unique
household identification numbers as random effects in our model. The
analyses were performed in the glmmTMB package and significance was
determined using Wald y2-tests. The top-ranked model was selected
using the function ‘dredge’ in the MuMIn package [23] based on the
lowest Akaike Information Criterion (AIC). Diagnostic plots of the
models were constructed using the DHARMa package to assess goodness
of fit and ensure that assumptions were not violated [23].

3. Results
3.1. Socio-demographics and farm characteristics

Of the 165 farms surveyed, 41.8% were semi-intensive, 40% exten-
sive and only 18.2% were intensive farming systems. Most farmers
(77%) were male and kept a mix of both beef and dairy cattle (76.4%),
with only 23.6% being exclusively dairy farms. The median herd size
was 24 (range 12-81) cows, with Narok County having a larger median
herd size (32 cows) compared to Machakos (14 cows) and Makueni (16
cows). Nearly half (49.1%) of the farms practised free-range grazing,
while 36.4% used a combination of zero-grazing and free-range. Only
13.9% of farms practised exclusively zero-grazing. (Table 1). The cattle
breed types under extensive production systems, practising free-range
farming were predominantly indigenous (91.5%) followed by
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Fig. 2. Causal diagram illustrating the potential variables associated with antibiotic use in dairy farms. The green circle with a triangle is the exposure variable
(Disease incidence); green circles without the triangle are indirect predictors; the blue circle with “I” is the outcome variable of frequency of antibiotic use; blue
circles without “I” are ancestors of the outcome variable (endogenous variables); pink circles are potential confounders (ancestors of the exposure variable and the
outcome variable). Green edges represent causal paths and pink edges are biasing/confounding paths. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Table 1

Farm sociodemographic characteristics, practices & univariable analyses results.
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Antimicrobial_use predictors Proportion (%) 0Odds Ratio Adj. p-value (95% CI)
(n =165)
Farm type Dairy only 23.6 Reference Reference
Both dairy_ and beef 76.6 1.51 0.024 (1.06-2.15)
Intensive 18.2 Reference Reference
Production system Semi-intensive 41.8 0.67 0.051(0.21-8.95
Extensive 40 1.21 0.343(0.80-2.40)
Indigenous 64.8 Reference Reference
Breed Crossbreed 8.4 1.75 0.034(1.04-2.92)
Exotic breed 26.7 0.83 0.272(0.59-1.16)
Free-range 49.7 Reference Reference
Grazing type Mixed (zero and free-range) 60 0.81 0.219 (0.59-1.12)
Zero-grazing 13.9 0.95 0.609 (0.61-1.49)
Cattle housing No 40.6 Reference Reference
Yes 59.4 0.62 0.001(0.46-0.83)
Antibiotic Use consultation Veterinarians and Para- veterinarians 61.2 Reference Reference
- No-one 38.8 1.27 0.054(0.69-2.35)
Vet 18.8 Reference Reference
Drug source Veterinary drug stores 77 1.53 0.006 (1.04-2.24)
Middlemen traders 1.2 2.57 0.143 (0.69-9.51)
Waste feed No 79.4 Reference Reference
Yes 20.6 0.64 0.020(0.44-0.93)
Water trough use No 50.9 Reference Reference
Yes 49.1 0.83 0.220 (0.62-1.12)
Floor cleaning No 74.5 Reference Reference
Yes 25.5 1.05 0.770 (0.75-1.48)
Borehole 25.5 Reference Reference
Municipal water 2.4 0.63 0.966 (0.23-1.76)
Water Source Rainwater 2.4 0.37 0.031 (0.12-1.09)
River 38.8 0.81 0.131 (0.55-1.18)
Surface water (dam, pans) 20 0.95 0.472 (0.64-1.42)
Vaccine use No 30.9 Reference Reference
Yes 69.1 1.6 0.004(1.16-2.21)
Herd size(log) - Median = 24 1.31 <0.001(1.19-1.45)
Disease incidence - Median = 2 1.32 <0.001(1.20-1.44)

crossbreeds (7.3%) and very few (1.2%) kept exotic breeds while
intensive farms (zero-grazing) mostly kept exotic breeds (87%) followed
by crossbreeds (8.7%) and very few that kept indigenous breeds (4.3%).
Nearly half of the farmers (51.7%), who practised semi-intensive
farming with a combination of zero-grazing and free-ranging kept
indigenous cattle, 38.3% kept exotic breeds while 10% kept crossbreeds.

3.2. Antibiotic use patterns and practices

Almost all farms (92.7%) reported administering antibiotics to their
cattle at least once in the last year. Reported antibiotic use increased
with an increase in herd size and thus was normalized and reported
within quartiles. The first 25% (range; 2-12 cattle) quartile reported an
average use of 6.2 counts per year, 50% (range; 12-24 cattle) reported
11.1 counts per year, the 75% (range; 24-81 cattle) quartile reported 15
counts per year while the 100% (range; 81-868 cattle) quartile reported
an average of 17 counts of use in the past year. The highest reported
antibiotic use was 51 counts in the past year in a farm of 75 herd size.
Only 7.0% of farmers used antibiotics exclusively for therapeutic pur-
poses, while 43.9% used them for prophylactic purposes only, and
48.8% used them for both prophylactic and therapeutic purposes. Most
farmers (88.5%) reported at least three new cases of diseases in the past
year across all the herd size quartiles. The most reported diseases were
mastitis (30.1%), diarrhoea (38.8%) and East Coast Fever (ECF) (40%).
Very few farmers (0.4%) reported using antimicrobials as growth

promoters. Oxytetracycline, penicillin, and streptomycin were the three
most used antibiotics, with oxytetracycline being the most frequently
used (81.0%). Notably, enrofloxacin, a clinically important antibiotic in
human medicine, was reported to be used in 8.5% of farms (Fig. 3). Most
farmers (77.0%) obtained antibiotics from veterinary drug stores, while
a small percentage obtained them from veterinarians (18.8%) or mid-
dlemen traders (1.2%). A substantial percentage (38.8%) of the farmers
did not consult animal health practitioners (AHPs), (veterinarians nor
para-veterinarians), on how to use antibiotics.

3.2.1. Drivers of antibiotic use

Our univariable analysis revealed significant associations between
antibiotic use and various factors, including the type of farm, breed
types, cattle housing, animal health practitioners' consultation, the
source of antibiotics, waste feed, vaccine use, herd size and disease
incidence (Table 1).

The final multivariable analysis revealed that disease incidence and
herd size were significantly associated with a higher frequency of anti-
biotic use (OR = 1.21, p < 0.001, 95%CI [1.11-1.32]; OR = 1.19, p =
0.001, 95%CI [1.07-1.32], respectively). Additionally, the use of anti-
biotics was significantly higher in farms keeping crossbreeds (OR =
1.87, p = 0.007, 95%CI [1.19-3.10]) compared to those keeping
indigenous breeds, while cattle housing reduced the likelihood of anti-
biotic use (OR = 0.73, p = 0.041, 95%CI [0.54-0.99]) (Table 2 and
Fig. 4).
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Table 2
Multivariable zero-inflated negative binomial regression model results showing predictors of antibiotic use.
Predictors Odds Ratios 95% CI P-values
Disease incidence 1.21 1.11-1.32 <0.001
Cattle housing
No (Reference)
Yes 0.73 0.54-0.99 0.041
Breed
Indigenous cattle (Reference)
Crossbreeds 1.87 1.18-2.95 0.007
Exotic breed 1.27 0.87-1.85 0.222
Herd size 1.19 1.07-1.32 0.001
AHPs* consultation
Veterinarians and Paraveterinerians (Reference)
No one 1.26 0.91-1.74 0.164
Antibiotic source
Veterinarians (Reference)
Veterinary drug stores 1.24 0.84-1.81 0.277
Middlemen traders 1.90 0.61-5.94 0.270

“ AHPs — Animal Health Practitioners.
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4. Discussion

This study revealed that the use of antibiotics is common in all cattle
production systems in Kenya. Increased use of antibiotics observed
among intensive and semi-intensive production systems may be neces-
sitated by the need for disease prevention and treatment due to their
controlled and confined environments, and preference for exotic cattle
breeds [24]. Moreover, the increased use of antibiotics was also
observed in extensive cattle production systems, where cattle are reared
under free-ranging pastoral conditions often involving significant
mobility of the animals over open grazing areas in search of pastures and
watering grounds. A previous study conducted in Ethiopia [25] shows
that the use of antibiotics in the extensive pastoral systems in some low-
and middle-income settings may not be what is considered rational. The
high use of antibiotics by pastoralists may potentially be attributed to a
combination of factors such as harsh climates, and inadequate housing
that can increase their vulnerability to diseases. The nomadic nature of
free-ranging pastoralist communities can pose challenges to the imple-
mentation of proper biosecurity measures [25]. With these communities
often moving with their large herds over long distances in search of
grazing lands, which can increase the risk of exposure to different
pathogens and transmission may be increased [24]. Additionally, the
increased ease of access to antibiotics by farmers over the counter [26],
combined with limited access to veterinary services in remote areas [27]
may pose difficulties for pastoralists to seek professional guidance when
their animals fall sick and as a result, they may rely on antibiotics as a
quick and easily accessible solution for treatment and disease
prevention.

Our analyses found that antibiotic use was attributable to high dis-
ease incidence with mastitis, ECF and diarrhoea being the most reported
diseases. Lack of veterinary consultation before antibiotic use, large

herd size, and poor housing were also associated with antibiotic use.
These findings are in line with a previous study conducted in Tanzania,
which reported that 83% of cattle farmers often used antibiotics without
a prescription or veterinary advice [28]. Additionally, another study in
Argentina suggests that in dairy farming, antibiotics are extensively used
to treat mastitis. It showed that clinical mastitis and dry cow therapy
represented 85.4% of total drug usage in lactating cows [27].

Globally, antibiotics are primarily used in animals for treatment and
prevention purposes [29]. However, despite the ban on antibiotic use for
growth promotion in most high-income countries [30], some farmers are
still using antibiotics for the same purpose, especially for animal pro-
duction systems related to meat in LMICs [31] This study found that
most farmers used antibiotics for preventive purposes, either prophy-
lactic or metaphylactic, with only a small percentage using them
exclusively for therapeutic purposes and very few used for growth
promotion. Previous studies in Kenya [32,33] found that farmers mostly
used antibiotics for disease prevention and control confirming our
findings. Similar to other studies [34,35], we found oxytetracycline to be
the most widely used antibiotic, followed by penicillin and strepto-
mycin. According to the WHO's recent classification of antibiotics,
AWaRe (Access, Watch, Reserve) criteria [36], enrofloxacin is consid-
ered a ‘watch’ antibiotic of clinical importance effective against a wide
range of bacterial infections which should be used where other antibi-
otics have failed [37]. Our findings show that enrofloxacin is still being
used (8.5%) in Kenyan cattle production systems. Despite enrofloxacin
being banned in food-producing animals in some countries [38,39], its
use has not been banned in Kenya [37]. Similar patterns of antibiotic use
have been reported by other studies in Kenya [40] and surrounding
countries, such as Tanzania [41] and Ethiopia [42] and are reflective of
the local disease epidemiology.

Our analysis found that farmers with larger herds reported a higher
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frequency of antibiotic use, which is partly attributable to the higher risk
of disease incidence and transmission within larger herds [43]. These
findings align with previous studies in Kenya and Ethiopia that identi-
fied disease incidence, especially mastitis as a risk factor for antibiotic
use in dairy cattle [40,44]. On the other hand, we found that appropriate
cattle housing, such as using cattle sheds, was protective against anti-
biotic use, possibly due to the reduced risks of diseases as a result of
protection from harsh weather conditions or exposure to hazards in the
open fields [45]. However, these findings differ from some previous
studies [46,47] that found that cattle housing systems where animals are
confined in a small, enclosed structure with concrete floors were asso-
ciated with higher use of antibiotics. This discrepancy may be due to the
increased chance of foot-rot infections in housed cattle, which may
necessitate antibiotic use and therefore, cattle housing may not fully
eliminate reliance on antibiotics [48].

Akin to previous findings in Kenya [4,49], Ethiopia [25], Uganda
[50] and Ghana [49] most farmers in this study reported obtaining an-
tibiotics from veterinary drug stores, while a significant number also
obtained them from middlemen traders without consulting veterinary
professionals before their use. Our analysis indicated that there was no
difference in antibiotic use between farmers who obtained antibiotics
directly from veterinary drug stores or traders without consulting vet-
erinarians and those who consulted with veterinarians before obtaining
antibiotics. This contrasts previous findings that have indicated that
acquiring antibiotics exclusively from veterinary professionals may
promote responsible antibiotic use [51,52]. These findings underscore
the need for sustained antibiotic stewardship targeting all stakeholders.

In the current study, counts of antibiotic treatments were used as a
metric to measure antibiotic use. Count metric provides a quick estimate
of the number of antimicrobial doses administered and is relatively easy
to collect but does not consider the differences in potency and duration
of antimicrobial drugs [53]. However, counts can still provide valuable
information when used in conjunction with other metrics, such as dose
or duration [54]. Future research should consider the development of
standardised methodologies for collecting and reporting data on quan-
tifying AMU that considers drug potency and duration [55], while also
addressing the challenges of comparability across different production
systems and regions. Results from this study provide an important
baseline and benchmark for future studies that aim to compare relative
antimicrobial use in animal production. Our cross-sectional study did
not establish causality between the factors examined and the frequency
of antibiotic use [55]. To obtain accurate estimates of antibiotic con-
sumption at the farm level and understand its associated drivers, lon-
gitudinal studies collecting disaggregated data on animal demographics
such as species, age, weight, specific disease incidence and antibiotic
classes used are necessary [56]. Furthermore, self-reported data from
farmers may have introduced bias in the results due to potential over or
under-reporting of practices and knowledge [57]. Additionally, our
study's generalizability is limited to the three counties in Kenya and the
production systems investigated and thus further studies covering a
larger study area and other production systems like poultry, pig in Kenya
are recommended.

5. Conclusion

In conclusion, this study reveals that the use of antibiotics in cattle
production systems in Kenya is mainly for disease prevention and con-
trol, likely due to high disease incidence, improper herd management
practices, and limited access to veterinary services. These findings
provide important data on antibiotic use patterns and drivers in Kenyan
dairy farms, supporting the development of appropriate AMS pro-
grammes and serving as a baseline for future studies and interventions to
reduce irrational antibiotic use. Lastly, the study highlights the impor-
tance of educating cattle farmers on appropriate antibiotic usage, pro-
moting proper herd management practices, and reinforcing veterinary
services especially for marginalised farmers to ensure responsible
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antimicrobial use. These measures are crucial for minimising antimi-
crobial resistance, reducing disease burden, and preserving the effec-
tiveness of antibiotics.
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