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Abstract 

Armed conflict serves as a significant evolutionary driver of antimicrobial resistance (AMR), 

influencing all domains of the One Health spectrum. However, its comprehensive impact is 

insufficiently addressed in current literature. This narrative review synthesizes 149 records 

(January 2005–March 2026) spanning environmental microbiology, clinical infectious disease, 

medical mycology, veterinary medicine, food safety, and political science, employing GRADE-

adapted principles to assess the strength of evidence. Eight evidence-graded pathways underpin 

conflict-driven AMR: health system collapse, population displacement, informal pharmaceutical 

markets, water and sanitation failure, disruption of animal and food chains, cross-reservoir 

genomic circulation, erosion of surveillance, and toxic remnants of war. Key mechanisms include 

heavy-metal and hydrocarbon co-selection, blast-induced SOS responses that promote horizontal 

gene transfer, plastisphere biofilm formation, and farm-to-wound antifungal resistance resulting 

from agricultural azole use. Additionally, drug-resistant tuberculosis represents a distinct 

mutation-driven pathway. Conflict removes barriers between AMR reservoirs and undermines 

governance systems intended to control them, resulting in environmental consequences that 

persist for decades after hostilities end. This review examines quantitative benchmarks from recent 

conflicts and identifies critical research gaps. A One Health policy roadmap is proposed to 

incorporate AMR protection into humanitarian response, peacekeeping operations, and global 

health governance. 
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Introduction 

Armed conflicts have long been linked to 

epidemic infectious disease outbreaks; however, 

systematic scientific attention to the relationship 

between war and antimicrobial resistance (AMR) 

has emerged only in the past two decades, and 

the full extent of this relationship remains 

insufficiently integrated into the literature. AMR 

is responsible for an estimated 1.27 million 

deaths annually (Murray et al., 2022), with 

conflict zones accelerating resistance evolution 

beyond levels observed in peacetime. Parallel 

crises of antifungal resistance, which are 
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similarly underrepresented in conflict research, 

result in mortality rates of 40-72% among 

candidemia patients in the most vulnerable 

populations (Roberds et al., 2024; Fisher et al., 

2022). Drug-resistant tuberculosis (DR-TB), 

arising from chromosomal mutations due to 

treatment interruption rather than horizontal 

gene transfer (HGT), constitutes a distinct AMR 

pathway that is consistently neglected in 

existing reviews. DR-TB has disseminated from 

conflict zones into European healthcare 

systems, where it has a significant and well-

documented impact (Nowinski et al., 2025; 

Monedero-Recuero et al., 2026; WHO, 2022b). 

In 2002, microbiologists at Walter Reed Army 

Medical Center repeatedly isolated a 

carbapenem-resistant Acinetobacter baumannii 

strain, later termed “Iraqibacter,” from 

evacuated service members. This pathogen 

initiated outbreaks in military and civilian 

hospitals in the United States, Germany, and the 

United Kingdom, establishing a model for 

subsequent conflict-amplified outbreaks. Two 

decades later, conflicts in Ukraine and Gaza 

have produced hypervirulent, pan-drug-

resistant (PDR) Klebsiella pneumoniae isolates 

that combine virulence factors and resistance 

determinants on a single hybrid plasmid, a 

phenomenon described as alarmingly 

unprecedented in the peer-reviewed literature 

(Ljungquist et al., 2024; Stepanskyi et al., 2024). 

The One Health framework acknowledges the 

interconnectedness of human, animal, and 

environmental health, offering a comprehensive 

perspective for understanding the impact of 

armed conflict on AMR (Pallett et al., 2023; 

Abbara et al., 2025). Heavy metal and 

hydrocarbon contamination alter soil microbial 

communities, generating selective pressures 

that persist for decades following ceasefires 

(Bazzi et al., 2020; Bakleh et al., 2020; Fayad et 

al., 2023; Solokha et al., 2024). The collapse of 

healthcare systems necessitates empirical 

broad-spectrum antibiotic use in field hospitals 

and primary care settings (Granata et al., 2024; 

Abbara et al., 2018a; Truppa et al., 2023). 

Simultaneously, the breakdown of veterinary 

services enables unregulated antimicrobial use 

in livestock populations (Cornwell and Dodd, 

2020; Mohammed and Ahmed, 2023), while 

farm-to-fork transmission of foodborne multi-

drug-resistant organisms (MDROs) occurs under 

fragmented or absent regulatory oversight 

(Abukhattab et al., 2023; Gomes-Gonçalves et 

al., 2025). 

Political decisions frequently involve 

reductions in humanitarian aid funding, 

withdrawal from multilateral governance 

frameworks, and the imposition of economic 

sanctions that adversely affect the 

pharmaceutical sector (Naim et al., 2024; 

Moghnieh et al., 2025; Kobeissi et al., 2021). 

Consequently, war generates an interconnected 

ecology of resistance spanning human, animal, 

and environmental reservoirs, while 

simultaneously undermining the governance 

systems intended to detect and contain AMR. 

This narrative review provides a structured 

synthesis of evidence from environmental 

microbiology, clinical infectious disease, medical 

mycology, veterinary medicine, social 

epidemiology, food safety, and political science to 

delineate the full scope of conflict-driven AMR. 

We examine established mechanisms, quantify 

their effects where data are available, identify 

critical research gaps across all One Health 

domains, and propose a policy framework 

grounded in One Health principles. 

Materials and methods 

Literature searches covered January 2005 to 

March 2026, with foundational studies predating 

this period included when methodologically 

justified. Searches were conducted in PubMed, 

Scopus, Web of Science, and Google Scholar, and 

were supplemented by targeted grey literature 

searches to reduce selection bias. Search terms 

were organized into four thematic clusters: 

conflict and AMR broadly; One Health pathways 

in conflict settings; specific co-selection 

mechanisms, such as heavy metals, 

microplastics, and antifungal resistance; and 

governance and political determinants. 

Representative terms included “antimicrobial 

resistance AND conflict,” “AMR AND war,” “One 

Health AND conflict,” “environmental 

contamination AND war,” “veterinary 

antimicrobial use AND conflict,” “antifungal 

resistance AND conflict,” “tuberculosis AND war,” 

“MDR-TB AND refugees,” and “humanitarian 

AND antibiotic stewardship.” Records were 

screened using three inclusion criteria: primary 

or secondary studies reporting AMR or antifungal 

resistance in conflict-affected populations or 

environments; reviews or commentaries linking 

conflict to AMR through One Health perspectives; 

and policy documents addressing AMR drivers or 

surveillance in fragile or humanitarian contexts. 

They were graded as Strong, Moderate, or 

Plausible throughout, adapted from Grading of 
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Recommendations Assessment, Development 

and Evaluation (GRADE) principles. A total of 

149 records were included in the final synthesis: 

89 primary research studies, 21 systematic 

reviews or meta-analyses, 24 narrative reviews 

and commentaries, and 15 policy and grey 

literature documents (Supplementary Table 1). 

Approximately 67% of included records date 

from 2020 to 2026, reflecting the marked growth 

in this literature following the escalation of 

conflicts in Ukraine and Gaza. Lebanon and the 

occupied Palestinian territories together account 

for the largest geographic cluster of One Health 

primary studies (n=33), followed by Ukraine 

(n=26), Syria (n=24), Iraq (n=21), and 

Afghanistan (n=15). Human clinical and trauma 

pathways dominate at 61% of records; veterinary 

and food-chain studies represent only 14%; 

antifungal resistance appears in 2% of records, 

the most underrepresented domain considering 

its documented clinical burden. 

A One Health framework for conflict-driven 

AMR 

Conflict shapes the emergence and dissemination 

of AMR through three synergistic processes: 

increasing infection pressure via trauma, 

overcrowding, and compromised Water, 

Sanitation, and Hygiene (WASH) infrastructure; 

weakening stewardship, regulation, and 

surveillance; and facilitating new circulation 

routes between reservoirs through camp 

environments, wastewater systems, livestock 

populations, and informal pharmaceutical 

markets (Abbara et al., 2025; Pallett et al., 2023). 

This dynamic produces a conflict ecology 

defined by eight interdependent, evidence-graded 

pathways that operationalize the One Health 

framework, as detailed in Figure 1 and Table 1. 

Healthcare system collapse increases antibiotic 

selection pressure, which is further amplified by 

informal markets. Wastewater system failures 

transfer antimicrobial resistance genes (ARGs) 

from clinical settings to crops and food systems. 

Simultaneously, the erosion of surveillance 

obscures the cumulative impact of these 

pathways at critical moments.

 

 

Figure 1: Eight evidence‑graded One Health pathways of conflict‑driven antimicrobial resistance. Armed conflict 

disrupts health systems, population stability, pharmaceutical regulation, water and sanitation infrastructure, 

veterinary services, environmental integrity, and surveillance capacity. These pathways act synergistically 

across human, animal, environmental, and governance domains, facilitating cross‑reservoir circulation of 

resistant organisms and resistance determinants. Teal nodes indicate pathways supported by strong evidence; 

amber nodes indicate moderate evidence; coral nodes indicate plausible but under‑proven pathways. (Image 

created using BioRender.com). 

Health system collapse 

Armed conflict results in the destruction of 

hospital infrastructure and the displacement of 

healthcare workers. This situation leaves 

empirical broad-spectrum prescribing as the 

primary clinical strategy, generating strong 

selection pressure in the absence of diagnostic 

guidance or stewardship. Syria has lost 

approximately 45% of its pre-war health facilities, 
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Gaza has lost over 70% of hospital capacity since 

2023, and Ukraine reported 120 hospitals 

damaged within the first three weeks of the 2022 

invasion (Granata et al., 2024). Overcrowded 

and understaffed facilities lacking functional 

sterilization or infection prevention and control 

(IPC) programs become amplification points for 

multidrug-resistant organisms (MDROs) rather 

than effective treatment environments. 

Antimicrobial stewardship (AMS) in primary care 

and evacuation centers ceases to function under 

these conditions (Truppa et al., 2023; Lowe et 

al., 2021). 

Displacement and camps 

Mass displacement creates overcrowded settings 

where water, sanitation, and hygiene (WASH) 

services are inadequate, healthcare access is 

fragmented, and antibiotic use is largely 

unregulated. In refugee camps, carriage rates of 

ESBL-producing Escherichia coli range from 52% 

to 79%, compared to 5% to 15% in unaffected 

host-country populations. Refugee cohorts from 

Syria, Afghanistan, and Ukraine consistently 

demonstrate elevated MDRO burdens in both 

European and regional receiving countries 

(Hermsen et al., 2024; Chukwudile et al., 2024). 

Informal pharmaceutical markets 

The collapse of formal healthcare systems 

facilitates the rapid movement of antibiotics into 

informal markets, where they are sold without 

prescription, quality assurance, or dosing 

guidance. By 2015, over 85% of antibiotics in 

Syria were sold without a prescription. In 

Yemen, more than 70% of pharmacies dispensed 

antibiotics without a prescription, and in 

Lebanon, economic and political collapse 

following the Beirut explosion led to a significant 

increase in unregulated antibiotic sales (Kohler 

et al., 2012; Alkabbani et al., 2025). 

Substandard and falsified medicines containing 

insufficient active pharmaceutical ingredients to 

sub-inhibitory antibiotic concentrations, which 

create optimal conditions for resistance 

selection. Informal distribution channels further 

exacerbate this issue through unpredictable 

drug quality and arbitrary dosing (Spjeldnaes et 

al., 2024). 

Water and sanitation failure 

Conflict-driven destruction of wastewater 

treatment infrastructure leads to untreated 

sewage containing mcr-1, blaCTX-M-15, sul1, and 

carbapenemase genes entering waterways used 

for agricultural irrigation and drinking water. 

The detection of plasmid-borne colistin resistance 

gene mcr-1 in domestic and sewer waters in 

Syrian refugee camps in Lebanon, ESBL-

producing E. coli in greywater reuse systems in 

the West Bank, and blaNDM-5-producing E. coli in 

river water used for crop irrigation in underserved 

communities in Lebanon collectively 

demonstrates that failures in water and 

sanitation systems establishes persistent 

environmental AMR reservoirs (Craddock et al., 

2020; Sulaiman and Kassem, 2019; Osman et al., 

2023; Tokajian et al., 2018). Russia's war on 

Ukraine damaged 35% to 40% of urban 

wastewater treatment plants and sewage 

connections in the Dnipro Basin, resulting in 

estimated increases of 2% to 34% in pollutant 

loadings into waterways used for agriculture and 

drinking water supply (Shumilova et al., 2023). 

The destruction of the Nova Kakhovka 

Hydropower Plant dam caused extensive 

contamination of Black Sea surface waters, with 

observed shifts in microbial community 

composition and antibiotic resistance profiles. 

Genes conferring resistance to vancomycin, 

tetracycline, quinolones, sulfonamides, and 

colistin were identified, highlighting the 

environmental impact of the Kakhovka Dam 

breach (Pavlovska et al., 2024). 

Animal health, welfare, and food chain 

disruptions 

The collapse of veterinary services in conflict 

zones and adjacent areas removes both the 

stewardship network and regulatory oversight 

required to control antimicrobial use (AMU) in 

livestock production. This absence leads to 

unmonitored amplification of AMR in animal 

populations, which subsequently affects human 

health through food chains, shared 

environments, and zoonotic transmission 

pathways (Cornwell and Dodd, 2020; Mohammed 

and Ahmed, 2023). The first One Health whole-

genome sequencing (WGS) surveillance study 

from a conflict zone, conducted in the West Bank, 

identified identical serotypes of Campylobacter 

jejuni and Salmonella enterica across broiler 

farms, slaughterhouses, retail markets, and 

asymptomatic farm workers. Tetracycline 

resistance reached 59% to 80% and ampicillin 

resistance 51% to 59% across human and poultry 

isolates with shared molecular origins 

(Abukhattab et al., 2023). In the conflict-adjacent 

Sumy region of Ukraine, carbapenemase genes 

were detected in 6% of rabbit farm fecal samples 

despite no reported veterinary carbapenem use, 
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representing the first evidence of HGT of human-

clinical resistance genes to food-animal 

reservoirs in a conflict-adjacent agricultural 

system (Gomes-Gonçalves et al., 2025). Studies 

assessing bacterial resistance throughout the 

production of Ukrainian hard rennet cheese 

indicate that the final product can harbor E. coli, 

K. pneumoniae, and A. baumannii strains 

resistant to multiple antibacterial agents 

(Iakubchak et al., 2025). 

Cross-reservoir genomic circulation 

The most compelling published evidence that 

conflict generates a connected AMR ecology 

comes from Lebanon, where closely related 

carbapenemase-producing E. coli were 

simultaneously detected among Syrian refugees, 

Lebanese host communities, livestock, drinking 

water, river water used for irrigation, camp 

fomites, and hospitals. This finding 

demonstrates that conflict and displacement can 

establish an integrated resistance ecology across 

all One Health domains (Fayad et al., 2025). The 

West Bank WGS study identified identical 

serotypes of enteric pathogens across the farm-

to-human continuum, providing direct 

molecular evidence of cross-reservoir 

transmission (Abukhattab et al., 2023). The 

detection of blaNDM-5-bearing E. coli ST617 in 

vulnerable Lebanese patients, Syrian refugees, 

and the surrounding camp environment further 

confirms that genomic circulation across 

reservoirs is structurally determined by conflict 

conditions (Daaboul et al., 2023). 

Surveillance erosion 

Count countries affected by war systematically 

reduce or cease contributions to global AMR 

surveillance networks at the time when 

resistance evolves most rapidly. In 2025, nine of 

fourteen World Health Organization (WHO) 

member states classified as affected by protracted 

humanitarian crises contributed no data to the 

WHO Global Antimicrobial Resistance and Use 

Surveillance System (GLASS). Nevertheless, 

conflict-affected countries report significantly 

higher resistance rates for Acinetobacter spp., 

Klebsiella pneumoniae, and Methicillin-Resistant 

Staphylococcus aureus (MRSA) in the limited data 

available (Moghnieh et al., 2025). This inverse 

relationship, where the highest burden settings 

generate the least data, constitutes a structural 

surveillance failure indicative of governance 

breakdown and the enduring legacies of war 

(Ronat et al., 2021; Limmathurotsakul et al., 

2025). 

Heavy metals, hydrocarbons, microplastics, 

and munition residues released by conflict 

impose co-selection pressure on soil microbial 

communities that persists for decades after 

ceasefires. These factors select for antibiotic 

resistance through co-resistance, cross-

resistance, and co-regulatory mechanisms that 

operate independently of antibiotic use (Bazzi et 

al., 2020; Bakleh et al., 2020). Post-conflict 

environmental analyses of Iraqi war zones 

documented elevated levels of lead (Pb), mercury 

(Hg), uranium (U), and thorium (Th) at 

concentrations sufficient to co-select clinically 

important resistance determinants. Ukrainian 

conflict-zone soil surveys confirm heavy metal 

levels significantly exceeding health standards, 

with suppression of microbiological processes 

and high soil toxicity at explosion sites (Fayad et 

al., 2023; Solokha et al., 2024). Russia's war on 

Ukraine has caused chemical contamination of 

air, water, and soil across over 30% of the 

country's territory, with long-term resistome 

consequences that remain entirely unstudied 

(Hryhorczuk et al., 2024; Symochko et al., 2024).
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      Table 1: Eight evidence-graded pathways of conflict-driven AMR across the One Health spectrum. 

Pathway Primary 

domain 

Mechanism Evidence strength Key evidence 

Health system 

collapse 

Human Destroyed facilities, lost diagnostics, weak IPC; 

forces empirical broad-spectrum prescribing 

Strong Granata et al. (2024); Abbara et al. 

(2018a); Truppa et al. (2023); Lowe et 

al. (2021) 

Displacement and 

camps 

Human Overcrowding, poor WASH, fragmented medicines 

access; ESBL carriage 527-9% in refugee camps 

vs. 5-15% in unaffected populations 

Strong (association); Moderate (causal 

detail) 
Hermsen et al. (2024); Desai et al. 

(2022); Chukwudile et al. (2024); 

Spjeldnaes et al. (2024) 

Informal 

pharmaceutical 

markets 

Human Over the counter (OTC) sales, 

counterfeit/substandard drugs;  

promotes irrational use and sub-inhibitory dosing 

Strong (plausibility); Moderate (direct 

AMR measurement) 
Kohler et al. (2012); Alkabbani et al. 

(2025); Spjeldnaes et al. (2024) 

Water and sanitation 

failure 

Environmental Untreated sewage, damaged networks, and 

greywater reuse create environmental AMR 

reservoirs and food system exposure 

Strong (contamination); Moderate 

(human outcome linkage) 
Craddock et al. (2020); Hobeika et al. 

(2022); Osman et al. (2023); Tokajian 

et al. (2018); Sulaiman and Kassem, 

(2019); Shumilova et al. (2023) 

Animal health and 

food system 

Animal Weakened veterinary services, poor border control, 

and resistant organisms move through livestock 

and food chains 

Moderate overall; Strong for the 

Palestine food-chain case 
Cornwell and Dodd, (2020); 

Mohammed and Ahmed, (2023); 

Abukhattab et al. (2023); Gomes-

Gonçalves et al. (2025); Tazerji et al. 

(2025) 

Cross-reservoir 

genomic circulation 

All domains MDR strains and resistance determinants detected 

across refugees, host communities, animals, 

water, and hospitals in linked studies 

Strong, but geographically narrow Abukhattab et al. (2023); Daaboul et 

al. (2023); Fayad et al. (2025) 

Surveillance erosion Governance Conflict states report fewer surveillance sites; low 

counts reflect governance failure, not low burden 

Strong Moghnieh et al. (2025); Ronat et al. 

(2021); Limmathurotsakul et al. (2025) 

Toxic remnants of war Environmental Heavy metals, hydrocarbons, munitions residues 

co-select for antibiotic resistance; persist for 

decades 

Plausible; underproven in long-term 

outcome data 
Fayad et al. (2023); Bazzi et al. (2020); 

Bakleh et al. (2020); Solokha et al. 

(2024); Symochko et al. (2024); 

Hryhorczuk et al. (2024) 

 



16  

Environmental and biological mechanisms 

Although antibiotic misuse remains the primary 

driver of resistance during peacetime, conflict 

zones introduce additional environmental 

stressors that interact synergistically and persist 

beyond the cessation of hostilities. These factors 

can be categorized into four principal 

environmental amplification mechanisms. 

Heavy metals as potent co-selectors of AMR 

Heavy metals represent some of the most 

persistent pollutants generated during armed 

conflict. Explosions, fuel combustion, and the 

destruction of industrial and military 

infrastructure release lead (Pb), cadmium (Cd), 

mercury (Hg), copper (Cu), chromium (Cr), nickel 

(Ni), and zinc (Zn) into soils and water systems on 

a large scale, resulting in selective pressure that 

can persist for decades or even centuries (Pal et 

al., 2017). Co-resistance arises when blaNDM, 

blaOXA-23, blaCTX-M, blaSHV, and blaTEM ESBL genes 

are co-located with metal resistance determinants 

on transferable plasmids in environmental 

isolates from conflict-affected soils (Granata et al., 

2024). Cross-resistance occurs when a single 

efflux system, particularly resistance-nodulation-

division (RND) family pumps, mediates the 

simultaneous export of metal ions and 

antibiotics. Co-regulation involves metal-induced 

activation of bacterial stress responses that 

upregulate ARG expression even in the absence 

of antibiotic exposure (Zhang et al., 2019). 

Notably, the co-selection of mcr-1, a plasmid-

mediated colistin resistance gene that 

undermines the last pharmacological defense 

against PDR Gram-negative bacteria, is driven by 

copper and zinc at sub-inhibitory concentrations 

(Silver and Phung, 2005; Pal et al., 2017). In 

conflict zones, concentrations of these metals are 

often orders of magnitude higher. The deliberate 

destruction of the Kakhovka Dam on the Dnieper 

River in southern Ukraine in June 2023 

exemplifies these mechanisms. Shumilova et al. 

(2025) estimated that approximately 83,000 

tonnes of heavy metals were deposited into the 

lower Dnieper and the Black Sea, representing 

what may be the most concentrated spill of heavy 

contaminants ever recorded in the Black Sea. The 

breach also mobilized untreated sewage 

containing MDROs and ARGs from destroyed 

wastewater infrastructure, fuel from thousands of 

inundated storage depots that select for efflux-

pump-bearing organisms, agricultural chemical 

residues such as azole fungicides, thousands of 

drowned livestock carcasses, and ordnance 

contamination from dislodged anti-personnel 

mines. To date, no systematic AMR surveillance 

has been conducted in the Kakhovka 

contamination zone, leaving the resistome 

consequences for Ukraine's post-conflict 

agricultural land and water systems unknown. 

Microplastics, hydrocarbons, and blast physics 

Modern warfare produces large quantities of 

plastic debris through the destruction of buildings, 

vehicles, munitions casings, and civilian 

infrastructure. This debris colonizes soil and 

aquatic systems, forming the 'plastisphere,' which 

consists of complex microbial biofilms that 

concentrate bacteria, ARGs, and co-contaminants 

in highly reactive microenvironments. Biofilms on 

microplastic surfaces contain significantly higher 

densities of ARGs and mobile genetic elements 

(MGEs) than those found in surrounding 

environments (Li et al., 2017; Zhang et al., 2019). 

The transport of these biofilms by wind, water, and 

wildlife enables ARGs accumulated in conflict-

zone plastispheres to migrate over long distances. 

Warfare also causes systematic damage to oil 

infrastructure, fuel depots, chemical plants, and 

military vehicle systems, resulting in the release of 

hydrocarbons into soils and water bodies. These 

compounds promote the proliferation of organisms 

such as Pseudomonas aeruginosa, Acinetobacter 

spp., and Rhodococcus spp., which possess 

hydrocarbon-degrading pathways and robust 

efflux systems that confer cross-resistance to 

multiple antibiotic classes (Rodríguez-Blanco et 

al., 2012). For example, during the 1991 Gulf War, 

Iraqi forces set 650 to 700 Kuwaiti oil wells on fire, 

which burned for eight months and released 

hundreds of millions of barrels of petroleum into 

the atmosphere, soil, and marine environment. 

This created a contaminated substrate into which 

resistance genes were subsequently introduced 

and amplified during the conflicts of the 2000s. 

Explosions serve as accelerators of AMR in 

patients by inducing thermal and pressure stress. 

Injuries from improvised explosive devices (IEDs) 

and artillery result in extensive devitalized tissue, 

deeply embedded soil debris containing 

environmental MDROs, and trigger the bacterial 

SOS response through shock-induced DNA 

damage. This process increases mutation rates, 

upregulates error-prone DNA polymerases, and 

induces integrase gene expression that facilitates 

HGT via integrons (Baharoglu and Mazel, 2014). 

Reactive oxygen species (ROS) generated by blasts 

further damage DNA and activate mutagenic 
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repair pathways (Carvajal-Garcia et al., 2023). 

Notably, established polymicrobial biofilms in 

blast wounds protect embedded bacteria from 

antibiotic concentrations 100 to 1,000 times 

higher than those required to kill planktonic 

forms, with minimum biofilm eradication 

concentrations greatly exceeding the minimum 

inhibitory concentration. This phenomenon 

accounts for the frequent failure of antibiotic 

regimens determined by antimicrobial 

susceptibility testing (AST) in war wounds (Akers 

et al., 2014). 

Antifungal resistance: the overlooked, 

pervasive invader 

The emergence and dissemination of antifungal-

resistant pathogens in conflict settings represent 

a parallel crisis that remains largely unaddressed 

in scientific literature and among conflict-

response personnel. The WHO’s 2022 Fungal 

Priority Pathogens List (WHO, 2022a) identifies 

19 fungal species requiring urgent public health 

attention, including azole-resistant Aspergillus 

fumigatus, Candida auris, and Mucorales. 

However, no conflict-specific antifungal 

resistance framework currently exists within 

humanitarian response, military medicine, or 

peacekeeping strategies. 

Consequently, wound invasive fungal 

diseases (WIFDs) have re-emerged as a significant 

cause of mortality among modern combat 

casualties. In Afghanistan, studies have reported 

WIFD incidence rates of approximately 7% among 

combat-injured personnel, with a crude mortality 

rate of 8.5%. The IED blasts propel contaminated 

soil containing high concentrations of 

environmental Mucorales species and Aspergillus 

species deep into devitalized muscle and bone. 

Tissue hypoxia impairs phagocytic activity, which 

would otherwise limit fungal germination 

(Roberds et al., 2024). 

The agricultural dimension is particularly 

important for a One Health perspective on WIFD 

dissemination. Azole fungicides used in crop 

protection target the same ergosterol biosynthesis 

pathway as medical triazoles, and azole-resistant 

Aspergillus fumigatus strains carrying TR34/L98H 

and TR46/Y121F/T289A mutations in the cyp51A 

gene are now globally distributed. In Syrian, 

Libyan, and Afghan farming regions, fungicide 

misuse increases during conflict, amplifying 

selection pressure for environmentally resistant 

Aspergillus species. Pre-existing resistant spores 

are then directly introduced into blast wounds 

(Fisher et al., 2022; Roberds et al., 2024). This 

farm-to-wound-to-clinic antifungal resistance 

pathway has not received systematic attention in 

the conflict-AMR literature. Candida auris, 

designated a critical priority by the WHO in 2022, 

poses an additional risk due to its ability to survive 

on dry hospital surfaces for extended periods, its 

intrinsic resistance to fluconazole, and its high 

candidemia rate of 40 to 72%. C. auris is 

particularly problematic in overcrowded, 

inadequately decontaminated primary clinics and 

among overstretched personnel in conflict settings 

(Danielsen et al., 2025). 

Deep-soil disturbance and archaeal resistance 

reservoirs 

Deep-penetration munitions and large-scale 

subterranean targeting disrupt geological strata 

that have been isolated from surface ecosystems 

for millennia, potentially reactivating ancient 

microbial communities carrying ARGs that 

predate the modern antibiotic era. For example, in 

Gaza, bombardment has repeatedly breached 

tunnels carved into deep limestone; in Ukraine, 

deep-strike munitions have detonated across 

eastern oblasts; and in Iran, underground nuclear 

and military facilities have been repeatedly 

targeted. In each scenario, organisms carrying 

ancient resistance determinants may be mobilized 

into surface environments already saturated with 

heavy metals and hydrocarbons. Although this 

pathway remains plausible rather than fully 

established, it warrants targeted surveillance. 

Quantitative AMR benchmarks across 

contemporary conflict settings have been 

summarized and tabulated in Table 2. 
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                Table 2: Quantitative AMR benchmarks across contemporary conflict settings.   

Conflict setting Key quantitative benchmark Dominant MDRO phenotypes Key resistance genes/markers Primary references 

Ukraine 2014–2025 (combat) 88.9% MDRO carriage in 

7,324 combat-wounded 

patients 

A. baumannii (meropenem 

resistance 72%), K. pneumoniae 

(meropenem resistance 91%) 

blaNDM-1, blaOXA-48, blaKPC; 

hypervirulent-XDR hybrid K. 

pneumoniae plasmids 

Salmanov et al. 

(2025); Stepanskyi et 

al. (2024);  

Ljungquist et al. 

(2024) 

Ukraine 2022–2025 

(civilian/evacuation) 

MDR-TB cases in Poland 

doubled within 12 months; 

Ukrainian refugees = 58% of 

all Polish MDR-TB by Q1 2024 

XDR A. baumannii, blaNDM-

producing K. pneumoniae, MDR P. 

aeruginosa introduced to EU 

hospitals 

blaNDM-1, blaNDM-5, blaOXA-48; virulence 

genes iuc, iro, rmpADC on hybrid 

plasmids 

Nowinski et al. 

(2025); Zwittink et 

al. (2022); 

Biedrzycka et al. 

(2025) 

Gaza 2018–present ~100% AMR prevalence 

reported in 2,000 gunshot 

wound patients (Great March 

of Return); 41.9-fold higher 

CPE incidence vs. controls 

MDR A. baumannii, 

ESBL/carbapenem-resistant 

Enterobacterales; CPE in 41/41 

screened Gazan children 

blaNDM-like carbapenemases 

predominant (88.7% DTR 

phenotype); K. pneumoniae ST147, 

E. coli ST167 

Kumar et al. (2025); 

Pérez-López et al. 

(2025) 

Syria post-2011 Over 85% antibiotics sold OTC 

by 2015; >67% displaced 

persons self-medicate with 

antibiotics 

ESBL-producing Enterobacterales 

dominant; NDR-TB rising from 

baseline of 23/100,000 

blaCTX-M-15, blaNDM-1 detected in 

Syrian refugee and environmental 

isolates across Lebanon 

Abbara et al. 

(2018a); Abbara et 

al. (2018b); 

Alkabbani et al. 

(2025); Moussally et 

al. (2023) 

Afghanistan and Iraq 2000s–

2010s 

MDR A. baumannii-seeded 

outbreaks in US, UK, German 

hospitals; 7% WIFD incidence 

in Afghanistan combat 

casualties 

PDR A. baumannii; ESBL 

Enterobacterales; wound invasive 

fungal disease (Mucorales spp. and 

Aspergillus spp.) 

blaOXA-23, blaOXA-51, IMP; TR34/L98H 

azole-resistant A. fumigatus from 

agricultural soil 

CDC, 2004;  

Murray et al. (2009); 

Roberds et al. (2024); 

Fisher et al. (2022) 

Lebanon (displacement 

context) 

Carbapenem-resistant E. coli 

was simultaneously detected 

across refugees, host 

communities, animals, water, 

and hospitals, the first One 

Health ecology demonstration 

blaNDM-5-bearing E. coli ST617 

across 6 reservoir types; 

carbapenem-resistant ESKAPE in 

all 9 districts 

blaNDM-5 dominant; blaOXA-48-like; 

extensive HGT via MGEs 

Fayad et al. (2025); 

Daaboul et al. 

(2023); Samadi et al. 

(2025) 

MDR  multi-drug resistant, PDR – Pan-drug resistant, XDR – Extensively drug-resistant; DTR – Difficult-to-Treat Resistance, resistant to first-line and most second-line antibiotics 
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             Table 3: Policy roadmap for integrating AMR protection into conflict response and global governance, organized by One Health domain. 

Priority action 
One Health 

domain 
Description Lead actors Key evidence base 

Environmental AMR 

surveillance 

Environmental Integrate mandatory soil, water, and air ARG profiling 

into humanitarian assessment missions from Day 1; 

post-conflict environmental persistence mapping 

UN Environment Programme; 

WHO GLASS; national AMR 

focal points 

Fayad et al. (2023);  

Solokha et al. (2024);  

Hryhorczuk et al. (2024) 

MDR-TB treatment 

continuity 

Human health Classify MDR-TB treatment continuity as critical 

humanitarian infrastructure equivalent to surgical 

capacity; mandatory treatment chain protocols across 

evacuation routes 

WHO/Stop TB; ICRC; national 

TB programmes in receiving 

countries 

Nowinski et al. (2025); 

Monedero-Recuero et al. 

(2026); Hauer et al. (2023) 

Veterinary services 

and food-chain 

surveillance 

Animal/food Rebuild veterinary services as AMR infrastructure; 

deploy One Health WGS surveillance (Palestinian 

model) for food-chain MDRO tracking during and after 

conflict; include wildlife surveillance. 

FAO; OIE/WOAH; national 

veterinary authorities 

Abukhattab et al. (2023);  

Gomes-Gonçalves et al. (2025); 

Cornwell and Dodd, (2020) 

Evacuee AMR 

screening protocols 

Human health / 

cross-border 

Standardized active surveillance cultures for 

hypervirulent pan-resistant organisms, contact 

precautions, and rapid WGS genotyping for all conflict-

zone evacuees, harmonized across NATO and EU 

chains 

NATO medical directorates; EU 

ECDC; receiving-country 

infection control bodies 

Zwittink et al. (2022);  

Ljungquist et al. (2024); 

Biedrzycka et al. (2025); 

Kondratiuk et al. (2025) 

Post-conflict land-

use certification 

Environmental Mandate ARG baseline assessment and soil heavy-

metal testing as a prerequisite for agricultural land 

reuse certification in post-conflict territories 

National environmental 

agencies; WHO; FAO 

Solokha et al. (2024);  

Symochko et al. (2024); 

Shumilova et al. (2025) 

AMR governance 

funding resilience 

Governance Diversify AMR surveillance funding through treaty-

backed mechanisms with minimum multi-year 

commitments; eliminate single-donor dependency 

structures 

UN General Assembly; 

G7/G20; WHO member states 

Moghnieh et al. (2025);  

Naim et al. (2024);  

Kobeissi et al. (2021) 

Antifungal 

resistance 

integration 

Human/ 

environmental 

Incorporate antifungal resistance (C. auris, azole-

resistant A. fumigatus, Mucorales spp.) into conflict 

AMR frameworks, military medicine protocols, and 

humanitarian response standards 

WHO FPPL; military medical 

commands; MSF/ICRC 

Roberds et al. (2024);  

Fisher et al. (2022);  

WHO, (2022) 
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Sociological and healthcare-system drivers 

In 2024, about 120 million people around the 

world are refugees or internally displaced, which 

is the highest number ever recorded (Abbara et 

al., 2025). These communities often live in 

crowded camps, where ESBL-producing E. coli is 

found in 52% to 79% of people, compared to just 

5% to 15% in unaffected European populations 

(Hermsen et al., 2024; Spjeldnaes et al., 2024). 

Mass displacement and cross-border pathogen 

export 

Gaza's 2018 Great March of Return saw the 

highest recorded AMR burden in any conflict 

wound group. Field hospital staff reported that 

almost all 2,000 patients with gunshot wounds 

had AMR infections, meaning AMR was present 

in nearly every case (Kumar et al., 2025). These 

infections led to longer hospital stays, much 

higher amputation rates, and a greater need for 

broad-spectrum antibiotics, which in turn 

increased resistance (Vodianyk et al., 2025). 

Medical evacuations can spread resistant 

bacteria to other countries, making it easier for 

MDROs to move internationally. For example, 

MDR A. baumannii linked to Iraqi battlefields 

caused outbreaks in four U.S. military hospitals 

on different continents, even though these 

hospitals had not seen this bacterium before 

(CDC, 2004; Murray et al., 2009). This pattern 

continued during the war in Ukraine. From 

March to December 2022, patients evacuated to 

hospitals in Poland, Germany, France, and the 

Czech Republic brought in XDR A. baumannii, 

NDM-producing K. pneumoniae, and MDR P. 

aeruginosa, which had not been common in those 

hospitals before (Zwittink et al., 2022; Stepanskyi 

et al., 2024). Some hospitals then saw new 

clusters of these infections. 

The Ukraine conflict has also seen a troubling 

development: K. pneumoniae strains now 

combine hypervirulence genes like aerobactin 

(iuc), salmochelin (iro), and mucoid regulators 

(rmpADC, rmpA2) with XDR or PDR resistance on 

one hybrid plasmid. In the past, these 

combinations made the bacteria less fit and less 

of a clinical threat, but the strains found in 

Ukraine are both highly virulent and nearly 

impossible to treat (Ljungquist et al., 2024). 

A mechanistic dimension largely absent from 

surveillance literature is the 

psychoneuroimmunological pathway that links 

chronic conflict-related psychological stress to 

heightened infection susceptibility and AMR. At 

least two converging biological pathways 

compound MDRO exposure risk in conflict-

affected populations: hypothalamic-pituitary-

adrenal axis (HPA) dysregulation (Segerstrom and 

Miller, 2004) and gut microbiome dysbiosis 

(Almutawif and Khan, 2026). Nevertheless, the 

direct contribution of these mechanisms to MDRO 

carriage rates remains unquantified and requires 

prospective cohort studies measuring cortisol, 

microbiome composition, and MDR colonization 

outcomes to close the knowledge gap. 

Healthcare collapse 

Healthcare systems are increasingly being 

damaged or targeted during armed conflicts. From 

2020 to 2025, attacks on healthcare facilities hit 

record highs worldwide, with Ukraine and Gaza 

suffering over 930 strikes (Usmany et al., 2026; 

WHO, 2026). In Syria, about 45% of health 

facilities no longer work, and most pre-war doctors 

have left, died, or been detained (WHO, 2024a). In 

Gaza, damage to more than 94% of medical 

facilities has left only 18 partly working, all 

overwhelmed, and has stopped lab-based AMR 

surveillance, making it nearly impossible for the 

global scientific community to track resistance 

trends in the worst-hit areas (WHO, 2026). 

With healthcare systems failing, as seen in 

Syria, more than 67% of displaced people reported 

using antibiotics on their own, and by 2015, over 

85% of antibiotics were sold without a prescription 

(Abdelwahed et al., 2022; Moussally et al., 2023). 

In Yemen, more than 70% of pharmacies gave out 

antibiotics without prescriptions (Worafi, 2014). 

Poor-quality and fake medicines expose bacteria to 

low antibiotic levels, which helps resistance 

develop (WHO, 2024b; Kohler et al., 2012). The 

situation is made worse by the use of colistin 

without proper testing in medicine and the 

unregulated use of polymyxins in livestock. If 

colistin stops working, there will be no treatment 

left for infections caused by XDR organisms 

already seen in Ukrainian conflict hospitals 

(Kumar et al., 2025). 

Veterinary service collapse and the farm-to-

fork AMR pathway 

The impact of conflict on animal health and AMR 

is often overlooked. A key One Health WGS study 

in the West Bank, Palestine, provided strong 

evidence of farm-to-fork MDRO transmission by 

sampling chicken farms, slaughterhouses, 

markets, environmental swabs, and farm workers 
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in a conflict area (Abukhattab et al., 2023). The 

same types of Campylobacter jejuni and 

Salmonella enterica were found throughout the 

production chain. In Palestine, Salmonella 

resistance to tetracycline was 59-80% and to 

ampicillin was 51-59%, with no difference 

between human and poultry samples. This 

suggests shared sources. Notably, industrial 

broiler production in Palestine increased by 128% 

from 2010 to 2021, under occupation and weak 

veterinary regulation, which helped AMR spread. 

In North-eastern Ukraine, near conflict zones, 

a survey of rabbit farms in the Sumy region found 

that sul1 was present in 96% of samples, blaTEM 

in 95%, tetM in 94%, and ermB in 93%. 

Carbapenemase genes (blaKPC, blaNDM, blaVIM) 

were found in 6% of samples, even though 

carbapenems were not used in veterinary care. 

This shows strong evidence that resistance genes 

moved from human clinical settings to food 

animals through the shared environment 

(Gomes-Gonçalves et al., 2025). This is the first 

time human carbapenem resistance genes have 

been found in food animals in a conflict-adjacent 

farming system. 

When conflict destroys urban wastewater 

treatment plants, as seen in occupied Ukrainian 

regions, Gaza, and major Syrian cities, untreated 

sewage flows into waterways used for farming. 

This spreads ARGs directly into soil and onto 

crops (Slobodiuk et al., 2021). In Gaza, the 

destruction of water infrastructure since 2023 

has left most people without sewage treatment, 

sending microbes straight into what is left of local 

food production. 

Drug-resistant tuberculosis: AMR by 

mutational accumulation 

The conflict-AMR literature has almost 

universally focused on Gram-negative bacterial 

resistance mediated by HGT. A distinct and 

equally consequential biological mechanism is 

the accumulation of chromosomal mutation-

driven resistance in Mycobacterium tuberculosis. 

Tuberculosis control depends on uninterrupted, 

multi-drug treatment administered for a 

minimum of six months. However, war 

systematically hampers treatment completion by 

displacing patients, disrupting supply chains, 

killing healthcare workers, destroying diagnostic 

laboratories, and making directly observed 

therapy impossible. Consequently, M. 

tuberculosis acquires resistance through de novo 

chromosomal mutation in rpoB (rifampicin 

resistance), katG/inhA (isoniazid), gyrA/gyrB 

(fluoroquinolones), and rrs/eis (aminoglycosides), 

selected at sub-inhibitory concentrations through 

interrupted treatment and substandard drug 

supply. 

Even before the full-scale invasion, Ukraine 

had one of the highest rates of MDR-TB in Europe, 

with 31% of new cases and 45% of previously 

treated cases being MDR or rifampicin-resistant 

TB. In Poland, MDR/RR-TB cases doubled in the 

year after the invasion, rising from a pre-war 

average of 48 cases per year to 104 in 2022 and 

101 in 2023. By early 2024, Ukrainian refugees 

made up 58% of all Polish MDR/RR-TB cases, 

compared to just 13% in the previous decade 

(Nowinski et al., 2025). In Germany, TB rates had 

been falling for five years, but in 2022, MDR-TB 

rates nearly doubled, which was directly linked to 

the arrival of Ukrainian refugees (Hauer et al, 

2023). Syria shows a similar long-term pattern: its 

pre-war success in lowering TB rates to 23 per 

100,000 was lost when the health system 

collapsed (Monedero-Recuero et al., 2026). 

Political and economic determinants of AMR in 

conflict zones 

The spread of AMR in conflict areas is mainly 

driven by political decisions, which are made 

worse by environmental contamination and failing 

healthcare systems. The numbers are concerning. 

From 2018 to 2023, the gap between what was 

needed for humanitarian aid and what was 

available grew much wider (UN OCHA, 2023). 

In Gaza, funding cuts to the UN Relief and 

Works Agency for Palestine Refugees in the Near 

East in 2018 and 2024 resulted in closures of 

primary healthcare centers, reduced laboratory 

capacity, and antibiotic shortages, directly 

contributing to rising MDR infection rates 

(Moussally et al., 2023). In Syria, chronic 

underfunding has left approximately 45% of 

health facilities non-functional, eliminating the 

diagnostic capacity for AMR surveillance and the 

stewardship programs (WHO, 2024a). In turn, 

Yemen experienced a 50% reduction in operational 

health facilities following donor program 

suspensions in 2020, forcing healthcare providers 

to rely on broad-spectrum empirical antibiotics as 

their only clinical tool (UNICEF, 2021). More 

recently, the 2025 freeze of United States Agency 

for International Development (USAID) programs 

eliminated or severely curtailed AMR surveillance 
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support in 14 conflict-affected countries, 

demonstrating that single-donor dependence is a 

structural vulnerability with direct AMR 

consequences. 

Countries in conflict systematically withdraw 

from or deprioritize commitments to WHO 

GLASS, the Quadripartite One Health Joint Plan 

of Action (FAO, UNEP, WHO, WOAH), and 

regional surveillance networks. As of 2024, 9 of 

14 WHO member states affected by protracted 

humanitarian crises contributed no data to 

GLASS, creating surveillance blind spots 

precisely where resistance is evolving most 

rapidly (Moghnieh et al., 2025). Moreover, 

economic sanctions compound every biological 

amplifier of AMR. Sanctions affecting 

pharmaceutical supply chains in Iran, Syria, and 

Sudan have created medicine shortages, driving 

the expansion of the informal market and 

subinhibitory antibiotic exposure (Takian et al., 

2020). 

Research gaps and policy priorities 

The literature review identified major knowledge 

gaps across all One Health domains, which limit 

effective response. No systematic ARG profiling, 

heavy metal, ARG co-occurrence mapping, or 

post-conflict environmental persistence data exist 

for any of the major conflict zones. The Fallujah 

contamination area and the Kakhovka Dam, two 

of the most extensively documented 

environmental contamination events in modern 

conflict history, remain entirely unstudied with 

respect to their resistome consequences. 

Antifungal resistance in conflict settings has 

received essentially no systematic attention 

despite documented 7% WIFD incidence and 

8.5% mortality in combat casualties. 

Post-conflict agricultural land reuse proceeds 

without mandatory ARG baseline assessment, 

nor is there any surveillance on AMR burden in 

wildlife in conflict areas. The 

psychoneuroimmunological pathway linking 

chronic stress to infection susceptibility, 

antibiotic use, and resistance selection has not 

been quantified in conflict populations. 

A policy roadmap based on One Health 

governance principles-participation, 

coordination, management, sustainability, 

accountability, and equity (Ruckert et al., 2024) 

is shown in Table 3. Key actions include adding 

soil, water, and air AMR surveillance to 

humanitarian assessments from the start; 

treating MDR-TB treatment continuity as essential 

infrastructure like surgery; rebuilding veterinary 

services for AMR control, using the Palestinian 

WGS model for food-chain surveillance; setting up 

special admission screening for evacuees; 

requiring ARG soil testing before reusing 

agricultural land after conflict; and broadening 

AMR surveillance funding with treaty-backed, 

multi-year commitments. 

Conclusions 

War functions as an active evolutionary driver of 

antimicrobial resistance, operating concurrently 

across the One Health spectrum. This influence 

extends from soil to clinics and farms, throughout 

the food chain, and within political and 

community infrastructures that either amplify or 

mitigate dissemination. 

Current evidence indicates that conflict 

generates a connected AMR ecology across 

reservoirs, breaking down barriers between 

traditionally siloed sectors and weakening 

institutions responsible for detecting and 

containing AMR spread. The most compelling data 

arise from studies linking humans, animals, 

water, food chains, and hospitals through shared 

MDROs and compromised governance. However, 

this evidence remains geographically limited. The 

enduring environmental consequences observed 

in Fallujah, the Kakhovka Dam, and Gaza's 

destroyed water infrastructure exemplify AMR’s 

dissemination and its profound impact on soil, 

waterways, and food systems. 

Three primary research directions emerge. 

First, antifungal resistance and drug-resistant 

tuberculosis should be prioritized equally within 

conflict-AMR frameworks, given their distinct 

biological mechanisms and the significant burden 

and measurable harm they impose on both 

conflict-affected and receiving populations. 

Second, the food chain should serve as a primary 

intervention pathway. The Palestinian WGS 

datasets highlight the urgent need for systematic 

surveillance in conflict settings, as well as the 

development of programmatic structures to enable 

effective response. Third, global AMR governance 

should be strengthened through diversified 

funding sources, mandatory cross-border sharing 

of surveillance data, and explicit integration of 

AMR protection within peacekeeping and 

stabilization mandates. 

The emergence of Iraqibacter and Ukraine’s 

hypervirulent PDR pathogens reflects two decades 
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of conflict and significant suffering. These 

developments challenge the capacity of the 

medical and research communities to identify 

and prevent the global circulation of conflict-

originating pathogens, which impose substantial 

and enduring costs on populations distant from 

the initial epicenter. The Iran conflict, already 

characterized by large-scale infrastructure 

damage and regional destabilization, is likely to 

accelerate the emergence of highly resistant 

pathogens through intensified environmental 

contamination, healthcare disruption, and 

breakdown of regulatory systems, with 

downstream spread into global health networks 

via displacement and medical evacuation 

pathways. Without coordinated One Health 

interventions, this trajectory risks entrenching a 

persistent, transboundary AMR reservoir that will 

outlast the conflict itself and reshape global 

resistance epidemiology. 
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