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Antibiotic residues and resistance have emerged as pervasive environmental
pollutants because of extensive use in medicine, agriculture, and aquaculture. A review of
recent literature reveals a lack of comprehensive analyses which integrate distribution
characteristics, ecological risks, and the full spectrum of removal technologies across
environmental matrices. This study synthesizes recent research on distribution patterns,
ecological and public health risks, and removal technologies in relation to antibiotic residues
and resistance. The results reveal significant ecological impacts: inhibiting microbial and
primary producer activity, altering community structures, and reducing biodiversity, while
potentially undermining the efficacy of antibiotics in medicine. Various technologies have
been explored and implemented to remove antibiotic contaminants and mitigate antibiotic
resistance in environmental matrices, each employing different mechanisms and exhibiting
varying efficacy in eliminating antibiotics or antibiotic resistance genes. To combat
antibiotic pollution effectively, integrated strategies under a One Health framework are
essential.

Antibiotics, Quantifying Ecological Risks, Wastewater Effluents, Agricultural
Runoff and Waste, Pharmaceutical Manufacturing

Antibiotic residues and resistance are widespread pollutants resulting from long-term use in
medicine, agriculture and aquaculture [1,2]. Releases from wastewater, agricultural run-off, manure
and pharmaceutical discharges create burdens in water, soil and biota [3]. Surface waters hold ng/L—
ug/L levels, although manufacturing hotspots can reach mg/L [4-5]. Agricultural soils accumulate
residues because most veterinary drug mass is excreted unmetabolised, yielding pg/kg—mg/kg
burdens [6]. These contaminants move among compartments; residues bioaccumulate in wildlife and
crops [7]. Notably, sub-inhibitory exposures select antibiotic-resistant bacteria and resistance genes,
enlarging environmental reservoirs relevant to clinics [8-10]. Co-pollutants such as heavy metals
and microplastics can intensify selection and transport [11-12].

Wastewater treatment incompletely removes residues and genes; advanced oxidation, activated
carbon, optimised biology and combined approaches achieve higher removal, while emerging phage
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and CRISPR tools target resistance directly [13-15]. Nevertheless, comprehensive reviews
integrating distribution characteristics, ecological risks, and the full spectrum of removal
technologies across environmental matrices remain limited. This review, therefore, systematically
examines the global distribution patterns of antibiotic residues and resistance in environmental
compartments, evaluates their ecological risks to ecosystems and human health, and critically
assesses current and emerging removal technologies. By synthesizing recent advances, this review
aims to identify knowledge gaps and inform integrated management strategies under a One Health
approach [16].

This review employed a comprehensive literature survey to assess the distribution, ecological risks,
and removal technologies of environmental antibiotic residues and resistance. Academic databases
were systematically reviewed, using keywords such as “environmental antibiotics,” “antibiotic
residues,” “‘antibiotic resistance genes (ARGs),” “ecological risk,” and ‘“antibiotic removal.”
Chinese-language studies were also examined to incorporate regional data. Over 300 publications
were screened, and about 100 key sources (research articles and reviews) were chosen for detailed
analysis based on relevance and quality. From these sources data on antibiotic concentrations across
environmental media (water, soil, biota) were extracted. For ecological risk assessment, this article
compiled studies reporting toxicity thresholds (e.g., median effective concentration ECso or no-
observed-effect concentration NOEC values) and calculated risk quotients (RQ = measured
concentration / predicted no-effect concentration) for antibiotics in various ecosystems [17].

To address human health implications, the study included recent high-impact studies quantifying
the risks of environmental ARGs to clinical outcomes (e.g., horizontal gene transfer of ARGs to
human pathogens). In evaluating removal technologies, the article reviewed conventional and
advanced treatment methods and compiled reported antibiotic removal efficiencies from wastewater
treatment studies covering physical, chemical, and biological processes [14,18]. The article also
focused on emerging remediation approaches such as biochar amendments, phage therapy, and
CRISPR-based tools highlighted in recent research. Throughout the review, data from different
studies were compared and synthesised to identify consensus findings and knowledge gaps.

2 (13

Water bodies are major recipients of antibiotic pollution and serve as conduits dispersing these
contaminants. Antibiotics have been detected in virtually all types of aquatic environments — rivers,
lakes, groundwater, and even oceans — typically at ng/L to low pg/L concentrations [19]. However,
much higher levels occur near points of intense pollution. Concentrations tend to be elevated in
regions with intensive antibiotic use or limited wastewater treatment. Major sources include
wastewater discharges (municipal and hospital effluents), agricultural runoft from manure-fertilised
lands, pharmaceutical manufacturing effluent, and aquaculture inputs [13,20]. Conventional
wastewater treatment plants reduce but do not fully eliminate these drugs, so treated effluent still
releases many antibiotics in the high ng/L to low pg/L range [21,22]. For example, urban WWTP
effluent often contains common antibiotics such as sulfamethoxazole, ciprofloxacin, and
azithromycin between 90 to 6000 ng/L [23]. In some cases, extreme point-source pollution occurs
near pharmaceutical factories: effluents have contained antibiotics at mg/L concentrations, causing
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downstream waters to reach levels thousands of times above safe benchmarks [24]. A well-known
incident in India found ciprofloxacin in a drug manufacturing plant effluent above 1 mg/L, with
downstream river water around 2.5 mg/L [4,5]. Aquaculture (fish and shrimp farming) is another
significant source, as antibiotics used in ponds are directly released into surrounding waters,
particularly where usage is poorly regulated [25]. Sediments often accumulate higher antibiotic
concentrations than the overlying water due to sorption of compounds like fluoroquinolones to
particulates, which limits their dispersion in water columns. Even trace concentrations (ng—pg/L) of
antibiotics in surface waters are ecologically relevant: chronic exposure at these sub-inhibitory
levels can still select for resistant microbes [26]. A recent global survey found that antibiotic
concentrations in many rivers worldwide exceed thresholds known to promote resistance or harm
aquatic life [27]. Consistently, water bodies receiving antibiotic pollution harbour elevated levels of
ARGs and resistant bacteria compared to cleaner upstream sites [28].

Soil is a major sink for antibiotic residues, especially in agricultural settings. Across land uses, soil
residues span microgram-per-kilogram to occasional milligram-per-kilogram spikes, with
tetracyclines and fluoroquinolones showing the highest persistence (Appendix A. Table 1).
Agricultural soils receive antibiotics primarily through land application of animal manure and
sewage sludge (biosolids), as well as irrigation with contaminated water. Because a large fraction of
veterinary antibiotics is excreted unmetabolised, manure-amended soils tend to accumulate
antibiotic residues over time [6,29]. Heavily fertilised farm soils commonly contain antibiotics in the
tens of pg/kg to low mg/kg (dry weight) range, with some intensive livestock farming sites reporting
total antibiotic levels in the high mg/kg (thousands of pg/kg) [6]. Antibiotic distribution in soil is
often heterogeneous: concentrations are highest at points of manure deposition (e.g., feedlots,
manure storage areas) and decrease with distance and depth due to dilution, sorption, and
degradation processes [30]. Many antibiotics adsorb strongly to soil particles, which limit vertical
leaching into groundwater [31]. However, more mobile compounds like certain sulphonamides can
occasionally percolate into subsoils under conducive conditions [32]. Land use and management
practices strongly influence soil antibiotic burdens. Studies show that soils with long-term manure
application have significantly higher antibiotic and ARG concentrations than soils with minimal
anthropogenic influence. For example, one comparison found soils near intensive animal farms had
over 20 times higher antibiotic and ARG levels than soils with little human impact [10]. Likewise,
vegetable fields irrigated with reclaimed wastewater can accumulate human-use antibiotics to levels
above those in rain-fed fields [33]. Known “hotspots” include manure lagoons, compost piles, and
chronically fertilised plots. Composting manure can reduce antibiotic content but often does not
eliminate residues or ARGs completely [34]. Certain persistent antibiotic classes tend to accumulate
in soil due to strong binding to organic matter and clay, whereas others degrade relatively quickly
[6]. Soil conditions also affect degradation rates [29]. Importantly, co-pollutants in manure can
influence antibiotic persistence and resistance selection. Manure often contains heavy metals and
disinfectants; these can co-select for resistant microbes and sometimes inhibit antibiotic
biodegradation, prolonging the persistence of both antibiotics and ARGs in soil [11,35].

Antibiotic residues also accumulate in living organisms, serving as another distribution vector
through food webs. Aquatic biota in contaminated waters — including fish, shellfish, and other fauna
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— can bioaccumulate antibiotics in their tissues [36,37]. Uptake occurs via ingestion of contaminated
water and food, or by direct absorption across gills. For example, fish living downstream of
wastewater outfalls have shown sub-ug/g antibiotic levels in muscle and liver, while in severely
polluted sites fish tissues reached tens of pug/g [38,39]. Bivalves (e.g., mussels) likewise accumulate
antibiotics via filter-feeding [40]. In aquaculture, antibiotic use can leave residual drugs in farmed
fish and shrimp; if harvest withdrawal times are not observed, a few pg/g of the drug may remain in
edible tissues [40], thereby exposing consumers and releasing antibiotics via processing or waste.
Terrestrial livestock treated with antibiotics can carry residual antibiotics in meat or milk, though
regulations and withdrawal periods usually keep these residues below safety limits [41]. Plants
grown on contaminated soil or irrigated with antibiotic-tainted water can also take up these
compounds [7]. For example, leafy vegetables from manure-fertilised fields have been found to
contain sulfonamides and fluoroquinolones at tens of ng/g [4243]. Under extreme conditions — such
as irrigation with pharmaceutical manufacturing wastewater — plant tissues have even reached pg/g
levels of antibiotics [44]. Terrestrial wildlife and scavengers near human activity can likewise be
exposed; studies have found antibiotic residues or resistant bacteria in wild birds and mammals
around polluted sites [45]. Even though these residual levels in biota are generally low (far below
therapeutic doses for animals), their presence raises concerns about subtle ecological effects (e.g.,
disrupted gut microbiomes in exposed animals) and provides additional pathways for resistance
dissemination. Humans may indirectly ingest antibiotics or resistant microbes by consuming
contaminated fish, shellfish, or produce, linking environmental antibiotic pollution to food safety.
Ongoing monitoring of antibiotic residues in biota is critical for evaluating these exposure pathways
and managing the associated risks.

The major pathways introducing antibiotics (and associated ARGs) into the environment are well
known. Key sources include wastewater effluents from human use (municipal and hospital sewage),
agricultural runoff and waste from livestock operations, industrial discharges from pharmaceutical
manufacturing, and aquaculture activities [13,20]. Human sewage is a primary source since many
antibiotics are excreted unmetabolised; even after conventional treatment, sewage effluent still
contains numerous antibiotics that enter surface waters [13]. Hospitals contribute concentrated
multi-antibiotic waste, elevating antibiotic levels in urban sewage[46]. In agriculture, the widespread
use of antibiotics in livestock means manure and farm runoff are major contributors [47,48].
Regions with intensive poultry or swine farming often show heightened antibiotic residues and
ARGs in nearby soils and waterways [10]. Aquaculture (fish/shrimp farming) also releases
antibiotics directly into water, particularly where use is unregulated [40]. Pharmaceutical
manufacturing is another severe (though localised) source when factory wastewater contains
extremely high antibiotic concentrations [4,5]. In practice, multiple sources often converge in one
watershed — for example, a river might receive both urban wastewater and agricultural runoff in
different reaches. Therefore, effectively managing environmental antibiotics requires a multipronged
approach targeting each major pathway. Improving wastewater treatment, better managing animal
waste, treating industrial effluents, and proper drug disposal should all be pursued in parallel to
reduce overall contamination levels, as each intervention contributes to curbing the environmental
antibiotic resistance problem [20].
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In real-world scenarios, antibiotics often co-occur with other contaminants, and such combined
pollution can amplify the development of antibiotic resistance [35]. One important co-pollutant
group is heavy metals. Heavy metals (e.g., copper, zinc, arsenic) commonly accumulate in the same
settings as antibiotics (such as manure-amended soils and certain wastewaters), and they can co-
select for antibiotic-resistant bacteria [11]. Bacteria under chronic metal stress may develop cross-
resistance to antibiotics via shared defence mechanisms or genetic linkages between metal resistance
genes and ARGs. Consequently, sites with high heavy metal contamination often have elevated ARG
levels even without exceptionally high antibiotic concentrations [35,49]. For example, long-term
fields with heavy manure and metal inputs show ARG abundances correlating strongly with soil
metal content [10]. Reducing heavy metal pollution in the environment (e.g., limiting copper and
zinc additives in animal feed) could help lower this ancillary selection pressure for resistance.

Another notable co-pollutant is microplastics. Microplastic particles (now ubiquitous in water
and soil) can adsorb antibiotics on their surfaces and quickly develop biofilms enriched with ARGs.
In essence, microplastics can ferry antibiotic compounds and resistant microbes together, allowing
ARGs to disperse beyond their original sources [12,50]. Studies have found that microplastics from
polluted sites (e.g., aquaculture ponds) carry higher ARG loads than the ambient water, indicating
that microplastics can concentrate and transport resistance elements [12,50]. This suggests
microplastics facilitate the co-dispersal of antibiotics and ARGs, effectively linking pollution
sources to far-field environments. Other pollutants can also interact with antibiotics to encourage
resistance. For instance, the antimicrobial biocide triclosan (commonly used in soaps) can co-select
for antibiotic-resistant bacteria in the environment [51].

The presence of antibiotic residues in the environment can adversely affect a range of non-target
organisms. Many antibiotics are designed to kill or inhibit bacteria, but at environmental
concentrations they can also impact algae, aquatic plants, invertebrates, and higher fauna.
Ecotoxicological studies indicate that even low levels (ug/L range) of certain antibiotics can inhibit
algal growth and photosynthesis [52]. For example, Lemna minor (duckweed) exposed to
fluoroquinolone antibiotics showed significant growth inhibition at concentrations below 0.1 mg/L
[53]. Similarly, chronic exposure to macrolide or sulfonamide antibiotics has been reported to impair
algal reproduction and reduce chlorophyll production at tens of pug/L levels [54]. Antibiotics can also
affect aquatic invertebrates: crustaceans and insect larvae have exhibited developmental delays or
reproductive toxicity when continuously exposed to certain antibiotics in the low pg/L range [54].

In soil ecosystems, antibiotic residues may disrupt soil microbial activity and nutrient cycling,
indirectly affecting soil fauna such as earthworms or nematodes. For instance, earthworms in soil
with antibiotic contamination have been found to bioaccumulate the compounds and experience
changes in their gut microbiota and growth rates [55,56]. Pharmaceutical pollutants have even been
linked to broader ecological consequences: a classic case is the veterinary drug diclofenac (an anti-
inflammatory, not an antibiotic) which caused catastrophic vulture population declines in South Asia
when wvultures fed on treated livestock carcasses [57]. This example underscores that
pharmaceuticals in the environment can have food-web-scale effects. While most antibiotics are less
acutely toxic to vertebrates than pesticides or heavy metals, chronic exposure can still cause subtle
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harms such as altered fish behaviour and immune function. Risk assessments often find that
measured environmental concentrations of antibiotics approach or exceed predicted no-effect
concentrations (PNECs) for sensitive species in hotspot areas. For example, antibiotic levels in some
wastewater-impacted rivers yield RQ values above 1 for algae and cyanobacteria, indicating a high
potential for ecological impact [27,55].

Beyond individual species effects, antibiotics can significantly alter microbial community structure
and function in water, soil, and even air. In environmental settings, microbial communities are
complex and diverse, but antibiotic exposure tends to suppress susceptible bacteria and select for
resistant strains, often reducing overall microbial diversity and disrupting ecosystem processes like
decomposition and nutrient cycling. For example, long-term exposure to manure containing
antibiotics has been shown to shift soil microbial communities toward more resistant taxa and to
decrease populations involved in nitrogen cycling [48,58]. Field studies report that soils fertilised
with antibiotic-laden manure have different community profiles and reduced microbial evenness
compared to control soils [58]. In river microcosms, even low doses of antibiotics have altered
community composition within days, favouring bacteria that carry ARGs and diminishing more
sensitive competitors. Antibiotic pressure not only changes which species are present, but can also
induce physiological stress responses.

Many bacteria under sub-lethal antibiotic stress activate the SOS response, which increases
mutation rates and can mobilise genetic elements (transposons, integrons) that carry ARGs [59,60].
This phenomenon can accelerate the development and horizontal transfer of resistance. In one
classic laboratory study, sub-inhibitory antibiotic exposure led to a ~10-fold increase in the rate of
horizontal gene transfer of a resistance plasmid, due to SOS-mediated stimulation of conjugation
functions [61]. In natural settings, co-occurring stressors can amplify these effects (see Section
3.2.3): for example, the presence of heavy metals or biocides alongside antibiotics can further enrich
multidrug-resistant strains [35]. Environmental monitoring has revealed that ARGs are ubiquitous in
human-impacted habitats. High-throughput DNA analyses find dozens to hundreds of distinct ARGs
in sediments, soils, and even air samples near sources like wastewater plants and farms [8,62].
Importantly, ARG abundances (e.g., copies of resistance genes per gram of soil or per mL of water)
often correlate with antibiotic concentrations in those environments, reflecting the selective pressure
effect [28].

Antibiotic resistance is not only an environmental issue but also a public health threat, as
environmental reservoirs of ARGs and ARB can potentially transfer into human populations. The
propagation of resistance in nature increases the baseline reservoir of resistance determinants that
pathogenic bacteria can acquire. There are several pathways by which environmental antibiotic
pollution and resistance can impact human health:

Contaminated water and food: Humans can be exposed to antibiotics or ARB through
contaminated drinking water, recreational water use, or food. Studies have found that swimmers in
rivers with high faecal pollution are at elevated risk of acquiring antibiotic-resistant bacteria (e.g.,
resistant E. coli) compared to non-swimmers [63]. Irrigation of crops with inadequately treated
wastewater can introduce antibiotics and ARGs to produce; consuming raw vegetables from such
fields has been linked to ingestion of bacteria carrying ARGs [37]. Seafood from aquaculture or
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coastal areas near effluent discharges can also carry antibiotic residues and resistant bacteria, which
may colonise the human gut when consumed.

Occupational and community exposure: People living near intensive livestock operations or
manure-fertilised fields may inhale or come into contact with resistant bacteria. A study in
Pennsylvania found that community members in high-density swine farming areas — especially those
near fields where swine manure was applied — had significantly higher rates of MRSA (methicillin-
resistant Staphylococcus aureus) infections [64]. The analysis attributed approximately 11% of
community-acquired MRSA cases in the region to exposure from swine operations and manure-
fertilised crop fields [64]. This suggests that environmental dissemination of ARB from farms
contributes measurably to human infection risks. Similarly, airborne spread of resistant bacteria from
animal facilities has been documented: for instance, resistant Staphylococcus and E. coli have been
captured in air samples kilometres downwind of farms [45], indicating a potential route of
community exposure via air.

Gene transfer to human pathogens: Perhaps the most insidious risk is the transfer of ARGs from
environmental bacteria into human pathogens. Environmental bacteria (often non-pathogenic) can
act as reservoirs of resistance genes that, through horizontal gene transfer, end up in pathogenic
strains. The discovery of the NDM-1 carbapenemase gene in environmental bacteria exemplifies this
concern. NDM-1 (New Delhi metallo-p-lactamase) was initially identified in clinical isolates, but
subsequent surveys found NDM-1-producing bacteria widely present in New Delhi surface waters
and drinking water supplies, likely due to sewage contamination [65]. This indicated that a critical
resistance gene had spread into the environment, from which it could continually re-enter the clinic.
Other studies have found similar overlap between environmental resistomes and clinical resistance
[13]. The risk is that ARGs that evolve or amplify in the environment can make infections harder to
treat.

Global public health burden: Antibiotic-resistant infections already cause significant mortality
and morbidity (an estimated 1.27 million deaths in 2019 were directly attributable to drug-resistant
bacterial infections, with many more associated deaths) [66]. Environmental pathways contribute to
this burden by spreading resistance across geographic and ecological boundaries. For instance,
international travel and trade can distribute ARB/ARGs found in water or food to new regions.
Environmental hotspots like WWTPs have been termed “reservoirs and reactors” of antimicrobial
resistance, where multi-resistant organisms can proliferate and eventually reach humans [22].
Inadequate sanitation infrastructure globally means that millions of people come into daily contact
with water contaminated by antibiotics and ARB, heightening infection risks.

A variety of technologies have been explored and implemented to remove antibiotic contaminants
and mitigate antibiotic resistance in environmental matrices. These range from conventional
treatment processes to advanced and emerging methods. Each technology category has different
mechanisms and efficacy profiles for eliminating antibiotics or ARGs.

Conventional wastewater treatment (e.g., activated sludge biological processing in municipal
WWTPs) achieves only moderate removal for many antibiotics, typically reducing around 20-75%
of the total antibiotic load across a treatment plant [24]. For example, tetracyclines are effectively
removed (>80%) largely by sorption to sludge, whereas fluoroquinolones and macrolides often show
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lower removals (~0-50%) because they persist through standard biological treatment [22,67].
Sulfonamides and trimethoprim tend to have intermediate removals (roughly 30-60%). Since
conventional treatment is not specifically designed to target micropollutants, removal often relies on
incidental biodegradation and adsorption; effluent concentrations on the order of hundreds of ng/L
can remain [21]. Importantly, conventional WWTPs do reduce the load of resistant bacteria to some
extent (via physical settling and disinfection), but many ARB and ARGs survive and are released.
Typically, a 1-2 log unit (90-99%) reduction in culturable bacteria occurs through secondary
treatment and disinfection, yet studies find ARG copies in treated effluent only about one order of
magnitude below influent levels, indicating only partial ARG removal [68,69].

Advanced physicochemical treatments show much higher removal potential for antibiotics.
Advanced Oxidation Processes (AOPs) — such as ozonation, UV/H202, or Fenton reactions —
generate highly reactive radicals that degrade antibiotic molecules. Full-scale ozonation of WWTP
effluent has demonstrated removal rates of 70-99% for many antibiotics [67]. For instance,
ozonation at a dose of ~5 mg/L Os can remove >90% of ciprofloxacin, sulfamethoxazole and
macrolide antibiotics within minutes [67,70]. Ozone effectively breaks down antibiotic structures
(though it may form transformation products which are usually less bioactive or toxic than the
parent compounds). Chlorine disinfection, a common tertiary step, can also oxidise certain
antibiotics: chlorination has been reported to eliminate ~93-99% of trimethoprim and significantly
reduce tetracyclines, sulfonamides, and macrolides in wastewater [71,72]. However, chlorination by-
products and the potential selection for chlorine-resistant bacteria (some of which carry ARGs) are
noted concerns. UV irradiation alone is generally less effective for antibiotic removal (often <20%
reduction at standard disinfection doses) because many antibiotics are not highly photosensitive
[71]. UV can damage extracellular DNA, potentially helping to reduce free ARGs, but many ARGs
in wastewater are carried within cells or protected in particles and thus survive typical UV exposure
[69,73]. Among adsorption-based methods, activated carbon (either granular or powdered) can
adsorb a broad range of antibiotics very effectively, often removing >80% of compounds that are
hydrophobic or have aromatic structures [74]. Adsorption, however, is a phase-transfer process
rather than destruction — the antibiotics are concentrated on the carbon, so the spent carbon must be
regenerated or disposed of safely to avoid secondary release.

Environmental contamination with antibiotic residues and the proliferation of antibiotic resistance in
ecosystems pose a multifaceted challenge at the interface of environmental and public health. This
review has highlighted that antibiotics are now detectable across virtually all environmental media.
Hotspots such as wastewater outfalls and pharmaceutical manufacturing sites can reach extremely
high antibiotic levels, driving the local accumulation of antibiotic-resistant bacteria and genes. These
pollutants have demonstrable ecological impacts, from inhibiting microbial and primary producer
activity to altering community structures and reducing biodiversity. They also contribute to an
expanded environmental resistome that can potentially transmit into pathogenic bacteria,
undermining the efficacy of antibiotics in medicine. Critically, conventional infrastructure and
practices are not fully containing the issue. Wastewater treatment plants, while removing the bulk of
organic matter and pathogens, are not explicitly designed to eliminate micropollutants like
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antibiotics or completely halt the release of ARGs. As a result, treated effluents often still carry a
residual cocktail of drugs and resistant microbes into downstream environments.

Addressing this complex problem requires a concerted One Health approach, recognising the
interconnectedness of human, animal, and environmental health. In conclusion, the evidence is clear
that antibiotic residues and resistance genes have become entrenched in the environment, with
meaningful impacts on ecosystems and likely feedback to human health. Nevertheless, concerted
actions can mitigate these risks. By curbing antibiotic pollution at its sources, upgrading treatment
systems, and embracing an interdisciplinary One Health strategy, we can slow the spread of
resistance. Environmental dimensions of antimicrobial resistance must be integral to the global
response; doing so will help safeguard both environmental integrity and the future effectiveness of
life-saving antibiotics.
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Appendix
Table 1: Antibiotics in soil systems
Antibiotic
class Typical Biosolids-applied Wastewater- Sorption / persistence
. . Manure-amended fields irrigated
(examples agricultural soils fields notes*®
fields
)
Strong sorption;
2

Usually <10 (class Often < 10; K d/K oc high; long

~100-11,000 typical; rare
half-lives (months—

often lower than . .
site-specific

Tetracycli .
Medians across . . .
nes (TC, studies: 0.008— immediate post-spreading
OTC, ) 60. [7'5] spikes up to 210,000 (CTC) FQs after repeated [29] ears) favour topsoil
CTC) [29] biosolids) [76] Y i top
accumulation [76]
Sulfonami Long-term Lower sorptl?n; K d
. . Lo ~0.2-4 L-kg™"; DTso
des Medians across Commonly ~1-160; Typically low— irrigation often <<20 d. so
(SMX, studies: 0.008— occasional high values moderate (<10?)  examples: accumulatio;l s
SDZ, 160 [75] reported up to 16,000 [77] [78] SMX up to .
limited vs TCs/FQs
SMT) 4.3 78]
[77]
Fluoroqui Frequently Repeated biosolids:
nolones  detected; many NOR up to 155 Long-term Very strong sorption;
. ~10-520 typical (e.g., ENR irrigation ’
(CIP, studies report L i [79]; long ] pH-dependent;
N declining 36—9 over 100 d; - examples: .
ENR, ND-=10°(e.g., up CIP often 100+) [80] persistence CIP up to persistence from
NOR, to 951 overall) (modelled ti/2 up to 1.4 [é) 1 months to years [80]
OFL) [79] ~3.7y) [79] '
Measured ERY 0.83-76 Limited . Sorl? strongly;
dissipation faster than

Variable; often field
FQs/TCs in many

[77]; TYL often <~10 after
lower than FQs; o
datapoints; soils; temperature and

manure application;

Macrolide
s (ERY,  Usually <100 [29] predicted PEC in litter- depends on sludge .
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amended soils around ~380 history prior exposure matter
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