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Editorial on the Research Topic
 Decoding and bridging the tripartite components of One Health: collaborative strategies for global well-being





Introduction

The One Health approach is increasingly recognized as essential for understanding contemporary global health threats. Given the close interconnections among humans, animals, and ecosystems, this perspective facilitates the effective addressing of major challenges such as the climate crisis, emerging infectious diseases, social instability, and environmental degradation.

This Research Topic presents studies that demonstrate the breadth and interdisciplinary nature of the One Health approach. Topics include waste management, environmental sustainability, pandemic preparedness, and mental health. Collectively, these studies illuminate the interconnections that influence both human populations and ecosystems and propose strategies to strengthen health systems.



Environmental challenges and antimicrobial resistance

Inadequate waste management results in environmental degradation and poses significant public health risks. One study in this Research Topic addresses this concern. Petropoulou emphasizes that improper management of solid and liquid waste adversely affects public health across all communities, not solely the most vulnerable. These impacts arise from the proliferation of pathogens and the increasing prevalence of antimicrobial resistance.

Sams-Dodd and Sams-Dodd argue that antimicrobial resistance is not solely a consequence of climate change. It also disrupts the balance of microbial ecosystems and further exacerbates climate change.



Sustainability and social wellbeing

Interdisciplinary collaboration within the One Health framework extends beyond immediate public health threats. It encompasses sustainable food systems and circular economy principles. These approaches integrate human, animal, and ecosystem health from a complementary perspective.

Katsafadou et al. integrate these dimensions using the olive tree as a focal point. Their study connects cultivation, processing, health benefits, agricultural practices, and by-product management. This approach demonstrates that One Health extends beyond risk mitigation, promoting sustainability and supporting resilient social systems centered on both human and environmental wellbeing.

In addition to interactions with plant ecosystems, contact with animals may also benefit human health. Tang et al. demonstrate that regular interaction with companion animals positively influences wellbeing indicators, including sleep quality among older adults. Thus, human wellbeing can arise from interactions with plants, animals, and the environment, reflecting a core principle of the One Health approach.



Governance and crisis preparedness

The vulnerability of specific population groups, particularly children, is emphasized in the article by Masetti et al.. The study investigates how climate change, antimicrobial resistance, and emerging infections disproportionately impact children, a vulnerability linked to physiological immaturity and critical developmental stages. In low- and middle-income countries, safeguarding children's health necessitates multidimensional strategies within the One Health framework.

Preparedness for future respiratory pandemics is closely tied to equity in global research capacity. Hossain and Kim contend that lung organoids serve as essential human-relevant models, facilitating rapid pathogen study and therapeutic evaluation. The authors also underscore disparities in access to these technologies. Enhancing research equity and building capacity before crises is crucial, while fostering trust remains vital for collective resilience and an effective response.

Martinez-Hollingworth et al. examine the human dimension of environmental crises, demonstrating that frontline workers serve as both care providers and individuals directly impacted by disasters. This dual role highlights the necessity for policies that support mental health and professional resilience, as well as the importance of collective wellbeing during complex emergencies.

Two additional studies emphasize the significance of institutional structures and governance networks (Saidouni et al.; Togami et al.). In contexts characterized by social and political instability, intersectoral collaboration enhances preparedness. Cooperation among public health, veterinary, and environmental sectors fosters stability and progress. Trust and transparency between institutions and state actors are critical, underpinning effective preparedness and response, particularly during pandemics.

In conclusion, the studies included in this Research Topic illustrate that One Health serves as both a holistic framework and a strategic roadmap. It integrates actions that address complex, interacting determinants of health, aiming to strengthen resilience, build trust, enhance governance, and safeguard the health of future generations.
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Since 1954, studies have consistently demonstrated that antimicrobials disrupt microbial environments, causing ecosystem degradation and release of greenhouse gases (GHG), making antimicrobials noteworthy climate stressors. Microbes created an atmosphere on Earth that supports eukaryotic life-forms and are essential for our normal physiological functions. However, despite their critical importance, microbes are mostly associated with infectious diseases, and antimicrobials are extensively used to eradicate them. In healthcare and veterinary medicine, antimicrobials are essential in fighting infections. The general risk associated with their use has focused on antimicrobial resistance and loss of efficacy, whereas their impact on microbial environments and GHGs has been overlooked. Using recent data, a single course of antibiotics is estimated to cause the release of 9.84 tonnes of CO2—the equivalent of a standard car driving around the Earth 1.47 times. Given the number of chemicals with antimicrobial effects, such an amount demands attention. Antibiotics, antiseptics, disinfectants, surfactants as well as pesticides, herbicides and many food additives all contribute to antimicrobial-resistance. Despite a focus on antibiotic stewardship, antimicrobials are still used indiscriminately, including where they fail to confer a critical or even demonstrable benefit. Using a One-Health approach, this manuscript provides a non-specialist introduction to the microbial environment and the impact of antimicrobials, and suggests how to minimise the environmental impact of healthcare whilst retaining quality care. Climate change is assumed to contribute to AMR, but this analysis finds that AMR strongly contributes to climate change, i.e., the reverse of the normal assumption. The current climate debate almost exclusively focuses on fossil fuel without in earnest considering other sources. However, without including the major, natural systems that significantly impact the climate, balanced informed decisions to mitigate the situation are impossible to make. By forcing the focus of the climate discussion onto only a narrow, limited set of explanations, the proposed solutions will likely not solve the main causes and their impact is therefore bound to be minimal. This is comparable to symptomatic versus curative treatment in healthcare. Whereas symptomatic treatment can help alleviate, it does not address the root cause and, therefore, cannot restore the patient to health.
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Introduction


“We live in a microbial driven world that only exists because Bacteria and Archaea tempered the previously hostile environment on early Earth to create atmospheric conditions that allow eukaryotic life forms to flourish. Bacterial and archaeal encoded enzymes catalyze all the major processes involved in global biogeochemical cycling, playing key roles in the carbon and nitrogen cycles, and producing approximately half of the oxygen in the Earth’s atmosphere.” Clokie et al. (1).


The Earth’s environment is primarily the result of the action of microbes. Microbes are responsible for creating an atmosphere that can sustain eukaryotic life forms such as mammals (1–3). Higher life forms also directly depend on microbes, e.g., microbes in the gut provide essential compounds for our health, and, to protect us, the immune system and microbes interact directly and symbiotically (4–6). Over time however, the image of microbes has been shaped mainly by the fact that they can cause infectious diseases with the result that our goal has become the general eradication of microbes. This has resulted in the development of an array of synthetic microbe-killing compounds, i.e., antimicrobials, such as antibiotics, antiseptics, antifungals, antivirals, antiparasitics, disinfectants, surfactants, pesticides, and herbicides, all of which are used rather indiscriminately. However, when a group of organisms is exposed to a sustained selection pressure, they develop strategies to counteract this pressure, in microbes this would, for example, be antimicrobial resistance (AMR) (7). However, this change can also affect the functions these organisms were performing, thereby initiating large-scale and far-reaching change. All antimicrobials cause AMR, including cross resistance between types of antimicrobials, e.g., an antiseptic results in AMR to itself and other antiseptics as well as to antibiotics and vice versa (8); and antivirals also contribute to bacterial resistance (9). The use of any antimicrobial can, therefore, lead to broad, widespread resistance and unpredicted functional changes at a global level.

In humans, the use of antimicrobials has been found to have wide ranging negative consequences for our health. For example, a single course of antibiotics has been found to alter the gut microbiome with these changes still being detectable after 2 years in adults and permanent in infants (10). These effects can give rise to long-term health issues in the individual such as an increased prevalence of cancer, obesity, diabetes, asthma, and mental health issues. However, they also affect the next generation by increases in the prevalence of miscarriages, foetal malformations, and in children they can cause functional impairments in their development, immune function, and cognition, including attention deficit hyperactivity disorder (ADHD) (10–13). Many food additives also possess antimicrobial properties and can affect the gut microbiome, e.g., monosodium glutamate (MSG) is antimicrobial (14, 15) and is also used in animal models to mimic childhood obesity (16–18).

A general characteristic of human-manufactured antimicrobials is that they are chemically highly stable. Antiseptics and surfactants are not metabolised but enter nature unchanged, and most antibiotics, that are consumed and excreted, are essentially excreted either unmodified or as active metabolites in wastewater. As sewage plants only remove a fraction of these chemicals, the result is that they spread via the waterways and impact the microbial environments across the Earth. As early as 1954, it was shown that the addition of antibiotics (19) to soil releases substantial amounts of CO2 and calculations using recent data (20) indicate that antibiotics may have reduced long-term CO2 storage capacity by 194.8 billion tonnes in fertile land areas alone, meaning that 7.3% of the CO2 currently present in the atmosphere would, without the dissemination of human-made antimicrobials, still be stored in fertile land areas. The number is equivalent to 5.2 times the total calculated CO2 emissions from human activity in 2022 (21).

Antimicrobials are important in healthcare but they are frequently used without regard to the fact that they will cause a much wider impact than the one on the infection that they are sought to treat. One Health is based on the intertwined, interdependent relationship between humans, animals, plants, and the environment, the recognition of which is a requirement for the wellbeing of all. The aim of this analysis is to focus on the environmental aspects of antimicrobials used in the pursuit of human and animal health, potentially at the expense of the environment. Particular attention will be brought to climate change, which traditionally has been attributed mainly to fossil fuel, arguing that our use of antimicrobials may play a very significant role in the changes to the climate, that we see.

First, a brief introduction to microbial communities, antimicrobials, antimicrobial resistance, the spread of antimicrobials and their environmental implications will be given. Next, it will focus on the effect of antimicrobials on greenhouse gases (GHGs) and carbon storage. This is followed by a brief description of the spread of antimicrobial resistance and the impact of antimicrobials on individual microbial populations, including their recovery. Finally, strategies to reduce our impact on the environment, whilst still offering effective healthcare, will be discussed. The importance of choice of treatment approach in healthcare in relation to climate change is a factor that rarely is raised, but data show that it may play a much greater role than we have realised previously.



Microbiomes, antimicrobials, and their impact


Microbiomes

Bacteria and other microbes are everywhere around us, including in the air, soil and water. Some live in a free-floating planktonic form, but most settle and group into communities called microbiomes, which, among others, include bacteria, archaea, fungi, protists, viruses and, in aquatic systems, algae. In these ecosystems, they live in synergy, dividing tasks and depending on each other (22–28). Everything on Earth has its own microbiome, ranging from the stone on a beach to the leaf on a plant and to the cloud (24, 29–31).

The composition of each microbiome depends upon what it lives on and in. It changes constantly according to changes in its micro-environment, e.g., temperature, humidity, sources of nutrition, acidity, hormones, light intensity, and availability of the gases on which its microbiota, i.e., the species making up the microbiome, is dependent, e.g., O2, H2, N2, and CO2 (9, 32, 33).

Living surfaces are protected by microbiomes. Microbiomes are an integral part of each living surface and keep it healthy and functional (34, 35). If the microbiota is altered too much, rapidly, or violently, the microbiome is thrown off balance, also called dysbiosis, and infection may develop, resulting in the surface deteriorating and, in severe cases, dying.

A microbiome is not limited to a population living strictly on top of the surface; they usually extend well into the underlying mass, without forming a well-defined border. An example is the human skin, where different microbes thrive at different depths (36). More radical examples are soil, oceans and lakes. Here the microbiome forms an integral part of the entire space, with the microbial population changing in accordance with the varying conditions at each depth from the surface (37). Other examples are the atmosphere and clouds, where variations in microbiome composition change with height above the ground (38).



Antimicrobials and AMR

“Antimicrobials” is the common denominator for all chemical substances that kill microbes. In healthcare, it includes antibiotics, antiseptics, antifungals, antivirals, antiparasitics, disinfectants, surfactants and biofilm based therapies (9, 33, 39, 40). Since 1949, antibiotics have been known to affect the environment (41).

AMR occurs when microbes have, develop or acquire the ability to withstand antimicrobials at the concentration they are exposed to in their environment.

Some microbes possess the ability to withstand or tolerate certain antimicrobials, and some microbes are effective at developing tolerance to antimicrobials. Microbes can upscale these abilities very quickly, and efficiently donate and share such tolerance genes with other microbes, including between species and across host types and host environments, so that many other microbial species acquire AMR capabilities (42–45). Due to virulence factors often being located in proximity to resistance genes on the genetic elements being shared such development of increased tolerance is frequently associated with increased virulence—in effect making the microbes stronger and more invasive of their surroundings and host surface, i.e., more dangerous (46–50).

When an antimicrobial is used (Figure 1), only resistant species will survive and remain. This leaves the area open to expansion and provides the surviving resistant species a competitive advantage by providing the opportunity for quick expansion into this newly unoccupied territory to seek dominance. The original species of the microbiome will also seek to repopulate the area and restore health, but they will be at a disadvantage as the resistant species will have had a head start. The path back to eubiosis with a balanced (51), highly diverse (52), mutualistic (53, 54) microbial ecosystem will, therefore, take time and the original state may never be reached—the composition of the microbiota, i.e., the species making up the microbiome, may have permanently changed, causing long-term consequences (see Introduction). Finally, during this period of upset and disruption of the microbiome, it will be easier for passing potentially inherently pathogenic microbial species to gain a foothold.

[image: Infographic showing two scenarios of microbiome changes with antimicrobial application. In dysbiosis, low diversity leads to an overgrowth of resistant microbial strains after antimicrobials. In eubiosis, balanced healthy microbiome diversity better withstands antimicrobial disruption, reducing resistant strain overgrowth. Circular diagrams with colored dots depict microbial diversity and imbalance at each stage.]

FIGURE 1
 Balanced, healthy microbiomes in the state of eubiosis vs. imbalanced, unhealthy microbiomes in the state of dysbiosis, and the impact of antimicrobials. Top row: To the left is shown a natural, healthy microbiome, which is diverse and balanced, i.e., in a state of eubiosis; and to the right an imbalanced (infected) microbiome in dysbiosis, displaying low diversity and one strain (purple) dominating which would indicate that specific strain has taken over control, leading to a change in relative abundances. An antimicrobial-resistant strain is present (red with border) in both microbiomes, but this does not cause a problem as no antimicrobials are present or being administered. Middle row: The imbalanced (infected) microbiome is exposed to antimicrobials. Only the resistant strain (red with border) survives and becomes more virulent (spikes). Shortly after antimicrobial exposure is discontinued, more strains start repopulating the area, but they are at a disadvantage, making it more difficult to gain a foothold. Some species will no longer be present and others only in reduced numbers and this loss in diversity may never be restored (fully recover). Not only has the imbalance (dysbiosis) not been solved, but the resistant and more virulent strain has taken over as the dominating, imbalance-causing, i.e., infecting, strain. The microbial composition, i.e., diversity and relative abundance, has therefore shifted permanently, which, inter alia, is likely to cause a change in the overall microbial metabolism with potentially far-reaching knock-on effects. Bottom row: When providing antimicrobials, these also inadvertently reach healthy areas. The effect of the antimicrobials on healthy microbiomes will be the same as on unhealthy microbiomes, i.e., sensitive strains will be removed and resistant, frequently more virulent strains will not only remain but be provided a competitive advantage. Antimicrobials, therefore, leave previously healthy, balanced microbiomes in dysbiosis, i.e., cause instability and possible infection in hitherto healthy areas. To simplify, only bacteria are included in the example. AMX: Antimicrobial.




Impact of antimicrobials and AMR on food webs and biogeochemical cycles

Microbes are very diverse in their nutritional and gaseous needs, and the metabolic products that they manufacture, are also highly diverse. Whilst we often describe these as break-down products, they are usually not waste products but of great value to other microbial species (4, 55–57).

With the change in composition of the microbiota, the overall consumption of resources will differ in their proportion from how they were utilised previously by the original, pre-antimicrobial microbiome (58). With some species now extinct, others fewer in number, and antimicrobial resistant species now in abundance, some resources will become superfluous while other resources will be prematurely exhausted. Similarly, some metabolites may become excessive whilst others will be missing for the optimal functioning of the microbiome, e.g., changes to the composition of the root microbiome impact plants, e.g., crop yields, growth, and response to pathogens (59–62). AMR therefore leads to a severe imbalance in ecological systems that rely on a microbiome to release, absorb and retain certain gases, moisture, and particular nutrients in the appropriate amounts (Figure 2).
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FIGURE 2
 How antimicrobials affect ecosystems. See text for explanation. Changes to the composition of the microbiota, i.e., the species making up the microbiome, affect how the microbiome supports other organisms directly dependent upon it, causing these higher, dependent organisms to function suboptimally.


Microbiomes are at the very bottom, i.e., the first, foundational step on the ladder, of all food chains in all ecological systems, and they play a vital role in all the biogeochemical cycles, e.g., water, carbon and nitrogen cycles (63, 64). Antimicrobials, consequently, directly or indirectly, influence the functioning of all ecosystems and biogeochemical resource cycles through the creation of AMR.



Spread of antimicrobials and AMR

As illustrated in Figure 3, antibiotics and antiseptics are used in the treatment of patients in hospitals, across community care, and in veterinary care (Figure 3). Antiseptics, disinfectants, and surfactants are used for cleaning in hospitals, clinics and—after Covid—even more widely in societal communal areas such as train stations, schools, and community centres. Their use is also abundant and widespread in a large number of industries such as textiles, agrochemicals, paints, lubricants, household detergents, personal care, plastics, industrial cleaning and many more, often with no evidence of benefitting.

[image: Flowchart illustrating the introduction of synthetic antimicrobials into the environment, showing pathways from human, industrial, and agricultural use through environmental entry, leading to microbiome disruption, adverse health effects, ecosystem changes, and climate change.]

FIGURE 3
 Pathway and impact of synthetic antimicrobials introduced into the environment. Please see the text for explanation. Black: Pathway of antimicrobials. Red: Impact on living organisms and ecosystems.


Generally, antibiotics are small molecules excreted intact, i.e., unmetabolised, or only partly metabolised through the urine or faeces and, similarly to antiseptics, disinfectants and surfactants, they are typically very stable chemicals having been selected for a long half-life in order to be convenient to distribute and store (65). Antimicrobials usually possess very strong binding properties, and studies have shown that the biological activity of antibiotics continue when bound to organic materials and that binding to organic matter increases their half-life (66).

Upon use, antimicrobials usually make their way to sewage plants or landfill sites. The antimicrobials on landfills and fields enter the wider environment unhindered, carried by water leaching through the soil (67). As sewage plants typically retain around 50% of the antimicrobials unmodified, all microbes that pass through the sewage plant will be exposed to high levels of many different antimicrobials, thereby substantially increasing their probability of developing AMR (68). The other half of the antimicrobials, i.e., those that are not retained, are released from the water treatment plants into the aquatic environment (58, 67, 69, 70). Having now entered the water cycle, they travel unhindered in water moving through soil, surface water, rivers, lakes and oceans as well as bind to the creatures that they pass. They are, consequently, widely and effectively dispersed (71–73). On their path, they are also taken up by plants and animals growing and living in the affected soil and water and by animals drinking from the water (69, 74), and the spread is helped even further by predators (75–78). These recycled antimicrobials are returned to humans via water and food, meat-based as well as plant-based (71, 79, 80). The antimicrobials are also carried by water evaporating from surfaces into the air, where they, by wind and clouds, are carried through the atmosphere before being released back to Earth as precipitation, including over areas uninhabited by humans (30, 81–84)—where they can now embark on a new cyclical journey. At each step of the journey, the antimicrobials will have induced AMR as well as have caused varying degrees of dysbiosis in the microbiomes they have been in contact with.



Implications

As the microbial populations change composition (Figure 3, red text), their tasks of converting essential nutrients, e.g., nitrogen, in the adequate order and at a speed adjusted to the seasonal requirements get out of sync (56, 85–89). All food webs rely on such conversions and, as a result, soil, lake and ocean floors die away, changing their structure from a porous air-filled sponge to a lifeless compact brick in which animals cannot live, and plant roots cannot penetrate to gain a foothold. The exhausted upper soil, sea and lake floors erode causing deforestation, leaving behind deserts of non-fertile land, lake and ocean beds. This again causes a change in availability of photosynthetic organisms to capture the CO2 from the atmosphere and store the carbon. Therefore, crippling the microbiomes in soil and waterways causes increased release of the greenhouse gases (GHGs), including nitrous oxide (N2O), methane (CH4), and carbon dioxide (CO2), into the atmosphere and reduces carbon capture and storage (19, 45, 56, 90–95).

The deterioration of the ocean floor causes the main currents to change their usual paths (2, 92, 96). Apart from severely impacting the long-established marine ecosystems, this modifies the travel paths of the winds (97) thereby changing the traditional precipitation patterns. In addition, the microbial imbalance influences the geographical locations where water will be released, leading precipitation to bypass certain areas, depriving them of water and causing drought and desertification, which further impedes carbon sequestration and storage. In contrast, other areas will receive precipitation in abundance leading to flooding. Furthermore, different microbial species respond differently to the cold, and, as the antimicrobials change the microbial composition and proportions in the clouds, it changes the nature of precipitation, e.g., whether it will fall as rain, snow or hail, including the number, size and weight of the droplets and hails (98–100). This can bring about thundersnow, heavy hail, and torrential rainfall which all lead to further erosion, landslides, and deforestation, thereby releasing more stored carbon into the atmosphere (101, 102).

In essence, the synchronised collaboration of the trillion species (102) constituting the microbial population in air, soil, and water is essential to the coordinated cycling of all nutrients. The synchronisation of this plethora of tightly intertwined and interdependent processes, which have developed over an evolutionary timeframe, is critical for the nutrients to be available in the right form, at the right place, at the right time and in the right amount. In other words, the microbial communities are the main regulators of the major Earth biogeochemical cycles, including water, carbon, nitrogen, oxygen and phosphorus (102). Release of antimicrobials into the environment, therefore, significantly unbalances the microbial communities and desynchronises these cycles—and thereby change the climate.




Earth climate, greenhouse gasses and AMR


Earth, her atmosphere and GHGs

Our planet sits in Space and consists of the Earth with a surrounding atmosphere that extends from the Earth’s surface and into Space. It is a closed system with essentially fixed amounts of the different types of molecules, e.g., there is a fixed amount of carbon, which must be in either the atmosphere or the Earth. The baseline temperature of outer space is 2.7 kelvins, which is the equivalent of minus 270.45°C, and the temperature of the Sun’s surface is around 15 million °C. Most life forms on Earth require temperatures in the general range from 0°C to 50°C, so the acceptable temperature range on Earth is extremely narrow compared to the surrounding environment in Space. Life on Earth uses and generates gases, including carbon dioxide, methane and nitrous oxide, whose physical properties make them insulators that retain heat around the Earth, i.e., creating a greenhouse effect. They are therefore referred to as Greenhouse Gases (GHGs). During the day, sunlight heats up the atmosphere and during the night, heat is lost to Space. Because some gases are better insulators than others, changes in the composition of the atmosphere can disturb this balance. This will change the average temperatures on Earth, and consequently affect life on Earth (3, 103).

Measurements of Antarctic ice samples taken at different depths show an atmospheric increase in CO2 levels over the past 250 years with a strongly accelerated increase since the 1950’ties (104, 105) and, since CO2 is a GHG, resultant changes in temperatures can be expected. The public discussion around mitigating climate change and reducing the GHG concentrations in the atmosphere has focused narrowly on limiting the emission of GHGs from the use of fossil fuel, and on increasing the removal of GHGs from the atmosphere, e.g., by planting more trees and by carbon-capture and storage in human-made deposits. Terrestrial and aquatic environments are, in these discussions, viewed as isolated, passive sinks that can incorporate GHGs into vegetation and bind them into organic material in soil and lake- and seabed. Animals are seen as contributors to GHGs, e.g., cattle and other ruminants have been singled out, whereas other important sources of methane emission, e.g., antibiotics as shown by Bollinger et al. (58), have been omitted from the debate. It is important to recognise that data on CO2 emissions or “the carbon footprint,” which plays a prominent role in the debate, almost exclusively represents direct GHG emissions resulting from the human use of fossil fuels and that it only includes emissions from sources believed to be important, i.e., the emission data are selective estimates using statistical data on human activity—they are not based on actual measurements of emission resulting from human activity.

An example of an important carbon source that generally is omitted in the debate and in carbon models is the release of carbon from natural storage, e.g., soil or ocean. A common carbon-offset strategy is to plant new trees without recognising and incorporating the fact that old forests store twice as much carbon compared to young forests (106). This means that a proper carbon budget needs to consider both the carbon that is removed from air as well as the carbon that is released from soil if the new planting involves clearing areas with any existing vegetation (107–109).

In general, indirect emissions caused by chemical pollution, e.g., antimicrobials, are not considered, despite a multitude of studies demonstrating the critical role of the Earth microbiome in controlling the biogeochemical cycles (2, 31, 70, 107, 108, 110–115). Considering that it was microbes that changed Earth’s atmosphere enabling our evolution and that studies confirm their continued importance in maintaining a balanced atmosphere, excluding them from these calculations is likely to result in misleading conclusions.



Impact of antimicrobials


Calculating the impact of antimicrobials on soil carbon storage

Several studies have confirmed that antimicrobials result in the release of GHGs from soil and aquatic environments (19, 58, 65), but they did not allow the estimation of the long-term impacts of antimicrobials. A recent study by Roy et al. (20) made it possible to quantify the impact of antimicrobials on the ability of soil to store carbon (see S1 for details on the calculations). They monitored areas with livestock grazers, mainly cattle, who directly received antibiotics and spread this through their faeces (primary spread), and compared this to nearby areas with native grazers, who did not receive antibiotics (therefore causing no spread). Over a period of 10 years, the area with livestock grazers consistently had 1.55 kg/m2 less carbon stored in the soil compared to the nearby area with native grazers. Analysis of soil samples found, that the area with livestock grazers had 6.44 μg antibiotic (tetracycline equivalents) per kg soil or the equivalent of 1,932 μg antibiotic per m2 soil surface (300 kg soil per m2 soil surface). In comparison, the area with native grazers had a level of 2.59 μg antibiotic per kg soil or the equivalent of 777 μg antibiotic per m2 soil surface, which presumably originated as secondary spread from precipitation and predator led introductions. Owing to the extensive spread of antibiotics by precipitation followed by uptake by plants and animals with subsequent spread within the food nets, a true control area without antibiotic contamination no longer exists (116). Assuming a linear dose-relationship between the amount of antibiotics in the soil and the impact on carbon storage, it is possible to calculate how much extra carbon that could have been stored in soil if it had contained no antibiotics. The difference in concentration of antibiotic between livestock and native grazers per m2 is 1,932 μg minus 777 μg, i.e., 1,155 μg antibiotic per m2. This releases 1.55 kg carbon per m2, i.e., 1.34 g carbon per μg antibiotic or 1.34 kg carbon per mg antibiotic. Using this number (Figure 4), it can be determined that, in the area with livestock grazers, an extra 2.59 kg carbon could have been stored per m2 if no antibiotics had been present (1.34 g carbon per μg x 1,932 μg antibiotic per m2 soil surface); and in the area with native grazers an extra 1.04 kg carbon could have been stored per m2.
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FIGURE 4
 Reductions in soil carbon storage due to primary and secondary spread of antibiotics. Based on Roy et al. (20), the loss of carbon storage per sq. meter fertile soil surface is estimated in soil with native grazers (1.04 kg/m2), i.e., secondary spread of antibiotics as the animals are not receiving and therefore not directly contributing antibiotics to the soil (orange); and in soil with livestock grazers (2.59 kg/m2), i.e., primary spread as the animals are regularly receiving antibiotics as well as secondary spread from precipitation etc. (red) (see text for details). The loss is not an annual loss, but a general reduction in storage capacity with the released amounts of carbon ending up in the atmosphere, keeping in mind that the Earth and its atmosphere form a closed system. The reduction in storage capacity owing to antibiotics is considerable. For example, using these data it can be estimated that a standard course of tetracycline would lead to a reduction in carbon storage of 2.68 tonnes carbon or 9.84 tonnes CO2 (Supplementary material S1). This is equivalent to a standard car driving around the Earth 1.47 times.




Determining the global impact

To determine the global impact of antimicrobials, the amount present in areas with livestock grazers will not be representative of fertile land areas in general, because fertile land is put to many different uses and, consequently, not uniformly subjected to primary spread of synthetic antibiotics. Instead, data from areas with only secondary spread, i.e., with native grazers, will be more reliably relevant as secondary spread occurs everywhere. Bearing in mind that Earth and its atmosphere is a closed system, and assuming that all fertile land areas on Earth are comparable to the area with native grazers, i.e., with only secondary spread, it is possible to calculate how much of the carbon in the atmosphere that could have been stored in fertile soil if synthetic antibiotics had not been present in the soil (Figure 5). Fertile land constitutes about 10% of the Earth’s surface. Consequently, owing to the secondary spread of antibiotics, 53.1 billion tonnes carbon, which is the equivalent of 194.8 billion tonnes CO2, are no longer stored in soil compared to the condition with no synthetic antibiotics in the soil, but have instead been released into the atmosphere. The carbon no longer stored in the soil is the equivalent of 7.3% of the total amount of CO2 in the atmosphere. This is 5.2 times the calculated total CO2 emissions from human activity in 2022 (21). Furthermore, the contributions resulting from the lack of capture and storage of carbon due to antimicrobials from secondary spread in non-fertile land, vegetation above ground, and oceans are not included. Other studies similarly show that antimicrobials widely impact the storage of carbon in terrestrial and aquatic environments and lead to an increase in greenhouse gases (19, 58, 117), thereby providing support for the importance of these relationships.
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FIGURE 5
 Potential storage capacity that can be realised by eliminating synthetic antimicrobials in fertile soil. Impact on capacity of primary and secondary spread of antibiotics. (A) Secondary spread in areas with native grazers: If the entire circle represents the amount of CO2 in the atmosphere in 2022, the orange section reflects the CO2 that could have been stored in soil if secondary spread of antibiotics had not occurred. The release corresponds to 194.8 billion tonnes CO2 or 7.3% of the total amount of CO2 in the atmosphere. (B) Primary and secondary spread in areas with livestock grazers: This shows the same as A, but for combined primary and secondary spread; this corresponds to 484.0 billion tonnes CO2 or 18.1% of the CO2 in the atmosphere.




Antimicrobials remain active and continue to exert their effects on the environment

The current climate debate primarily focuses on reducing or replacing the use of fossil fuels. Whilst this is a contributing factor, the burning of fossil fuel is the return of organic material that has been stored for a very long time, i.e., a process that the Earth and its systems have handled before. In contrast, antimicrobials will disrupt these foundational and interdependent systems that have evolved over an evolutionary timeframe and thereby fundamentally affect the ability of the Earth to maintain homeostasis (Figure 6). It can be argued that antimicrobial activity exists naturally in nature, but the half-life of these compounds is normally very short, and their impact will therefore be local, focused and short-lived. In contrast, synthetic antimicrobials are typically developed to be stable, enabling them to spread widely in the environment, e.g., 40–90% of antibiotics are excreted intact or as an active metabolite (65). Most eco-tox studies only measure the free fraction in water and use this to show how rapidly the substance is removed, but very many antimicrobials bind to substrates and remain active (66), meaning that most eco-toxicology reports underestimate the long-term role of these compounds.
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FIGURE 6
 Sources contributing carbon to the atmosphere and carbon’s removal from the atmosphere. The diagram emphasises how antimicrobials do not directly contribute to the amounts of carbon being cycled, but instead impact the functioning of existing cycles thereby changing the amounts. In this respect antimicrobials can be seen as acting as a non-competitive inhibitor by not competing for access to carbon, but by disrupting the processes of the carbon-cycle. Arrows represent the movement of carbon through the carbon cycle. Unlike the burning of fossil fuel, which leads to the direct emission of carbon, the effects of antimicrobials will be indirect from affecting other cycles. Its impact on carbon may therefore not necessarily be an annual contribution but rather a reduction in the levels of carbon that can be absorbed and/or stored in soil.


The impact of antibiotics on the microbial environment has been confirmed (118, 119). Antiseptics, e.g., chlorhexidine, show extended environmental half-lives and contribute to resistance and cross resistance (8, 9, 120). Nano-silver is highly toxic to the microbes required for nitrogen cycling, a process essential for plant life (121–126). Surfactants, which reduce the surface tension of water, are antimicrobial. They also change the structure of soil, affecting the ability of plants to grow, they affect cloud formation and precipitation and, by interfering with the surface tension of the oceans, they reduce the absorption of GHGs from the atmosphere into the oceans (127–130). Other chemical groups such as PFAS (“forever chemicals”), pesticides, herbicides, preservatives, and food additives are known to have antimicrobial properties (14, 15, 108, 131, 132). Finally, newer studies show, that microplastics facilitate the transfer of antimicrobial resistance, which will exacerbate these effects (133, 134).



Climate change, fossil fuel, and shortcomings in modelling

An obvious question is, whether data are available to support the current assumption that human carbon emissions from the use of fossil fuels are the primary cause of changes in atmospheric CO2 concentration? Cyclic changes in atmospheric CO2-levels are common, but the current levels are substantially higher than in the past 800,000 years (105). The rapid increase began in the late 1950’ties and the timing correlates with increases both in the use of fossil fuel and in the use of antimicrobials (135, 136), meaning that both factors could be responsible. The next question is, whether there have been recent periods with reduced or increased human GHG emissions, and whether this impacted global CO2 levels accordingly? During the Covid pandemic in 2020, the burning of fossil fuels globally was very strongly reduced over a period of several months. The reduction in calculated CO2-emission levels was strong, but the measured global rise in atmospheric CO2-levels was unaffected (103, 137, 138). The lack of impact could possibly be attributed to global buffer-systems evening out these effects; however, from 1979 to 2004 and from 2004 to 2019, the rise in calculated emissions reduced and increased, respectively, relative to their projected path, without being reflected in the measured atmospheric level of CO2 either (138). In relation to a critical role of AMR, Oyelayo et al. (139) found higher regional temperature indicative of climate change in areas with high levels of AMR, suggesting detailed studies may be able to demonstrate a connection. Together, these observations suggest that the models used to calculate global GHG emissions focus too strongly on fossil fuel and are missing critical components, one of which could be antimicrobials causing CO2 to be released from the natural storages (sometimes referred to as sinks) and not captured into natural storages (19, 20, 65, 87, 117, 130, 140, 141). Ignoring any significant contributor to CO2-emissions will mean, that incorrect conclusions are reached and that inefficient strategies are developed and followed.





The impact and consequences of using antimicrobials


Impact of antimicrobials on the spread of AMR across species and habitats via mobile genetic elements (MGEs) and horizontal gene transfer (HGT)

When an antimicrobial is applied to a microbiome-hosting body surface of either a human or an animal, e.g., skin, gut (digestive tract), lungs (respiratory tract), or vagina, it reduces the number and percentage distribution of microbial species constituting the microbiota, i.e., microbial diversity and relative abundance, respectively, as well as causes AMR. Similarly, when an antimicrobial is applied to a surface in nature, e.g., soil, water, or foliage, or to a human-created surface in the city, be it buildings or pavement, like in individuals, it reduces the microbial diversity and supports the spread of AMR among the microbial inhabitants of that surface. AMR is linked to an increase in microbial virulence of the microbial strain on the host surface (47, 142, 143), which further curtails the diversity and strengthens the dominance of resistant, virulent microbes, thereby cementing the dysbiotic state of the microbiomes.

The fact that a species or strain is resistant to antimicrobials is not, in itself, a problem, provided that no antimicrobials are used on or around it. A consequential problem of AMR is, however, that resistance capabilities to the old antimicrobials do not disappear, develop extremely quickly to any new ones, and are linked to microbial virulence. AMR and virulence factors spread very effectively, across species and habitats (144). Unlike the mammal genome, the bacterial genome possesses a high degree of plasticity, i.e., it can very rapidly alter and diversify as a response to changes in the environment. It is dynamic and can gain (insert) and lose (exert) genetic information via many different types of mobile genetic elements (MGEs) such as plasmids, integrative and conjugative elements (ICEs), bacteriophages, gene transfer agents (GTAs) and many more (145).

MGEs are, in essence, functional, extrachromosomal gene sequences capable of replicating and of generating novel recombinant mobile elements with new gene combinations (146, 147). They are self-interested and semi-autonomous and can act both mutualistically or antagonistically to the host and influence many capabilities, including metabolism, motility, virulence, biofilm production, and AMR (148). Antimicrobial resistance gene sequences (ARGs) and many virulence factors are MGEs, frequently in the shape of plasmids (148, 149). MGEs all move fragments of DNA either within the host chromosome, or to other cells’ genomes, where they are either integrated into the host chromosome or remain as extrachromosomal entities contributing to the host genome. The MGEs, therefore, create innumerable possibilities of change and adaptation of the bacterial/microbial DNA. However, carrying MGEs can also reduce the organism’s competitive advantages, i.e., it can be associated with a fitness cost, depending on the environment and the specific circumstances (150, 151).

MGEs are quickly, easily and effectively shared with other bacteria across species, phyla and across habitats via horizontal gene transfer (HGT) (144). HGT does not require generational replication, i.e., the Darwinian traditional vertical transfer, and provides a considerably less time and energy consuming method of passing capabilities on to other cells, therefore facilitating a short response time when the bacteria are faced with an unknown or uncommon challenge. Because of the myriad of possibilities for recombination and insertion, these DNA segments often present genetic rearrangements assembled from many different taxa (152). It is also worth noting that the genome can change very differently in strains across the same bacterial species (153).

HGT can occur in three ways: (1) conjugation, which physically passes the gene sequence from the cytoplasm of the donor into the cytoplasm of the recipient. It is among others the transfer method used by the plasmids and ICEs; (2) transduction, which does not require such direct contact but can be visualised as small parcels of genetic material being picked up intracellularly, couriered to other cells and inserted into their cytoplasm. It is typically exemplified by bacteriophages and gene transfer agents (GTAs); and (3) transformation, which releases DNA from the cytoplasm into the extracellular environment either by secretion, programmed cell lysis or lysis following natural cell death, or as parcels in the shape of vesicles. In essence, transformation makes a free-floating pool of readily available DNA sequences, with a very diverse library of capabilities, freely available for other microbes, as well as eucaryotes (154), to actively pick up and use (155).



MGEs are known for their role in the transmission of AMR

Apart from healthcare facilities, soil, aquatic environments, and wastewater treatment systems are major reservoirs of ARGs (149, 156–160). Free-floating ARGs, e.g., from dead bacteria or actively released vesicles, are able to persist in soil for at least 3 months (43) and for hundreds of years in deep-sea sediments (159), sea ice (161) and arctic glacial ice (162). They spread without the requirement of bacterial proximity, inter alia, via waterways and precipitation (43, 163).

With each use of an antimicrobial, be it antibiotics, antiseptics, disinfectants or others, e.g., in human or veterinary healthcare and food industry plants, the microbes develop new antimicrobial resistance gene sequences (ARGs). As bacteria have the capacity to accumulate ARGs, they not only can become resistant to multiple antimicrobials but the acquired ARGs will be used to assemble yet novel DNA sequences from ever more diverse origins (152). The pool of available gene sequences in the biosphere has been described as a single, common, shared resource for all bacteria to draw on (116). In other words, as the challenges to the microbes, e.g., the use of antimicrobials, are intensified, the tempo at which an ARG can establish a global presence has become nearly simultaneous (116), whereby it can be picked up practically everywhere across species (148) and phyla (154).

If the use of antimicrobials was reduced to an absolute minimum, it would reduce the prevalence of ARGs, but the resistance genes are unlikely to ever disappear. They would rather remain available in the global pool of extracellular DNA (159). However, data indicate that it is associated with a relatively high fitness cost to the microbes to carry these MGEs (150, 151, 164), and therefore, if the MGEs do not confer an advantage that is greater than the cost of carrying them, the carrying microbe will be at a disadvantage and over time either stop actively carrying them or be outcompeted. This means that we have the opportunity to reduce the frequency of MGEs conferring AMR gene material if we very considerably reduce our use of antimicrobials.



The impact of antimicrobials on individual microbiomes

A microbiome in a healthy state (eubiosis) is characterised by being in balance, diverse and with the inhabitants acting in mutualism, i.e., helping each other. Eubiosis is not a single, static, defined state, but rather a varying state with many possible fluctuations depending on circumstances, but with a stability characterised by diversity, mutualism and balance. A microbiome, or microbial ecosystem, is continuously affected and challenged by external factors that can severely affect its function, decreasing its stability to the point where it loses its ability to restabilise and reestablish an eubiotic state but instead reaches a state of dysbiosis, which is characterised by lack of balance, i.e., dominance by one or a few species, low diversity, and poor mutualism. This is shown in Figure 7A using diversity as the key parameter reflecting the state of the microbiome. The insert shows how the risk of complications increases as the microbiome becomes increasingly unstable and dysfunctional, e.g., increased risk of infection.
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FIGURE 7
 Schematic illustration of the impact of antimicrobial use (AMX) on the diversity of a microbiome. (A) Schematic representation of the path from eubiosis to dysbiosis of the microbiome characterised by increased instability. The insert highlights how the risk of disruption of the microbiome by external factors increases as it becomes increasingly unstable. (B) Each period of antimicrobial use increasingly reduces the diversity of the microbiome, making the return to a high level of diversity more difficult and time consuming until reaching a point where it may not be possible. (C) New studies show that it is possible to affect the level of diversity reached by the microbiome and its speed of recovery, suggesting that steps can actively be taken to support the recovery of affected environments.


The use of an antimicrobial will reduce the diversity of a microbiome (Figure 7B). Each different type of antimicrobial will target a different sub-population within the microbiome thereby reducing diversity further, and each use of the same antimicrobial will exacerbate the lack of diversity already effected on the microbiome and obstruct any potential attempt of repopulation that could have been underway. Therefore, each exposure to an antimicrobial weakens the microbiome accumulatively destabilising the state of the microbiome. Each exposure will, consequently, reduce the ability of the microbiome to withstand attacks by pathogens or to prevent one or a few commensals from seizing control, and will thereby increase the risk of infection. For example, extremely severe, often fatal, antimicrobial-resistant infections such as necrotizing fasciitis (in skin microbiome) and Clostridioides difficile (in gut microbiome) are typically both rooted in dysbiosis characterised by very low diversity and strong dominance of an opportunistic or true pathogenic strain or species. In plants, exceptionally aggressive bacterial and fungal cankers, rot and wilt (165, 166) are examples of similarly aggressive infections allowed to develop owing to drastic reductions in diversity. Desertificated soil equally suffers from dysbiosis.

As a microbiome gradually slides from the balanced, diverse eubiotic state towards the imbalanced dysbiotic state, an increasing level of instability in the microbiome affects its functioning and impacts its capacity, e.g., long-term consequences were reported in humans even following normal antibiotic use (see Introduction). Studies have shown that plant diversity correlates with carbon storage (85, 167, 168) and that monoculture or few species cultures increase the prevalence of plant pest and illness (169, 170), highlighting that low species diversity in these ecosystems impact function in a manner similar to microbiomes. In town environments, air pollution impacts the diversity of the human respiratory microbiome (171) and can lead to increases in, e.g., child diabetes, asthma and allergies (172) and, similarly in plants, low air quality may increase the risk of disease, including foliar disease (165, 166). Given that the spread of antimicrobials and ARGs is both airborne and waterborne (30, 163, 173–175), it is impossible to compartmentalise spread when seeking illness prevention and new treatment approaches. Rather, this new understanding reflects the connectedness of all species and all environments and how similar the consequences are at different ecosystem levels, e.g., the consequences of low diversity in microbial and macro ecosystems.

Studies confirm that when the use of antimicrobials is stopped the systems will gradually move towards reestablishing eubiosis (6, 176–179). However, the new state of eubiosis will usually be different compared to the state prior to the exposure to antimicrobials (180), and the recovery will be complicated by the fact that once certain, often abundant, microbial species have fallen below a certain level, they are no longer able to survive and bounce back but instead disappear from that microbiome permanently (54).

The time and path to reach a new state of eubiosis will depend upon the type of microbiome and the degree of severity with which it was affected. An encouraging finding in both human and plant systems (Figure 7C) is that it is possible to positively impact the level of diversity in a recovering microbial environment. This means that we can influence the robustness of the recovery of these ecosystems (170, 177) and increase the level of carbon storage (85). However, any improvement would be counteracted by returning to the use of antimicrobials.




RRR—replace, remove, reduce

The findings indicate that, to counteract climate change, one important goal is to reduce the total exposure of nature to synthetic antimicrobials. Over time, this should lead to a reduced prevalence of AMR and increased diversity and balance in the microbial environment with a resulting increased storage of carbon. The most effective approach is to replace the use of antimicrobials with a non-antimicrobial approach, because this circumvents the entire problem, assuming the new approach is clinically equal or superior and environmentally friendly. The second most effective approach is removal, e.g., to develop compounds that are rendered inactive and harmless as quickly as possible after having served their purpose, e.g., through metabolic breakdown, rapid environmental degradation (129, 181), or by destroying them before entering the environment, e.g., in community care collecting medical waste containing antimicrobials and disposing of it sensibly, as opposed to it currently being disposed of with normal household waste. Finally, reducing the amounts used, e.g., by not prescribing antibiotics for conditions against which they are known to be ineffective, and by using diagnostic tools to confirm that the specific bacterial strain is sensitive to the chosen antibiotic before prescribing them.


Treatment of infection

Replacing antimicrobials by novel approaches will be the most effective solution and should be the aim. This, however, requires that novel treatments are identified, which is challenging (182, 183). Another more practical hindrance is the integration of new treatments into healthcare, which on average takes 17 years from an invention has been demonstrated effective and approved until it is used routinely, with about half of the inventions not surviving this delay (184). For example in wound care, current standard care is primarily based on antimicrobials even though they are known to be ineffective (185–187) and the US FDA consequently has characterised wounds not healing spontaneously as an unmet clinical need (188). The amount of antimicrobials used in wound care is substantial, e.g., in the UK alone, 559 tonnes of antibiotics will be used in 2025 in the treatment of wounds without providing any clinical benefits (189).


Treating wound infection via the microbiome-immune axis

A new technology, micropore particle technology (MPPT), has been available since 2016, which uses only physical forces to interact with the wound microbiome, i.e., no antimicrobial action. These actions disrupt the microbial defence systems, whereby the host immune system regains the ability to regulate the wound microbiome and restore eubiosis. Wound infection, including AMR infection, can now be removed, allowing wound closure to proceed, including in immunocompromised patients (189–194). The approach is also effective in treating highly aggressive infections such as necrotizing fasciitis as well as spreading infections that respond neither to amputations nor to aggressive regimes of antibiotics and antiseptics (195).

Unlike antimicrobial approaches, MPPT does not affect the diversity or the number of microbes in the microbiome, because it does not kill anything. Instead, it temporarily disarms all the microbes allowing the immune system to regain control. This has two implications. First, as shown in Figure 8, the microbial balance in areas without infection is not affected by the treatment, whereas the balance, when using antimicrobials, is severely disturbed with the risk of causing long-term effects as previously described. Second, MPPT exerts no external selection pressure on the microbes, because it does not kill anything and is consequently unlikely to lead to the development of resistance, i.e., it decouples the issue of resistance from MPPT. Essentially, any approach that places a general selection pressure on microbes will result in resistance, e.g., resistance to chlorine in drinking water and to UV-light have been found (196, 197). Bacterial communities actively respond to new dangers by developing new defence capabilities, where the individual members of the community each use a trial-and-error approach to identify an effective solution, and, once this has been identified, it is rapidly shared across the colony (45). Therefore, it is safe to assume that all antimicrobial approaches will result in resistance at some point.
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FIGURE 8
 Comparison of the effects of MPPT vs. antimicrobials on the infected (left columns) and the healthy (right columns) microbiome of a wound with a resistant bacterial strain present. MPPT acts by disrupting bacterial defences (toxins and biofilm) without killing any organisms, whereas antimicrobials will kill the bacteria unless they are resistant to its effects (second row). MPPT will therefore not change the composition of the healthy microbiome and, in the infected microbiome, the immune system will selectively be able to remove the bacteria that need to be removed in order to reestablish eubiosis. In contrast, antimicrobials will kill all sensitive strains, whereas resistant strains will survive and often become hyper-virulent due to the exposure to the antimicrobial. The removal of sensitive strains will give the resistant strain a competitive advantage because it unhindered can populate the now bare area. AMX: Antimicrobial.


Microbes also try to develop defences against the immune system but, unlike human-made treatments, the immune system co-evolves as the microbes change their tactics. In comparison, we first need to understand what happened, then we have to develop a new treatment, this needs regulatory approval, and finally it needs 17 years to come into routine use. Compared to microbes and the immune system, our responses are therefore very slow and ineffective, as clearly illustrated by our increasing inability to treat infections despite the danger of AMR having been known since 1917, when resistance to arsphenamine, the first widely used antibiotic introduced in 1910, was seen (135, 136, 198, 199).

The principle of supporting the bacterial-immune system collaboration is not unique to MPPT as studies have shown positive bacterial-immune system interactions in colorectal cancer (200) and in head and neck squamous cell carcinoma (201). These observations further point to a new important research field within the immune-bacterial axis, which, owing to MPPT, is known to be feasible and can be developed into new treatments. The challenge will of course be to identify feasible methods to support these collaborations. As such immune-microbial supporting research to replace antibiotics is likely to take time, the immediate, interim, short-term solutions are more likely to resort to reducing the environmental impact of antibiotics with a more traditional mode-of-action (202–204), but with a short half-life.




Infection control and prevention in healthcare settings, agriculture and industrial plants

In the realm of infection control and prevention, e.g., in healthcare settings, the spread of life-threatening multi-resistant infectious diseases represent a considerable and recurrent problem (205–207). We have, for example, for many years endeavoured to keep our hospitals free from spreading severe infections by reducing the bioburden, i.e., the number of microbes, on surfaces. However, where this approach is used extensively, hospitals are plagued by highly resistant virulent bacterial strains, e.g., the high mortality rates on neonatal wards indicate that this strategy is unsuccessful (208).

In a clean-room, the combination of disinfectant cleaning, controlled entry, and highly filtered, contained air can reduce the bioburden, but in a space with ambient air and traffic of individuals, this is not possible. The bioburden cannot be reduced but will only be substituted by a different microbial population, which is what repeated use of antimicrobials in the shape of disinfectants do in healthcare and food industry settings. However, as they alter the microbiome in these spaces, they disrupt its stability and leaves weak, unstable patches and even temporarily free spaces for pathogens to populate and prosper. Also, whilst the disinfectants may kill the bacteria, they do not necessarily disrupt or remove their genetic material. This means that the MGEs, including ARGs and virulence factors, from the killed bacteria are left as a free-floating pool for the next patient’s bacteria/microbes to pick up, use and pass on.

From natural biological systems, it is known that surfaces are protected by their microbiome and that high diversity and mutualism is a requirement for stability and a healthy state (54, 209–211). The microbiota, i.e., the population of microbes pertaining to the microbiome, may fluctuate according to many environmental and internal factors, but the core microbiota is stable and a well-established biofilm protects the system. Contrary to common belief, biofilm generally plays a positive, protective role on surfaces, including for example on human skin (212). The microbiome therefore occupies the whole surface space leaving no free space for outsider microbes to populate and gain a foothold.


Using microbiomes to control and prevent the spread of infection

A replacement strategy to disinfectants could consequently be to keep surfaces hygienic without the use of antimicrobials and to allow natural diverse communities of microbes to settle and flourish in such a manner that they keep pathogens out. This is the strategy used by bodies, plants and ecosystems, and in light of the disastrous environments that we have created in our healthcare environments, it seems likely that working in harmony with our natural microbiomes instead of against them, would be a more productive and effective approach to controlling environments and preventing infections. This approach is not novel but may be what Florence Nightengale relied upon, when insisting on allowing fresh air into the wards (213, 214).




An experiment in the development and impact of AMR on health—the International Space Station

An unintended long-term human experiment has further illustrated how the use of antimicrobials on a healthy microbiome is, in itself, disease-causing. On the International Space Station (ISS), the crew wash their skin and hair exclusively with a cocktail of antimicrobials agents, i.e., specially designed “non-rinse-soap.” The ISS is a closed system with only rare additions of new microbes, when supplies or new crew arrive. The state of the skin microbiome is therefore the direct result of the impact of all the stressors on the skin whilst in space. The result was a very high prevalence of antimicrobial resistant strains and the crew reporting impaired wound healing and changes in skin and hair structure, i.e., typical signs of dysbiosis (215, 216). Wang et al. (217) have shown that the skin microbiome is directly involved in wound healing and tissue regeneration and that this system is disrupted by antimicrobials. The process leading to such dysbiosis is illustrated in Figure 1, bottom row. On the ISS, there will be the added contributions of microgravity and radiation, but the use of antimicrobials will disrupt the ability of the skin to respond optimally to such stressors and mitigate their impact. Such a disruption will also impair other external bodily surfaces, e.g., lungs and gut, including their provision of essential factors to the body. Unless solved, this will also be a limitation on deep space exploration. The ISS and the Earth are both closed systems. The observations on the ISS are therefore likely to be mirrored on Earth, although at a different time scale due to their difference in size. The prospect, however, is that the Earth gradually will become uninhabitable to life-forms whose health depends on microbes.




Discussion

The key conclusions that can be drawn are that human, animal, plant and environmental health are interdependent and that microbial health in the sense of diversity, balance, and mutualism is an equal necessity for all. When this is disrupted, everyone is affected in essentially the same manner—the specific symptoms may differ, but the biological basis is the same. We therefore need to update our view of microbes and realise that any use of antimicrobials invariably is associated with considerable collateral damage. However, we also know that, if we refrain from using antimicrobials, ARGs lose their importance and will decrease in prevalence over time.

Antimicrobials affect microbial health, and soil carbon storage has been shown to strongly depend on microbial health. Consequently, this means that GHG levels are impacted by our use of antimicrobials. However, the current climate debate focuses exclusively on GHG emissions caused by the burning of fossil fuels and it excludes contributions from other aspects of human activity, e.g., the use of chemicals that damage the Earth microbiome, i.e., the very system that created the existing atmosphere in the first place. Our destruction of the microbial environments affects the Earth at a very fundamental level and will disrupt the ability of the Earth to compensate for human activity (Figure 6). Whereas reduction in GHG emissions from fossil fuels is essential, the impact of emission reductions will be minimal if we continue disrupting the primary controllers of our atmosphere, namely the microbes. This is comparable to symptomatic versus curative treatment in healthcare. Whereas symptomatic treatment can help alleviate and even prolong the decline, it does not address the root cause and therefore, cannot restore the patient to health. A very large body of scientific evidence points to the importance of microbial systems in controlling and regulating Earth’s environment and, by not including these in the debate, we are most likely ignoring the root-cause of climate change. Changing the focus from carbon emissions to environmental sustainability and ensuring that a broader range of relevant factors and their impact on Earth are included in the models, would allow us to weigh factors against each other to reach better solutions for both the planet and its inhabitants, including solutions that would be acceptable to most people and therefore easier/possible to effectively implement.

The overall finding is therefore that a large body of data indicate that the increase in AMR is not due to climate change but that increases in AMR strongly contribute to climate change, i.e., the reverse of what is normally assumed. Given the urgency of addressing climate change, steps to limit the release of antimicrobials into nature should, therefore, be taken immediately, i.e., there is no need to wait for new research because the spread of AMR is an established problem, and it is well-known that all chemicals with antimicrobial effect contribute to AMR. The impact on Earth of antimicrobials is a function of their level of use and their use should therefore, as a first step, be replaced where possible and be restricted to areas where they are genuinely and demonstrably needed. There is currently an extensive use in a long line of non-essential areas, e.g., clothing, cosmetics, paints, plastics, limescale removers, and all-purpose cleaners with no critical, justifiable need, and policies to eliminate this use should be implemented immediately and without transition periods (218) because all of these products were until recently readily produced and consumed without the need of antimicrobials. Also, carbon and climate models should be changed to incorporate both direct and indirect impact of activities on GHGs, for example the use of antimicrobials or the clearcutting of our old forests (109), and to include all the most relevant factors, including capture, storage and release of carbon, to allow direct comparisons of the way different activities impact the climate. The healthcare sector is responsible for an extensive use of antimicrobials, and, whereas this is justified, the use should be strongly limited to areas where equal or better alternatives are not yet available and where they are shown to offer clear clinical benefits.
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The olive tree and its derivatives—olives, olive oil, and their by-products—are foundational to the Mediterranean diet and are increasingly recognized for their roles in nutrition, medicine, and ecological sustainability. Indeed, one of the most prominent examples of sustainable production and consumption paradigm in a changing climate lies in the olive sector, approached within One Health framework, i.e., the interconnectedness of human health with animal and environmental health. This review explores the multifaceted roles of olive cultivation, olive oil production and consumption, and olive by-products in relation to health benefits, sustainable agriculture, and environmental impact. Olive oil consumption offers significant human health benefits, primarily involving its anti-inflammatory and antioxidant properties. These effects, largely attributed to its rich composition of monounsaturated fatty acids and other antioxidants, mediate its cardioprotective and neuroprotective roles. Beyond human health, olive oil cultivation and its by-products (such as pomace and mill wastewater) have gained attention as valuable feed additives in animal nutrition. These enhance livestock health and welfare, improve meat and dairy quality, and promote sustainable agricultural practices and bioenergy production—ultimately reducing environmental impact and supporting circular economies. From an environmental perspective, the olive sector contributes meaningfully to soil conservation, biodiversity support, and climate change mitigation through carbon sequestration and reduced greenhouse gas emissions. As such, the olive tree is more than a source of a valuable food product: it is a nexus of sustainable development, public health, and ecosystem stewardship. Considering the olive sector within the One Health paradigm highlights its relevance in addressing global challenges at the intersection of food systems, health, and environmental sustainability.
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1 Introduction

One Health is a multi-sectoral approach which recognizes that human health is connected to animal health and to the environment, emphasizing the need for integrated actions to address global health challenges (1, 2). Olives and olive oil, renowned for their nutritional and medicinal properties, represents a compelling case study within this framework due to its significant impacts across all three domains (3, 4) (Figure 1).
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FIGURE 1
 The One Health approach in the context of olives, olive oil and their by-products. The blue section highlights implications for human health, including nutrition, medical applications, and disease prevention. The brown section focuses on animal health, covering aspects such as livestock nutrition, nutraceuticals, food quality and security. The green section represents environmental health, including carbon and soil stewardship, circular bioproducts, and renewable bioenergy. The figure was created using BioRender (https://BioRender.com).


As a staple of the Mediterranean diet, olives and olive oil has been celebrated for centuries for its role in promoting health and longevity, an acknowledgment reflected in its recognition by UNESCO as part of the Mediterranean diet’s Intangible Cultural Heritage of Humanity (5, 6). More recently, the concept has been expanded beyond the Mediterranean basin through the “Planeterranean” food-pyramid proposal for Asia, which adapts the diet’s sustainability and health principles to regional culinary traditions (7, 8). Rich in monounsaturated fats, polyphenols and antioxidants, olive oil consumption has been linked to up to a 31% reduction in cardiovascular events, a 28% lower risk of dementia-related death, and anti-inflammatory effects, including reductions in inflammatory markers, such as C-reactive protein and interleukin-6 (9–22). While most associations come from observational studies and should be interpreted with caution, evidence from intervention trials is growing. Some findings, especially in cognition, remain mixed, highlighting the need for more long-term randomized studies (16, 17). However, the relevance of olives and olive oil extends beyond human health. From an environmental perspective, the cultivation of olive trees plays an important role in promoting biodiversity, improving soil quality, and mitigating climate change through carbon sequestration (23, 24). In addition, by-products of olive oil production (such as pomace, leaves, pits and even mill wastewater) together represent up to 78% of the olive mass and are increasingly valorised in livestock feed. These by-products can replace 15–20% of conventional concentrate ruminant diets (the grain-based, high-energy component that complements bulkier forage), thereby closing resource loops within a circular One Health framework (Figure 2). This practice supports animal health, improves production efficiency, and reduces agricultural waste (25, 26), in accordance with circular economy principles and contributing to more sustainable agricultural systems (27, 28).
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FIGURE 2
 Olive oil production process and the utilization of its by-products. Olives (containing 10–25% Oil, 20–35% Dry Matter, 25–35% Pits, 65–75% Pulp and 45–55% Olive Water) are harvested and processed to produce olive oil. The resulting by-products—de-stoned pomace (the by-product of olive oil extraction after the pit has been removed from the olive paste), olive mill wastewater, olive leaves, olive seeds, and olive cake (the remaining pulp, skins, and sometimes stones after the oil has been extracted from the olives)—are repurposed into a variety of applications, including livestock nutrition, nutraceuticals and pharmaceuticals, water irrigation, biodiversity and soil conservation, carbon sequestration, bioenergy production and biodegradable packaging. The figure was created using BioRender (https://BioRender.com).


Considering olive cultivation in a One Health framework allows for a comprehensive assessment of the multifaceted contributions of olive tree and olives to human, animal, and environmental health. This integrated perspective highlights their potential not only as valuable nutritional and economic resources, but also as a crop that addresses critical global challenges related to sustainability, food security, and health. This review considers the role of olives, olive oil and their by-products within the One Health paradigm, and focuses on their health benefits, sustainable agricultural production practices and environmental implications of its production.



2 The health benefits of olives, olive oil and their by-products

The health-promoting properties of olives and olive oil are well-established, and supported by clinical, epidemiological and laboratory studies. They contain monounsaturated fatty acids (MUFAs), polyphenols, sterols and tocopherols which exhibit therapeutic potential for both humans and animals (11, 29–34).


2.1 Human health

Multiple studies have demonstrated the cardioprotective effects of olive oil, largely attributed to its rich content of MUFAs (primarily oleic acid) and a diverse array of bioactive compounds, including tocopherols, squalene, phytosterols, and various polyphenols (e.g., oleocanthal and oleuropein) (10, 11, 35, 36). These constituents help mitigate oxidative stress, inflammation, and lipid oxidation—key processes in the pathogenesis of atherosclerosis and other chronic diseases. Notably, phenolic alcohols (e.g., hydroxytyrosol, tyrosol), secoiridoids (e.g., oleuropein aglycone, oleacein, oleocanthal), lignans (e.g., (+)-pinoresinol, (+)-acetoxypinoresinol), and α-tocopherol have been identified as major contributors to the antioxidant and anti-inflammatory properties of extra virgin olive oil (EVOO) (3, 10, 35, 37–40). Reflecting these benefits, olive oil polyphenols (particularly hydroxytyrosol and its derivatives) have earned a health claim endorsement under EC Regulation 432/2012 (41). More recently, advances in machine learning and artificial intelligence (AI) have been applied to identify EVOO phytochemicals with the highest potential to modulate disease-associated protein networks, offering new opportunities for precision nutrition (42).

EVOO phenolics directly scavenge reactive oxygen species (ROS) (such as superoxide and hydroxyl and peroxyl radicals) through hydrogen atom donation. Compounds like hydroxytyrosol (HT) and oleuropein (OLE) also chelate transition metals (Fe2+, Cu2+), reducing oxidative damage (29, 43). Furthermore, these bioactives enhance endogenous antioxidant defense systems leading to increased expression of antioxidant enzymes, including superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx), and heme oxygenase-1 (HO-1) (44, 45). In addition, EVOO compounds (e.g., OLE and HT) inhibit pro-oxidant enzymes [such as NADPH oxidase (NOX2/4) and xanthine oxidase], further reducing ROS generation (29, 46).

Olive oil constituents also modulate inflammation through several complementary pathways (47). Oleocanthal inhibits cyclooxygenase-1 and -2 (COX-1/COX-2), reducing prostaglandin synthesis in a manner similar to non-steroidal anti-inflammatory drugs (NSAIDs) (3, 48). Hydroxytyrosol and OLE suppress the NF-κB and AP-1 pathways, leading to reduced production of pro-inflammatory cytokines, including tumor necrosis factor alpha (TNF-α), interleukin 1β (IL-1β), and interleukin 6 (IL-6) (29, 43). In addition, HT has been found to interfere with the NLRP3 inflammatory complex, thereby limiting the activation of downstream inflammatory signals (49). Notably, a recent meta-analysis concluded that EVOO consumption did not consistently lower inflammatory markers (such as CRP or IL-6), reflecting variability in findings across intervention trials (50). The antioxidant and anti-inflammatory properties of EVOO translate into multiple cardiovascular health benefits (21). By reducing low-density lipoprotein (LDL) oxidation and enhancing high-density lipoprotein (HDL) functionality, EVOO constituents help prevent the accumulation of cholesterol-laden immune cells that drive atherosclerotic plaque development (10, 11, 36, 51). In hypercholesterolaemic subjects, higher nitric oxide (ΝΟ) bioavailability and lower oxidative stress after a high-phenolic EVOO meal improve endothelial-dependent vasodilation (ischemic reactive hyperaemia), an early protective mechanism against atherosclerosis (52). Moreover, longer-term olive oil interventions have been shown in multiple randomized controlled trials to increase brachial artery flow-mediated dilation, a marker of vascular health and predictor of reduced cardiovascular risk (53). Inhibition of platelet aggregation through lowering thromboxane A₂ production by oleocanthal supports anti-thrombotic effects (3, 48). Large clinical trials—most notably PREDIMED, a Spanish multicentre randomized controlled trial in 7,447 high-risk adults testing a Mediterranean diet supplemented with EVOO against a low-fat control—showed a significant reduction in rates of major cardiovascular events, indicating cardiovascular benefits linked to EVOO supplementation (11). Systematic reviews of similar interventions report modest improvements in standard lipid measures, such as LDL-C, HDL-C and triglycerides (54). In addition, a large meta-analysis of 33 randomized clinical trials found that EVOO consumption lowered fasting insulin and insulin resistance, as measured by the homeostasis model assessment of insulin resistance (HOMA-IR), but, interestingly, had no consistent effects on inflammatory markers (CRP, IL-6), lipids, or blood pressure (55). These findings suggest that while EVOO shows clear benefits for insulin sensitivity, its effects on inflammation and cardiometabolic risk factors remain heterogeneous across trials, which may help explain differences compared with individual studies reporting positive results.

EVOO has been associated with a lower risk of neurodegenerative diseases (including Alzheimer’s and Parkinson’s) (56–59) through multiple mechanisms. Preclinical and observational human studies suggest that phenolic components of olive oil (such as HT and oleacein)—may help preserve cognitive health in aging by modulating oxidative stress and inflammation; however, clinical trial evidence remains limited and inconsistent (60). Randomized clinical trials have reported improvements in memory performance and clinical dementia ratings in individuals with mild cognitive impairment following high-phenolic EVOO consumption (13). Activation of antioxidant enzymes (e.g., SOD and catalase) preserves mitochondrial integrity and promotes neuronal survival, a crucial effect given the overwhelming evidence implicating mitochondrial dysfunction as a causal factor in these diseases (29, 43, 58). EVOO secoiridoids (especially oleocanthal and oleacein) help strengthen the protective barriers between brain cells and reduce processes that can damage brain tissue (61, 62), maintaining blood–brain barrier function and preserving neuronal connectivity (13). Moreover, in Parkinson’s disease models, EVOO phenolics (HT, oleacein, mixed phenolic extracts) modulate microglial activation, thereby lowering IL-1β and TNF-α release and attenuating neuro-inflammation (63–65). Recent reviews suggest that dietary polyphenols (e.g., sulforaphane, resveratrol, luteolin, curcumin) improve oxidative stress and inflammation in autism models, alleviating impaired sociability and repetitive behaviors (66, 67). Small clinical studies have reported modest benefits in irritability and hyperactivity (68), although confirmatory trials are still lacking (66, 67, 69).

Epidemiological and clinical data indicate that regular EVOO consumption helps prevent and manage type 2 diabetes (12, 70, 71). In Mediterranean-diet cohorts, including the PREDIMED trial, higher EVOO intake was associated with markedly lower diabetes incidence compared to a low-fat control diet (12, 70). This finding is consistent with modest improvements in fasting glucose and insulin sensitivity observed in randomized EVOO trials (71, 72). Meta-analyses of Mediterranean diet adherence report an overall 16–19% risk reduction of diabetes (71, 72), and a recent dose–response meta-analysis that include cohort studies and randomized clinical trials found a 13–22% reduction in the risk of type 2 diabetes with daily olive oil consumption emphasizing the need for further randomized clinical trials to confirm causality (73). EVOO phenolics also display anti-cancer properties through multiple, complementary actions, including (i) repression of oxidative DNA damage, (ii) modulation of estrogen-receptor signaling, (iii) inhibition of pro-tumor inflammatory and angiogenic pathways, and (iv) promotion of tumor-cell apoptosis while blocking metastasis (29, 74–77). Population studies have linked higher olive oil intake to lower incidence of hormone-dependent malignancies, such as breast and ovarian cancer (78, 79). In addition, EVOO-derived compounds (like oleocanthal and OLE) have been shown to suppress proliferation across a range of tumor cell lines in vitro (80). Collectively, these anti-proliferative, pro-apoptotic and anti-angiogenic effects position EVOO polyphenols as plausible nutritional supplements for cancer prevention. While these findings are promising, most are derived from preclinical or observational studies. Clinical trials are needed to confirm whether these effects translate into consistent cancer risk reduction in humans. These mechanisms—particularly the modulation of oxidative stress and inflammatory pathways—are also relevant in animals, where olive-derived compounds demonstrate similar pathophysiological benefits.



2.2 Animal health

Olive oil, in combination with by-products from olive cultivation and processing (such as pomace, mill wastewater, leaves, and stones or seeds) is increasingly valued as a source of functional feed additives, due to their rich content of bioactive compounds, including polyphenols, MUFAs, sterols, and dietary fiber (25, 26, 81–87). These components offer antioxidant, antimicrobial, and anti-inflammatory properties, making them beneficial for animal nutrition and health, while contributing to sustainable waste management in olive oil production (86, 88–91).

In ruminants, incorporating olive oil by-products into feed has demonstrated notable nutritional and health benefits. For example, supplementation of diets with polyphenol-rich extracts from olive mill wastewater led to reductions in the urea content (up to 16%) and somatic cell counts (up to 59%) in Sarda ewes—findings indicative of improved udder health and reduced inflammation (92). In cattle, similar dietary inclusion of olive by-products (e.g., olive pomace) enhanced milk quality, increasing MUFA levels (≈5%) while reducing saturated fats (≈7%) (85, 93).

In swine, supplementing diets with HT- and polyphenol-rich olive by-products have been found to enhance immune function, reduce oxidative stress, and improve lipid metabolism (26, 86, 94). Studies indicate that HT not only supports antioxidant defense mechanisms but also mitigates inflammatory responses, which may contribute to better overall health and productivity in pigs (26, 95, 96). When destoned olive cake was included as 5–10% of the total feed, finishing pigs showed improved feed conversion ratios (FCR), reduced back-fat thickness and a healthier intramuscular fatty-acid profile, i.e., richer in MUFAs and polyunsaturated fatty acids (PUFAs) (97). In addition, supplementation of finishing diets with a polyphenol extract from olive mill wastewater positively remodeled gut microbiota and intestinal morphology, changes that support better gastrointestinal health (98).

In poultry production, the benefits of dietary supplementation with olive oil and its by-products have been well-documented, particularly for egg and meat quality (87, 99–102). Diets supplemented with 2–5% olive oil can lead to egg yolks with higher levels of the total unsaturated (mainly monounsaturated) fatty acid content (100). Similarly, the fortification of rations with 4–6% dried olive pulp deepened yolk color, reduced shell defects and positively modulated gut microbiota (103). Reductions in hens’ serum cholesterol have been reported, but evidence for direct cholesterol reduction in egg yolks remains inconclusive (100). Modification in the lipid composition of eggs is of particular interest given that eggs are a daily staple in many diets and, accordingly, even modest improvements in their nutrient profile could have a substantial public health impact. In broiler chickens, diets containing 2% or 4% olive cake meal (supplemented with Bacillus licheniformis) have been shown to improve weight gain and FCR, reflecting enhanced feed efficiency (104). Similarly, olive oil supplementation enhanced body weight gain, while olive cake inclusion (up to 15%) maintained feed intake and efficiency, with 10% boosting feed conversion and improving survival rates (105–107). Broilers given HT-rich olive by-products (e.g., olive mill wastewater permeate or polyphenol-rich EVOO) showed enhanced antioxidant status (as evidenced by higher catalase and superoxide-dismutase activities and lower lipid and protein oxidation in blood and tissues), while growth performance (body-weight gain and feed-conversion ratio) remained largely unchanged (108, 109). Incorporation of 5% olive oil in broiler diets improved the unsaturated-to-saturated fatty acid ratio in breast and drumstick meat while reducing serum triglyceride levels and increasing HDL cholesterol. However, early growth performance of the animals was slightly reduced (110). Overall, supplementation with olive oil and by-products in broilers enhances antioxidant status—an important benefit given that stressors common in commercial poultry production (environmental, pathogenic, and nutritional) negatively impact growth, health, and feed efficiency. However, the effects on growth performance remain inconsistent.

Beyond nutritional benefits, olive oil and its by-products enhance immune function and gut microbiota balance in livestock (26, 111). Enriched diets lower oxidative stress markers, improve animal health, and reduce antibiotic need, contributing to antimicrobial resistance mitigation (26, 86–89, 112, 113). Key phenolics (e.g., OLE and HT) modulate inflammatory and oxidative stress pathways, enhancing resilience (90). In broilers, dietary supplementation with olive oil increased antibody titers against Newcastle disease virus (105), while olive-derived supplements, up-regulated antioxidant enzymes (HO-1, SOD, catalase, GPx), and boosted IL-2/interferon-γ and IgA-IgG-IgM levels, changes that strengthen immune defenses (26, 83, 114). Inclusion of olive by-products in feed can also mitigate antimicrobial resistance by lowering caecal multidrug-resistant Campylobacter and ESBL (extended spectrum beta-lactamase)-producing E. coli loads and, in vitro, OLE and oleocanthal have been shown to inhibit bacterial efflux pumps and biofilm formation (115). Hydroxytyrosol has demonstrated antioxidant and immunomodulatory effects in immunosuppressed broiler chickens, by improving gut health, lowering inflammation, and strengthening important immune cells (e.g., CD4+ and CD8+ T-cells) (113). In swine, dietary supplementation with polyphenol-rich olive extracts fostered beneficial gut bacteria, suppressed pathogens, and promoted digestion and gut health (116, 117).

Feeding olive oil or its processing by-products to livestock consistently yields foods of animal origin with a more favorable lipid profile. In finishing pigs, replacing 5–10% of the concentrate portion of the diet with destoned olive cake increased the proportions of MUFA + PUFA in muscle without impairing growth performance (97). Dairy products also show improvements. For example, including olive cake in cow diets increased the oleic and conjugated linoleic acid content of cheese without affecting milk yield, and enhanced the appearance, aroma and flavor of the cheese (118). Similarly, when 8% olive cake was incorporated into Holstein cow rations, the resulting Provola cheese contained more oleic acid and retained bioactive polyphenols (119). In broiler chickens, adding 2.5–10% dried olive pulp produced breast meat richer in oleic acid and less prone to oxidation (101, 120). Collectively, these studies demonstrate that incorporating olive oil by-products into livestock feed can transform Mediterranean agro-waste into value-added pork, poultry, and dairy products with improved fatty-acid profiles and oxidative stability—traits that support their classification as functional foods. Beyond their nutritional value, olive-derived products also influence environmental dynamics—directly through agricultural practices and indirectly by shaping circular systems that impact soil, biodiversity, and climate resilience. These broader ecological roles are explored in the following section.




3 Impacts on environmental health and climate

The incorporation of olive oil by-products into animal feed provides both environmental and economic benefits (27). Olive oil production generates substantial waste, and repurposing these materials as livestock feed reduces pollution, supports sustainable waste management, and promotes circular economy principles (121, 122). By replacing a portion of conventional cereal-based feeds, olive by-products lower the ecological footprint of livestock production, and enhance resource efficiency (84, 85, 121, 123). Given that intensive agriculture consumes vast amounts of water, energy, and agrochemicals—accounting for ≈70% of global freshwater withdrawals (124, 125)—shifting feed sources away from high-input crops can yield measurable life-cycle savings and free water for human use. Anaerobic digestion of olive mill wastewater fosters also a circular economy by generating biogas and nutrient-rich digestate suitable for fertilization (126, 127), while olive seeds can be processed into functional protein isolates for food or feed applications, providing an additional high-value route for the valorisation of olive-mill solids (128, 129).

Olive trees, known for their longevity and adaptability, play a key role in Mediterranean agroecosystems by conserving soil, enhancing biodiversity, and supporting agroecological stability through their deep-root systems and low-input requirements (130, 131). Although well adapted to semi-arid climates, increasing exposure to prolonged droughts, temperature extremes and erratic weather are posing risks to olive trees yields and grove resilience (132).

These risks are projected to intensify under future climatic changes (particularly in the Mediterranean region), with possible negative consequences for the composition and nutritional quality of olive oil, as well as the sector’s long-term productive capacity (133). Paradoxically, these same shifts have expanded the geographical range of olive cultivation, enabling the crop to be established in regions previously considered unsuitable (133, 134). These considerations highlight the importance—but also the uncertainty—of future cultivation zones under evolving climate conditions. While efforts to develop heat- and drought-tolerant cultivars are showing promise (131, 133), field validation under real-world environmental variability remains limited. As such, climate adaptation strategies in the olive sector should be grounded in region-specific data, accounting for uncertainties in climate and yield projections, and informed by local agronomic knowledge (132, 133). Organic farming practices (such as reduced pesticide use and intercropping) promote biodiversity and soil health (135–137). Despite their potential, by-products of olive cultivation and harvesting are still infrequently used as fertilizer alternatives due to toxicity concerns (unless properly treated, such as through spray drying) (138). Composting or vermicomposting with bacterial and fungal communities is being widely investigated as a bioremediation step. These microbes metabolize phenolics, detoxifying the waste and rendering the resulting compost/vermicompost suitable for reuse as an organic soil amendment (135, 139). The utility/value of this approach was shown in a recent life-cycle study of organic olive-tree nurseries in Tuscany, where transitioning from conventional to organic practices (including the use of compost and reduced peat) reduced cradle-to-gate greenhouse gas emissions by 13%, rising to 15.7% when accounting for carbon stored in the seedlings (140).

While still in early development, emerging nanotechnologies (including metal-oxide nanofertilizers) present promising tools for reducing dependence on agrochemicals and enhancing nutrient-use efficiency in agriculture. These strategies have been tested in cereals and vegetables and may hold potential for improving crop resilience to abiotic stresses (e.g., drought, salinity) and biotic threats (e.g., pathogens) (141, 142). Notably, Zhao et al. (143) describe a suite of innovations—from stress-signaling primers to smart nutrient coatings—that collectively improve plant tolerance to drought, heat and pathogens. Cerium-oxide nanoclusters, for example, have been shown to activate abscisic acid (ABA)-responsive drought genes and boost biomass under water stress by ≈31%, demonstrating a substantive mitigation of water-stress damage (144). Similarly, seed priming with reactive oxygen species-generating nanoparticles has also improved antioxidant capacity and conferred multi-stress tolerance in maize (145). While these findings are compelling, their translation to perennial crops (such as olives) remain speculative. Olive-specific trials are lacking, and responses in woody plants may differ due to physiological and phenological differences. Nevertheless, early evidence from selenium-based nanomaterials have demonstrated the ability to enhance plant immunity and nutritional quality, suggesting future applicability in increasing olive resistance to fungal pathogens while enriching fruit micronutrient content (146). Additional studies are required to assess these technologies in olive-specific contexts and ensure safe, scalable use.

Olive trees help mitigate climate change through the process of carbon sequestration, both in their biomass and surrounding soil. As perennial plants, they absorb carbon dioxide over long time frames, with groves sequestering ≈2.2 metric tons of carbon per hectare per year (23, 147–149). Their extensive root systems help maintain soil organic carbon levels, further promoting long-term carbon storage (148, 150, 151). Emerging research suggests that olive trees could also play a role in improving environmental conditions in urban settings, such as air quality enhancement through pollutant capture (152).

Recently, the valorization of cellulose-rich olive oil pomace has gained attention for developing biodegradable food packaging materials as a sustainable alternative to plastics. Given its high cellulose and fiber content, pomace enhances the mechanical strength and water resistance of starch-based films, making them more suitable for food packaging applications (153). Olive stones are widely used as biomass fuel, particularly in Spain where they generate heat and electricity for agricultural operations and residential heating (154). In a recent innovation, Karim et al. developed a microwave-assisted hydrothermal carbonization process to convert olive pomace slurry into biochar-like hydrochar, a solid biofuel with high calorific value for electricity generation (155). Similar studies have shown that both hydrothermal carbonization and traditional slow-pyrolysis of olive residues yield carbon-rich biochar solids that can serve as renewable fuel, soil-amendment, and long-term carbon-sequestration agents, thereby extending the circular-economy benefits of the olive sector (126, 155, 156).

Of the many ways that the products of the olive sector bring benefit to humanity, perhaps one that is least developed and receives the least attention is the olive stone. This is likely due to the long tradition of thinking of biomass that contains high quantities of lignin as being recalcitrant and extremely difficult to process. In recent years, significant progress has been made in valorizing lignin (122, 157, 158). It has been estimated that the olive stone comprises 18–22% lignin (158). While lignin from olive stones has been demonstrated to be useful in applications ranging from biochar (159) to heavy-metal extractions from water (160), techniques are emerging to transform the stone lignin. For example, oxidative processes under relatively mild catalytic conditions allow the conversion of whole lignin into constituent specialty chemicals that can be used as high-value ingredients in formulated products, such as vanillin (3-methoxy-4-hydroxybenzaldehyde) and 2,6-dimethoxy-1,4-benzoquinone (DMBQ) (157). In addition, novel polycarbonate polymers can be formed by breaking down lignin into monomers and promoting subsequent repolymerization (161). The rapidly progressing research area of lignin processing holds promise for the olive stone to contribute to the overall economics of an olive refinery concept where every component adds value.

At the industry level, producers are increasingly adopting renewable energy sources (such as solar panels and wind turbines) that reduce reliance on fossil fuels and minimize emissions associated with production (162). The introduction and application of carbon-neutral initiatives (including reforestation projects, waste reduction strategies, and renewable energy integration) are also positioning the olive sector as a leader in climate-smart agriculture (27). These sustainability-driven efforts highlight a commitment to balancing productivity with environmental responsibility.



4 Conclusion

Olives, olive oil and their by-products play a pivotal role within the One Health framework, linking human health, animal nutrition, and environmental sustainability. As a keystone of the Mediterranean diet, the olive tree also reinforces sustainable food systems, linking cultural heritage, environmental stewardship, and long-term public health. The olive’s rich composition of monounsaturated fatty acids, polyphenols, and antioxidants provides significant cardioprotective, neuroprotective, and metabolic benefits, while its by-products enhance livestock health, improve food quality, and reduce agricultural waste. Olive cultivation supports biodiversity, soil conservation, and carbon sequestration, making it a sustainable agricultural practice. However, climate change and resource constraints still threaten the long-term viability of olive cultivation, necessitating renewable energy adoption, climate-resilient farming, and waste valorization. By embracing sustainable strategies and circular economy principles, the olive sector can continue to promote health, environmental stewardship, and economic resilience in a rapidly evolving global landscape.
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Introduction

Solid waste comprises diverse categories, including municipal, industrial, construction and demolition, agricultural and livestock, biomedical, and hazardous waste, each with distinct sources and potential health and environmental impacts. Ineffective management of these wastes can lead to soil, water, and air pollution, facilitate the spread of pathogens, and contribute to antimicrobial resistance, while also affecting food safety and ecosystem integrity. Municipal and industrial wastes introduce chemical and biological hazards, construction and demolition materials increase landfill pressures and environmental degradation, and agricultural and healthcare wastes pose risks of pathogen dissemination and chemical contamination. Hazardous and electronic wastes further threaten biodiversity and long-term ecological balance. Taken together, these issues underscore the interconnected nature of human, animal, and environmental health and highlight the critical importance of implementing waste management strategies within the One Health framework (1).

Landfilling is one of the most widely used waste management methods across all countries, regardless of their level of development. The main types of landfills include (a) municipal solid waste landfills, (b) industrial waste landfills, and (c) hazardous waste landfills. In most cases, these facilities are designed and regulated to ensure that waste disposal complies with specific quality and quantity standards. However, in many developing countries, illegal and uncontrolled “open dumps” remain a common issue, leading to the release of gases such as CO2, H2S, CH4, and NOx into the atmosphere. These emissions have been linked to respiratory diseases and certain forms of cancer, posing a higher risk to children living in nearby areas. To mitigate these risks, it is crucial to implement advanced waste management technologies, enforce stricter landfill regulations, and establish greater minimum distance requirements between landfills and residential areas. Pollutants can be categorized into inorganic, organic, and biological types. Organic pollutants include domestic, agricultural, and industrial wastes that harm the health and survival of both animals and human populations. Inorganic pollutants primarily consist of potentially toxic elements (PTEs), such as mercury (Hg), lead (Pb), and cadmium (Cd). These substances tend to bioaccumulate within trophic chains, thereby posing significant risks to terrestrial and aquatic organisms. Additionally, biological pollutants of anthropogenic origin are present in the environment, with principal representatives including viruses, bacteria, and various pathogenic microorganisms (1, 2).

“Ineffective waste management” refers to practices where solid waste is collected, treated, or disposed of in ways that fail to prevent adverse impacts on public health, ecosystems, and the broader environment. From a One Health perspective, ineffective waste management creates pathways for the transmission of pathogens, toxic substances, and pollutants across species and ecosystems. For instance, uncontrolled landfilling and open dumping provide breeding grounds for vectors such as flies, rodents, and mosquitoes, which can spread zoonotic diseases to humans and domestic animals (3).

The One Health approach, which acknowledges the interconnectedness of human, animal, and environmental health, provides a holistic solution to these challenges. In the context of solid waste management, the One Health approach highlights how improper handling of municipal, industrial, agricultural, or biomedical waste can simultaneously affect ecosystems, animals, and human populations. For example, unmanaged landfills or open dumping can facilitate the spread of zoonotic pathogens via vectors, contaminate water and soil with toxic substances, and increase antimicrobial resistance—all of which demonstrate interconnected health risks across species and environments (4).

Applying a One Health perspective to waste management therefore entails not only improving technical disposal methods but also integrating policies, surveillance, and practices that concurrently protect human health, animal welfare, and ecosystem integrity. This holistic approach has been increasingly promoted in global health strategies as essential for sustainable environmental governance (5).

By promoting interdisciplinary collaboration, community engagement, policy enhancement, institutional capacity building, and public-private partnerships, this approach plays a key role in ensuring environmental sustainability. The successful implementation of One Health strategies requires coordinated efforts from governments, local communities, private sector stakeholders, and international organizations to create a cleaner and healthier environment (6).

Although increasing attention has been given to the health and environmental impacts of solid waste, significant research gaps persist. This studt comes to emphasize that limited evidence exists on the integrated application of the One Health framework, the long-term and synergistic effects of pollutants such as PAHs, heavy metals, and e-waste, and the effectiveness of community-based interventions and digital innovations in reducing risks.



Aim-methodology

The purpose of this study is to highlight the public health risk from the incorrect management of hazardous waste by the community and the state, while suggesting ways to effectively manage it.

A narrative review was conducted in the PubMed and EBSCO databases using the Boolean search string “Hazardous Waste” AND “One Health Approach”. A total of 39 results were identified in the PubMed database searching for all types of studies from 2019 to 2024 that provided the full research text via open access of which 23 were rejected after the full-text study; thus, 16 articles were included in the present analysis. Also, after searching the EBSCO database with the same key words and the same study selection criteria no duplicate studies were found. Due to the research gap for the specific topic we examined in this particular database, there were few references, so the research was chosen for all type of studies over time and found 65 studies were found that investigated this topic and 9 were included in this study.A total of 25 articles are included in this study according to the inclusion criteria (Figure 1).


[image: PRISMA flow chart illustrating study selection process for a systematic review, beginning with sixty-five records identified from PubMed and EBSCO, narrowing to twenty-five studies included after applying exclusion criteria at each stage.]
FIGURE 1
 Flow chart of the included studies.



Inclusion criteria for articles in the study

PubMed: all types of studies conducted in the last 5 years, with free full text and abstract available. EBSCO: all types of studies over time, with free full text and abstract available, published in respected academic journals.

All papers had to examine the connection between hazardous waste management and public health so as to be included in this study.

Study limitations: all articles are written in English or Greek. The present study is an opinion piece/narrative review; therefore, the flow diagram is provided to facilitate the presentation and the selection of the material.




Results

The findings of this study highlight key patterns in waste management practices and their implications for human, animal, and environmental health. By examining different types of solid waste and their associated risks, the results provide evidence on how ineffective practices can contribute to pollution, disease transmission, and long-term ecological imbalance. At the same time, examples of community-based initiatives and policy measures are presented to illustrate potential pathways toward more effective and sustainable waste management aligned with the One Health approach (Figure 2).
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FIGURE 2
 Waste management and one health approach.



Industrial waste management

Industrial waste, arising from manufacturing, mining, textile, and chemical processes, may range from inert by-products to highly hazardous materials. Improper disposal contaminates ecosystems with heavy metals and toxic substances, which bioaccumulate in food chains and ultimately affect human and animal health, demonstrating the interconnectedness of environment, food safety, and wellbeing. Chemical pollutants, particularly heavy metals such as lead, mercury, cadmium, and arsenic, originate from a variety of anthropogenic sources. Industrial processes (e.g., mining, metal processing, chemical manufacturing), electronic waste, improper disposal of batteries and paints, and certain agricultural practices (use of fertilizers and pesticides) are major contributors. Once released into the environment, these metals can accumulate in soil, water, and biota, entering the food chain through crops, livestock, and aquatic organisms. Chronic exposure in humans can lead to neurological, renal, and cardiovascular disorders, while animals may experience reproductive and developmental effects, demonstrating the interconnected risks to human and animal health. Once released, heavy metals persist in the environment due to their non-biodegradable nature (7).

Despite a 90% reduction in average lead exposure among children in the United States since the 1970s, certain neighborhoods remain significantly affected, with children still experiencing harmful levels of lead exposure and animals also suffering from poisoning. These areas are characterized by a high concentration of commercial and industrial activities related to the use of lead, a history of heavy traffic, old and dilapidated buildings, and the presence of inactive or operational landfills, waste disposal sites, and hazardous waste facilities. Additionally, the quality of drinking water is often negatively affected by lead. The local population primarily belongs to socioeconomically vulnerable groups, lower-income and minority populations. Urban wildlife and domesticated animals are particularly vulnerable to lead contamination. In cities, lead accumulates in soil, buildings, dust, and even trees, and this issue will persist unless targeted actions are taken to eliminate these contamination sources (8).

Advancements in technology and economic growth have influenced the volume of post-production waste. Among the different categories, post-industrial waste—particularly from mining, metallurgy, and energy sectors—accounts for the largest proportion. Certain hazardous and non-hazardous waste materials can be repurposed for construction through “solidification/stabilization” processes, either as raw materials or as additives. However, the practice of integrating these waste materials into construction remains limited. Special attention should be given to fluoride-containing waste, as the reuse of solid fluoride waste has become a high priority. Fluoride is one of the few trace elements that has attracted considerable attention due to its harmful effects on the environment and on the health of humans and animals. Industrial discharge of effluents containing F– ions into surface waters further increases fluoride concentrations and contributes to environmental pollution. Therefore, the development of efficient and robust technologies for the removal of excess fluoride from aquatic environments is of critical importance (9).

Health concerns related to industrially contaminated sites (ICS) remain a significant public issue. Risk assessments typically focus on individual pollutants, although epidemiological studies provide substantial evidence of health risks among workers in industrial activities and local residents. Vulnerable groups—such as children, elderly women, and individuals with lifestyles that increase their exposure—may experience heightened risks despite not being directly employed in these industries. Waste disposal and treatment activities, along with industrial and commercial operations, constitute the two primary sources of soil contamination, jointly accounting for ~70% of identified polluted sites. Industrial and Commercial Sites (ICSs) encompass a wide range of facilities, including municipal and industrial landfills, large-scale industrial complexes (e.g., steelworks), petrochemical plants, waste incinerators, port areas, and active or decommissioned mining operations. Chemical contaminants most frequently detected in the vicinity of ICSs include heavy metals (e.g., arsenic, cadmium, lead, chromium), volatile organic compounds (VOCs, such as benzene and toluene), polycyclic aromatic hydrocarbons (PAHs, such as benzo[a]pyrene), dioxins, mineral oils, chlorinated hydrocarbons (CHCs, such as trichloroethylene and polychlorinated biphenyls–PCBs), and pesticides. According to a recent systematic review on the health impacts of hazardous waste, limitations in exposure assessment remain a major concern, affecting the reliability of health risk evaluations. Most epidemiological studies employ proximity-based indicators for exposure estimation, whereas more advanced approaches—such as atmospheric pollution dispersion modeling, soil quality monitoring, and human biomonitoring—have been implemented in only a small number of investigations. International recommendations emphasize that exposure assessment should consider all potential pathways and strive to integrate both direct methods (e.g., personal exposure monitoring) and indirect methods [e.g., microenvironmental monitoring and mathematical modeling; (7, 10)].



Clinical and biomedical waste: challenges in safe disposal

Biological pollutants include pathogenic bacteria, viruses, parasites, and fungi that may be present in municipal, agricultural, and healthcare waste. Improper management of such wastes—through open dumping, untreated wastewater, or inadequate sterilization of biomedical waste—facilitates the spread of zoonotic pathogens and antimicrobial-resistant microorganisms. These pathogens can be transmitted directly to humans or animals or indirectly via contaminated food, water, and environmental surfaces, highlighting the cross-species and environmental pathways of disease transmission. Biomedical and healthcare waste, originating from hospitals, clinics, and laboratories, poses immediate risks when infectious materials, pharmaceuticals, and sharps are not properly managed. The unsafe disposal of such waste facilitates the spread of pathogens and contributes to the circulation of antimicrobial resistance genes, threatening the effectiveness of medical treatments for both humans and animals (11).

Clinical waste (CW) poses serious environmental and public health concerns. Proper waste management systems are essential for the safe disposal of hazardous medical waste. While incineration effectively eliminates pathogens and reduces waste volume, it produces clinical waste ash (CWA), a byproduct that increases environmental concentrations of heavy metals, inorganic salts, and organic compounds. The generation of CWIFA is expected to rise both nationally and globally. Uncontrolled disposal of these ashes causes significant damage because the toxicity of heavy metals and the presence of dioxins and furans contaminate soil as well as surface and groundwater. To address this issue, various studies have investigated the use of CW incinerator fly ash (CWIFA) in cement and concrete, with results indicating that CWIFA can be successfully incorporated into cement and concrete systems. Since the ashes have low chemical reactivity, further research is needed to enhance their activity by increasing their surface area or by using chemical activators to trigger pozzolanic reactions in cement-concrete systems. CWIFA has also shown promise as a fertilizer—because the ash contains macro- and micronutrients in addition to carbon and nitrogen—and as an inert material for road construction and asphalt. Therefore, more research is required to identify additional sustainable options for the disposal and utilization of ashes generated by CW incinerators. Leaching tests demonstrate that heavy metals are stabilized and immobilized in various cement-based systems. Moreover, detailed studies on heavy metal leachability and management strategies for metal residues in the leachate should be conducted to ensure proper handling and safe use of CW ashes, protecting both health and the environment. To address this issue, further research is needed to assess the impact of ash leachate, improve disposal methods, and explore innovative ways to recycle and repurpose ash in construction and other industries (12).

Biomedical waste, which encompasses industrial, hospital, and healthcare facility waste, presents a heightened risk of contamination and injury compared to other waste types. Promoting a culture of responsibility and sustainability can contribute to safer waste management practices, ultimately protecting both the environment and future generations. Healthcare facilities generate a wide array of waste materials, each presenting varying degrees of risk. Proper waste segregation is essential to classify waste into distinct streams, including infectious, hazardous, and general waste. Hazardous waste—such as sharps and infectious materials—must be handled exclusively by trained personnel using appropriate personal protective equipment (PPE). Effective biomedical waste management (BMWM) significantly reduces the risk of occupational exposure and mitigates the spread of infections among waste handlers and healthcare workers. A critical component of BMWM is the treatment and disposal of waste to ensure that the materials generated within healthcare institutions pose no threat to human health or the environment. This process is regulated by Biomedical Waste Management Rules, which provide guidelines for safe and environmentally responsible handling practices. Under controlled high-temperature incineration, biomedical waste undergoes thermal destruction, effectively reducing microbial load and substantially decreasing waste volume (13).

Biological pollutants illustrate how environmental, animal, and human health are tightly linked. Zoonotic pathogens from agricultural or healthcare waste can infect humans and domestic animals, while antimicrobial-resistant bacteria can circulate through soil, water, and food chains. Addressing these challenges requires coordinated strategies that combine safe waste handling, vector control, surveillance, and antimicrobial stewardship, aligning directly with the One Health approach.



e-waste and nuclear waste

Electronic waste (e-waste) encompasses a wide variety of products that have reached the end of their useful life, including household appliances such as televisions, refrigerators, and washing machines, personal electronic devices such as computers, mobile phones, and printers, medical equipment, and electronic components like batteries, cables, and circuit boards. Improper disposal or recycling of e-waste can release hazardous substances, including heavy metals such as lead, mercury, cadmium, and arsenic, chemical compounds such as polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), and per- and polyfluoroalkyl substances (PFAS), and, in some cases, radioactive materials from older devices. Unsafe recycling practices, such as open-air burning or acid leaching to recover metals, can severely contaminate soil, water, and air, posing significant risks to human and animal health and disrupting ecosystems. Hazardous substances released from e-waste, including heavy metals and persistent organic pollutants, can accumulate in soils, water, and the food chain, affecting crops, livestock, and aquatic organisms. Humans consuming contaminated food or exposed to polluted environments may experience neurological, renal, and cardiovascular effects, while wildlife and domestic animals may suffer reproductive, developmental, and behavioral impacts (14).

The number of people exposed to hazardous substances due to unsafe and improper e-waste management practices continues to rise. This exposure has been linked to various health issues, including thyroid dysfunction, cellular damage, adverse neonatal outcomes, behavioral changes, and impaired lung function. Hazardous constituents present in electronic waste exert profound neurodevelopmental and neurobehavioral impacts, particularly in pediatric populations. Compounds such as polybrominated diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), lead, cadmium, and mercury have been implicated in reduced intelligence quotient (IQ) scores and diminished cognitive performance. Furthermore, PBDEs, PCBs, mercury, and cadmium have been associated with neurodevelopmental abnormalities. Childhood exposure to PCBs, lead, mercury, and aluminum has also been linked to adverse mental health outcomes, including behavioral disorders, attention deficits, hyperactivity, and conduct problems. Studies indicate an increased prevalence of spontaneous abortions, stillbirths, premature births, and lower birth weights associated with e-waste exposure. Additionally, individuals living in or working within e-waste recycling areas show signs of significant DNA damage (15).

Radioactive waste and thermal discharges from nuclear facilities can persist in the environment for decades or centuries, creating reservoirs of contamination that affect ecosystems, animal populations, and human communities. Nuclear facilities, including power reactors, produce electricity through nuclear fission and, while they do not directly emit conventional air pollutants, they have important environmental impacts. Radioactive waste generated by these facilities remains hazardous for thousands of years and requires secure long-term management. Thermal discharges into water bodies can cause local ecosystem disruption, and the overall lifecycle of nuclear power, including uranium mining, fuel processing, facility construction, and decommissioning, contributes to environmental pressures (16).

Globally, activities related to the nuclear fuel cycle—including the operation and decommissioning of nuclear facilities—generate high-level radioactive waste, posing severe risks to human health and the environment. Exposure to radiation from radioactive waste can have harmful health effects due to ionizing radiation, such as increased cancer risk, chromosomal deletions in humans, and potential genetic defects in children. It can interfere with the repair of DNA, mRNA, and proteins, and may cause damage to the thyroid gland. Its tendency for long biological half-lives and high relative biological effectiveness makes it particularly damaging to tissues. One widely adopted method for managing this waste is cementation, which facilitates its encapsulation, solidification, and eventual disposal. The safe and well-organized management of radioactive waste is of utmost importance, so greater attention must be given to developing protective barriers. Cementitious binders for immobilizing radioactive waste offer a solution that is both stable and cost-effective. Potassium–magnesium phosphate cements appear suitable for immobilizing radioactive concrete waste generated during the decommissioning of nuclear power plants. Magnesium phosphate cement is highly effective in rapidly solidifying higher-content and high-level liquid wastes, as well as radioactive substances, during nuclear emergency situations. However, further large-scale research and refinement are required to enhance its effectiveness and integration (17).

Addressing these risks requires integrated waste management strategies that not only improve technical disposal and recycling practices but also incorporate surveillance, monitoring, and policy measures across sectors. By considering the One Health perspective, interventions can simultaneously mitigate risks to human health, protect animal welfare, and preserve ecosystem integrity, ensuring that environmental contaminants do not compromise the health of interconnected populations.



Polycyclic aromatic hydrocarbons (PAHs)-cement production and use

Polycyclic aromatic hydrocarbons (PAHs) are primarily generated through incomplete combustion of organic matter, including fossil fuels, biomass, tobacco, and waste materials. Major sources of PAHs in the environment include industrial emissions, vehicle exhaust, open burning of municipal and agricultural waste, and certain household activities such as cooking with solid fuels. PAHs are persistent and bioaccumulative, capable of adsorbing to soil particles, sediment, and particulate matter in air. Human exposure occurs mainly through inhalation, ingestion of contaminated food (particularly smoked or grilled items), and dermal contact. Chronic exposure is associated with carcinogenicity, mutagenicity, and endocrine disruption. Similarly, wildlife and domestic animals can accumulate PAHs through contaminated water, soil, and food, resulting in reproductive, developmental, and immunological effects (18).

Polycyclic aromatic hydrocarbons (PAHs) were among the first substances identified as carcinogenic and remain a primary concern at hazardous waste sites. Given their frequent detection, it is crucial to establish feasible and effective remediation strategies to mitigate their impact. Polycyclic aromatic hydrocarbons (PAHs) are a class of persistent organic pollutants composed of multiple fused aromatic rings, typically generated during the incomplete combustion of organic matter such as coal, petroleum, wood, and other fossil fuels. They were among the first environmental contaminants to be recognized as carcinogenic, with several congeners, including benzo[a]pyrene, classified as Group 1 carcinogens by the International Agency for Research on Cancer (IARC). Due to their hydrophobic nature and low biodegradability, PAHs tend to adsorb strongly to soil particles and sediments, leading to long-term persistence in terrestrial and aquatic environments. These properties, combined with their mutagenic and teratogenic potential, make them a primary concern at hazardous waste sites. Given their frequent detection in contaminated soils and groundwater, it is essential to develop and implement remediation strategies that are both technically feasible and cost-effective. Such strategies may include bioremediation approaches (e.g., microbial degradation), thermal desorption, chemical oxidation, and integrated treatment technologies to effectively reduce their environmental and human health risks. Addressing PAH contamination requires interdisciplinary approaches that simultaneously protect people, animals, and environmental integrity (19, 20).

Agricultural and livestock waste represents another critical category within the One Health framework. It includes crop residues, animal manure, fertilizers, and pesticide containers. Poor handling can contaminate water sources with pathogens, nitrates, and chemicals, drive greenhouse gas emissions, and accelerate the emergence of antimicrobial resistance. These consequences highlight the direct overlap of agricultural practices with human food safety, animal health, and environmental sustainability (4).

Construction and demolition (C&D) waste, composed of concrete, metals, wood, and gypsum, if not recycled or reused, increases landfill volumes and contributes to environmental degradation. While often considered less hazardous, its mismanagement still affects land use, air quality, and local ecosystems, indirectly influencing public health and the quality of shared environments. Cement production is a major contributor to greenhouse gas emissions worldwide, accounting for a substantial share of global CO2 emissions. This has heightened the urgency to develop alternative sustainable cementitious materials to reduce the construction industry's environmental footprint. Geopolymer production does not involve clinker calcination or high-temperature kiln firing, rendering the process considerably more environmentally friendly. Furthermore, geopolymer technology enables the utilization of industrial by-products such as fly ash and ground granulated blast furnace slag (GGBFS). Consequently, the environmental assessment of geopolymers has gained increasing attention over the past decades, with Life Cycle Assessment (LCA) being the most widely adopted methodology for systematically evaluating environmental impacts from raw material extraction through production, use, and end-of-life disposal. Current findings indicate that the composition of the alkaline activator and the source of fly ash are critical parameters that warrant careful consideration to further enhance the sustainability of geopolymer mixtures. To facilitate the transition toward a more sustainable, energy-efficient, and comfortable built environment, in line with circular economy principles within the construction sector, further research and optimization of materials are necessary, particularly for building envelope applications. Future studies should focus on identifying greener alternatives to sodium silicate as an alkaline activator—for example, by employing renewable energy sources in its energy-intensive production—and developing more efficient recovery methods for by-products such as fly ash, cenospheres, and GGBFS from their primary production processes (21, 22).



One health and community engagement

In many regions, particularly in the global South, waste management practices often involve mixing domestic and commercial waste with hazardous materials during storage and handling. Additionally, waste is frequently stored in outdated or poorly maintained facilities. Inefficient solid waste management is closely associated with adverse public health outcomes and represents a critical constraint to environmental quality and the sustainable growth of urban areas. Optimizing community engagement in integrated solid waste management necessitates fostering favorable public perceptions and attitudes. Civil society actors, including non-governmental and community-based organizations, can play a pivotal role in advancing waste minimization strategies, promoting source segregation and material sorting, and facilitating the reuse and recycling of resources. Also, raising awareness through print, digital, and social media campaigns is essential to encourage individuals to adopt proper waste disposal practices (23).

Government-funded environmental protection initiatives may gradually be overtaken by community-driven programs. The recurring environmental and economic benefits of such grassroots efforts can serve as a foundation for fostering long-term waste reduction and sustainability practices at the local level. The findings support that sustainable, community-based intervention programs possess significant potential to overcome the initial reservations of small and medium-sized enterprises regarding the adoption of source reduction measures, by demonstrating tangible benefits and gradually building trust. Additionally, through the enhancement and promotion of modern community health aimed at preventing chronic diseases, by writing and distributing educational material, creating specialized programs in mass media, organizing seminars with various groups and social organizations, and focusing on the principles of prevention, recycling, and reuse, we can address the adverse consequences in a holistic and coordinated manner, gradually and effectively.

Collaboration with community groups in implementing these programs leads to overall benefits for the community and encourages participation from small businesses, although achieving widespread acceptance requires time and sustained effort. Studies serve as a foundation for broader future initiatives, potentially on a global scale. Moreover, community-based programs can represent a valuable alternative to conventional government-funded environmental initiatives, steadily advancing local sustainability through recurring environmental and economic benefits (24, 25).




Discussion-conclusions

Effective community-based waste management has been successfully demonstrated through a variety of practices, including source separation programs in schools, public spaces, and businesses, as well as the promotion of community composting initiatives for organic waste. Circular economy models that emphasize material reuse and product repair further reduce the demand for raw resources while minimizing waste generation. Additional strategies such as the establishment of specialized collection centers for electronic devices and hazardous waste, combined with educational campaigns that raise awareness on prevention and reduction, have proven essential in engaging local populations and improving sustainability outcomes (26).

From a policy and practice perspective, several measures are required to address the complex challenges of waste management. To reduce the volume of waste ending up in landfills, recycling and composting initiatives must be strengthened and scaled. To prevent environmental contamination from hazardous and electronic waste, safe collection and disposal systems should be legally enforced and properly monitored. To limit the spread of pathogens and the development of antimicrobial resistance, strict protocols for disinfection and safe handling of biomedical waste are indispensable (29, 30). Furthermore, to enhance environmental justice, policies should guarantee equitable access to clean and safe waste management infrastructure across all communities. Equally important are incentives that encourage citizen participation, such as subsidies, tax benefits, and deposit-return schemes, which foster behavioral change at the community level. Finally, to improve the monitoring of environmental risks, the integration of digital technologies and telemonitoring systems (e-Health and e-Environment) is recommended, as these approaches allow for real-time data collection, early detection of hazards, and more effective decision-making (27).

Despite the growing body of literature on solid waste management and its implications for public health and the environment, several important gaps remain that urgently need to be filled such as: First, there is a lack of integrated research linking waste management practices directly to the One Health framework, especially studies that simultaneously evaluate human, animal, and environmental health outcomes. Second, while the health effects of specific pollutants such as heavy metals, PAHs, and biomedical waste have been documented, there is limited evidence on their synergistic and long-term impacts across ecosystems and food chains. Third, the field lacks comprehensive data from low- and middle-income countries, where informal waste management practices and inadequate infrastructure exacerbate risks but are underreported in the literature. Furthermore, the role of emerging waste streams such as electronic waste and radioactive residues in driving antimicrobial resistance or chronic disease pathways is not yet sufficiently understood (31). Another critical gap is the evaluation of community-based interventions and policy tools (e.g., deposit-return schemes, digital monitoring systems) in terms of their measurable health and environmental benefits. Finally, there is limited exploration of interdisciplinary approaches and digital innovations, such as e-Health and e-Environment platforms, that could provide real-time monitoring, early detection of hazards, and improved governance (28, 32).

In conclusion, minimizing hazardous waste according to One Health Approach provides multiple important benefits. It allows for the incorporation of environmental health and safety considerations within an integrated framework for risk assessment. This approach facilitates the evaluation of risks during both normal operations and emergency situations, enabling the identification of the most urgent threats that require prompt corrective action. Furthermore, it supports the gradual implementation of a comprehensive risk management strategy in sectors facing environmental and safety challenges, such as waste collection. At the same time, it encourages the development of new skills and innovative approaches aimed at the gradual implementation of an integrated risk management approach in areas facing immediate but also long-term environmental challenges.
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Background: The institutionalization of the One Health approach is critical for addressing complex health threats at the human-animal-environment interface. In Libya—a state affected by prolonged political conflict, the growing impact of climate change, and weak intersectoral coordination—such an approach is critical to address zoonotic diseases, antimicrobial resistance (AMR), and climate-related health threats. This study aimed to map and analyze stakeholder networks to inform the development of a national One Health governance framework in Libya.
Methods: We employed a mixed-methods approach integrating participatory Net-Map stakeholder mapping, social network analysis (SNA), and SWOT analysis during a national consultation workshop (September 2024) with 42 multisectoral experts. SNA metrics (degree, betweenness, eigenvector centrality, modularity) were computed using R software to analyze a network of 11 core institutions and 102 directed ties across four interaction modalities: coordination, collaboration, capacity building, and advocacy.
Results: The network was structurally cohesive (reciprocity = 0.857; average path length = 2.05) but functionally siloed into three clusters: (1) an Operational One Health Interface comprising the National Center for Disease Control (NCDC), National Center for Animal Health (NCAH), Environmental Sanitation Affairs (ESA), and Ministry of Environment (MoE); (2) an Agricultural and Livestock Governance Cluster including the Ministry of Agriculture (MoA), Food and Agriculture Organization of the United Nations (FAO), Ministry of Local Government (MoLG), and World Organization for Animal Health (WOAH); and (3) a Public Health and Regulatory Cluster consisting of the Ministry of Health (MoH), Food and Drug Control Center (FDCC), and World Health Organization (WHO). NCAH and NCDC emerged as central hubs, while MoA served as the key broker (betweenness centrality = 0.334). SWOT analysis identified strong technical expertise and centralized infrastructure as key strengths but highlighted fragmented coordination, limited funding, and political instability as major constraints.
Conclusion: These evidence-based insights directly informed Libya’s first national One Health Memorandum of Understanding (MoU), establishing a formal governance framework signed by the MoH, MoA, MoLG, MoE, and FDCC, and endorsed by NCDC, the NCAH, and ESA. The study demonstrates that even in fragile contexts, network-informed stakeholder engagement can catalyze sustainable, multisectoral health governance—offering a replicable model for One Health institutionalization in similar settings as a catalyst for health security. It highlights practical lessons learned from the COVID-19 pandemic, underscoring how integrated governance across human, animal, and environmental health sectors can enhance prevention, preparedness, response, and resilience against future threats.
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1 Introduction

The emergence and re-emergence of zoonotic diseases, driven by close human-animal contact, climate change, and modern agricultural practices, have propelled the One Health approach to global prominence (1). This crisis underscores the urgent need to move beyond sectoral silos and institutionalize One Health as a fundamental strategic direction for collective action aimed at mitigating future pandemic risks and strengthening health systems globally (2, 3). The One Health concept seeks to address complex health issues at the intersection of human, animal, and environmental health by integrating efforts from relevant sectors and disciplines and different organizational levels (4). This approach is crucial for addressing complex health issues and is increasingly recognized as key to ensuring collective efforts to mitigate pandemic risks and improve global health security.

The relevance of One Health is further underscored by its alignment with the United Nations Sustainable Development Goals (SDGs), which link health, water, climate, and ecosystem sustainability. To advance these goals, four major organizations—the World Health Organization (WHO), the World Organization for Animal Health (WOAH), the Food and Agriculture Organization of the United Nations (FAO), and the United Nations Environment Program (UNEP)—have formed the One Health Quadripartite alliance. They focus on six key areas: laboratory services, zoonotic disease control, neglected tropical diseases, antimicrobial resistance (AMR), food safety, and environmental health (5).

However, the implementation of One Health faces significant challenges, particularly in low-and middle-income countries (LMICs) with fragile governance (6). This is evident across diverse national contexts: Jordan has well-established ministerial infrastructures but struggles with inconsistent reporting, inadequate regulations, a limited surveillance system, and insufficient diagnostic capabilities for zoonotic diseases (7). Conversely, Uganda, a hotspot for epidemics, has formed a National One Health platform and developed strategic plans. However, it faces challenges related to weak coordination, inadequate government commitment, and a lack of advocacy and research (8). Similarly, Ethiopia has pioneered One Health through steering committees, prioritized zoonotic diseases, and joint outbreak investigations. Its main hurdles include poor sectoral integration in data sharing, a lack of institutionalization and sustainable government funding, and limited research (9).

Libya exemplifies these challenges; the nation’s extended period of political turmoil has resulted in significant challenges to centralized governance and diminished institutional capacity, creating a primary obstacle to the coordinated leadership and stable infrastructure required for One Health (10). Moreover, Libya is affected by extensive migration from sub-Saharan Africa, alongside unregulated animal movement and trade, which can introduce pathogens and disease vectors (11). Additionally, its position on the Mediterranean/Black Sea Flyway means migratory birds utilize Libyan wetlands as stopover sites, presenting another pathway for disease transmission (12). These factors increase the risk of the introduction of pathogens and disease vectors into the country, which in turn can lead to the emergence of zoonotic diseases. Within this vulnerable context, the threat of AMR is amplified by unrestricted access to antimicrobials, inefficient infection prevention and control, and in some areas, insufficient water, sanitation, and hygiene (WASH) programs (13–17). Beyond these structural and situational barriers, conceptual obstacles also hinder progress. These include deeply divided policymaking across human, animal, and environmental health sectors and a lack of consensus on the operational definition and scope of “One Health,” which leads to stakeholder uncertainty and obstructs the formulation of a cohesive national strategy (6). Therefore, this study aimed to support the effective institutionalization of the One Health approach in Libya. The specific objectives were to secure political commitment and enhance multi-sectoral collaboration. To achieve this, a stakeholder mapping exercise was conducted to identify key actors and assess their level of interest and influence regarding One Health. The insights from this analysis directly informed the development of a national Memorandum of Understanding (MoU) to formalize Libya’s One Health governance mechanism. In parallel, a SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis was conducted to critically assess the internal and external factors affecting One Health institutionalization. Together, these initiatives provide a foundational strategy for operationalizing One Health in Libya, aligning stakeholders around a shared vision, and enabling context-specific planning for sustainable implementation.



2 Methodology

This cross-sectional study employed a mixed-methods approach to establish a foundational framework for One Health institutionalization in Libya, integrating participatory stakeholder mapping, social network analysis (SNA), and a SWOT analysis. The stakeholder mapping method tailored to One Health was developed within the operational framework of the Capacitating One Health in Eastern and Southern Africa (COHESA) project. The COHESA consortium—comprising the International Livestock Research Institute (ILRI), the French Agricultural Research Center for International Development (CIRAD), and the International Service for the Acquisition of Agri-biotech Applications (ISAAA AfriCenter)—provided overarching technical support and regional coordination. The adaptation and application of the Net-Map methodology to the Libyan context were specifically led by the WHO Libya country office, ensuring methodological rigor and alignment with broader One Health institutionalization efforts.


2.1 Workshop design and participant composition

A national One Health consultation workshop was convened in Tripoli, Libya, from September 3–5, 2024, to facilitate multisectoral collaboration. To ensure methodological validity, participants were selected through purposive sampling, prioritizing individuals with in-depth expertise, direct operational experience, and demonstrated engagement in human, animal, or environmental health domains. Additional criteria included availability, willingness to participate, and ability to articulate insights clearly consistent with established qualitative research standards. The workshop brought together 42 key stakeholders from governmental ministries, national technical agencies, and academic institutions. Participant distribution was as follows: National Center for Disease Control (NCDC, n = 9), National Center for Animal Health (NCAH, n = 7), Ministry of Health (MoH, n = 6), Ministry of Environment (MoE, n = 5), Food and Drug Control Center (FDCC, n = 5), Environmental Sanitation Affairs (ESA, n = 5), Ministry of Agriculture (MoA, n = 2), and academic institutions (n = 3). Participants represented diverse disciplines—including public health, epidemiology, veterinary medicine, laboratory sciences, food safety, environmental health, and climate change—ensuring multidisciplinary and multisectoral representation aligned with the One Health approach.



2.2 Goal definition and strategic objectives

The overarching goal of the initiative was to establish a formal and sustainable One Health governance framework in Libya. To operationalize this, a multisectoral task force was formed with the mandate to develop a national MoU. Before the workshop, the task force agreed on three evidence-based analytical objectives:


	1. Identify key stakeholders capable of driving One Health institutionalization.

	2. Conduct a situational review of national regulations related to zoonotic/vector-borne diseases, food safety, and AMR.





2.3 Stakeholder identification and influence-interest analysis

Using the Net-Map tool—a participatory social network analysis method developed by the International Food Policy Research Institute (IFPRI) (18), workshop participants systematically identified 27 key actors across four categories (Figure 1):


	• Ministries (e.g., MoH, MoA, MoE, MOLG).

	• Government agencies (e.g., NCDC, NCAH, FDCC, ESA).

	• International partners (e.g., WHO, FAO, and WOAH).

	• National associations and academic institutions.
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FIGURE 1
 Stakeholder grid showing influence and interest matrix.


These stakeholders were then plotted on an influence-interest matrix based on two dimensions:


	• Influence: capacity to affect decisions through formal authority, expertise, or resource control.

	• Interest: level of concern or vested stake in One Health outcomes.



This matrix enabled strategic stakeholder segmentation and guided tailored engagement strategies (e.g., “Manage Closely,” “Keep Satisfied”).



2.4 Defining inter-stakeholder linkages

Building on the influence-interest analysis, participants defined functional relationships among stakeholders identified as key actors for the One Health institutionalization in Libya through a structured plenary session. The Prime Minister’s Office was not included in this analysis due to its unique, overarching convening role. Actors were first categorized by role:


	• Core institutional drivers: entities with formal authority and budgetary power (e.g., ministries).

	• Implementation enablers: organizations providing technical or operational support (e.g., Civil Society Organizations, academia).



Four key linkage types were operationally defined and prioritized for institutionalization:


	• Collaboration: formal partnerships, often codified by agreements.

	• Coordination: joint planning and synchronized action.

	• Capacity building: skill and resource development across sectors.

	• Advocacy: efforts to secure political buy-in and raise awareness.



Participants mapped existing communication channels, interaction frequency, directionality, and resource flows, identifying both leverage points and critical gaps in the current network.



2.5 Visualization of linkages and influence mapping

Participants were divided into four thematic groups, each assigned to map one linkage type using color-coded directional ties. Arrows indicated direction of influence or support; bidirectional arrows denoted mutual engagement. “Influence towers” (constructed using Lego® bricks) visually represented each actor’s relative influence based on the number and strength of incoming ties. The resulting physical maps were digitized using network visualization software to produce dynamic diagrams for further analysis.



2.6 Social network analysis (SNA)

To complement the participatory mapping, a quantitative SNA was performed on a dataset of 11 core stakeholders (identified as having High Influence and High Interest) and 102 directed ties across the four linkage modalities. The analysis was executed using R software (version 4.3.1). The multi-edge weighted network was used, where edge weights represented the count of distinct interaction modalities (coordination, collaboration, capacity building, advocacy) between stakeholders.

Network construction, analysis, and metric computation were carried out using the igraph package. The following metrics were calculated to empirically validate the participatory findings and reveal nuanced stakeholder roles:


	• Node-level metrics: Influence and activity (in-degree, out-degree, weighted degree); brokerage and structural autonomy (betweenness centrality, calculated using Brandes’ algorithm, and constraint); and integration and reach (closeness centrality, eigenvector centrality [power iteration method], and Node-level metrics included measures of influence and activity (in-degree, out-degree, weighted degree), brokerage and structural autonomy (betweenness centrality, computed using Brandes’ algorithm, and constraint), and integration and reach (closeness centrality, eigenvector centrality using the power iteration method, and PageRank).

	• Network-level metrics: Structural properties including density, reciprocity, average path length, transitivity, and assortativity.



Network visualization was achieved using the ggraph package. The tidyverse suite was used for data wrangling, while scales, knitr, and kableExtra enhanced the clarity of data presentation and the generation of structured results tables.


2.6.1 Operational definition

The following metrics were computed to quantify stakeholder roles and network structure:


	• Degree centrality: Calculated using degree (), this metric measures the total number of direct connections (ties) a stakeholder (node) has with other stakeholders in the network. A high degree of centrality indicates that an institution is highly active in interactions, either initiating or receiving linkages across collaboration, coordination, capacity building, or advocacy. It reflects the breadth of engagement.

	• Weighted degree (Strength): The weighted degree of a node is calculated by summing the weights (frequencies or intensities) of all ties associated with it, counting each tie once for each interaction type (for instance, if a stakeholder pair is connected through both coordination and capacity building, it contributes 2 to the weighted degree). This measure reflects both the intensity and diversity of connections. A large, weighted degree indicates substantial, varied involvement.

	• Betweenness centrality: Computed using betweenness(), this metric measures the share of shortest paths between other node pairs that pass through a specific node. Nodes with high betweenness act as brokers or bridges, linking groups that would otherwise remain disconnected. Such stakeholders play a pivotal role in facilitating information flow and promoting cross-sectoral integration.

	• Broker score: This metric quantifies the proportion of a node’s interactions that serve as bridges between different predefined subgroups or sectors within the network. It provides a direct measure of an actor’s role in facilitating cross-sectoral exchange and integration.

	• Constraint: Calculated using constraint(), it measures the extent to which a node’s connections are concentrated to a single neighbor or a small group of interconnected neighbors. It quantifies the limitation of a node’s brokerage potential by its own network environment.

	• Closeness centrality: The reciprocal of the average shortest path length from a node to all other nodes in the network. Stakeholders with high closeness centrality can quickly access or influence the entire network, positioning them effectively for timely coordination, rapid information dissemination, and swift response mobilization.

	• Eigenvector centrality: Computed using eigen_centrality(), it is a measure of a node’s influence that accounts for the importance of its connections, giving higher weight to links with well-connected nodes than to those with less-connected ones. Stakeholders with high eigenvector centrality are tied to other influential actors, reflecting not just activity but strategic positioning within the network’s core of power, where influence flows through association.

	• PageRank: Calculated using page_rank(), it is a variant of eigenvector centrality that calculates the likelihood of reaching a node through random walks across the network, incorporating a damping factor to reflect the network’s structure. PageRank identifies stakeholders with sustained structural importance, capturing both direct and indirect influence, and demonstrating enduring centrality even in complex network environments.

	• Community Structure (Modularity-Based Clustering): The division of a network into subgroups (communities) characterized by denser connections within groups than between them, typically identified using the Louvain algorithm. These communities often mirror functional or sectoral alignments. Analyzing such clusters reveals natural pathways of collaboration as well as gaps between silos that may require intentional bridging.






2.7 SWOT analysis for strategic planning

A structured, multi-stage qualitative consensus process was employed to conduct the SWOT analysis. Participants were divided into four thematic working groups, each assigned to systematically identify factors for one of the four SWOT categories. The analysis was guided by a standardized framework of prompting questions aligned with the study’s objectives. For instance, groups considered questions such as: “What existing policies, skills, or infrastructure give Libya an advantage in One Health?” (Strengths); “What gaps in coordination, funding, or awareness hinder progress?” (Weaknesses); “What external support, partnerships, or global initiatives can be leveraged?” (Opportunities); and “What political, economic, or environmental pressures could threaten success?” (Threats). Following in-depth group discussions, the findings were presented in a plenary session where each factor was reviewed, debated, and validated through formal consensus voting to ensure only universally acknowledged items were retained. A pre-defined threshold of >70% participant agreement was required for a factor to be included in the final SWOT matrix. To strengthen internal validity and contextual relevance, the consolidated findings were cross-referenced with SNA results. This rigorous process ensured that the final SWOT matrix directly and reliably informed the strategic priorities embedded in the national One Health MoU.




3 Results


3.1 Influence–interest analysis

Actors were plotted on a stakeholder influence/interest matrix (Figure 1), which serves as a strategic visual tool for understanding their relative potential impact on and commitment to the One Health initiative. The matrix revealed distinct stakeholder segments, guiding targeted engagement strategies:


	• High Influence, High Interest (“Manage Closely”): This pivotal group, including the MoH, MoA, MoE, MoLG, Prime Minister’s Office, NCDC, NCAH, FDCC, ESA, WHO, FAO, and WOAH, is essential for both policy formulation and execution, necessitating continuous and close collaboration.

	• High Influence, Low Interest (“Keep Satisfied”): Entities such as the Ministry of Interior Affairs (MoIA) and Ministry of Defense (MoD) wield significant authority but have lower direct interest. Engagement should focus on meeting their specific needs to secure their support.

	• Low Influence, High Interest (“Keep Informed”): Comprising research centers, the Ministry of Higher Education (MoHE), non-governmental organizations (NGOs), and professional or civil societies, these stakeholders are strong allies. Keeping them well-informed fosters advocacy and broad-based support.

	• Low Influence, Low Interest (“Monitor”): Stakeholders like the Ministry of Information (MoI) and Ministry of Social Affairs (MoSA) require minimal effort but should be monitored for potential risks or emerging opportunities.



The resulting matrix served as a strategic framework to prioritize engagement, highlighting influential stakeholders whose buy-in was critical for driving the initiative forward and identifying entities requiring targeted communication. This approach enabled the systematic development of tailored strategies to secure broad-based, multi-sectoral commitment.



3.2 Social network structure and centrality metrics

Figure 2 presents the network map generated from the participatory Net-Map exercise, illustrating the structure and nature of relationships among key actors in Libya’s One Health network. The map identifies the NCDC and the National Center for Animal Health (NCAH) as the most connected nodes. The MoA was observed to be the primary connection point between international organizations (FAO, WOAH) and national agencies.
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FIGURE 2
 Network map of key stakeholders for One Health institutionalization in Libya.



3.2.1 Activity (engagement metrics)

Based on degree centrality, the NCDC, with 38 connections, and the NCAH, with 34 connections, are the core hubs of the network. The MoH, with 26 connections, also shows high centrality. Among the international organizations, the WHO emerges as the most connected actor, with 14 connections, approximately twice as many as WOAH and the FAO, with 5 and 7 connections respectively, both of which occupy more peripheral positions in the network. When considering weighted degree, the NCDC (128), NCAH (96), and ESA (68) emerge as the most intensively connected nodes in the network.



3.2.2 Bridging (brokerage metrics)

Betweenness centrality highlights the MoA (0.334) as a critical bridge between network segments, followed by the FDCC (0.212) and the NCAH (0.152). In contrast, international organizations such as the WHO, the FAO, and the WOAH exhibit low betweenness centrality, indicating that they connect primarily to central hubs rather than serving as bridges between distinct clusters. The broker score explicitly quantifies the brokerage role suggested by betweenness centrality. The MoA had the highest broker score (0.223), confirming its critical function in liaising between the domestic operational cluster and the international agricultural governance cluster. The NCAH’s broker score (0.061) further supports its hybrid role as both a hub and an integrator between the human and animal health sectors. The analysis of constraint further clarifies the brokerage roles within the network. A high constraint score indicates that an organization’s partners are also highly interconnected with each other, limiting its room to maneuver or act as a broker. This is observed in entities like the ESA (0.795) and WOAH (0.823), whose influence is channeled through tight-knit groups. Conversely, the MoA exhibits a low constraint score (0.331), signifying its unique position in connecting otherwise disconnected groups and confirming its role as the network’s primary broker or “structural hole spanner.”



3.2.3 Accessibility (Influence metrics)

In terms of closeness centrality, the MoA (0.667) and FDCC (0.625) demonstrate high accessibility. The WHO shows the highest accessibility (0.5) among the international organizations. These results indicate their ability to rapidly disseminate information or coordinate actions across the network. In contrast, international organizations such as FAO (0.333) and WOAH (0.357) exhibit low closeness centrality, reflecting their more peripheral positioning and limited direct reach to other stakeholders. Eigenvector centrality further underscores the central role of national technical institutions: the NCDC (1.000) and the NCAH (0.858) dominate the network, confirming that their influence stems not only from direct connections but also from their ties to other well-connected actors. The ESA (0.783) and the MoH (0.461) also hold notable influence within the core network. Conversely, WOAH (0.018) and FAO (0.055) have minimal eigenvector centrality, indicating limited integration into the network’s influential core and reinforcing their role as external supporters rather than central drivers of One Health coordination in Libya. Based on PageRank, the NCDC (0.210) and the NCAH (0.164) rank highest, reaffirming their roles as central, high-impact actors in Libya’s One Health ecosystem. In contrast, more peripheral entities—such as the MoLG (0.0281), FAO (0.0530), and WOAH (0.0357)—exhibit limited network prominence, reflecting their supportive rather than core coordinating functions (Table 1).


TABLE 1 Social network analysis metrics and derived roles for core One Health stakeholders in Libya.


	Node
	Degree of centrality
	Weighted degree
	Betweenness centrality
	Broker Score
	Constraint
	Closeness
	Eigenvector
	Page rank
	Role type

 

 	NCDC 	38 	128 	0.005 	0.003 	0.462 	0.435 	1.000 	0.210 	Hub


 	NCAH 	34 	96 	0.152 	0.061 	0.603 	0.526 	0.858 	0.164 	Hub-Broker


 	MoH 	26 	58 	0.041 	0.016 	0.612 	0.588 	0.461 	0.106 	Hub-Broker


 	ESA 	20 	68 	0.006 	0.001 	0.795 	0.455 	0.783 	0.113 	Hub


 	MoA 	19 	31 	0.334 	0.223 	0.331 	0.667 	0.062 	0.094 	Hub-Broker


 	MoE 	17 	35 	0.006 	0.002 	0.664 	0.556 	0.366 	0.069 	Peripheral


 	FDCC 	16 	24 	0.212 	0.078 	0.633 	0.625 	0.215 	0.051 	Broker


 	WHO 	14 	42 	0.013 	0.003 	0.762 	0.500 	0.393 	0.076 	Peripheral


 	MOLG 	8 	8 	0.094 	0.052 	0.440 	0.556 	0.046 	0.028 	Broker


 	FAO 	7 	17 	0.000 	0.000 	0.673 	0.333 	0.055 	0.053 	Peripheral


 	WOAH 	5 	9 	0.000 	0.000 	0.823 	0.357 	0.018 	0.036 	Peripheral





NCDC, National Center for Disease Control; NCAH, National Center for Animal Health; MoH, Ministry of Health; ESA, Environmental Sanitation Affairs; MoA, Ministry of Agriculture; MoE, Ministry of Environment; FDCC, Food and Drug Control Center; WHO, World Health Organization; MOLG, Ministry of Local Government; FAO, Food and Agriculture Organization of the United Nations; WOAH, World Organization for Animal Health.
 

The network comprised 11 nodes (organizations) with a total of 102 edges (connections), representing multiple forms of interaction (coordination, collaboration, capacity building, and advocacy). The network exhibited a very short average path length of 2.05 and a diameter of 4, indicating that information can traverse the entire network efficiently. The transitivity score of 0.65 pointed to a high level of clustering, where organizations form tightly knit groups. The assortativity coefficient of −0.13 indicates a slight disassortative mixing pattern. This means that well-connected hubs (like NCDC and NCAH) tend to connect with less-connected, peripheral organizations. While this ‘hub-and-spoke’ structure enables efficient information flow through central actors, it also creates a potential vulnerability: the network’s resilience is highly dependent on its central hubs, making it susceptible to fragmentation if a key hub like the NCDC becomes incapacitated. The network is dominated by coordination links, which occur 40 times (39.2%) across 22 unique pairs. Capacity building is the second most frequent interaction, with 24 instances (23.5%) among 17 unique pairs. Advocacy appears 22 times (21.6%) with 12 unique pairs. Collaboration is the least common link type, recorded 16 times (15.7%) across 8 unique pairs Table 2.


TABLE 2 Global network metrics and distribution of interaction types in Libya’s One Health stakeholder network.


	Category
	Metric/link type
	Value/count
	Proportion
	Description/unique pairs

 

 	Network Structure 	Number of nodes (organizations) 	11 	- 	The key stakeholder institutions in the network


 	Number of edges (connections) 	102 	- 	The total interactions between organizations


 	Network diameter 	4 	- 	The longest shortest path between any two organizations is 4 steps


 	Average path length 	2.05 	- 	On average, information travels between organizations in just over 2 steps


 	Transitivity (clustering) 	0.65 	- 	65% probability that two partners of an organization are also partners


 	Assortativity 	−0.13 	- 	Slight “hub-and-spoke” tendency in network structure


 	Link Types 	Coordination 	40 	0.392 	22 unique pairs


 	Capacity building 	24 	0.235 	17 unique pairs


 	Advocacy 	22 	0.216 	12 unique pairs


 	Collaboration 	16 	0.157 	8 unique pairs




 




3.3 Community structure and functional clusters

Application of the Louvain algorithm to the stakeholder network identified three distinct communities with a modularity score of 0.195, indicating a statistically significant, non-random community structure Figure 3 (Supplementary Table 1)


	• Community 1 includes the ESA, MoE, NCAH, and NCDC.

	• Community 2 comprises the FAO, MoA, MoLG, and WOAH.

	• Community 3 consists of the FDCC, MoH, and the WHO.



[image: Venn diagram-style flow chart with three rounded rectangles arranged in a triangle, linked by curved arrows. Top: Community 1, Operational One Health Interface, ESA, MOE, NCAH, NCDC. Bottom left: Community 2, Agriculture and Livestock Cluster, FAO, MOA, MOLG, WOAH. Bottom right: Community 3, Public Health and Regulatory Cluster, FDCC, MOH, WHO.]

FIGURE 3
 Community structure of Libya’s One Health stakeholder network revealed by the Louvain clustering algorithm. NCDC, National Center for Disease Control; NCAH, National Center for Animal Health; MoH, Ministry of Health; ESA, Environmental Sanitation Affairs; MoA, Ministry of Agriculture; MoE, Ministry of Environment; FDCC, Food and Drug Control Center; WHO, World Health Organization; MOLG, Ministry of Local Affairs; FAO, Food and Agriculture Organization of the United Nations; WOAH, World Organization for Animal Health.




3.4 SWOT analysis findings

The most significant strengths identified were the strong technical expertise of national institutions, the existence of centralized infrastructure, and a notable willingness among stakeholders to collaborate. Conversely, the most critical weaknesses included deeply fragmented intersectoral coordination, the absence of joint strategic plans, and limited financial resources dedicated to One Health activities. Key opportunities centered on the potential for alignment with the Quadripartite’s Joint Plan of Action and access to sustained international technical support. The most pressing threats were identified as the overarching political and economic instability, the impacts of climate change, and cross-border disease risks associated with migration Figure 4.

[image: SWOT analysis graphic divided into four colored quadrants: strengths in orange listing factors like existing policies, human resources, bilateral agreements, and local support; weaknesses in gray citing lack of One Health awareness, weak cooperation, insufficient training, and financial constraints; opportunities in yellow including technical support, international collaboration, and media engagement; threats in blue noting political instability, security challenges, climate change, and disease risks. Each quadrant presents several concise bullet points. Central box labeled “SWOT.”]

FIGURE 4
 Strengths, weaknesses, opportunities, and threats (SWOT) analysis of factors influencing the implementation of the One Health.




3.5 Development of the national one health memorandum of understanding (MoU)

The MoU was developed as a direct outcome of this stakeholder engagement process and established the formal governance framework for One Health in Libya. Its key provisions include:


	• Signatory parties: The MoU is signed by the key “Manage Closely” institutions identified in the network analysis: the MoH, MoA, MoE, Food and FDCC, MoLG, and endorsed by NCDC and NCAH, in a ceremony facilitated by the WHO as a technical stakeholder.

	• Governance structure: It mandates the establishment of a National One Health committee, with representation from all signatory parties. The High-Level Steering Committee is responsible for strategic oversight.

	• Scope of collaboration: The MoU explicitly outlines priority areas for collaboration, which align with the workshop’s findings and the Quadripartite priorities. These include: (1) Joint epidemic surveillance and control of zoonotic diseases; (2) AMR containment; (3) Food safety; and (4) Addressing the human-animal-environment interface of climate change.

	• Operational mechanisms: The framework commits parties to developing a joint plan and Standard Operating Procedures (SOPs) for outbreak preparedness and response, establishing a common data-sharing platform, and conducting regular joint simulation exercises.






4 Discussion

Since the early 2000s, when the concept of One Health was introduced, there has been a notable rise in initiatives to implement the approach globally, regionally, and nationally. Various entities such as governments, academia, and non-profit organizations have embraced the One Health philosophy, institutionalizing their commitment to cross-disciplinary and collaborative efforts via One Health frameworks, networks, steering committee, and technical groups, and task-forces (19).

This research provides the first in-depth stakeholder network analysis to guide the establishment of the One Health approach in Libya. Using participatory Net-Map exercises, SNA, and a SWOT evaluation, we mapped the governance landscape, identified systemic strengths and weaknesses, and contributed to developing a national One Health MoU. Our findings reveal a network marked by strong internal cohesion but limited cross-sector integration, with existing collaboration within domains such as human health, animal health, and agriculture, yet minimal intersectoral connectivity. This fragmentation aligns with a global review of One Health initiatives, which included 54 studies (77 programs). The study found that most initiatives involved only human and animal sectors, with little inclusion of the environmental sector. Nearly all programs emphasized policy and capacity building, while Pathway 2 (collaboration and engagement) was the most active, followed by Pathway 1 (policy, legislation, advocacy, and financing) and Pathway 3 (data, evidence, and knowledge). Both our study and the global review highlight a common gap in multisectoral integration, suggesting that despite active engagement and policy efforts, the One Health framework often remains fragmented across sectors (20). Furthermore, our findings on fragmentation and centralization find a revealing counterpoint in the experience of the Lao People’s Democratic Republic. While Libya’s network is structurally cohesive yet siloed, the network in Laos has been characterized as sparse and centralized, with core national organizations strained by numerous donor-driven projects (21). We suggest that two main factors lead to the structural differences observed. First, Libya’s strong pre-existing state capacity, bolstered by oil revenues, allows for a cohesive “hub-and-spoke” system. In contrast, Laos struggles with state capacity, resulting in a dispersed network reliant on international entities. Second, the nature of international intervention plays a role; Laos has many external donors, leading to competition and centralized administrative demands, while Libya benefits from a limited number of partners like the WHO and FAO, which support national centers through focused coordination. This observed fragmentation poses a significant risk that, in the face of zoonotic outbreaks or AMR threats—particularly in the post–COVID-19 context—responses may remain compartmentalized rather than fully coordinated (22, 23).


4.1 Central institutions and dual roles: strategic vs. operational leadership

The SNA findings indicate that the NCDC and the NCAH are fundamental to Libya’s One Health framework. Although both entities are central, their functions differ significantly: NCAH exhibits a balanced combination of influence and intermediacy (with high in-degree and betweenness), making it a key connector between human and animal health sectors. Conversely, NCDC stands out as the most active entity operationally (with the highest weighted out-degree), driving collaboration, capacity enhancement, and advocacy efforts. This contrast between strategic impact and operational engagement highlights the necessity for complementary leadership strategies in One Health governance. Among the international entities, the SNA results indicate that the WHO has the most operational entity (with the highest degree of centrality and weighted degree) in Libya.

The network displays a disassortative mixing pattern, with an assortativity of −0.13, leading to a ‘hub-and-spoke’ arrangement where central hubs primarily link to less-connected peripheral nodes. This structure provides efficiency and cohesion, which allow for effective coordination and rapid dissemination of information and resources from central nodes (such as NCDC and NCAH) to outer regions, enhancing leadership during routine operations. However, it introduces structural vulnerability; this efficiency renders the network at risk, especially if a central hub like the NCDC were to be removed. Such a loss could fragment the connections among peripheral nodes, causing disruption. This vulnerability is particularly alarming in Libya’s volatile context, where institutional stability is unpredictable.

Though the MoH does not get deeply involved in operations, it maintains a significant structural position due to its critical policy-making function. This observation is consistent with global patterns, where technical bodies typically lead execution and ministries offer strategic guidance (24).

Human-driven environmental changes—particularly agricultural intensification, deforestation, and ecosystem disruption—have led to increased encroachment into wildlife habitats, disrupting ecological balances and bringing humans and livestock into closer contact with wildlife reservoirs and disease vectors, thereby heightening the risk of infectious disease emergence and spread (25, 26). This highlights the essential role of MoA. In this research, MoA serves a crucial intermediary function, linking the domestic operational center (Community 1) with international standard-setting organizations (FAO, WOAH) in Community 2. Its significant betweenness centrality (0.334) and closeness (0.667) underscore its role as a channel for adapting global standards to national actions, a pattern also recognized in other LMICs where agriculture ministries lead zoonotic disease management (7).


4.1.1 Community structure and functional clusters

The Louvain algorithm uncovered three functionally aligned groups within Libya’s health governance framework, revealing deeply ingrained institutional logics. Community 1, consisting of the NCDC, NCAH, ESA, and MoE, is characterized as an “Operational One Health Interface,” seamlessly integrating surveillance, field response, and environmental management at the junction of human, animal, and environmental health. This indicates that frontline integration is occurring naturally, without formal coordination mechanisms. Conversely, Community 2 acts as an “Agricultural and Livestock Governance Cluster,” with the MoA playing a pivotal role as a link between international standard-setting organizations (FAO, WOAH) and local policy (MoLG). Community 3 represents a “Public Health and Regulatory Cluster,” led by MoH, FDCC, and WHO, showcasing a robust command structure for human health regulation. Among the international bodies, the WHO acts as a major actor, indicating its pivotal role in not only coordinating but also pioneering the One Health approach in Libya. The WHO is mainstreaming the One Health approach across its technical units and country offices by providing strategic policy guidance, facilitating multisectoral coordination, and delivering targeted training at local, national, and regional levels—ultimately supporting country-led, sustainable One Health programming (27). However, the SNA shows the WHO’s influence as not widely visible from the perspective of the non-health sector, suggesting that its role is more catalytic than structurally central. Despite their internal cohesiveness, these clusters’ segmentation risks reinforcing isolated sectors. Thus, the national One Health MoU needs to extend beyond enhancing intra-cluster relations by intentionally creating mechanisms for cross-cluster collaboration. The MoA, with its notable betweenness centrality, serves as a strategic linchpin, bridging agricultural governance with public health and environmental operations. This data-informed community structure delivers a tailored blueprint for embedding One Health in Libya, suggesting that the governance framework can leverage existing collaborative networks while purposefully fostering connections among them, rather than applying a universal model.




4.2 Operationalizing cross-cluster collaboration: from structure to action

The identification of distinct clusters and key brokers provides a solid foundation for creating strategies to bridge sector gaps. To operationalize the strategic roles of these brokers, several mechanisms are recommended. First, the MoA should be utilized for policy bridging. With high betweenness centrality (0.334) but a low weighted degree (31), the MoA’s strength lies in connecting disparate parts of the network rather than in frequent interactions. Its role should be formalized as a policy facilitator, concentrating on developing integrated policies that align agricultural, public health, and environmental goals. Additionally, it should leverage its international ties (e.g., FAO, WOAH) to secure funding for cross-sector initiatives. Second, the NCAH needs to be empowered as an operational integrator. Given its high activity level (weighted degree = 96) and significant brokerage (betweenness = 0.152), the NCAH serves as an effective “hub-broker.” Its focus should be on creating standardized protocols for surveillance, laboratory testing, and data sharing, which will enhance collaboration between human and animal health sectors. Lastly, to mitigate structural risk, it is crucial to create redundancy within the network. The current disassortative structure (−0.13) and centralization around the NCDC and NCAH pose systemic risks. Therefore, the governance framework should promote direct connections by establishing multisectoral joint technical working groups (e.g., a “Zoonotic Disease Task Force”) and implementing a unified digital platform for disease surveillance. This strategy would aid in breaking down information silos and enhancing collaboration without the constant need for central intermediaries.



4.3 SWOT insights: building strengths, mitigating threats

The SWOT analysis contextualizes network findings within Libya’s operational reality. Key strengths—technical expertise, centralized infrastructure, and political will—provide a solid foundation. A global health risk framework is only as strong as the national public health infrastructure that forms its base, as these national systems are the first to confront pandemic threats and are therefore the essential foundation of our collective defense (28). However, key weaknesses, including fragmented coordination, the absence of joint intersectoral strategies, and limited capacity at decentralized levels, pose significant barriers to scaling up One Health implementation. Compounding these internal challenges are critical external threats such as political instability, climate change, and cross-border disease risks, all of which necessitate a resilient and adaptive governance framework. To effectively mitigate heightened risks and associated costs, policymakers must proactively address these vulnerabilities (29, 30). A successful adaptation strategy must be grounded in a robust conceptual understanding of the complex, multi-scale dynamics that shape health security in fragile contexts (31). The MoU’s focus on zoonotic surveillance, AMR containment, and climate-health interfaces directly responds to these systemic vulnerabilities.



4.4 Strengths, limitations, and future directions

This study represents the first comprehensive, mixed-methods stakeholder network analysis to inform One Health institutionalization in Libya. Its primary strength lies in the integration of participatory Net-Map exercises, quantitative SNA, and SWOT assessment—providing both qualitative depth and empirical rigor. The process directly engaged 42 participants from key national stakeholders across human, animal, and environmental health sectors, ensuring high contextual relevance and ownership. Critically, the findings were not merely diagnostic but were immediately operationalized into Libya’s national One Health MoU, demonstrating tangible policy impact. The use of multiple SNA metrics (degree, betweenness, eigenvector centrality, modularity, etc.) allowed for nuanced insights into both structural influence and operational engagement, revealing key brokers and functional clusters that would be invisible through simple stakeholder lists.

However, several limitations should be considered when interpreting these results, primarily stemming from the study’s scope and participant-defined boundaries. First, the purposive selection of national-level decision-makers and technical experts, while appropriate for mapping the core governance structure, led to the underrepresentation of subnational, private sector, and civil society actors. Consequently, the findings may not fully capture critical perspectives from frontline implementation, community engagement, and market-driven influences, potentially overrepresenting formal, government-led collaboration pathways. Second, the stakeholder network’s boundaries were defined by the workshop participants, resulting in the omission of influential international actors. Notably, entities with established environmental mandates, such as the United Nations Environment Program (UNEP) and the United Nations Development Program (UNDP), as well as key donors like the European Union and the Italian Agency for Development Cooperation, were not identified as central nodes. Their absence may obscure important sources of indirect influence, funding, and technical assistance that shape the network’s dynamics. As a result, the identified network structure represents a specific, top-down institutional perspective captured at a single point in time. This snapshot likely underestimates the complexity of the broader One Health landscape. For instance, including subnational actors might have revealed a more fragmented network, highlighting a policy-implementation disconnect. Similarly, the inclusion of UNEP and UNDP could have consolidated a stronger environmental cluster or identified a new broker for the climate-health nexus. Future research should deliberately incorporate these underrepresented groups to provide a more holistic, multi-level understanding of the One Health ecosystem in Libya and its capacity for decentralized execution and sustainable impact.



4.5 Policy implications and recommendations

To translate stakeholder network analysis into effective One Health governance in Libya, three key priorities are essential: First, institutionalizing national leadership by embedding the One Health within the governmental framework through a formal decree or mandate. This should include a dedicated budget and a transition plan to shift leadership from the WHO to a national agency, ensuring sustainability through domestic coordination. Second, bridging sectoral clusters by empowering the MoA and NCAH to connect under-engaged sectors, such as the MoE, particularly given the MoE’s role as the national lead for climate adaptation and resilience, as well as in the education and defense sectors. Developing formal inter-cluster protocols—like joint risk assessments and simulation exercises—is crucial to operationalize cross-sector collaboration. Third, establishing a results-oriented monitoring and evaluation (M&E) framework that tracks process and outcome indicators, such as joint planning meetings and budget allocations for One Health activities. This M&E system should be integrated into the national health information architecture and reported annually to enhance transparency and learning. These actions will strengthen Libya’s One Health system, making it resilient to political changes and health challenges.




5 Conclusion

The network is anchored by three pivotal institutions—the NCAH, NCDC, and MoH—which demonstrate complementary roles: NCAH as a strategic integrator, NCDC as an operational driver, and MoH as a policy leader. Critically, the MoA emerged as the key broker bridging domestic and international actors, a role now institutionalized through its co-leadership in the MoU. The network’s high reciprocity and short average path length reflect strong collaborative norms and efficient information flow within clusters. However, the tripartite community structure reveals a risk of sectoral fragmentation. The National One Health MoU directly addresses this by formalizing cross-cluster coordination mechanisms, joint surveillance, AMR containment, food safety protocols, and climate-health integration. Libya possesses significant strengths, including technical expertise, existing legislation, and centralized infrastructure. Its progress remains vulnerable to political instability, resource constraints, and weak decentralized capacity. Sustainable institutionalization will therefore require: (1) embedding the One Health within national governance with dedicated funding; (2) leveraging brokers like MoA and NCAH to connect under-engaged sectors (e.g., defense, finance, education); and (3) implementing a robust monitoring framework to track joint planning, multisectoral outbreak responses, and budget allocations. This network-informed approach offers a replicable model for One Health institutionalization in fragile and conflict-affected settings, demonstrating that even in contexts of instability, evidence-based stakeholder engagement can catalyze durable, multisectoral health governance.
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Glossary


	AMR

	
Antimicrobial resistance



	COHESA

	
Capacitating One Health in Eastern and Southern Africa



	ESA

	
Environmental Sanitation Affairs



	FAO

	
Food and Agriculture Organization of the United Nations



	FDCC

	
Food and Drug Control Center



	IFPRI

	
International Food Policy Research Institute



	ILRI

	
International Livestock Research Institute



	LMICs

	
Low- and Middle-Income Countries



	MoA

	
Ministry of Agriculture



	MoD

	
Ministry of Defense



	MoE

	
Ministry of Environment



	MoH

	
Ministry of Health



	MoHE

	
Ministry of Higher Education



	MoIA

	
Ministry of Interior Affairs



	MoI

	
Ministry of Information



	MoLG

	
Ministry of Local Government



	MoSA

	
Ministry of Social Affairs



	MoU

	
Memorandum of Understanding



	NCAH

	
National Center for Animal Health



	NCDC

	
National Center for Disease Control



	NGOs

	
Non-governmental organizations



	SNA

	
Social network analysis



	SOPs

	
Standard operating procedures



	SWOT

	
Strengths, Weaknesses, Opportunities, Threats



	UNEP

	
United Nations Environment Program



	UNDP

	
United Nations Development Program



	WHO

	
World Health Organization



	WOAH

	
World Organization for Animal Health
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1 Introduction

The next respiratory pandemic is not a question of if but when. To respond effectively, the global scientific community must be equipped with human-relevant, reproducible, and accessible models to better understand respiratory infections and evaluate potential interventions. Lung organoids (LOs)—three-dimensional, physiologically relevant models that recapitulate human airway and alveolar architecture—offer immense potential for understanding host–pathogen interactions, therapeutic responses, and vaccine development in respiratory diseases. LOs have been used to model a range of respiratory infections—for example, SARS-CoV-2 (1), influenza (2), respiratory syncytial virus (RSV) (3), and bacterial pathogens in COPD models (4). LO research has gained significant momentum over the past decade and shows a sharp rise in publications—from just one in 2011 to 929 in 2024. Nature emerged as the most cited journal, highlighting its impact in the field. The United States leads with 281 publications and over 8,000 citations (5). These trends reflect both the rapid growth and clinical relevance of LO research, emphasizing the need for continued global collaboration and investment. However, this transformative potential remains concentrated in a few high-income countries, creating a substantial gap in global research readiness. Equitable access to organoid technologies is not merely a scientific concern but a public health and preparedness imperative. Positioned as a perspective and policy statement, this manuscript integrates existing scientific knowledge with global health considerations to argue that expanding access to lung organoid technologies is essential for effective future pandemic response. In this context, we address current gaps and inequities in organoid research, propose a critical and forward-looking agenda with actionable strategies to democratize lung organoid science. We also urge policymakers and funding agencies to integrate equity-focused support for organoid research into pandemic preparedness frameworks, thereby enhancing global resilience against future respiratory pandemics.



2 Role of lung organoids research in respiratory pandemic

In the context of emerging respiratory threats, lung organoid systems provide a powerful platform for generating rapid functional insights across diverse genetic and demographic backgrounds. Although the derivation and expansion of new organoids generally require several weeks, the availability of established biobanks and ready-to-use organotypic model enables downstream pathogen exposure experiments to be initiated within 2–5 days (6, 7). Such accelerated functional modeling allows researchers to quickly evaluate viral tropism, transmissibility, and drug susceptibility, thereby advancing the early identification of therapeutic targets and vaccine candidates. These capabilities highlight the crucial role of organoid technologies in supporting timely and informed public health responses during the critical early stages of a pandemic. This capability is especially crucial in preparing for Disease X (8, 9)—a hypothetical but inevitable future pandemic threat. During the COVID-19 pandemic, we realized deep asymmetries in global scientific capacity (Box 1) and underscored the urgent need for scalable, adaptable technologies like organoids. In emergencies where clinical samples or field research are limited, organoids offer safe, reproducible, and ethical alternatives for studying pathogens and testing interventions. Coupled with AI modeling and omics data, they enhance predictive accuracy for emerging diseases, effectively bridging basic biology with actionable public health intelligence.


Box 1 Lessons learned from COVID-19: unequal participation and access to human-relevant models.

The COVID-19 pandemic highlighted a critical lesson: scientific inequity translates directly into vulnerability. While a few well-resourced countries rapidly deployed human organoid models to study SARS-CoV-2 infection, elucidate viral entry mechanisms, and screen therapeutics, most regions lacked the infrastructure, biosafety facilities, and technical expertise to conduct comparable research. For example, a study by Bipasha Bose (2021) used 3D lung organoids derived from iPSCs of diverse ethnic backgrounds to investigate variations in SARS-CoV-2 infectivity and disease severity, demonstrating how genetic and environmental factors contribute to observed disparities in COVID-19 outcomes (10). Without widespread access to technologies like organoids, the diversity of host genetics, pathogen variants, and environmental influences remains underrepresented in global datasets, limiting the comprehensiveness of biomedical responses. Similarly, Hinterberger and Stelmach examined the role of organoid technologies in global health research during the Zika and COVID-19 outbreaks (11). They emphasized that while health crises accelerated organoid research, much of the subsequent work has focused on diseases prevalent in the Global North, potentially neglecting emerging infectious diseases that disproportionately affect other regions. Ensuring equitable participation in organoid research promotes inclusivity and broadens the range of insights and innovations that benefit all populations. Thus, the uneven acceleration and subsequent deceleration of organoid research underscore the urgent need to integrate organoid technologies equitably into global health priorities.




3 Building organoid research capacity in low- and middle-income countries (LMICs)

Beyond accelerating research, lung organoids offer the crucial advantage of enabling personalized and population-representative studies by incorporating genetic and environmental diversity from donors worldwide (12). This inclusivity is vital to avoid repeating the inequities seen during COVID-19, where therapies and vaccines were often developed and tested in populations that did not reflect global genetic or socioeconomic diversity. The current global divide in organoid research stems from barriers like inadequate infrastructure, limited specialized training, expensive and hard-to-import reagents, and complex regulations around biobanking and cell sharing. These challenges exclude genetic and pathogen diversity from underrepresented regions, weakening global preparedness and stifling local innovation and resilience. Building organoid research capacity in low- and middle-income countries (LMICs)—which bear a disproportionate infectious disease burden—would empower scientists to produce contextually relevant data, leading to more effective and equitable health solutions. Achieving this requires confronting entrenched inequities through global strategies (Box 2) that prioritize technology transfer, capacity building, and open-access organoid biobanking backed by fair funding models.


Box 2 Policy framework—blueprint for global organoid equity.

We propose the following strategic recommendations for advancing global organoid research equity and enhancing respiratory pandemic preparedness.

1. Invest in global organoids research infrastructure

Evidence shows that lung organoid results vary significantly with culture conditions, differentiation protocols, and QC practices, underscoring how limited standardization restricts cross-study comparison (14–17). Emerging efforts such as HCA|Organoid and the Human Cell Atlas are developing shared reference datasets and benchmarks (18), but universally accepted QC standards and reporting guidelines for infection-focused lung organoid research remain absent. Inconsistent assay readouts also impede data integration during outbreaks, highlighting the need for coordinated international groups to establish consensus protocols and interoperable metadata standards. Sustainable, regionally inclusive investment is vital to expand global organoid research capacity. To close the existing gap, funding should support labs, facilities, and training in underserved regions to build local expertise and autonomy. We strongly urge international agencies like the Wellcome Trust, NIH, Gates Foundation, and WHO to commit to equitable funding that ensures organoid science benefits all.

2. Promote open science and ethical standards

Accelerating innovation in organoid science demands robust international collaboration grounded in openness and equity. Encouraging open-access data sharing, precompetitive collaboration, and interoperable research platforms can significantly enhance scientific progress. However, these efforts must be accompanied by thoughtful governance, particularly around the cross-border sharing of stem cell lines and patient-derived materials. Ethical biobanking, benefit-sharing, and respect for data sovereignty are essential to building trust and fairness. Global ethical frameworks must prioritize inclusivity, transparency, informed consent, and equitable benefit-sharing.

3. Integrate organoid platforms into national preparedness plans

Lung and airway organoid models should be integrated into national and global pandemic response plans as vital tools for rapid pathogen screening, drug testing, and vaccine evaluation. Governments must also back public-private partnerships to ensure these technologies remain scalable, affordable, and accessible during health crises.

4. Develop rapid-response organoid biobanks and protocols

Creating rapid-response organoid biobanks with standardized models from diverse populations is key to tackling emerging pathogens swiftly. Harmonized protocols and quality control will ensure consistency across regions. Empowering every region to grow its own lung organoids means empowering them to protect their own future. For example, large, well-established organoid biobanks—such as the Hubrecht Organoid Biobank (19)—show that patient-derived organoids can be produced, cryopreserved, and shared efficiently, allowing rapid downstream experimentation without repeated derivation. However, such facilities remain concentrated in high-income countries, limiting global access. Key gaps include the scarcity of regional biobanks in low- and middle-income settings, limited cryostorage capacity, and underrepresentation of diverse populations. Addressing these gaps will require investment in regional biobanking hubs, standardized SOPs, and equitable access and benefit-sharing frameworks.

5. Foster interdisciplinary and cross-sector collaboration

Future preparedness in organoid science demands interdisciplinary collaboration across biology, engineering, and data science, alongside strong partnerships between academia, industry, public health, and regulators. To scale impact globally, we must build collaborative research networks—through multinational consortia like the Human Cell Atlas—and create regional “Organoid Hubs” linked to WHO pandemic frameworks for rapid, coordinated responses to emerging health threats.

6. Ensure sustainable funding and policy support

Sustaining organoid research requires long-term funding and supportive policies that extend beyond emergency cycles. This includes integrating organoid science into national research agendas and pandemic financing instruments to ensure continuous readiness between outbreaks.


Establishing regional centers of excellence and promoting South–South and North–South collaborations will enable research that is contextually relevant and reduce reliance on high-income country laboratories. This distributed capacity ensures that when the next respiratory crisis arises, multiple regions—not just wealthy nations—can provide real-time data and solutions. Equally important is guiding technology development through ethical governance and inclusive participation. Transparent data-sharing, fair material transfer agreements, and community engagement must accompany biobanking and organoid derivation efforts. Only through equitable, trust-based collaboration can organoid technology serve as a bridge toward scientific solidarity rather than deepen inequalities. Integrating lung organoid research into global emergency frameworks, like the WHO Health Emergency Preparedness, Response and Resilience (HEPR) architecture (13), would formalize its role in future pandemic defense. Embedding organoid platforms within national public health institutes and academic-government partnerships can make them permanent fixtures in global surveillance and response systems.



4 Discussion

Global readiness for the next respiratory pandemic depends not only on scientific innovation but also on addressing the structural inequities that shape access to advanced biomedical technologies. In this policy, we expand upon several critical dimensions of disparity that currently limit the equitable development and application of lung organoid systems worldwide. First, the uneven distribution of organoid infrastructure remains a major barrier to global research equity. High-income countries continue to dominate access to specialized facilities, high-cost equipment, and advanced biobanking capabilities, while many low- and middle-income regions lack even the foundational resources required to initiate organoid programs. These gaps restrict the timely generation of region-specific biological data that would otherwise strengthen global pandemic preparedness. Second, significant technical challenges in standardizing organoid protocols hinder meaningful collaboration and data comparability across international research groups. Differences in culture conditions, quality control metrics, and analytical pipelines lead to variable outcomes, making it difficult to establish shared reference models. Addressing these technical inconsistencies is essential for creating a harmonized global organoid research ecosystem. Third, there is a persistent shortage of a trained workforce with expertise in stem cell biology, organoid engineering, and advanced imaging and analytical platforms. Many regions lack access to sustained training pipelines, resulting in a widening skills gap that slows both scientific progress and technology adoption. Developing coordinated, internationally supported training initiatives will be critical for expanding global capacity.

Given the existing limitations in infrastructure, workforce capacity, and equitable access, integrating organoid platforms directly into national preparedness plans may indeed be premature at this stage. To address this, we frame such integration as a gradual, context-dependent process rather than an immediate policy action. In this framework, we emphasize organoid technologies as a promising adjunct to existing public health and laboratory systems. We advocate that their effective incorporation into preparedness strategies will require sustained investment, coordinate capacity-building efforts, and strengthen international collaboration to overcome the disparities in organoid research.

Furthermore, funding and governance limitations continue to constrain sustainable organoid research growth in resource-limited settings. Short funding cycles, fragmented investment strategies, and limited institutional support weaken long-term infrastructure planning and impede the creation of resilient research networks. Strengthening financial and governance frameworks is therefore essential for supporting durable organoid innovation. Finally, the ethical and regulatory complexities of cross-border organoid sharing, an area that requires urgent attention. Divergent national regulations, concerns about data sovereignty, and inconsistent ethical oversight can delay or prevent the exchange of biological materials. Harmonized policies are needed to ensure that organoid resources can be shared responsibly, equitably, and efficiently during global health emergencies. Together, these provide a clearer policy roadmap for democratizing lung organoid science.



5 Conclusion

The promise of organoid models goes beyond scientific advancement—it offers a chance to reshape global health equity. Democratizing access to this technology will boost our collective preparedness and ensure that the fruits of discovery are shared by all. With “Disease X” an ever-present threat, investing in equitable organoid infrastructure today could determine how effectively humanity responds tomorrow. Strengthening organoid research equity is not a luxury for low- and middle-income countries—it is essential for global health security in the twenty-first century. Lung organoids can evolve from a scientific breakthrough into a cornerstone of worldwide resilience in respiratory pandemic. Through coordinated efforts to close infrastructure disparities, establish robust standardization practices, develop a skilled workforce, ensure sustainable funding, and remove regulatory obstacles, the international community can create a more inclusive and strategically prepared research landscape. Such a strengthened system will be far better positioned to generate timely insights and support an effective response when the next respiratory pandemic emerges.
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The United States H5N1 outbreak which began in 2022 had widespread human health, animal health, and economic impacts. This outbreak led to the death or depopulation of over 175 million domestic birds and marked the first time that a highly pathogenic avian influenza (HPAI) virus was detected in cattle. Response to this emergency required coordination among various stakeholders in public health and agriculture sectors at federal, state, and local levels. Despite national and local efforts, a lack of trust between stakeholders diminished the efficiency of the response. The National Academies of Sciences, Engineering, and Medicine hosted a webinar featuring four experts in different agriculture sectors to gain their perspectives from the field on building trust during the H5N1 response. Their discussion highlighted the importance of proactive trust-building, communication and transparency, and incentives as catalysts to building trust in advance of a public health crisis. These insights are key for improving responses to future HPAI outbreaks and other health emergencies.
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Introduction

Since 2022, the United States is experiencing an outbreak of highly pathogenic avian influenza (HPAI) due to influenza A H5N1 virus clade 2.3.4.4b (1). This outbreak has affected numerous wild and domestic animal species, resulting in the death or depopulation of over 175 million domestic birds nationally and the first reported illnesses in dairy cows. By September 2025, nearly 1,100 infected dairy herds in 17 states were reported along with 70 human cases, mostly in agricultural workers (2, 3). Though the Centers for Disease Control and Prevention (CDC) ended its emergency response in July 2025 due to a decrease in new cases, H5N1 had not ceased to expand. Certain regions of the United States saw increased detections in poultry flocks after the emergency response ended, and H5N1 was first detected in Nebraska dairy cattle in September 2025 (4). The H5N1 response remains a highly relevant issue in public health as it illustrates the pressing and persistent challenge of building trust among diverse stakeholders in advance of an emergency.

Discussions of research priorities based on heightened concerns of an H5N1 human pandemic highlighted that a lack of trust in government information and policies among impacted stakeholders may decrease uptake of outbreak mitigation measures (5). Effective control of zoonotic diseases such as HPAI requires a One Health approach, entailing close collaboration between human, animal, and environmental health expertise (6). In this outbreak, major stakeholders include government, agricultural, and human health agencies at federal, state, and local levels; owners, managers and workers in commercial and small-scale poultry and dairy farms; dairy, meat, and egg processors; state agricultural extension services providing production expertise to farmers; and veterinarians providing care to sick or at risk animals (7). Lack of trust among these stakeholders can hinder outbreak detection and response and facilitate further spread of the virus.

We define trust as “the willingness of a party to be vulnerable to the actions of another party based on the expectation that the other will perform a particular action important to the trustor, irrespective of the ability to monitor or control that other party” (8). Trust leads a trustor to be willing to take risks in the trustor-trustee relationship, and trust is context specific (8, 9). For example, a farmer may take a risk by reporting a first case of avian influenza in cattle on their farm to state animal health authorities rather than not reporting it. The farmer risks restrictions on production, reputational burden, amid uncertainty of remediation. In another example, state public health authorities may take a risk by communicating uncertainty to the public that they do not yet know the full extent of the outbreak in their state. They risk raising concerns about health consequences to humans including among consumers of animal products, or being perceived as unknowledgeable. The role of trust in farmers’ disease reporting has been studied in Australia, which found that higher levels of trust were associated with higher intentions to report emerging animal diseases to government authorities (10). Given that trust is a context-specific construct, there is a need to explore how trust may play a role in the H5N1 outbreak in North America.

To explore stakeholder perspectives and opportunities to improve trust-building in the current H5N1 response, the National Academies’ One Health Action Collaborative gathered written comments from impacted parties, including public health professionals, livestock producers, and veterinarians. Written comments were solicited online through the National Academies website in early March 2025. The National Academies then hosted a moderated discussion between the chief agricultural officer of a multistate dairy farm and milk processing corporation, a senior official from United Egg Producers, an agricultural safety and education coordinator working with farm workers, and a state veterinarian. The discussion was a two-hour webinar in late March 2025, which was open to the public. The written comments informed the questions that were asked to the panelists. During the moderated discussion, two investigators documented key points discussed by the panelists, as well as questions from the audience as meeting notes. Subsequently, the authors used the information from the written comments and the meeting notes to iteratively synthesize salient themes over the next three months until consensus was reached. This manuscript outlines the key themes of the discussion in which they shared observations of the H5N1 response. The discussants also identified several interlinked considerations and actions to improve responses to future HPAI outbreaks and other health emergencies.



Proactive trust-building is a strategic imperative

A critical lesson from this outbreak is that trust is difficult to establish during a crisis: It should be built well in advance. As an example, robust public-private-academic partnerships established before a 2014–2015 HPAI outbreak led to improvements in biosecurity practices on poultry farms that are credited with decreasing lateral spread of the virus (i.e., between farms) from 70% during the 2014–2015 outbreak to <20% in the current outbreak (11, 12). The unique spillover to dairy cattle in the current outbreak highlighted the need to engage and promote trust more broadly in the agricultural sector by sharing knowledge across industries, including longstanding practices on poultry farms and experiential insights from affected dairy producers. There are critical operational nuances that differ among agricultural industries, such as interstate cattle movement for rearing or milking compared with single-site rearing in the poultry industry. Proactively building rapport and shared understanding between agricultural stakeholders before an outbreak, when emotional and financial stress are high, can identify and address concerns and allow better design, uptake of, and trust in outbreak control measures. These dialogue would allow poultry producers to understand why depopulation may not be an appropriate or necessary control measure on dairy farms while it is the standard for poultry. Dairy farmers could learn what measures are practical and translatable from poultry to their operations. Such discussions would ideally involve the swine industry, where producers may resist control measures since only a single H5N1 2.3.4.4b cluster has been reported thus far and experiments suggest it may cause only mild disease with limited transmissibility (13–15).

In the current outbreak, it became clear that each agricultural commodity (e.g., poultry layers and broilers, dairy cattle) has different operational intricacies, risk profiles, and information networks. Policy leadership is essential to foster inter-stakeholder collaboration and encourage information sharing not only among government agencies, but also among agricultural co-operative and extension units, commodity groups, non-profit organizations, farmers, and community leaders. Equally important is establishing platforms for affected and unaffected producers, who may not typically work together, to communicate with and learn from each other. Policymakers must invest in understanding and bridging these differences in preparedness planning to promote proactive trust-building among stakeholders—using effective communications, transparency in engagement, and supportive incentives—to yield more efficient responses that reduce the cost and impact of future crises.



Communication is central to trust-building

Timely, clear, and consistent communication is central to trust-building (16, 17), particularly in times of change such as during health crises or when introducing new policies, an insight reinforced throughout the COVID-19 pandemic. Reliable early messaging, framed clearly to convey seriousness without invoking panic, is especially important to counter misinformation. Providing precise, actionable steps and the rationale behind them, such as the need for personal protective equipment, is key in reinforcing trust and enhancing compliance. Also, honesty regarding uncertainty is critical to sustaining trust as messages may evolve to reflect updated data or analyses.

Different messengers and formats are effective for different target audiences. Trusted individuals, such as veterinarians, outreach workers, bilingual educators, community-based organizations, and agricultural extension units can be reliable partners for successful communication, especially for new disease control measures or policies. They are generally already embedded within their stakeholder communities and are likely met with less skepticism than “outsiders” such as public health agencies whose involvement is limited to a specific outbreak. Furthermore, there is currently a critical gap in maintaining communication among different agriculture sector industries. Some, but not all, dairy producers were able to learn from producers in other states and from avian influenza biosecurity measures in poultry production. Conversely, a lack of dialogue and common ground in response measures can lead to lack of trust among stakeholders, for example, if the burden of biosecurity measures appears to be borne unequally without a full understanding of distinct operational challenges that may be unique to one commodity.

Understanding how different stakeholders function and recognizing the experiences, perceptions of risk and resources of each that affect their response is vital for creating practical, equitable, and effective communications and policies. Producers and workers should be consulted to understand commodity-specific challenges and rationale for industry practices, such as interstate cattle transport, rapidly moving eggs through the commercial chain, and needs of agricultural workers. Otherwise, messaging may be inappropriate for its audience, leading to nonadherence or unintended consequences.



Transparency catalyzes trust

Alongside effective communication, transparency is a key catalyst to trust-building in a rapidly evolving emergency, particularly around the decisions, rules, expectations, and consequences for different industries, states, and species. Transparency in a complex, multi-species outbreak response should acknowledge both what is known (e.g., clear explanations of rationale behind decision-making) and unknown (e.g., recognizing policy drawbacks or scientific uncertainties). Examples include: why HPAI is considered an emerging disease in dairy cattle but a foreign animal disease in poultry; how H5N1 susceptibility and clinical illness differ among species and may require different control measures; that states vary in resources for managing outbreaks leading to different approaches; and why data is collected to inform and refine response measures.

While stakeholders may agree conceptually on transparency, it can be challenging to implement. Producers and workers may understand the importance of reporting illness amongst themselves or in their animals but still be reticent to do so out of uncertainty or fear of the consequences. Restricting visitor (including media) access to production units for biosecurity purposes may be misconstrued as signs of covert wrongdoing, prompting questions of how to implement “glass walls” that protect health and safety while still demonstrating openness. Open conversations, with early and iterative engagements throughout the outbreak, among producers and health authorities about what is known or remains uncertain on viral transmission routes, risk factors for infection, and potential control measures help reinforce trust between parties. Transparency and honesty in communication also promote understanding that science evolves and lend trust to possible changes in recommendations, which can increase the health authorities’ perceived benevolence and integrity, which are factors that affect a party’s trustworthiness (8).



Incentives to support trust in interventions

Avian influenza and the associated control measures have significant health, social, and economic ramifications. Agricultural producers may experience loss of animals and products, costs for depopulation and quarantine, loss of customers and market share, and reputational damage. Farm workers may experience the economic impacts from lost wages, temporary or permanent job loss, and unpaid or reduced-pay leave time for educational sessions or health testing. These potential outcomes are perceived risks that may impact risk-taking behavior in the relationship between the producer and the government (8). As a result, these perceived risks can discourage engagement with infection control interventions and are exacerbated if producers and workers do not see benefits or trust the processes.

U.S. agriculture relies heavily on foreign workers: an estimated 51% of hired dairy workers were immigrants (18). In addition to potential language barriers which may constrain adherence with risk reduction interventions such as using personal protective equipment, workers may have concerns about engaging with government officials. This reticence may also hinder compliance with control measures such as travel restrictions if working at multiple locations. For farm workers, incentives from small snacks to cash rewards or gift certificates can encourage participation in educational sessions, testing programs, and illness reporting. Improved access to health care and paid sick leave can facilitate compliance with control measures among ill farm workers. For farm owners, benefit-sharing from research activities that help inform disease control in their operations can encourage cooperation with federal and state authorities. In addition, indemnity and compensation programs that appropriately cover losses for production, depopulation, and replacement; are equitably distributed; and are announced early in an outbreak are particularly important to support use of stringent disease control measures.



Conclusion

Building trust for outbreak response must recognize that stakeholders have different experiences, resources, and roles that influence how they respond. Given that trust is context specific and is updated based on past outcomes (8), empowering stakeholders through iterative engagement, transparent communication, and incentives that lower their perceived risk for engaging with health authorities, will support trust building that will facilitate outbreak responses in the future. In the HPAI H5N1 outbreak in the U.S., there have been localized successes in proactive communication and cross-sector mobilization with industry partners by state health officials to build trust among the relevant stakeholders (19). However, these success stories could be replicated more broadly in the agricultural sector, and public health preparedness efforts could engage producers’ perspectives in simulation exercises to support operational learning and lay the foundation for building trust with these stakeholders for future outbreaks (20). These pillars for trust-building are foundational for instilling resilience into the U.S. food production system to protect the health and wellbeing of the nation’s livestock and people.
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Pet ownership, pet-related characteristics, and sleep quality among older adults in China: a nationwide cross-sectional study

Yixin Tang1†, Nini Zhu2†, Mengqi Jin1, Zhangqing Ren3, Jianliang Lu4, Lili Xu5, Lijun Xie6 and Jianjiang Pan1*


1Department of General Practice, Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou, China

2Department of General Practice, Affiliated Lianyungang Clinical College of Nantong University & The Second People's Hospital of Lianyungang, Lianyungang, China

3Department of General Practice, Shaoxing People's Hospital, Shaoxing, China

4Department of Emergency, Ninth People's Hospital of Zhengzhou (Geriatric Hospital of Zhengzhou), Zhengzhou, China

5Department of General Practice, First Affiliated Hospital of Shihezi University, Shihezi, China

6Department of General Practice, The Second Affiliated Hospital of Xi'an Medical University, Xi'an, China

Edited by
Christos Stefanis, Democritus University of Thrace, Greece

Reviewed by
Ciro Gaona, Alzheimer's Foundation of Venezuela, Venezuela
 Wei Luan, Shuguang Hospital Affiliated to Shanghai University of TCM, China

*Correspondence
 Jianjiang Pan, panjianjiang@zju.edu.cn

†These authors have contributed equally to this work and share first authorship

Received 10 October 2025
 Revised 11 December 2025
 Accepted 19 December 2025
 Published 02 February 2026

Citation
 Tang Y, Zhu N, Jin M, Ren Z, Lu J, Xu L, Xie L and Pan J (2026) Pet ownership, pet-related characteristics, and sleep quality among older adults in China: a nationwide cross-sectional study. Front. Vet. Sci. 12:1721332. doi: 10.3389/fvets.2025.1721332






Introduction: As population aging accelerates globally, sleep disorders among older adults have become a significant public health concern. While pet ownership is increasingly recognized for its psychosocial benefits, its specific impact on sleep quality remains inconclusive. This study aimed to investigate the associations between pet ownership, diverse pet-related characteristics, and sleep quality among the elderly in China.
Methods: A nationwide cross-sectional study was conducted involving 1,434 Chinese participants aged 60 and above (mean age: 71.0 ± 7.0 years). Sleep quality was assessed using the Athens Insomnia Scale (AIS). Multivariate logistic regression models were employed to estimate the adjusted odds ratios (ORs) and 95% confidence intervals (CIs) for insomnia risk, adjusting for sociodemographic factors, health status, and lifestyle habits.
Results: Pet ownership was significantly associated with a reduced risk of insomnia (adjusted OR = 0.75, 95% CI: 0.59–0.96). Specifically, dog ownership (OR = 0.63, 95% CI: 0.40–0.98) and owning healthy pets (OR = 0.41, 95% CI: 0.23–0.70) were protective factors. Conversely, rabbit ownership (OR = 1.94, 95% CI: 1.04–3.59), ownership duration of less than one year, and daily interaction exceeding two hours were associated with an increased risk of poor sleep quality. Frequent dog walking was also found to be beneficial for sleep health.
Discussion: Our findings demonstrate that the pet-sleep relationship in older adults is complex and contingent on specific ownership contexts, suggesting that targeted pet companionship may serve as a potential intervention for sleep health in aging populations.
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1 Introduction

Population aging has emerged as a major challenge in global public health. By 2023, the global population aged 60 and above reached approximately 1.1 billion, projected to increase to 2.1 billion by 2050, accounting for 16% of the global population (1). Sleep disorders are particularly common in older adults, with prevalence estimates ranging from 30% to 70% (2). Poor sleep quality is linked not only daytime fatigue and impaired concentration but also to long-term consequences such as cognitive decline, cardiovascular disease, and reduced quality of life (3). The additional healthcare burden imposed by insomnia in older adults is substantial, placing significant strain on both individuals and society (4). Improving sleep quality is therefore recognized as a cornerstone of healthy aging, and finding feasible intervention strategies to support better sleep has become a public health priority (4–6).

Pets are now a familiar part of daily life, with more than half of households worldwide owning one (7). Previous studies indicate that pet companionship can alleviate loneliness, provide emotional support, and promote physical and mental health by increasing physical activity, all of which can benefit sleep (8). For instance, dog owners may experience shorter sleep latency and improved sleep continuity due to increased daily physical activity from walking their pets (9). However, pet ownership may also carry adverse effects, such as sleep disruption caused by nocturnal pet activity or psychological burdens from increased caregiving responsibilities (10). Current evidence on the association between pet ownership and sleep remains inconsistent.

Despite growing interest in the health benefits of pet ownership, current evidence regarding its association with sleep quality remains significantly limited. Many studies reduce pet ownership to a binary measure “owning a pet or not” without considering important contextual factors such as duration of ownership, level of daily interaction, pet health, or the financial resources required to care for a pet (10–12). These dimensions may critically shape whether pet ownership has beneficial, neutral, or even adverse effects on sleep. Few studies have compared different types of pets, even though dogs, cats, birds, and small mammals vary substantially in their behavioral patterns, care requirements, and the kinds of interactions they foster with humans (13). Such differences may translate into distinct effects on sleep quality. Evidence is particularly scarce among older adults, who face unique challenges such as higher rates of social isolation, reduced physical activity, and increased vulnerability to sleep disorders (11, 14). Yet, the specific mechanisms through which pet companionship functions within this particular population remain unclear. These gaps are even more pronounced in the Chinese context, and research mainly focuses on young people (15). With rapid population aging and the proliferation of “empty-nest” households, companion animals are assuming an increasingly vital role in the lives of older adults (16). However, domestic studies have rarely investigated sleep as a primary health outcome. As a result, the role of pet companionship in sleep health among Chinese older adults remains largely unexplored.

To bridge these gaps, this study utilizes a nationwide, multi-center sample to comprehensively investigate the association between pet ownership behaviors and sleep quality among Chinese adults aged 60 years and older. Moving beyond the assessment of simple ownership status, we integrated multidimensional characteristics including pet type, duration of ownership, daily interaction, pet health status, and related expenses. By doing so, we aim to unravel the complex associations between these factors and sleep quality, thereby providing localized empirical evidence for understanding the potential role of pets in the healthy aging process of Chinese older adults.



2 Methods


2.1 Study design and participants

This cross-sectional, multicenter survey was conducted between August 2024 and January 2025 to examine the relationship between pet ownership and sleep quality among older adults in China. Data were collected using a standardized, structured questionnaire administered through face-to-face interviews.

Inclusion and Exclusion Criteria: Participants were eligible if they were aged 60 years or older, had sufficient cognitive and communication ability to understand and complete the questionnaire independently or with interviewer assistance, and provided written informed consent. Individuals were excluded if they had clinically diagnosed severe cognitive impairment (e.g., dementia) or serious physical or psychiatric conditions (e.g., terminal cancer, unstable heart failure, major depressive episode, or schizophrenia) that prevented participation.



2.2 Sample size calculation

The sample size of the present study was determined based on previous studies reporting an insomnia prevalence of approximately 30–40% among older adults in China (17). Given a power of 95% and a two-sided significance level of 0.05, this study required minimum sample size of 600. To ensure adequate power for subgroup analyses involving different pet-related characteristics and to account for a potential non-response rate of 20%, we increased the target sample to 1,440 participants.



2.3 Sampling strategy

A multistage mixed sampling strategy was employed to obtain a representative sample of older adults from diverse geographical regions across China. In the first stage, five provinces were purposively selected to capture geographic, economic, and cultural diversity: Zhejiang and Jiangsu (eastern China, economically developed), Henan (central China, moderate development), and Shaanxi and Xinjiang (western China, less developed and more ethnically diverse). This approach ensured coverage of both urban and rural populations across different socioeconomic contexts. In the second stage, three to four community health service centers were identified within each province. Centers were chosen based on their capacity to collaborate in research, accessibility to local residents, and ability to provide a stable sampling frame of older adults regularly attending for routine health services. In the third stage, quota sampling was used to recruit 80~100 participants per site. To minimize imbalance between exposure groups, an alternating recruitment procedure was adopted: after enrolling one eligible pet owner, the next eligible non-owner was recruited, and vice versa. This ensured approximately equal numbers of pet owners and non-owners within each site, facilitating direct comparison. All participants provided informed consent to participate voluntarily in the survey, and the study was approved by the Ethics Committee of Zhejiang University School of Public Health (approval no. 202406-8).



2.4 Study variables
 
2.4.1 Sleep quality

Sleep quality was assessed using the Athens Insomnia Scale (AIS) (18). This scale consists of eight items, each rated on a 4-point Likert scale ranging from 0 to 3. The total score is calculated by summing all items, with higher scores indicating more severe insomnia symptoms. A cutoff score greater than 6 was considered indicative of insomnia. The AIS demonstrated a Cronbach's α coefficient of 0.91 in this study, indicating high internal consistency.



2.4.2 Pet ownership and characteristics

The exposure variable in this study is pet ownership behavior, with relevant data collected using a structured, self-developed questionnaire. Pet ownership status was first assessed by asking participants whether they currently kept any household pets. Based on their responses, individuals were classified as pet owners or non-owners. For pet owners, additional information on pet-related characteristics was obtained.

Pet type was measured through four separate yes/no questions asking whether participants owned a dog, cat, bird, or rabbit. These items were not mutually exclusive, allowing respondents to report multiple pet types. For analysis, each pet type was coded as an independent binary variable.

Additional pet-related characteristics were measured using standardized categories. Duration of ownership was classified as < 1 year, 1–3 years, or >3 years. Daily interaction time referred to the average amount of time spent with the pet per day (< 1 h, 1–2 h, >2 h). Pet health status was assessed through a three-level self-rating (poor, fair, good), based on the participant's perception. Annual pet-related expenses included spending on food, veterinary care, grooming, and supplies (< 1,000 RMB; 1,000–2,999 RMB; ≥3,000 RMB).

The questionnaire was developed based on a review of prior epidemiological research on pet ownership and was reviewed by experts in public health and gerontology to ensure content relevance for older adults (19). Given that these items reflect concrete behaviors or factual attributes rather than latent constructs, psychometric measures such as internal consistency were not applicable. To promote measurement consistency, all interviewers received centralized training and followed a standardized script when administering the questionnaire.



2.4.3 Covariates

Sociodemographic characteristics included age, gender, ethnicity, marital status, region, housing situation, educational attainment, employment status, monthly income, and smoking and drinking habits.




2.5 Statistical analysis

All analyses were conducted using STATA version 16.0, with a two-sided significance level of p < 0.05. Missing data accounted for less than 1% of all observations. Given the negligible proportion, complete-case analysis was applied in all regression models. These cases were retained in the dataset and coded as “.” in STATA. Descriptive statistics were first generated to summarize sociodemographic characteristics, pet ownership, and sleep outcomes. Categorical variables were expressed as counts and percentages, while continuous variables were expressed as means with standard deviations or medians with interquartile ranges, depending on distribution. Group differences were tested using chi-square tests for categorical variables and t-tests or non-parametric tests for continuous variables, as appropriate. Binary logistic regression was then used to estimate the association between pet ownership (yes/no) and insomnia, defined as AIS > 6. A multivariate logistic regression model assessed the association between pet ownership status and insomnia, controlling for potential confounders including age, gender, marital status, education level, housing situation, income level, chronic disease history, and smoking/drinking habits. Furthermore, among pet owners, multivariable logistic regression was applied to examine associations between specific pet-related characteristics (type of pet, duration of ownership, daily interaction time, pet health status, and annual expenses) and insomnia.




3 Results

A total of 1,507 questionnaires were distributed, with 1,434 valid responses collected, yielding a response rate of 95.2%. The average age of participants was 71.0 ± 7.0 years, with women accounting for 53.0%. According to the Athens Insomnia Scale (AIS), 414 participants (28.9%) were identified as having insomnia.


3.1 Basic characteristics of the research subjects

Table 1 presents the demographic and sociodemographic characteristics of the subjects, stratified by sleep quality. Compared with the non-insomnia group, the insomnia group had a higher proportion of females (61.2% vs. 49.7%, p < 0.01), a higher proportion of widowed individuals (20.7% vs. 12.7%, p < 0.01), a higher proportion residing in the central region (23.9% vs. 10.8%, p < 0.01), and a higher proportion of urban residents (60.2% vs. 50.3%, p < 0.01). Regarding educational attainment, the insomnia group had a higher proportion with primary school education or below and a lower proportion with secondary school education or above. Regarding lifestyle, both smoking and alcohol consumption rates were lower in the insomnia group than in the non-insomnia group. Economically, a lower proportion of the insomnia group had monthly incomes ≥5,000 yuan (16.1% vs. 27.0%, p < 0.01). Pet ownership was also less common in the insomnia group (44.3% vs. 52.3%, p < 0.01).

TABLE 1 Characteristics of participants stratified by sleep quality (n = 1,434).




	Demographic characteristics
	Total (n = 1,432 %)
	No insomnia (n = 1,018 %)
	Insomnia (n = 414 %)
	T
	χ2
	p





	Age (years)
	71.0 ± 7.0
	70.7 ± 6.8
	71.7 ± 7.4
	−2.1
	
	< 0.05



	BMI (kg/m2)
	24.0 ± 3.7
	24.1 ± 3.6
	23.9 ± 3.8
	0.9
	
	0.37



	Gender
	15.8
	< 0.01



	Male
	674 (47.0)
	513 (50.3)
	161 (38.8)
	
	
	



	Female
	760 (53.0)
	506 (49.7)
	254 (61.2)
	
	
	



	Ethnicity
	0.9
	0.33



	Han Chinese
	1,422 (99.2)
	1,012 (99.3)
	410 (98.8)
	
	
	



	Other ethnic groups
	12 (0.8)
	7 (0.7)
	5 (1.2)
	
	
	



	Marital status
	15.8
	< 0.01



	Married
	1,163 (81.1)
	852 (83.6)
	311 (74.5)
	
	
	



	Widowed
	215 (15.0)
	129 (12.7)
	86 (20.7)
	
	
	



	Other
	56 (3.9)
	38 (3.7)
	18 (4.3)
	
	
	



	Region
	40.4
	< 0.01



	Western China
	694 (48.4)
	514 (50.4)
	180 (43.4)
	
	
	



	Central China
	209 (14.6)
	110 (10.8)
	99 (23.9)
	
	
	



	Eastern China
	531 (37.0)
	395 (38.8)
	136 (32.7)
	
	
	



	Residence
	11.6
	0.01



	Urban
	763 (53.2)
	513 (50.3)
	250 (60.2)
	
	
	



	Rural
	671 (46.8)
	506 (49.7)
	165 (39.8)
	
	
	



	Residential status
	8.6
	0.01



	Living with partner
	1,038 (72.4)
	760 (74.6)
	278 (67.0)
	
	
	



	Living alone
	217 (15.5)
	141 (13.9)
	76 (18.3)
	
	
	



	Living with children or others
	179 (12.5)
	118 (11.5)
	61 (14.7)
	
	
	



	Education attainment
	6.6
	0.08



	Uneducated
	237 (16.5)
	157 (15.4)
	80 (19.3)
	
	
	



	Primary school
	460 (32.0)
	318 (31.2)
	142 (34.2)
	
	
	



	Middle or high school
	615 (42.9)
	451 (44.3)
	164 (39.5)
	
	
	



	College or above
	122 (8.5)
	93 (9.1)
	29 (7.0)
	
	
	



	Employment status
	13.2
	< 0.01



	Retired
	1,227 (85.6)
	850 (83.4)
	377 (90.8)
	
	
	



	Not retired
	207 (14.4)
	169 (16.6)
	38 (9.2)
	
	
	



	Smoke
	9.8
	< 0.01



	Yes
	460 (32.1)
	352 (34.5)
	108 (26.0)
	
	
	



	No
	974 (67.9)
	667 (65.5)
	307 (74.0)
	
	
	



	Drinking
	14.2
	< 0.01



	Yes
	475 (33.1)
	368 (36.1)
	107 (25.8)
	
	
	



	No
	959 (66.9)
	651 (63.9)
	308 (74.2)
	
	
	



	Monthly income (RMB yuan)
	25.7
	< 0.01



	< 1,000
	220 (15.3)
	161 (15.8)
	59 (15.3)
	
	
	



	≥1,000
	306 (21.3)
	195 (19.1)
	111 (26.8)
	
	
	



	≥3,000
	457 (31.9)
	309 (30.3)
	148 (35.7)
	
	
	



	≥5,000
	342 (23.8)
	275 (27.0)
	67 (16.1)
	
	
	



	≥10,000
	109 (7.6)
	79 (7.8)
	30 (7.2)
	
	
	



	Pet ownership
	7.5
	< 0.01



	Non-pet ownership
	717 (50.0)
	486 (47.7)
	231 (55.7)
	
	
	



	Pet ownership
	717 (50.0)
	533 (52.3)
	184 (44.3)
	
	
	








3.2 Multivariate analysis of the entire sample

Table 2 shows the results of the multivariable logistic regression analysis for the entire sample. After controlling for demographic, socioeconomic, and lifestyle covariates, pet ownership was significantly associated with a reduced risk of insomnia (OR = 0.75, 95% CI: 0.59–0.96, p < 0.05). Other factors significantly associated with insomnia included: being widowed (OR = 1.65, 95% CI: 1.02–2.66, p < 0.05), residing in the central region (OR = 2.58, 95% CI: 1.77–3.76, p < 0.01), rural residence (OR = 0.49, 95% CI: 0.36–0.67, p < 0.01), higher education level (secondary/high school: OR = 0.55, 95% CI: 0.37–0.81; college and above: OR = 0.45, 95% CI: 0.24–0.82), and non-retired status (OR = 0.65, 95% CI: 0.44–0.98, p < 0.05).

TABLE 2 Results of binary logistic regression models by sleep quality.




	Demographic characteristics
	OR (95%CI)
	p





	Age (years)
	1.00 (0.97, 1.01)
	0.71



	BMI (kg/m2)
	1.00 (0.99, 1.00)
	0.86



	Gender



	Male
	1.00
	



	Female
	1.20 (0.88, 1.65)
	0.25



	Ethnicity



	Han Chinese
	1.00
	



	Other ethnic groups
	1.27 (0.35, 4.70)
	0.71



	Marital status



	Married
	1.00
	



	Widowed
	1.65 (1.02, 2.66)
	< 0.05



	Other
	1.24 (0.61, 2.52)
	0.55



	Region



	Western China
	1.00
	



	Central China
	2.58 (1.77, 3.76)
	< 0.01



	Eastern China
	0.91 (0.67, 1.23)
	0.55



	Residence



	Urban
	1.00
	



	Rural
	0.49 (0.36, 0.67)
	< 0.01



	Residential status



	Living with partner
	1.00
	



	Living alone
	1.07 (0.68, 1.70)
	0.76



	Living with children or others
	0.86 (0.52, 1.37)
	0.50



	Education attainment



	Uneducated
	1.00
	



	Primary school
	0.91 (0.63, 1.30)
	0.59



	Middle or high school
	0.55 (0.37, 0.81)
	< 0.01



	College or above
	0.45 (0.24, 0.82)
	< 0.01



	Employment status



	Retired
	1.00
	



	Not retired
	0.65 (0.44, 0.98)
	< 0.05



	Smoke



	Yes
	1.00
	



	No
	0.99 (0.70, 1.42)
	0.98



	Drinking



	Yes
	1.00
	



	No
	1.29 (0.93, 1.79)
	0.12



	Monthly income (RMB yuan)



	< 1,000
	1.00
	



	≥1,000
	1.51 (1.00, 2.27)
	< 0.05



	≥3,000
	1.19 (0.79, 1.80)
	0.41



	≥5,000
	0.83 (0.51, 1.34)
	0.44



	≥10,000
	1.46 (0.78, 2.73)
	0.24



	Pet ownership



	Non-pet ownership
	1.00
	



	Pet ownership
	0.75 (0.59, 0.96)
	< 0.05








3.3 Segmentation analysis of pet owners

Among the 717 participants who owned pets, the prevalence of insomnia was 25.7%. Table 3 shows that certain pet ownership characteristics were associated with insomnia. The insomnia group had a higher proportion of pet ownership duration under 1 year (39.7% vs. 26.1%, p < 0.01), a higher proportion of pets in “poor” condition (27.2% vs. 12.4%, p < 0.01), a higher proportion spent less than ¥1,000 annually on pet care (71.7% vs. 62.5%, p < 0.05), a higher proportion walked their pets “rarely” (52.2% vs. 43.7%, p < 0.05), and a higher proportion owned rabbits (14.7% vs. 8.1%, p < 0.01).

TABLE 3 Characteristics of participants of pet ownership by sleep quality (N = 717).




	Demographic characteristics
	Total (n = 717 %)
	No insomnia (n = 533 %)
	Insomnia (n = 184 %)
	χ2
	p





	Pet ownership duration
	13.3
	< 0.01



	< 1 year
	212 (29.6)
	139 (26.1)
	73 (39.7)
	
	



	1–3 years
	182 (25.4)
	137 (25.7)
	45 (24.5)
	
	



	>3 years
	323 (45.0)
	257 (48.2)
	67 (35.8)
	
	



	Pet health status
	23.1
	< 0.01



	Poor
	116 (16.2)
	66 (12.4)
	50 (27.2)
	
	



	Fair
	307 (42.8)
	244 (45.8)
	63 (34.2)
	
	



	Good
	294 (41.0)
	223 (41.8)
	71 (38.6)
	
	



	Annual pet-related expenses (RMB yuan)
	6.2
	< 0.05



	< 1,000
	465 (64.8)
	333 (62.5)
	132 (71.7)
	
	



	1,000–2,999
	194 (27.1)
	151 (28.3)
	43 (23.4)
	
	



	≥3,000
	58 (8.1)
	49 (9.2)
	9 (4.9)
	
	



	Pet walking frequency
	7.9
	< 0.05



	Almost every day
	201 (28.0)
	164 (30.8)
	37 (20.1)
	
	



	Several times a week
	187 (26.1)
	136 (25.5)
	51 (27.7)
	
	



	Rarely
	329 (45.9)
	233 (43.7)
	96 (52.2)
	
	



	Daily interaction time with pets
	0.79
	0.68



	< 1 h
	381 (53.1)
	280 (52.5)
	101 (54.9)
	
	



	1–2 h
	161 (22.5)
	124 (23.3)
	37 (20.1)
	
	



	>2 h
	175 (24.4)
	129 (24.2)
	46 (25.0)
	
	



	Dog ownership
	14.8
	< 0.01



	No
	230 (32.1)
	150 (28.1)
	80 (43.5)
	
	



	Yes
	487 (67.9)
	383 (71.9)
	104 (56.5)
	
	



	Cat ownership
	1.65
	0.20



	No
	447 (62.3)
	325 (61.0)
	122 (66.3)
	
	



	Yes
	270 (37.7)
	208 (39.0)
	62 (33.7)
	
	



	Bird ownership
	1.8
	0.18



	No
	656 (91.5)
	492 (92.3)
	164 (89.1)
	
	



	Yes
	61 (8.5)
	41 (7.7)
	20 (10.9)
	
	



	Rabbit ownership
	6.8
	< 0.01



	No
	647 (90.2)
	490 (91.9)
	157 (85.3)
	
	



	Yes
	70 (9.8)
	43 (8.1)
	27 (14.7)
	
	








3.4 Multivariate analysis of pet ownership characteristics and insomnia

Table 4 further presents the results of the multivariable logistic regression analysis examining the association between pet ownership characteristics and insomnia. After adjusting for covariates, pet health status was significantly associated with insomnia: Older adults with “good” pets had a lower risk of insomnia than those with “poor” pets (OR = 0.41, 95% CI: 0.23–0.70, p < 0.01). Older adults with lower pet walking frequency had a higher likelihood of insomnia. Compared to those who walked their pets “almost daily,” those who walked “several times a week” (OR = 1.79, 95% CI: 1.03–3.11, p < 0.05) and those who walked “rarely” (OR = 1.97, 95% CI: 1.13–3.42, p < 0.05) were associated with insomnia. Older adults spending over 2 h daily with pets had a higher likelihood of insomnia (OR = 2.25, 95% CI: 1.27–3.99, p < 0.01). Regarding pet type, dog ownership was associated with a reduced insomnia risk (OR = 0.63, 95% CI: 0.40–0.98, p < 0.05), while rabbit ownership was associated with an increased insomnia risk (OR = 1.94, 95% CI: 1.04–3.59, p < 0.05); No significant differences were observed for cat ownership (p = 0.34) or bird ownership (p = 0.06).

TABLE 4 Results of binary logistic regression models by sleep quality (N = 717).




	Demographic characteristics
	OR (95%CI)
	p
	OR (95%CI)
	p
	OR (95%CI)
	p
	OR (95%CI)
	p





	Pet ownership duration



	< 1 year
	1.00
	
	1.00
	
	1.00
	
	1.00
	



	1–3 years
	0.85 (0.51, 1.40)
	0.51
	0.78 (0.47, 1.29)
	0.33
	0.84 (0.51, 1.40)
	0.50
	0.82 (0.50, 1.36)
	0.44



	>3years
	0.71 (0.44, 1.13)
	0.15
	0.65 (0.41, 1.04)
	0.07
	0.68 (0.43, 1.08)
	0.10
	0.68 (0.42, 1.08)
	0.10



	Pet health status



	Poor
	1.00
	
	1.00
	
	1.00
	
	1.00
	



	Fair
	0.41 (0.24, 0.70)
	< 0.01
	0.41 (0.23, 0.70)
	< 0.01
	0.40 (0.23, 0.69)
	< 0.01
	0.41 (0.24, 0.71)
	< 0.01



	Good
	0.59 (0.34, 1.04)
	0.06
	0.58 (0.33, 1.02)
	0.06
	0.57 (0.32, 1.00)
	0.05
	0.61 (0.34, 1.07)
	0.09



	Annual pet-related expenses (RMB yuan)



	< 1000
	1.00
	
	1.00
	
	1.00
	
	1.00
	



	1000–2999
	0.72 (0.44, 1.19)
	0.21
	0.75 (0.47, 1.24)
	0.26
	0.71 (0.43, 1.17)
	0.18
	0.71 (0.43, 1.18)
	0.19



	≥3000
	0.45 (0.20, 1.03)
	0.06
	0.48 (0.21, 1.12)
	0.09
	0.45 (0.19, 1.02)
	0.06
	0.44 (0.19, 1.02)
	0.06



	Pet walking frequency



	Almost every day
	1.00
	
	1.00
	
	1.00
	
	1.00
	



	Several times a week
	1.75 (1.01, 3.04)
	< 0.05
	1.92 (1.11, 3.32)
	< 0.05
	1.79 (1.03, 3.11)
	< 0.05
	1.79 (1.04, 3.10)
	< 0.05



	Rarely
	1.58 (0.88, 2.84)
	0.12
	2.04 (1.17, 3.55)
	< 0.05
	1.97 (1.13, 3.42)
	< 0.05
	1.87 (1.08, 3.25)
	< 0.05



	Daily interaction time with pets



	< 1 h
	1.00
	
	1.00
	
	1.00
	
	1.00
	



	1–2 h
	1.74 (0.79, 2.26)
	0.27
	1.34 (0.79, 2.27)
	0.27
	1.29 (0.76, 2.18)
	0.34
	1.27 (0.75, 2.15)
	0.37



	>2 h
	2.16 (1.22, 3.80)
	< 0.01
	2.26 (1.27, 4.00)
	< 0.01
	2.25 (1.27, 3.99)
	< 0.01
	2.18 (1.24, 3.84)
	< 0.01



	Dog ownership
	
	
	
	
	
	
	1.00
	



	No
	1.00
	
	
	
	
	
	
	



	Yes
	0.63 (0.40, 0.98)
	< 0.05
	
	
	
	
	
	



	Cat ownership



	No
	
	
	1.00
	
	
	
	
	



	Yes
	
	
	0.82 (0.55, 1.23)
	0.34
	
	
	
	



	Bird ownership



	No
	
	
	
	
	1.00
	
	
	



	Yes
	
	
	
	
	1.87 (0.96, 3.62)
	0.06
	
	



	Rabbit ownership



	No
	
	
	
	
	
	
	1.00
	



	Yes
	
	
	
	
	
	
	1.94 (1.04, 3.59)
	< 0.05





All statistical analysis included sociodemographic characteristics.







4 Discussion

This study, based on large-sample, nationwide cross-sectional data, provides the first systematic assessment of the association between pet ownership and sleep quality among Chinese older adults. Our findings indicate that pet ownership is significantly associated with a lower risk of insomnia (OR = 0.75), consistent with prior evidence from Western populations suggesting beneficial effects of companion animals on psychological well-being and sleep regulation (20). Further analysis indicates that this association is influenced by multiple factors, including the duration of pet ownership, the pet's health status, and pet type—findings that require in-depth mechanistic interpretation and consideration of the unique context of older adults in China. The association between pet ownership and better sleep quality observed in this study may reflect several intersecting psychological, behavioral, and social pathways.

The relationship between pet ownership duration and sleep quality is time-dependent. This study found that longer the duration of pet ownership was associated with a lower risk of insomnia, which may be attributed to the gradual establishment of strong emotional attachment and sustained emotional support between older adults and their pets over time (21). This attachment bond serves to mitigate loneliness and anxiety, promoting the release of oxytocin while attenuating sympathetic nervous system activation. This physiological cascade fosters a state of relaxation, thereby facilitating both sleep onset and maintenance (10, 12). Conversely, during the short-term pet ownership phase (less than 1 year), older adults may experience sleep disruption as they adapt to pet care demands. Fundamentally, this may stem from the disruption of homeostasis. Older adults typically maintain entrenched circadian rhythms and lifestyle habits; the introduction of a new pet necessitates significant behavioral adjustments, such as altering wake-up times or managing nocturnal disturbances. This perturbation of the established daily order can trigger “acute caregiver stress,” leading to a transient elevation in cortisol levels that impairs sleep initiation (11, 21). We observed that older adults engaging in over two hours of daily interaction with their pets had a higher risk of insomnia. This association may be explained by the fact that prolonged interaction duration could serve as a proxy for underlying challenges, such as behavioral issues in pets (e.g., separation anxiety) that may also cause sleep disruption at night, or owner-related anxiety and over-attachment that sustains a state of hypervigilance (12). Furthermore, stimulating interactions close to bedtime may directly interfere with the wind-down process necessary for sleep onset.

Pet health status is closely linked to older adults' sleep quality. This study found that owners of unhealthy pets faced a significantly higher risk of insomnia (OR = 0.41 for healthy vs. unhealthy pets).

First, in the specific socioeconomic context of China, pet illness frequently entails severe “financial toxicity” (22). Unlike Western nations, China possesses a nascent pet medical insurance system with negligible coverage, whereas veterinary costs remain relatively high (23). For older adults who primarily rely on fixed pensions, sudden veterinary expenditures can impose a substantial economic shock. This financial vulnerability often triggers intense anxiety and leads to nocturnal “rumination”, characterized by repetitive dwelling on medical bills and the prognosis of the pet (24). Such cognitive activity significantly delays sleep initiation. Second, the physical discomfort of an unwell pet often causes nocturnal restlessness that directly fragments the owner's sleep (13, 25). Beyond these direct interruptions, chronic caregiving responsibilities can induce a persistent state of “hyperarousal”. This heightened vigilance activates the hypothalamic-pituitary-adrenal (HPA) axis and leads to sustained elevation of cortisol levels. Consequently, this physiological response disrupts sleep homeostasis, trapping older adults in a vicious cycle of physical exhaustion accompanied by an inability to fall asleep (21).

Significant differences in sleep effects were observed across pet types. We found that dog ownership was linked to a lower risk of insomnia, whereas rabbit ownership was associated with a higher risk. No significant associations were observed for cat or bird ownership. These disparities likely arise from distinct interaction patterns, care demands, and associated psychosocial impacts. The beneficial effect of dog ownership may be attributed to several mechanisms. Dog owners typically engage in more physical activity (averaging approximately 45 min of daily walking in this study), which helps regulate circadian rhythms and improve sleep efficiency (26, 27). Walking dogs provides more social opportunities, reducing loneliness and indirectly promoting sleep (28). Moreover, dog owners experience greater daytime exposure to natural light, which helps maintain healthy circadian rhythms (29). These mechanisms have been validated across multiple countries and diverse populations (30–33), and our study further confirms them among Chinese older adults. Conversely, rabbit ownership was associated with an increased risk of insomnia. Rabbits are predominantly nocturnal animals requiring cage confinement and demanding care (e.g., frequent cage cleaning), which may increase owners' psychological stress and correlate with poorer sleep quality (34). As for cat and bird ownership, the lack of significant association with insomnia risk may reflect a balance of counteracting factors. For cats, calming interactions such as petting can provide emotional support and reduce stress, potentially benefiting sleep (28). However, cats are often most active during dawn and dusk, and their nighttime behaviors can disrupt an owner's sleep, particularly when co-sleeping occurs (33). Similarly, bird ownership shows no significant association with sleep quality. The relatively low intensity of human-bird interaction and lighter caregiving burden. Although the visual and auditory stimulation provided by birds may offer psychological benefits and mild stress relief (35), these advantages do not necessarily translate into measurable improvements in sleep quality.

Sociodemographic factors play a moderating role in the association between pet ownership and sleep. Regarding marital status, married individuals can share the emotional and practical burdens of pet care with a spouse (36), thus promoting better sleep. Whereas single pet owners, especially when faced with a pet's health issues, may shoulder the full burden alone, increasing their risk of loneliness and sleep problems (12, 37). Educational attainment also appears to be a key moderator, as higher education is often associated with greater health literacy, superior stress management skills, and stronger economic resilience—all of which are conducive to maintaining good sleep (38). Residential setting played a role in our study, with rural elderly reporting better sleep quality than urban dwellers. This may be attributed to the quieter environment and superior air quality in rural areas, alongside a lifestyle that typically involves more physical labor and outdoor activity (39). Although urban areas offer more developed infrastructure (40), these benefits appear to be offset by detrimental factors such as a faster pace of life, noise, light pollution, and poorer air quality, which can collectively disrupt sleep (41).

This study has several limitations. First, the cross-sectional design prevents definitive causal inferences regarding the relationship between pet ownership and sleep quality. Longitudinal studies are needed to clarify temporal patterns and address the possibility of reverse causality. Second, participants were recruited from community health service centers rather than through population-based random sampling, which may restrict the generalizability of the findings to the broader older adult population in China. Future studies should validate these findings through community-based random sampling across broader geographic regions. Third, sleep quality assessment relied on self-reported questionnaires. Although the AIS is a validated and widely used instrument for detecting insomnia symptoms, self-reported measures may be subject to recall or reporting bias. Objective sleep indicators, such as sleep duration, sleep efficiency, and nighttime awakenings, were not captured in this study. Future research incorporating subjective and objective assessments would provide a more comprehensive evaluation of sleep health. Fourth, although the analysis adjusted for multiple sociodemographic and lifestyle factors, important psychosocial and environmental variables-such as loneliness, social support, chronic disease severity, sleep environment, and co-sleeping with pets-were not assessed. These unmeasured factors may contribute to residual confounding, and future studies should incorporate more comprehensive measures to clarify the pathways linking pet ownership with sleep quality in older adults.

Based on these findings, we propose several actionable strategies to optimize sleep health for older pet owners. Dog owners may benefit from maintaining regular daytime routines, such as scheduled walking and consistent interaction, which help reinforce circadian rhythm and increase physical activity. Older adults who are new to pet ownership may require brief guidance on establishing predictable feeding and activity schedules to minimize nighttime disruptions during the adjustment period. In addition, owners of pets with poorer health may experience greater caregiving stress; providing accessible veterinary support and simple advice on managing pet-related responsibilities may help reduce sleep disturbance. These focused strategies highlight practical ways in which pet companionship can be optimized to support, rather than disrupt, sleep in later life.



5 Conclusions

This study suggests that pet ownership may serve as a potential intervention to promote sleep health among older adults, with its effectiveness influenced by the duration of pet ownership, the pet's health status, and the type of pet. Future research employing longitudinal designs and intervention trials could further explore the mechanisms underlying pet ownership's role in healthy aging, thereby providing higher-level evidence to support the development of “pet-friendly” environments conducive to healthy aging.
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Introduction: Climate driven disasters underscore the interdependence of human health and environmental conditions within the One Health framework. This community case study examines the experiences of frontline healthcare workers deployed during the 2025 Eaton Wildfire in Southern California.
Methods: Using a quantitative survey across volunteer staff members serving as frontline healthcare workers (n = 113), preliminary data from a phenomenological study of entry-level workers in that group (n = 15) and operational insights from the response effort, this paper explores how environmental exposures and community displacement shaped worker wellbeing and workforce capacity. We contextualize these data within the One Health framework.
Results: Most respondents felt motivated to help the community during a crisis (93%) and make a difference in the lives of others (81%), yet more than half reported emotional impact as a significant challenge (53%); deeper qualitative inquiry revealed potential for retriggering due to prior trauma in some workers, including personal experience as a refugee, or history of displacement due to violence. Many identified role clarity concerns (43%), mitigated by scope of practice associated with clinical licensure. While most felt supported (85%), they emphasized the need for peer debriefing and reflection spaces, self-care resources, mental health support, and training for future emergencies.
Discussion: This paper highlights a critical and emerging challenge in climate disaster response: healthcare workers can themselves be disaster survivors, which deeply affects their capacity to respond effectively. Aligning with the One Health principles of holism, collective wellbeing, and reciprocity, the Burnout Dyad is applied to this dual status experience.
Conclusion: Recognizing and supporting these dual status frontline healthcare workers, both responders and survivors, is essential for sustaining resilient health systems in the face of increasing climate crises.
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1 Introduction

The One Health model recognizes the interdependence of human, animal and environmental health. One Health is a comprehensive and integrated approach that brings together multiple sectors and disciplines to collaboratively promote wellbeing while addressing the essential needs for food, water, energy, and air to support sustainable development (1). One Health has traditionally focused on zoonotic disease, environmental exposures, ecological interconnections. However, the impacts of climate change are increasingly modifying these relationships. Climate-related disasters are events in which hazards such as floods, storms, wildfires, droughts, or extreme temperatures are amplified by the effects of climate change, leading to significant disruptions within communities and resulting in substantial human, economic, or environmental impacts (2). As wildfires, heatwaves, extreme weather events, and poor air quality increases, these disasters highlight the interdependence and interconnectedness among people, animals, and the environment within a community. Each element relies on and contributes to an overall collective wellbeing. For example, pets can support coping among evacuees but pose sanitation challenges in a disaster response context where resources are limited and infectious disease can spread rapidly.

Climate change is reshaping the conditions under which health systems operate and bringing new attention to the strengths and vulnerabilities of people who respond to climate-related emergencies. Frontline healthcare workers play a key role in the resilience of the health systems to provide quality health services in an emergency setting (3). Targeted training, updated policies, and enhanced inter-agency coordination will assist frontline workers to provide health care services to others, while also supporting their direct communities and families (4, 5).

Community health can be described as a collaborative field that brings together multiple disciplines and draws on public health science and evidence-based methods to partner with communities in culturally responsive ways to improve health and life conditions of everyone who lives, works, or otherwise spends time in a particular community (6). Community health workers, medical assistants, nurses, physicians and administrative staff working in safety net healthcare settings frequently reside in neighborhoods that are most affected by environmental hazards (7). Workforce exposure to climate-related disasters refers to both direct or indirect contact with hazards such as wildfire smoke and degraded air quality resulting from job responsibilities or work environments, which may increase the risk of injury, illness, or reduced work capacity (8).

Frontline workers often live in the same high-risk neighborhoods as the patients they serve (9), and experience displacement, smoke exposure, ecological loss and emotional distress at the same time they are called upon to help others (10). As a result, they encounter the impacts of climate-related disasters and displacement both in their professional capacities assisting others and personally, as individuals affected by the same conditions (11).

Dual-status responders are defined as frontline healthcare workers who experience environmental disruption both personally and professionally. This dual status position - responder and survivor - complicates traditional assumptions about the neutrality of frontline healthcare workers. Their personal exposure, emotional burden, and community relationships are inherently connected to the environmental disaster.

The Burnout Dyad [(12), p. 287], a conceptual grounding model (see Figure 1) that describes the complex and reciprocal relationship between patients and providers, offers a lens for understanding how climate events intensify this dynamic. This model views care delivery as a co-constructed encounter shaped by the identities, histories and lived experiences of both patients (evacuees) and providers (frontline healthcare workers at an emergency response). The Burnout Dyad is relevant to CHCs, where workers often share demographic, geographic, and lived experiences with their patient populations. When providers are also disaster affected individuals, the emotional, physical and relational dimensions of their work become more complex. During the 2025 LA Wildfires, the distinction between patient and provider stakeholders overlapped as many first responders of the wildfires had also been displaced and faced the same barriers as those served at Pasadena Convention Center.
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FIGURE 1
 Burnout Dyad Model [(12), p. 287].


When frontline healthcare workers are directly impacted by the disaster, they bring a heightened level of emotional and physical vulnerability into these encounters. A community case study approach effectively illustrates the real-world complexity of a localized climate disaster and how it influences both the personal and professional experiences of frontline healthcare workers. The 2025 Eaton Wildfire in Southern California is a compelling example of this phenomenon. The Eaton wildfire presented a real-world context in which the Burnout Dyad's principles became starkly visible, making workforce wellbeing a central concern within the human health pillar of One Health.

The wildfire began on January 7th, 2025, in Eaton Canyon, a recreational and cultural landmark for surrounding communities in the San Gabriel Valley. As the fire spread across the foothills of Pasadena and Altadena, thousands of residents were forced to evacuate. The 2025 Eaton wildfire burned more than 14,000 acres [(13, 14), p. 913], displaced thousands of residents (15), and compromised air quality across the region (16).

AltaMed Health Services Corporation (AltaMed), one of the largest federally qualified health center (FQHC) systems in the United States, serves predominantly Latino, immigrant and low income communities across Southern California. Many of their ~6,500 employees come from or live in the same neighborhoods as the patients they serve, creating a deep sense of shared identity and community connection. One AltaMed clinic was consumed by the fire and several in the region experienced operational disruptions; hundreds of employees were personally affected by the evacuation alerts, smoke exposure and direct loss. Many frontline healthcare workers were directly exposed to the event, managing uncertainty regarding their own homes and families while simultaneously working long shifts supporting evacuees. This close alignment between personal and professional life shaped the worker experience during this environmental event.

The Pasadena Convention center was designated as the primary evacuation shelter for those impacted by the Eaton wildfire, and AltaMed was one of the first organizations on site to provide healthcare services. The population served in this setting included children, older adults (many of whom were evacuated from one of the many senior care, assisted living, memory care or skilled nursing facilities in the area), individuals with chronic medical needs and families seeking information, reassurance, continuity of care and social services. The frontline workers responding to these needs were AltaMed employees and included medical assistants, licensed vocational and registered nurses, community health workers and educators, care coordinators, behavioral health staff, physicians and administrative volunteers. Many of these frontline workers lived in the same evacuation zones and were experiencing uncertainty about their own safety and resources.

Experiences of the frontline workers illustrate the holistic human health domain within One Health and the interdependence between domains. This community case study examines how one community healthcare organization worked to holistically support the unique strengths and vulnerabilities of dual-status responders to the Eaton Fire, as they supported their community through disaster.



2 Methods

The AltaMed frontline worker support initiative developed during the Eaton wildfire response aimed to address the interconnected personal and professional challenges faced by frontline workers. As dual-status responders, frontline workers encountered environmental disruptions both personally and in their professional capacity, both as responders and survivors. Two-hundred and 30 frontline workers who were employed by AltaMed, and volunteered to serve at the evacuation shelter, delivered ~650 clinical and non-clinical services to evacuees. These services ranged from basic first aid and wound care to chronic disease management, medication access and behavioral health services. General assistance including access to regional transportation, replacement clothing and personal care items (toiletries, over-the-counter medications, etc.), and durable medical equipment (canes, walkers, etc. lost in the fire) were also provided by the AltaMed Community Outreach Research Engagement (CORE) team on-site.

The key innovation of this initiative is the support program designed to sustain the health and emotional resilience of these dual-status responders. This program recognized that the workforce was not separate from the disaster but rather embedded within it. Supporting dual status responders required an approach attentive to their overlapping roles, vulnerabilities and recovery needs. Although AltaMed supported volunteer programs across several recovery events between January and November 2025, the present case study centers exclusively on the immediate and 3-month period following the Eaton response in order to provide a clear and focused analysis of program design and workforce experience.

This community case study reflects a real-world program and emphasizes a critical analysis of an initiative aimed at enhancing the health and wellbeing of frontline workers during a climate-related disaster (17). The theoretical framework is based on principles of community engagement and community-based participatory research (CBPR) which positions communities as equal partners in identifying issues and equitably involves community members to collaboratively develop interventions to improve health outcomes (18, 19). The case study utilized a descriptive design which allowed for a detailed examination within the real-life context. The survey was distributed to 230 frontline workers serving at the evacuation center, with 113 participants completing the survey. Data was collected anonymously with no identifiers saved, ensuring that individual responses could not be linked to participants. No identifying information or details linking responses to specific departments were collected, ensuring participant confidentiality and protecting them from potential retaliation or employment-related risks.

The survey instrument (Qualtrics survey) was distributed via email prior to the debrief sessions with five questions, multiple choice with selecting all that apply options. Due to the timeliness of the sessions, the survey questions initial aim was for disaster preparedness quality improvement and employee mental health wellbeing and did not derive from existing validated surveys. The survey domains include motivations for volunteering at the wildfire evacuation center, rewarding and challenging aspects of the role, how supported they felt in the role, what support or resources would be most helpful to them, and what skills or knowledge would be helpful to have prior to responding to the wildfire disaster. For data analysis, quantitative responses were analyzed using descriptive statistics, while qualitative data were assessed through open coding procedures.

Additional data was collected via surveys following debrief sessions, qualitative notes across organization meetings and via a phenomenological study of entry-level workers (n = 15), and a grounded theory methodology (GTM) study of providers and leaders who served at the site (n = 16), which allowed for deeper exploration of findings in the initial survey, as well as the development of a paradigm and contrast case. Drawing from Charmaz's (20) constructivist grounded theory approach, data analysis emphasized the co-construction of meaning between participants and the study team, while remaining attentive to power dynamics, organizational structures, and the socio-ecological context. GTM offers a systematic approach to analyzing qualitative data with the goal of generating a conceptual model grounded in participants' lived experiences, social contexts, and interactions. Furthermore, in grounded theory and participatory implementation research, the trustworthiness of findings is established through systematic, iterative, and transparent processes that uphold rigor across all stages of theory construction and application. Maslow's (21) Hierarchy of Needs framework is used to explore how unmet foundational needs may constrain role performance and wellbeing during disaster deployment. The Socio-Ecological Model broadens the perspective of the case study lens by expanding the focus from individual and interpersonal factors to multiple interconnected levels of influence, including organizational, community, and policy factors to understand how these various levels collectively shape how people respond to and recover from adverse events, including climate-related disasters (22, 23).

Interpretive phenomenology is based on Heidegger's (24) philosophical work that informed Benner's Interpretive Phenomenology (25) which drove our secondary phenomenological study of entry-level workers via a focus on their lived experiences and how they consciously perceive and make sense of the world around them. This approach is descriptive, rather than explanatory and in this work is used to explore findings from the large-scale survey across all volunteers. The grounded theory semi-structured interview guide was designed to follow-up on data collected from the entry-level workers from the perspective of administrator, nurse and physician leaders. Full GTM analysis is presented elsewhere.

The quantitative survey was classified as a quality improvement project and IRB review was not required for these anonymous surveys; however, IRB was obtained for phenomenological exploration (WCG IRB#1393995). Some of these quantitative data were previously presented elsewhere, including community-facing presentations, but are being highlighted here in the context of dual identity within the One Health framework and expanded via the qualitative, phenomenological findings.

To further support ongoing recovery, the research, implementation science and evaluation team created a comprehensive resource page that consolidated stress management tools, behavioral health services, guidance on wildfire smoke exposure and information relevant to disaster recovery. This resource flier was disseminated to post-disaster frontline workers (Figure 2). It was intended to support workers throughout the weeks and months following the event, recognizing the emotional recovery often extends far beyond the initial response period.
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FIGURE 2
 Flier for post-disaster relief resources disseminated to frontline workers.




3 Results

Across all data, we repeatedly see the interaction of altruism, identity, environmental chaos, and structural inequities producing unique emotional, professional, and ethical stressors. These outcomes are pronounced in dual status responders. These are the volunteers who both serve in the disaster response workforce and live or have a personal connection to the impacted areas.

Staff approached this work with an extraordinary level of commitment. Per the post-service survey (n = 113), nearly all who participated were motivated by a desire to help the community during the crisis, and many were driven by the hope of making a meaningful difference. Others reflected on the value of working alongside colleagues and the opportunity to gain new skills during an unprecedented event (Table 1).

TABLE 1 Post-service survey results (n = 113).	Category	Details	Percentage (n)
	Motivations for…
	Desire to help community	“I want to help during a crisis”	93% (n = 105)
	Making a difference	“I want to make a difference in people's lives”	81% (n = 91)
	Collaboration	“I want to collaborate with an amazing team”	56% (n = 63)
	Learning	“I want to learn new skills and gain experience”	46% (n = 52)
	Challenging aspects…
	Emotional impact	“I experienced an emotional impact from the work”	53% (n = 60)
	Role clarity	“I felt a lack of role clarity”	43% (n = 49)
	Sense of support…
	Very supported	“I felt very supported”	49% (n = 55)
	Supported	“I felt supported”	36% (n = 41)
	Identified support for…
	Reflection	“I felt there were opportunities to debrief or reflect with peers”	43% (n = 49)
	Resources	“I felt there were self-care resources for recovery”	32% (n = 36)
	Mental health	“I felt there was access to mental health support (e.g., counseling, resilience sessions)	23% (n = 26)
	Training and resources	“I felt there was training or resources for future disaster response efforts”	56% (n = 63)



	In interviews, respondents reported a deep sense of service and moral obligation. One individual stated: “It was blessing to be part of a team that wanted to help.” Another said, “if that's the assignment, just sign me up like I'll be there.” (CHW 7). Another said: “I feel like human connection can really bring you that sense of like positivity, good energy, to believe in yourself and to also believe in the community and what we're going through”. (CHW 12)

They also reflected on identity-based connection to affected neighborhoods and colleagues who were impacted:

	Telling my family that I feel so bad for all these women who are going through it … (speaking about colleagues who live and work in the area) and they don't have a family member here, so I feel like that those stories really impacted me. (CHW 12)

In this instance, an employee was called upon to be that “default” family and support system for a colleague.

Many were hopeful for the opportunity this event created for their professional growth and learning, despite feeling unprepared in advance for such events:

	There were times that I might have not felt comfortable doing something like that, but because it was part of my job and because I was there to do that job… For me, it was surprising that, oh my god, I did that, and it was ok, and I felt safe… like I wouldn't do that on a normal day, but at the same time I was very proud of myself for doing it. (CHW 13)

Another respondent reflected:

	To gather resources to be helpful, aside from everyone's emotional reaction around me, I felt like I was the go-to person because you know being in healthcare and just being proactive, I just felt overwhelmed because I didn't know how to really react to that.

Staff reported experiencing significant emotional stress related to the demanding nature of their work and their personal experiences with the fire. This aligns with Maslow's (21) Hierarchy of Needs Framework, suggesting that unmet needs may have impaired their ability to perform effectively. More than half identified the emotional impact as the most challenging part of their service (53%): “…the mental toll that it had of those stories and those people… it was just very sad.” (Licensed Vocational Nurse [LVN] 2) Another relayed that he had evacuated his family before coming to serve on-site at the evacuation center. He mentioned that the work was distracting him from the fear and uncertainty that his family might have lost all their possessions. One of the employees remembered:

	Some of our people (employees) were there like they were being evacuated from their houses. I'm like, what are you doing here? You shouldn't be here, you know like you're taking care of the same people that you're probably gonna be in in a couple of days or something, you know, I don't know. (Registered Nurse [RN] 12)

This dual strain underscored the importance of supporting workers in a manner consistent with the principles of the Burnout Dyad, which emphasizes that care providers do not leave their identities or personal histories (or present reality including housing situation) at the clinic door. During a climate disaster, their personal exposure deepens the interdependence between patient and provider experiences. In line with the SEM framework, multiple levels of influence shaped how individuals responded and recovered, clarifying how they reintegrated into the workplace while managing residual impacts of the climate-related disaster:

	How do they go back to work you know the next day or a week later thinking about all that, you know, I still think of the patient that I had who lost her home and her insurance company had cut off her fire (coverage) you know and so… (Registered Nurse [RN] 12)

Another said:

	…like it's - it's in your head, like you overthink it and like it was kind of like harder to sleep at night just thinking about all those people but nothing that I can (do)… like nothing that was affecting my life and my work the next day… (but still felt impacted). (CHW 12)

The emotional toll was evident in employees' reactions during the immediate period following closure of the center. This individual continued:

	“I came back home, and I like I remember one morning I woke up, I was crying like I wasn't needed in the morning at (evacuation center), but I was needed after 12 (in normal clinic role), but I was just crying so much. I remember.” They added: “The mental toll that it had on those stories and those people like I just, it was just very sad, yeah.” (CHW 12).

Participants described the value of sharing their experiences with peers who both understood the demands of the work and the realities of the wildfire devastation. In response to these challenges, AltaMed implemented a virtual debrief series facilitated by the Cypress Resilience Project with session one held on January 24, 2025 and session two held on January 31, 2025. These sessions provided education on stress physiology, strategies for managing emotional challenges, and opportunities for guided reflection. They emphasized how shared identity and collective processing can facilitate more effective recovery following environmental trauma.



4 Discussion

The anonymous survey provided feedback on frontline workers' experiences serving at the evacuation center. Respondents identified the need for additional opportunities to reflect with peers, access to self-care resources, mental health support, and training for future response efforts. These findings were consistent with the experiences described during debrief sessions and reinforced the ongoing need for structures that acknowledge the complex reality of dual status responding.

The Eaton Wildfire illustrates how the climate crisis has altered the nature of disaster response in community health settings. Frontline healthcare workers may be unable to remain as neutral participants in response efforts as they are often members of the affected communities sharing identical landscapes, neighborhoods, and social conditions that climate disasters disrupt. Their proximity to environmental harm creates a dual identity, as individuals personally affected by the disaster and as healthcare professionals committed to supporting others (26).

This dual status response reveals potential implications for the One Health model. The framework's human pillar must include not only patient populations but also the wellbeing of the workforce that sustains the health system through crisis. Workers' emotional and physical wellbeing is a factor in their capacity to deliver effective care, maintain system functioning, contribute to community resilience, and ultimately return to their pre-disaster roles. When the workforce is strained, the health system becomes vulnerable.

The Burnout Dyad offers a way to understand this phenomenon. This model asserts that patient and provider experiences are intertwined and that care encounters are shaped by the identities and inner states of both participants. The Eaton response demonstrated how climate disasters amplify these dynamics. Workers' emotional distress, concerns for their own families, and grief over ecological loss intersected with their responsibility to support evacuees. These overlapping pressures influenced how they experienced the response, how they engaged with patients (evacuees) and what they needed to recover and return to work.

The frontline worker support initiative described in this community case study offers framing and practical strategies that could strengthen workforce resilience during future climate events. The virtual debrief sessions created structured spaces for reflection, emotional processing and peer connection. The resource hub provided readily accessible guidance and recovery tools. Organizational acknowledgment of dual status responding helped validate the experiences of workers who were balancing their professional obligations with their own personal needs.

Several lessons emerge for future applications. Workforce preparedness training should incorporate discussions of dual status responding and clarify expectations for staff during climate events. Role clarity must be prioritized to reduce anxiety and support a sense of control during unpredictable circumstances. Emotional recovery should be built into the response timeline rather than offered as an optional afterthought. Community health systems must acknowledge that climate driven disasters will increasingly affect their workforce directly, making workforce wellbeing a critical component of any comprehensive One Health strategy (Table 2).

TABLE 2 Table of recommendations for implementing a comprehensive One Health strategy.	Recommendation	Description
	Virtual debrief sessions	Structured spaces for reflection, emotional processing and peer connection
	Resource hub	Readily accessible guidance and recovery tools
	Organizational acknowledgement of dual status responders	Assists to validate the experiences of workers who were balancing their professional obligations with their own personal needs
	Workforce preparedness training	Incorporate discussions of dual status responding and clarify expectations for staff during climate events
	Role clarity	Clear roles to help reduce anxiety and provide support and sense of control during unpredictable circumstances
	Emotional recovery time	Allocated time built into the response timeline rather than offered as an optional afterthought



Policy recommendations include addressing role clarity and recognition of dual-status responders in local, state, and organizational emergency plans. It is also important to incorporate structured emotional support into response operations. Additionally, emergency preparedness protocols should encompass provisions for workforce wellbeing and the risks associated with dual-status roles. Including scenario-based exercises specific to climate-related disasters will enable frontline workers to practice new procedures in a controlled environment, thereby reducing the need for on-the-spot learning during a disaster response. Furthermore, health systems should integrate workforce wellbeing indicators into their climate adaptation strategies to effectively monitor disaster preparedness metrics.


4.1 Limitations

This community case study reflects the implementation of a practice oriented program, rather than a formal research study. Insights are based on the perspectives of volunteers who chose to participate in debrief sessions or complete surveys, and therefore may not reflect the experiences of all responders. Quantitative data were collected for internal quality improvement rather than generalizable research; a validated instrument was not used. The quantitative survey instrument was developed with the primary aim of quality improvement purposes, therefore the instrument used was not subject to validation. As a result, there is a limitation for the reliability and comparability of the quantitative findings from this paper. Additionally, the case study focuses exclusively on Eaton Wildfire response, despite the concurrent wildfire event occurring in Los Angeles County, the Palisades Wildfire. Generalizability to other climate disasters or settings may be limited due to unique geographic, demographic, and event-specific factors. The use of a convenience sample of the volunteer frontline workers (n = 113) could introduce selection bias, as those who volunteered to serve as a frontline worker at the evacuation center may have different motivations. Data was collected through self-reported surveys and operational notes, which may be influenced by recall bias and the potential social desirability bias. While confidentiality was maintained, the voluntary nature of the survey may have discouraged some individuals from sharing concerns. The program was implemented within a single community health system. Despite its substantial reach in the region, the organizational culture, resources and population characteristics may differ in other environments and similarly limit generalizability. If there is greater demographic concordance between responders and evacuees within an organization, the dual role of participants as both responders and evacuees introduces complex dynamics that may not be fully captured through this case study and the survey instruments alone. This highlights the need for future studies using longitudinal and mixed-methods approaches across broader populations and other climate-related disaster contexts.




5 Conclusion

Climate change and the increasing prevalence of climate-related disasters is challenging the persistent assumption of frontline and healthcare responder neutrality. Individuals often influence, and are influenced, by their lived environment. Holistic, trauma-informed support for communities and frontline responders has often been lacking, especially in disaster contexts. Increasing dual-status responder experiences amidst accelerating climate change, provides urgency and opportunity to do better. Utilizing the Burnout Dyad Model and its congruence with the principles of interdependence, holism, and reciprocity embodied in the One Health Framework, this case study shows how one community healthcare organization worked to do better amidst wildfire disaster.
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The One Health approach recognizes the interconnectedness of human, animal, and environmental health, offering a critical framework for addressing complex global health challenges. Children occupy a uniquely vulnerable position within this paradigm due to their physiological immaturity, developmental sensitivity, behavioral exposures, and dependence on surrounding ecosystems. This narrative review examines how major contemporary threats—antimicrobial resistance (AMR), climate change, and emerging infectious diseases—intersect to shape child health outcomes within a One Health perspective. We synthesize evidence from human, animal, and environmental health domains to illustrate how children are disproportionately exposed to resistant pathogens, climate-sensitive hazards, and zoonotic and vector-borne infections. Particular attention is given to pediatric and neonatal AMR, climate-related impacts on physical and mental health, and the expanding geographic range of vector-borne diseases affecting children. The review highlights how factors such as antibiotic use in humans and animals, environmental contamination, urbanization, biodiversity loss, and extreme weather events converge to amplify risks during critical developmental windows. We identify major gaps in child-specific surveillance, integrated research, and policy implementation, especially in low- and middle-income countries. We argue that embedding a child-centered lens within One Health research, governance, and interventions is essential to protect current and future generations. Advancing such an integrated approach can enhance prevention, strengthen health system resilience, and promote equity in an era of escalating ecological and infectious threats.

Keywords
antimicrobial resistance, child health, climate change, emerging infectious diseases, One Health, vector-borne diseases


1 Background

In recent decades, the concept of One Health—an integrative approach recognizing the interdependence of human, animal, and environmental health—has gained increasing prominence as a framework for addressing complex and interrelated global health challenges (1). Initially developed to better understand and prevent zoonotic disease emergence at the human–animal interface, the One Health paradigm has progressively expanded to encompass broader environmental, social, and ecological determinants of health. Within this evolving framework, there is growing recognition that children occupy a uniquely vulnerable and strategically important position (2).

Children represent one of the populations most susceptible to health risks arising from environmental degradation, ecosystem disruption, food-system instability, and infectious disease spillover. Their physiological, developmental, and behavioral characteristics—including higher intake of air, water, and food per unit body weight, immature immune and detoxification systems, and ongoing organ development—render them particularly sensitive to cumulative exposures and multifactorial health threats (2, 3). Conditions such as childhood stunting, which continues to affect nearly one quarter of children under 5 years of age worldwide, exemplify the need for a One Health–oriented response, as their underlying drivers span human nutrition, animal agriculture, environmental contamination, food security, and ecosystem health (4, 5).

Despite this clear rationale, child health programs have historically been organized within discipline-based silos, separating human health from veterinary and environmental health. This fragmentation has limited the capacity to address the interconnected nature of children's risk exposures. As recently emphasized, meaningful improvements in the lives of millions of children living in poverty require approaches that explicitly recognize these interdependencies and apply One Health methods in practice (5).

There is therefore an urgent need to embed a One Health lens within child health research, policy, and clinical practice. Such an approach offers opportunities not only to strengthen protection against zoonoses and environmental hazards, but also to leverage synergies in prevention, early intervention, and health promotion across the life course, from the prenatal period through adolescence. Moreover, engaging children and adolescents as active stakeholders in One Health—through education, behavioral literacy, and community-based environmental health initiatives—may generate long-term benefits for resilience, ecosystem stewardship, and sustainable development (6, 7). Importantly, the burden of environmental and zoonotic risk is borne disproportionately by children in low- and middle-income countries and socially disadvantaged settings; any child-focused One Health agenda must therefore prioritize equity, context-specific solutions, and cross-sectoral justice (2, 4, 8).

In this narrative review, we examine the intersections between children's health and the One Health approach, with particular attention to climate change, emerging infectious diseases, and antimicrobial resistance. We explore how the human–animal–environment interface shapes pediatric health risks, summarize the available evidence on integrated interventions, and identify critical research and operational gaps. We argue that advancing a child-centered One Health agenda is both timely and essential to safeguarding the health of future generations in an era of escalating ecological and zoonotic threats.



2 Methods

This narrative review was conducted to synthesize current evidence on emerging and evolving health risks affecting children—specifically antimicrobial resistance (AMR), climate change, and emerging infectious diseases—within a One Health framework. The objective was to explore how interactions among human, animal, and environmental health influence pediatric vulnerability and disease patterns.

An electronic literature search was performed using the PubMed database, including publications available up to August 2025. The search strategy combined terms related to vectors (e.g., “vector,” “mosquito”), pathogens (e.g., “virus,” “bacteria,” “parasite”), specific diseases (e.g., “West Nile,” “dengue,” “Zika,” “chikungunya”), and climate- and environment-related factors (e.g., “climate change,” “urbanization,” “deforestation,” “natural disasters,” “global warming,” “temperature,” “precipitation”). These terms were paired with epidemiological, clinical, and population-specific keywords such as “infectious disease,” “antimicrobial resistance,” “health,” “policy,” “pediatric,” “child,” and “neonate.” Boolean operators (AND, OR) were used to optimize search sensitivity and specificity.

Only peer-reviewed articles published in English were included. Eligible sources comprised original research articles, systematic reviews, meta-analyses, surveillance reports, and relevant clinical and epidemiological studies. Non–peer-reviewed literature, editorials, and commentaries were excluded. Reference lists of selected articles and key reviews were manually screened to identify additional relevant publications not captured by the initial search.

Although the search strategy included multiple vector types, the review was deliberately restricted to arboviral infections and selected parasitic diseases (e.g., malaria and leishmaniasis) to maintain thematic focus. Other emerging infections, such as mpox, were not included due to their distinct epidemiological characteristics and the need for more extensive, dedicated analysis.

Titles and abstracts were independently screened for relevance by two reviewers. Full texts of potentially eligible articles were subsequently assessed for inclusion. Discrepancies were resolved through discussion or consultation with a third reviewer. From each included study, data were extracted on key variables of interest, including population characteristics, exposure pathways, epidemiology, interventions, and reported outcomes.

The selected evidence was analyzed qualitatively and organized thematically by topic area, intervention type, epidemiological patterns, and health outcomes. This approach enabled an integrated synthesis of findings across disciplines, including pediatric infectious diseases, epidemiology, climatology, and environmental health, consistent with a One Health perspective.



3 Results


3.1 Antimicrobial resistance and children

AMR is widely recognized as one of the most pressing global health threats, undermining the effectiveness of antibiotics across human, animal, and environmental domains (9, 10). The World Health Organization (WHO) has identified AMR as one of the top 10 global public health threats facing humanity (11). While much of the scientific, clinical, and policy discourse has traditionally focused on adult populations and hospital-acquired infections, children represent a uniquely vulnerable and often under-recognized population within the AMR landscape.

Children's developing physiology, frequent exposure to infectious diseases, high rates of antibiotic prescribing, and close interactions with animals and the environment place them squarely at the intersection of human, animal, and environmental health—the core triad of the One Health paradigm (Table 1). Their immature immune systems, age-specific behaviors, and cumulative exposures increase susceptibility not only to infection but also to colonization and disease caused by resistant organisms (2, 3). Embedding pediatric AMR within a One Health framework therefore provides critical insight into the multidimensional drivers of resistance and offers opportunities to design more effective, integrated prevention and control strategies.

TABLE 1 Pediatric antimicrobial resistance: One Health drivers, exposure pathways, and policy needs.


	Theme
	Key points





	Child vulnerability
	Developing immune system, frequent infections, high antibiotic exposure.



	Antimicrobial resistance burden
	Rising resistance in key pathogens (Enterobacteriaces, ESBL, carbapenem-resistant strains).



	Exposure pathways
	Antibiotic use, environmental reservoirs, animal contact, food chain.



	One Health relevance
	Interactions across humans, animals, and environment drive resistance.



	Drivers of resistance
	Empiric prescribing, animal antibiotic use, environmental contamination, socio-behavioral factors.



	Policy implications
	Need for child-specific surveillance, stewardship, environmental hygiene, and cross-sector governance.





Globally, children experience a high burden of infectious diseases, and antibiotic use in pediatric populations is correspondingly common, often empiric and not always aligned with microbiological evidence. Although pediatric-specific AMR surveillance remains limited in many regions, emerging data indicate rising resistance rates in key pathogens affecting children. For example, analysis from the China Antimicrobial Surveillance Network (CHINET) reported increasing prevalence of extended-spectrum β-lactamase (ESBL)–producing and carbapenem-resistant Enterobacterales among pediatric isolates between 2015 and 2021 (12). Importantly, children's exposure to resistant bacteria is not limited to clinical antibiotic use; environmental reservoirs and zoonotic or food-chain pathways also play a significant role. This convergence of clinical, environmental, and animal-related exposures in early life underscores the necessity of a holistic One Health perspective (13).

Despite the high burden of AMR and infectious diseases in low- and middle-income countries (LMICs), implementation of pediatric antimicrobial stewardship programs (ASPs) in these settings remains limited and uneven. Structural constraints such as shortages of trained personnel, limited diagnostic capacity, high patient volumes, and fragmented healthcare delivery pose significant challenges (14). However, stewardship interventions can be adapted to LMIC contexts through pragmatic, stepwise approaches that build on existing child health platforms rather than relying on resource-intensive, hospital-based models alone (15). Integration of ASP principles into established programs, including Integrated Management of Childhood Illness (IMCI), neonatal sepsis pathways, immunization services, and nutrition programs, may represent a feasible and scalable strategy (16). Embedding standardized treatment guidelines, age- and weight-appropriate dosing tools, and clear referral criteria into routine pediatric care can support more rational antibiotic use even in settings with limited specialist availability.

Community-based approaches are particularly relevant for pediatric stewardship in LMICs, where a substantial proportion of antibiotic exposure occurs outside hospital settings (17–19). Community health workers can play a central role in caregiver education, early identification of severe illness, reinforcement of adherence to prescribed regimens, and discouragement of inappropriate antibiotic use for self-limiting infections. Their involvement may help address key behavioral and access-related drivers of antibiotic misuse at the household and community level. Incorporating stewardship messaging into routine community outreach activities, maternal and child health visits, and health education campaigns may therefore enhance acceptability, equity, and sustainability of pediatric ASPs in resource-constrained settings (19).

Although published evidence on pediatric ASPs in LMICs remains limited, available reports suggest that stewardship interventions are both feasible and beneficial. Hospital-based initiatives in neonatal and pediatric units in sub-Saharan Africa and South Asia, often centered on locally adapted treatment guidelines, prospective audit and feedback, and restriction of selected broad-spectrum antibiotics, have demonstrated reductions in antibiotic initiation, duration of therapy, and use of last-line agents without increases in mortality or adverse outcomes. Importantly, several of these interventions were implemented with minimal additional resources and relied on multidisciplinary collaboration, highlighting that effective stewardship does not necessarily require high-cost infrastructure (15, 19, 20). Nevertheless, most published studies are single-center or short-term, underscoring the need for robust evaluation, longer follow-up, and multicenter implementation research focusing on pediatric-specific outcomes.

Strengthening laboratory infrastructure, surveillance systems, and cross-sector collaboration is essential to support sustainable pediatric ASP in LMICs. Access to basic microbiological diagnostics, timely reporting of culture and susceptibility results, and age-disaggregated AMR surveillance data are critical for informing empiric therapy and monitoring the impact of stewardship interventions (21). Where comprehensive laboratory services are not immediately feasible, phased approaches such as sentinel surveillance, simplified diagnostic algorithms, and regional laboratory networks may provide actionable data. Integration of human health surveillance with animal and environmental AMR monitoring, consistent with a One Health framework, can further improve understanding of resistance transmission pathways relevant to children (21). Coordinated investment, policy support, and collaboration across health, veterinary, and environmental sectors will be necessary to ensure that pediatric ASPs contribute meaningfully to reducing AMR burden and improving child health outcomes in LMICs.


3.1.1 Transmission pathways at the human–animal–environment interface

A central tenet of the One Health paradigm is that antimicrobial-resistant bacteria and antimicrobial resistance genes (ARGs) circulate dynamically among humans, animals, and the environment. Evidence from animal husbandry, wildlife, and companion-animal settings demonstrates that resistant organisms selected in animals can enter human populations through direct contact, contaminated food products, or environmental pathways such as manure, soil, and water (22). A One Health–oriented review of zoonotic and antibiotic-resistant Campylobacter illustrated shared resistance profiles and genetic determinants across animal, food, and human isolates, highlighting the interconnected nature of transmission across sectors (23).

In children, these pathways may be amplified. Children frequently play outdoors, engage in hand-to-mouth behaviors, interact with domestic animals, and in many settings live in close proximity to livestock or consume animal-derived foods that may harbor resistant organisms or antibiotic residues. A longitudinal cohort study protocol from rural India explicitly adopted a One Health design to examine Escherichia coli resistance patterns in children alongside household drinking water, domestic animals, and environmental water sources, reflecting the complexity of interconnected exposure pathways in pediatric populations (20).

The drivers of AMR in children overlap with, but also extend beyond, those observed in adults. First, high rates of empiric antibiotic prescribing in pediatric outpatient and inpatient settings—often in the absence of rapid diagnostics—generate strong selective pressure for resistance (24). Second, antimicrobial use in food-producing animals for growth promotion, prophylaxis, or therapy remains a major driver of resistance emergence, facilitating transfer of resistant bacteria and genes to humans via food chains and environmental contamination (25). Third, environmental dissemination of antibiotics, metabolites, resistant bacteria, and ARGs through wastewater, agricultural runoff, and soil contributes to a growing environmental “resistome” to which children are disproportionately exposed, particularly in settings with inadequate sanitation (26).

Socio-behavioral factors further shape children's AMR risk. Caregiver health-seeking behaviors, informal access to antibiotics, animal husbandry practices, and household hygiene conditions all influence exposure and transmission dynamics. The Indian cohort study cited above aimed to link caregiver behaviors, prescribing patterns across formal and informal providers, and resistance profiles in children, animals, and water sources, underscoring the relevance of integrated, community-level approaches (17). These risks are exacerbated in low- and middle-income countries (LMICs), where gaps in health systems, diagnostics, antibiotic stewardship, sanitation infrastructure, and regulation of animal production limit effective mitigation (9, 26).



3.1.2 Antimicrobial resistance in neonates and children within a One Health perspective

Although pediatric AMR research explicitly framed within a comprehensive One Health framework remains limited, a growing body of evidence from neonatal and early childhood studies highlights the severity of the problem and the urgent need for integrated, cross-sectoral interventions (17, 27, 28). Neonates are particularly vulnerable, as their immature immune systems, frequent exposure to invasive procedures, and prolonged hospital stays increase the risk of colonization and infection with multidrug-resistant organisms (MDROs) (29, 30). Neonatal intensive care units (NICUs) can be viewed as microcosms of the One Health system, where clinical practices, environmental hygiene, and microbial ecology intersect (31, 32) (Table 2).

TABLE 2 Antimicrobial resistance in neonates and children within a One Health perspective.


	Areas
	Evidence
	Implications/actions





	Neonatal vulnerability
	Neonates' immature immune systems, invasive procedures, and prolonged hospitalization increase susceptibility to multidrug-resistant organism (MDRO) infection and colonization.
	Strengthen infection-prevention and control (IPC) practices, ensure functional hygiene infrastructure, and improve protective equipment and staffing in neonatal units.



	Clinical–environmental interface
	Neonatal intensive care units (NICUs) act as microcosms of the One Health system, linking patient care, microbial ecology, and environmental contamination.
	Integrate environmental surveillance into NICU routines and implement routine environmental cleaning and monitoring of surfaces and sinks.



	Global antimicrobial resistance burden in neonates
	High prevalence of multidrug-resistant Gram-negative organisms across regions, particularly in low- and middle-income countries (LMICs).
	Develop and enforce local antimicrobial stewardship protocols; improve diagnostic and laboratory capacity to guide targeted therapy.



	Colonization reservoirs
	Asymptomatic colonization by resistant organisms is common in preterm and hospitalized infants, facilitating ongoing transmission.
	Conduct periodic colonization screening and limit cross-transmission through improved hand hygiene and equipment sterilization.



	Stewardship gaps
	Existing neonatal antimicrobial stewardship programmes (ASPs) reduce antibiotic exposure but have limited demonstrated impact on resistance rates.
	Implement One Health–aligned ASPs that integrate clinical, microbiological, and environmental data for more effective resistance control.



	Global policy and surveillance
	Neonatal AMR remains underrepresented in global AMR monitoring systems and databases.
	Expand inclusion of neonatal and pediatric data in global surveillance systems such as GLASS; align with the Tripartite AMR Action Plan.



	Research and development priorities
	There is a critical shortage of pediatric-specific pharmacokinetic data and a global gap in antibiotic R&D for neonates.
	Prioritize investment in pediatric antibiotic research, development, and optimized dosing studies.



	One Health integration
	The neonatal AMR crisis reflects systemic weaknesses across clinical practice, governance, and environmental hygiene.
	Adopt integrated One Health policies that link human, animal, and environmental health; strengthen cross-sectoral collaboration and surveillance.





This complexity is well-illustrated by a mixed-methods study conducted in the NICU of Felege Hiwot Hospital in Ethiopia. Among 420 neonatal and environmental samples collected between October 2022 and June 2023, approximately 35% yielded resistant pathogens (33). The predominant isolates—coagulase-negative Staphylococci, Klebsiella pneumoniae, and Acinetobacter spp.—showed alarmingly high resistance to gentamicin, cotrimoxazole, and ciprofloxacin (98%−100%), while resistance to amikacin remained relatively low (34). Crucially, the study identified environmental and procedural risk factors, including non-functional sinks, inadequate personal protective equipment, and overcrowding, directly linking resistance patterns to deficiencies in environmental hygiene and infection prevention and control (IPC) (33, 34).

Similar concerns have emerged from studies of neonatal urinary tract infections. A recent retrospective cohort study (2018–2024) reported widespread multidrug resistance among neonatal isolates, with high rates of ampicillin and gentamicin resistance across Escherichia coli, Klebsiella pneumoniae, and Enterobacter spp. Multidrug resistance affected over half of E. coli isolates and all Enterobacter isolates, underscoring the urgency of optimizing antimicrobial stewardship and treatment protocols in neonatal care (35).

The burden of neonatal AMR is particularly severe in LMICs. A retrospective study from a tertiary NICU in Pune, India, documented high resistance rates among Gram-negative pathogens, including resistance to aminoglycosides (74%), third- and fourth-generation cephalosporins (95%), and carbapenems (56%), with colistin resistance detected in nearly one-third of K. pneumoniae isolates (36). Low birth weight and invasive device use were associated with increased mortality, highlighting the interaction between host vulnerability, clinical practice, and microbial adaptation (36).

Beyond overt infection, colonization studies reveal substantial subclinical reservoirs of resistance. Screening of very preterm infants (≤32 weeks' gestation) demonstrated colonization rates of up to 38% with resistant Gram-negative organisms, including ESBL- and AmpC-producing strains, emphasizing colonization as a critical but often overlooked component of AMR transmission in NICUs (37).

ASPs tailored to neonates and children are therefore essential. In NICUs, interventions such as prospective audit and feedback, guideline implementation, and restriction of broad-spectrum antibiotics have consistently reduced antibiotic initiation and treatment duration without increasing mortality or relapse (27, 38, 39). A meta-analysis encompassing more than 350,000 neonates reported a 19% reduction in antibiotic starts and a nearly 2-day reduction in treatment duration following ASP implementation (39). Long-term single-center data further demonstrate sustained reductions in antibiotic days of therapy, particularly for commonly used agents (40). Nevertheless, systematic reviews highlight persistent gaps, including limited evaluation of ASP effects on resistance rates and healthcare-associated infections, as well as insufficient long-term surveillance (38, 41).

Recognizing these challenges, the WHO Pediatric Drug Optimisation (PADO) initiative has identified neonates and children as priority populations for antibiotic research and development, citing critical shortages in pediatric pharmacokinetic data and mismatches between global antibiotic supply and child health needs (42). This framing situates pediatric AMR not only as a clinical concern, but also as a developmental and equity issue spanning multiple sectors.

At the global policy level, progress has been made, but significant gaps remain. The Global Antimicrobial Resistance and Use Surveillance System (GLASS) has begun incorporating pediatric and neonatal data in some countries, although systematic inclusion is inconsistent (43). Initiatives such as the Global Antibiotic Research and Development Partnership (GARDP) prioritize neonatal sepsis and pediatric dosing optimization, fostering collaboration among clinicians, policymakers, and industry (44). Similarly, the Tripartite AMR Action Plan led by WHO, FAO, and WOAH emphasizes integrated surveillance across human, animal, and environmental sectors, a strategy increasingly recognized as essential for protecting children (45, 46).

Within this broader One Health framework, neonatal AMR serves as a sentinel indicator of systemic weaknesses in infection control, antimicrobial governance, and environmental hygiene. Integrating clinical, environmental, and policy perspectives enables a more comprehensive understanding of AMR emergence and transmission pathways affecting children (17, 33).



3.1.3 Implications for child health and One Health policy

The convergence of AMR and One Health in pediatric populations carries important implications for policy and practice. There is an urgent need for pediatric-specific, age-disaggregated surveillance systems that link antibiotic use, prescribing practices, caregiving behaviors, animal contact, environmental exposures, and resistance outcomes. Without such data, children remain largely invisible in AMR monitoring frameworks.

Antimicrobial stewardship programs must be adapted to pediatric populations, accounting for age-specific pharmacokinetics, infection spectra, dosing requirements, and adverse-effect profiles, while also extending beyond the clinical setting to address animal and environmental reservoirs. Effective One Health interventions should include reducing non-therapeutic antibiotic use in animals, promoting safe animal husbandry, monitoring antibiotic residues in food and water, improving sanitation infrastructure, and limiting environmental dissemination of resistant bacteria (22, 23). Public health education targeting caregivers and communities is equally critical, emphasizing responsible antibiotic use, hygiene, safe food and water practices, and awareness of AMR risks.

Ultimately, effective responses require coordinated One Health governance, bringing together human health, veterinary, agricultural, and environmental sectors. Harmonizing infection prevention and control, antimicrobial stewardship, and One Health frameworks has the potential to improve patient safety, slow resistance emergence, and strengthen public health outcomes for children (24).




3.2 Climate change and impact on human health

Climate change refers to sustained, long-term alterations in regional and global climate patterns, including shifts in temperature, precipitation, and the frequency and intensity of extreme weather events (47). Although climate variability is influenced by natural drivers (e.g., solar cycles, oceanic circulation, volcanic activity), the dominant contributor to contemporary climate change is human activity, particularly the combustion of fossil fuels, industrial processes, and intensive livestock production (48, 49). These activities increase atmospheric concentrations of greenhouse gases—including carbon dioxide, methane, nitrous oxide, and halogenated gases—and are often accompanied by elevated particulate matter. Together, these emissions enhance the greenhouse effect by trapping heat, driving global warming and downstream climate disruptions (48, 49).

Global warming alters the hydrological cycle and contributes to more frequent and severe heatwaves, droughts, floods, storms, wildfires, and sandstorms. This cascading set of changes is typically encompassed within the broader term “climate change” (48, 49). A clear indicator of anthropogenic influence is the accelerated rise in global temperatures since the Industrial Revolution (49). In the WHO European Region, mean temperature increased by approximately 0.5 °C per decade between 1991 and 2021, exceeding the global average and highlighting the region's heightened warming trajectory (50).

Climate-related exposures affect health across the life course, beginning in utero, with both direct (e.g., heat stress, air pollution, extreme events) and indirect pathways (e.g., food insecurity, infectious disease ecology, displacement, and psychosocial stress) (51). Associations have been reported between climate change and cardiovascular, respiratory, metabolic, dermatological, allergic, oncological, and mental health outcomes, with disproportionate impacts among vulnerable groups such as pregnant women, children, older adults, and people with chronic illness (49). Within a One Health perspective, these effects are best understood as emergent consequences of interconnected environmental, animal, and human systems, supporting integrated approaches to risk prevention and adaptation (50, 51).


3.2.1 Rising temperatures

Rising ambient temperatures are among the most visible manifestations of climate change. During May–July 2018, 22% of regions north of 30° latitude experienced temperatures above the 90th percentile, and projections indicate continued warming without effective mitigation (52). Urban populations are particularly exposed due to the “urban heat island” effect, driven by built environments, limited green space, and heat generated by transport and industry (49, 52). Extreme heat is also linked to worsened air quality, although the mechanisms and directionality of this relationship can vary across settings (53).

Heat exposure triggers thermoregulatory responses such as peripheral vasodilation and sweating. Vasodilation redistributes circulating volume, reduces preload, and increases heart rate and cardiac oxygen demand, raising the risk of ischemia and oxidative stress—particularly in individuals with chronic disease. Heat-related dehydration and electrolyte imbalance can precipitate renal injury, while medications that impair thermoregulation may further amplify risk in vulnerable groups (52). Limited autonomy, disability, or psychiatric illness may reduce the ability to adopt protective behaviors and increase heat-related morbidity (52).

Children are especially susceptible because of immature thermoregulation, dependence on caregivers, and a higher surface-area-to-mass ratio that can accelerate heat gain and dehydration (52) (Table 3). Temperature also influences pediatric respiratory health: extreme heat and rapid temperature variation may alter epithelial permeability and mucociliary clearance, promote airway inflammation, and trigger bronchoconstriction via vagal pathways (54). Evidence in pediatrics suggests that daily and inter-daily temperature variability can favor respiratory infections, and humidity has been positively associated with respiratory syncytial virus (RSV) transmission dynamics (55). More broadly, climate-driven shifts in pathogen survival and distribution, combined with heightened pediatric susceptibility, may increase respiratory infection risk in children (56, 57).

TABLE 3 Physiological and environmental health impacts associated with rising ambient temperatures.


	Effect
	Mechanism
	Health outcome





	Vasodilation
	Heat-induced expansion of blood vessels
	Cardiovascular events, renal dysfunction



	Dehydration
	Fluid loss due to elevated temperatures
	Electrolyte imbalances (dyselectrolytemia)



	Respiratory epithelium permeability
	Altered function of the epithelial barrier
	Bronchodilation, increased risk of respiratory infections



	Skin hydration and sweat composition
	Disruption of thermogenesis and lipogenesis
	Dysbiosis, dermatoses



	Hormonal imbalance
	Increased time indoors, fatigue
	Reduced physical activity, obesity, oncological risk



	Altered flowering pattern
	Shift in plant blooming cycles
	Changed allergy seasonality, spread of toxic algae





Temperature and humidity changes also affect dermatological and allergic disease. Variations in skin hydration and sweat composition can disrupt cutaneous homeostasis, contributing to dysbiosis and inflammatory dermatoses such as eczema, psoriasis, acne, and seborrheic dermatitis (48). Mechanistically, sweating and keratinocyte swelling may promote follicular occlusion and create microenvironments that alter microbiota composition; studies have linked specific microbial patterns to common dermatoses (e.g., Staphylococcus aureus in atopic dermatitis) (58). Heat exposure may also influence metabolic health by affecting hormonal regulation, thermogenesis, and lipogenesis, while behavioral adaptations (e.g., remaining indoors during heatwaves) can reduce physical activity and contribute to obesity—an established risk factor for several cancers (59, 60).

Indirect effects of warming are likewise relevant. Shifts in flora distribution, longer pollen seasons, and increased indoor mold growth can alter the timing and geography of allergic diseases, including asthma and rhinitis (48, 49, 61, 62). Associations between higher temperatures and allergic manifestations have been described (55). In aquatic ecosystems, warming can facilitate the spread of algal and plankton species into new regions, including toxin-producing organisms with potential human health implications (48).

Table 3 summarizes physiological and environmental health impacts associated with rising ambient temperatures.



3.2.2 Environmental pollution

Climate change and environmental pollution interact bidirectionally: greenhouse-gas–driven warming increases the likelihood of extreme events such as fires and storms, which in turn release additional pollutants and can disperse molds and spores, further degrading air quality (49, 57). Air, water, and soil pollution affect multiple organ systems. The respiratory tract and skin are among the earliest and most consistently exposed interfaces, but cardiovascular, endocrine, metabolic, and oncologic risks are also influenced by environmental contaminants (52, 59–61, 63).



3.2.3 Atmospheric pollution

Atmospheric pollution largely reflects emissions of particulate matter and gases from energy production and consumption, transportation, industrial extraction and manufacturing, and agricultural activities. In 2019, these sectors were key contributors to PM2.5 and PM10 emissions, with agriculture representing a notable source of PM2.5 (64). Air quality assessments commonly focus on six pollutants: particulate matter, carbon monoxide, ground-level ozone, lead, nitrogen dioxide, and sulfur dioxide (56).

Between 2005 and 2019, pollutant emissions declined in many European Union countries due to regulatory measures, technological advances, and improved energy efficiency; however, in 2019 more than 90% of urban EU residents were still exposed to harmful levels of air pollutants (64). Exposure occurs through both outdoor and indoor environments. Indoor pollution includes tobacco smoke (firsthand and secondhand), combustion products from cooking and heating, volatile compounds from household products, and infiltration of outdoor pollutants (48, 54, 61). Allergens, dust, particulates, and gases can impair epithelial barrier function in airways and skin, induce epigenetic changes (including prenatally), and contribute to chronic inflammatory conditions such as asthma, allergic rhinitis, and atopic dermatitis (48, 54, 61). Inhalation of PM10, NO2, and ozone has been associated with reduced respiratory function in adults and school-aged children (56, 57, 62, 65). PM2.5 is of particular concern in young children because of its ability to reach distal airways (9).

In pediatric asthma, early-life exposure to tobacco smoke may impair mucociliary clearance, promote airway inflammation, and alter respiratory microbiota, increasing the risk of asthma onset, poor control, and exacerbations. Associations between air pollution and asthma exacerbations have also been reported (61). Beyond asthma, pollution interacts with allergic disease more broadly: children raised in greener, rural environments may develop greater tolerance to environmental exposures, whereas urban polluted settings may favor T-helper 2–skewed immune responses (48). Pollutants can amplify allergic responses by increasing epithelial permeability and activating pro-inflammatory epigenetic pathways, while also modifying allergen structure and potentially enhancing allergenicity (55, 57, 61, 63, 65). Observational work has reported higher allergic symptom burden in urban areas and higher risk of allergic rhinitis among urban residents compared with rural populations (3, 10, 22). Rising CO2 may further influence allergy patterns by accelerating plant growth and extending pollen seasons (55, 57, 61, 62, 65). Poor outdoor air quality may also increase time spent indoors, increasing exposure to indoor allergens (e.g., dust mites) and molds, which proliferate under warm, humid conditions. Mold proteases can damage epithelial barriers, and some Aspergillus and Penicillium species have been linked to severe asthma exacerbations (10, 22). Indoor allergens may elicit stronger allergic responses than seasonal allergens, with dust mites a frequent trigger of allergic asthma (22).

Figure 1 shows multifactorial impact of air pollution on allergic disease burden.
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FIGURE 1
 Multifactorial impact of air pollution on allergic disease burden.


Pollution can also increase susceptibility to respiratory infections through barrier disruption and altered immune responses (3, 10). Conversely, respiratory infections in early life (e.g., HRV, RSV) may predispose to asthma development, suggesting synergistic interactions among infections, allergens, and pollutants (10). Childhood exposure to environmental pollutants has been associated with increased risk of later immunological disorders (e.g., asthma, rhinitis, eczema, food allergy) (23). Food allergy prevalence has increased over recent decades, and changes in atmospheric CO2 and plant protein composition have been proposed as contributing factors, although individual exposure assessment remains challenging and causal attribution complex (22, 62, 66).

Finally, atmospheric pollution contributes to cancer risk. Particulate matter is recognized as a class I carcinogen, and pollutants may be metabolized by the skin microbiome into potentially carcinogenic compounds (58, 60, 63). Climate-related impacts on stratospheric ozone (historically linked to chlorofluorocarbons) can increase ultraviolet radiation exposure, a known carcinogenic factor. Estimates suggest that a 1% reduction in ozone thickness could increase melanoma risk by ~1%−2% and raise risks of squamous and basal cell carcinoma by several percent (48, 60, 67). UV exposure may also disrupt skin microbiota and promote inflammatory dermatoses via oxidative stress and sebaceous hyperplasia (58).



3.2.4 Water and soil pollution

Persistent chemicals such as pesticides and pharmaceuticals can re-enter human exposure pathways through contaminated water and food. WHO emphasizes biomonitoring of such exposures and the importance of poison control capacity to protect populations (50). Beyond direct toxicity, many compounds act as endocrine disruptors and can alter endocrine–metabolic homeostasis (59). Environmental contamination with antibiotic compounds is also a key concern, as it may promote the development and dissemination of antimicrobial resistance (50).



3.2.5 Extreme atmospheric events
 
3.2.5.1 Storms, hurricanes, floods, and droughts

Climate change increases the frequency and alters the distribution of storms, floods, droughts, and hurricanes, producing immediate and long-term hydrogeological impacts (48, 53) (Table 4). Crop destruction and livestock losses can lead to food insecurity and malnutrition, with pediatric consequences ranging from micronutrient deficiencies to severe syndromes such as marasmus and kwashiorkor, particularly in areas undergoing desertification (60, 66, 68). Floods and droughts can also increase the risk of crop and water contamination, gastrointestinal infections, and toxic exposures, while creating standing water that supports vector breeding (48, 53, 66). Following floods or hurricanes, displacement into crowded shelters with limited hygiene can facilitate transmission of infectious diseases and skin infestations (e.g., scabies, pediculosis, mycoses), and sustained humidity can destabilize skin homeostasis and exacerbate dermatoses (27). Some reviews have not found a statistically significant association between floods and mortality, potentially due to limited inclusion of nutritional pathways and longer-term downstream effects (5).

TABLE 4 Primary health and environmental consequences associated with extreme weather events such as floods, droughts, and hurricanes.


	Extreme weather events





	Health impacts



	• Destruction of crops and livestock, leading to malnutrition



	• Contamination of crops and aquifers, resulting in gastrointestinal infections



	• Formation of swampy areas where insect vectors concentrate



	• In the case of floods, crowding in makeshift shelters favors the transmission of infectious diseases



	Environmental impacts



	• Destruction of structures and nature, with diffusion of carcinogenic substances



	• Destruction of biodiversity





Biodiversity loss following extreme events may reduce microbial diversity in human-environment contact, with potential consequences for immune development—especially in childhood—when immune tolerance is being established. Lower biodiversity has been associated with higher prevalence of allergic and inflammatory diseases, whereas farm environments have been linked to lower rates of allergy in some contexts (62). Alterations in the gut microbiome have also been associated with systemic effects beyond the gastrointestinal tract, including correlations with neurological disorders (62).

A notable climate-related respiratory phenomenon is thunderstorm asthma, characterized by spikes in asthma exacerbations following thunderstorms during high-pollen seasons. Mechanistically, pollen rupture due to osmotic shock and storm-related forces can generate respirable allergen microparticles, triggering severe symptoms in sensitized individuals (49, 55, 57, 62, 65). Storms and hurricanes can also transport inhalants over long distances, shifting the seasonality and geography of allergic symptoms through new sensitizations and cross-reactivity (47, 48, 59, 60). Increased humidity during storms and floods may promote indoor mold growth and spore dissemination (49, 57).

Extreme events also affect mental health and endocrine–metabolic pathways. Stress responses may influence neurodevelopment and contribute to inflammatory states implicated in autoimmune risk (68). Psychological outcomes vary with event severity, coping capacity, and social context; populations at increased risk include children, older adults, economically disadvantaged individuals, first responders, and those with pre-existing mental health disorders or displacement (53, 69). Terms such as “solastalgia” (distress linked to environmental loss) and “eco-anxiety” (anxiety about climate change) reflect the growing relevance of climate-related psychological burden (69). These effects may require both acute and long-term monitoring and support, particularly for children, who also face increased trauma risk during disasters (57, 66, 69). Damage to infrastructure can increase environmental contamination, and disruption of healthcare delivery can worsen outcomes for chronic and oncologic patients (63).



3.2.5.2 Fires

Rising temperatures increase wildfire risk. Fires emit carbon monoxide, nitrogen oxides, volatile organic compounds (e.g., formaldehyde, benzene), and large quantities of particulate matter (49). PM10 concentrations during fires may rise 1.2–10-fold, exacerbating asthma and chronic obstructive pulmonary disease, while PM2.5 can induce neutrophilic airway inflammation and systemic inflammatory responses linked to cardiopulmonary risk (49, 53, 57). Smoke impacts extend beyond local regions, as fine particulates can be transported long distances (reported up to 332 km), complicating exposure patterns (49, 66). Attributing health effects to specific fire-derived pollutants remains challenging because wildfire-related pollution can be difficult to distinguish from other sources (5). Pediatric vulnerability appears higher, and children with elevated BMI may face additional risk (56).



3.2.5.3 Sandstorms

Higher temperatures contribute to sandstorms, including dust transport from the Sahara to parts of Europe, Asia, and the Americas. These events carry particulate matter, pollen, and microorganisms and have been associated with increased hospitalizations for asthma and COPD exacerbations, as well as cardiovascular and cerebrovascular events (49).




3.2.6 Risk categories

Although climate-related risks affect all populations, susceptibility varies by age, physiology, social context, and baseline health. Infants and young children are among the most vulnerable (49, 70) (Figure 2). During pregnancy, exposure to pollutants can disrupt placental function and induce epigenetic changes with potential transgenerational consequences, contributing to adverse perinatal outcomes such as preterm birth and low birth weight (49, 70). Prenatal stress from extreme events may further affect fetal development (49, 70).
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FIGURE 2
 Groups most vulnerable to climate change.


After birth, children's higher metabolic rates, greater intake of air, food, and water per kilogram of body weight, frequent outdoor activity, and hand-to-mouth behaviors increase exposure to pollutants and pathogens. Their immune and detoxification systems remain immature, heightening vulnerability to both direct toxic effects and infection (55, 57, 70). Exposure and impact also depend on developmental stage and event severity (49). Infants' higher needs for water and nutrition increase sensitivity to food-system disruptions, water scarcity, and contamination. Children's dependence on caregivers for protective behaviors during heatwaves, pollution peaks, and disasters further increases risk, especially for those requiring medical devices (49, 66).

Climate change has also been linked to pediatric mental health impacts, mediated by both biological effects of pollutants on neurodevelopment and psychosocial stress from disasters, displacement, and restrictions on daily activities. Catastrophic events may contribute to behavioral changes, depression, social withdrawal, and altered attachment patterns, and climate-related future anxiety may emerge around late childhood as awareness increases (26). In this context, pediatric healthcare professionals play a key role in counseling families, tailoring preventive guidance to the child's environment, and advocating for measures that reduce climate-related health risks (26). Climate change affects pediatric mental health through interconnected environmental, social, and health-system pathways, consistent with a One Health perspective. Acute climate-related events such as floods, heatwaves, and wildfires can precipitate anxiety, depression, post-traumatic stress symptoms, and behavioral changes in children, while chronic stressors including food and water insecurity, displacement, ecosystem degradation, and economic instability contribute to longer-term psychological distress (51). Concepts such as eco-anxiety and solastalgia reflect children's emotional responses to perceived environmental loss and anticipated climate threats, particularly among adolescents. These effects are amplified by children's developmental vulnerability, dependence on caregivers, and sensitivity to disruptions in social, educational, and healthcare systems (51).

A One Health–oriented response highlights the need to integrate pediatric mental health into climate adaptation, disaster preparedness, and community resilience strategies (53). Mental health and psychosocial support should be embedded within disaster response and recovery efforts, alongside medical care, shelter, and environmental remediation. School-based resilience and climate-literacy programs can strengthen coping skills, social connectedness, and adaptive capacity, while community education initiatives may support caregivers and reduce stigma surrounding mental health (53). Despite increasing recognition of these challenges, evidence on effective, scalable interventions for pediatric mental health in the context of climate change remains limited. Further interdisciplinary research is needed to evaluate integrated, child-centered adaptation strategies that address environmental stressors, social determinants, and health system responses simultaneously, ensuring that mental wellbeing is fully incorporated into One Health approaches to climate change.




3.3 Emerging infectious diseases

Climate change—persistent alterations in regional and global weather patterns over decades or longer—has driven profound environmental shifts that increasingly shape infectious disease emergence and re-emergence. It is now recognized as a major threat to human health, particularly through its effects on vector-borne diseases (VBDs), which are expanding in geographic range, seasonality, and transmission intensity (71). Globally, VBDs account for an estimated 219 million cases and more than 500,000 deaths annually, with a disproportionate burden among children, especially in Africa (72).

VBD transmission cycles depend on complex interactions between arthropod vectors, pathogens, vertebrate hosts, and environmental conditions. Some pathogens circulate predominantly in human-amplified cycles involving a limited number of competent vectors and humans as the principal reservoir, as occurs for many dengue virus (DENV) genotypes (64). In contrast, many VBDs are zoonotic, maintained in enzootic cycles involving wildlife reservoirs with occasional spillover to humans, as exemplified by West Nile virus (WNV), which primarily circulates among avian hosts (73). Europe, historically considered at relatively low risk for many arboviral infections, is increasingly reporting autochthonous transmission of pathogens such as dengue, chikungunya, Zika virus, and WNV, reflecting changing ecological suitability and growing vector establishment (74) (Table 5).

TABLE 5 Climate-sensitive vector-borne diseases relevant to Europe and pediatric populations.


	Disease
	Pathogen
	Main vectors
	Reservoir hosts
	Cycle type
	Distribution
	Pediatric impact
	Climate/human drivers
	Prevention/control





	Dengue (DENV-1–4)
	Flavivirus (Flaviviridae)
	Aedes aegypti, A. albopictus
	Humans
	Human–mosquito–human
	Tropics; local cases in France, Italy
	Often mild; risk of severe dengue (DHF/DSS)
	↑ Temperature → faster EIP; ↑ urbanization, travel
	Vector control; personal protection; vaccination (TAK-003, CYD-TDV)



	Zika virus (ZIKV)
	Flavivirus (Flaviviridae)
	A. aegypti, A. albopictus
	Primates, humans
	Mosquito-borne; also sexual, vertical
	Africa, Americas, Asia, Oceania; imported in Europe
	Mild/asymptomatic; congenital Zika syndrome
	↑ Temperature and urbanization → vector expansion northward
	Vector control; travel precautions; pregnancy protection



	Chikungunya virus (CHIKV)
	Alphavirus (Togaviridae)
	A. aegypti, A. albopictus
	Non-human primates
	Sylvatic & urban
	Africa, Asia, Americas; local in Italy, France
	Fever, rash, arthralgia; neonatal severe cases
	E1-A226V mutation ↑ adaptation to A. albopictus; warmer climate ↑ range
	Vector surveillance; traveler monitoring; source reduction



	West Nile virus (WNV)
	Flavivirus (Flaviviridae)
	Culex spp.
	Birds; humans/horses dead-end
	Enzootic bird–mosquito
	Endemic in S and C Europe; outbreaks in Italy, Greece, Hungary
	Usually mild; rare neuroinvasive disease
	Heatwaves, drought ↑Culex breeding; altered bird migration
	Vector control; surveillance; equine vaccination





VBD dynamics are governed by multiple interacting determinants, including vector competence, host availability, human behavior, and health system capacity. Because vectors are ectothermic, their development, survival, biting rates, and the extrinsic incubation period (EIP) of pathogens are strongly influenced by environmental conditions, particularly temperature and humidity. Consequently, climate change has major implications for transmission patterns and outbreak risk (71). Global warming is of particular concern: the current ~1.1 °C rise approaches thresholds beyond which changes in Earth systems may become self-reinforcing and potentially irreversible (75). These changes are expected to increase climatic instability, with consequences such as intensified heatwaves, droughts, floods, and cyclones—events that can disrupt ecosystems, alter vector habitats, and reshape host–vector contact rates (76).

Beyond climate parameters alone, broader anthropogenic environmental transformations are tightly linked to emerging infections. Deforestation, agricultural expansion, intensive livestock production, land conversion, resource extraction, and urbanization can profoundly affect both the distribution of infections and the biology of vectors by modifying habitat suitability, reservoir composition, and transmission opportunities (71) (Table 6). Land-use change also contributes to climate change by promoting biodiversity loss and reducing carbon sequestration capacity. Importantly, alterations in land cover have been identified as key drivers of zoonotic spillover from wildlife to humans. Vector-borne diseases are particularly sensitive to these shifts because they influence host and vector density, predator abundance, availability of larval and adult habitats, local microclimates, and frequency of vector–host interactions (77). Deforestation in tropical regions may favor vectors that tolerate anthropogenic disturbance and can bridge transmission among wildlife, domestic animals, and humans; however, spillover typically requires multiple ecological, immunological, and behavioral conditions to coincide. Conversely, human–wildlife interactions may also facilitate reverse zoonosis (spillback), enabling pathogens to establish new enzootic cycles in wildlife populations (78).

TABLE 6 Framework linking climate and anthropogenic change to vector-borne disease emergence.


	Factor
	Key drivers
	Mechanisms
	Epidemiological outcomes
	Pediatric/public-health impact





	Climate factors
	Temperature rise, altered rainfall, humidity changes, extreme events
	Affect vector development, biting rate, survival, and pathogen extrinsic incubation period (EIP)
	Extended transmission season; northward spread of tropical vectors
	Earlier onset of arboviral season; higher exposure of outdoor-active children



	Environmental and land-use change
	Deforestation, agricultural expansion, irrigation, water storage, urbanization
	Modify habitats, reservoir populations, and breeding sites
	New ecological niches for Aedes, Culex, Phlebotomus spp.
	Urban heat-island effect ↑Aedes density near schools/homes



	Biodiversity and host dynamics
	Reservoir displacement, reduced predator diversity, increased contact with wildlife
	Facilitate spillover and spillback cycles
	Emergence of zoonotic pathogens (WNV, leishmaniasis)
	Increased child exposure during outdoor play/agricultural labor



	Socioeconomic and demographic factors
	Population mobility, informal housing, sanitation deficits
	↑ Human–vector contact; poor access to prevention
	Clustering of cases in peri-urban areas
	Higher infection burden in marginalized children



	Health-system factors
	Surveillance, diagnostics, vaccination, vector-control programs
	Influence detection and containment speed
	Delayed response → outbreak amplification
	Pediatric morbidity/mortality ↑ during delayed interventions





Urbanization is a major driver of contemporary VBD expansion. Rapid urban growth promotes proliferation of mosquito vectors such as Aedes spp. (Ae. aegypti and Ae. albopictus), Culex spp., and Anopheles spp., through increased human density, water storage practices, waste accumulation, and abundant artificial breeding sites. Ae. aegypti, in particular, is highly adapted to human-associated habitats and preferentially feeds on humans, supporting sustained urban transmission (71, 79). The ecological success of mosquitoes in cities is reinforced by plentiful larval habitats and reduced predation pressures (80). In addition, urban “heat islands” elevate local temperatures relative to surrounding rural areas, which may intensify heat-related morbidity and simultaneously enhance vector survival and pathogen development, thereby altering transmission dynamics (71, 81, 82).

In addition to arboviruses, other climate- and environment-sensitive infections of concern include malaria and leishmaniasis (parasitic diseases transmitted by insect vectors), tick-borne infections (e.g., Lyme disease, babesiosis, Crimean–Congo hemorrhagic fever, and rickettsioses), and waterborne diseases such as cholera caused by Vibrio cholerae. The recent global spread of mpox also highlights the evolving landscape of emerging infections. Collectively, climate-driven shifts in habitat suitability and species distributions, combined with increasing anthropogenic pressures on ecosystems, can disrupt biodiversity and facilitate new opportunities for pathogen emergence and transmission (83, 84). Despite growing concern, comprehensive analyses focusing specifically on VBD emergence in Europe and pediatric impacts remain limited.


3.3.1 Flaviviridae

Among emerging and climate-sensitive pathogens, viruses belonging to the Flaviviridae family represent a major and growing threat to child health due to their expanding geographic distribution and capacity to cause both acute and long-term complications.

Zika virus (ZIKV) is a mosquito-borne infection caused by a positive-sense, single-stranded RNA virus in the genus Flavivirus (family Flaviviridae), within the Spondweni serocomplex. ZIKV is primarily transmitted by Ae. aegypti and Ae. albopictus, but sexual transmission, vertical transmission (mother-to-fetus), and transfusion-associated transmission have also been documented (85).

Prior to 2007, only 14 human cases had been reported, largely in Africa and Asia. Since 2013, major outbreaks occurred in the Pacific (including French Polynesia) and subsequently in Brazil, where the 2015 epidemic was estimated to involve ~1.3 million infections, followed by widespread dissemination across the Americas (86–90). In Italy, 12 imported cases were reported in 2016 (91), and four imported cases were reported in 2025 (92). After the 2015–2017 epidemic period, no major outbreaks have been documented, although prediction remains difficult due to under-reporting of asymptomatic infection, cross-protection among flaviviruses, and uncertainty regarding the duration of post-infection immunity (93). ZIKV currently circulates in Africa, the Americas, Asia, and Oceania, with imported cases reported across Europe (86, 94–98).

Because Aedes mosquitoes tolerate higher temperatures and thrive in urban environments, warming and urbanization may facilitate further range expansion. Projections suggest that by 2080, more than one billion additional people—mainly in North America and Europe—could be exposed to Aedes-borne arboviruses, including ZIKV (99). Several Aedes species beyond Ae. aegypti, including Ae. albopictus and others, have demonstrated vector competence under field or experimental conditions (91, 92). Non-vector routes include vertical, intrapartum, sexual, transfusion, and transplant-associated transmission (91–93).

After an infectious bite, the EIP is typically 3–12 days. Most infections are mild; in children, symptoms include fever, asthenia, headache, rash, conjunctivitis, and arthralgia (100). Severe neurological complications (e.g., Guillain–Barré syndrome, meningoencephalitis, myelitis, optic neuritis) are uncommon, but the most serious consequences arise during pregnancy, where fetal infection can cause congenital Zika syndrome, including microcephaly and other neurodevelopmental and ocular abnormalities (101–103). Diagnosis relies primarily on RT-PCR; viremia is usually detectable in serum and saliva for 3–7 days after symptom onset and in urine up to 2–3 weeks. Prevention focuses on personal protective measures, travel precautions, and vector control through breeding-site reduction (104–107).

WNV is a mosquito-borne zoonotic arbovirus within the genus Flavivirus (family Flaviviridae). First isolated in 1937 in Uganda, it is now the most widely distributed flavivirus globally, present in Africa, Asia, Europe, Australia, and the Americas (108). WNV is maintained in an enzootic cycle between birds (amplifying hosts) and mosquitoes, mainly Culex spp.; humans and horses are incidental “dead-end” hosts due to insufficient viremia to sustain onward mosquito infection (109, 110).

WNV includes at least nine lineages, with lineages 1 and 2 most commonly associated with human disease. Lineage 1A circulates across Europe, the Middle East, Africa, West Asia, and North America, while lineage 2—formerly confined to sub-Saharan Africa—has expanded into Europe (111). Transmission is seasonal, typically peaking in late summer, and is promoted by drought, stagnant water, and high temperatures that enhance mosquito abundance and viral amplification (112, 113).

European outbreaks have been repeatedly linked to climatic anomalies. Italy reported equine cases in 1998 and human cases beginning in 2008, with subsequent outbreaks associated with heatwaves (114, 115). The 2018 season showed unprecedented case numbers, attributed to sustained heat and ecological disruption (116, 117). Warming may shorten EIP, extend mosquito breeding seasons, and alter bird migration patterns, contributing to northward expansion, including detection of WNV in the Netherlands in 2020 (82, 115, 118).

Approximately 80% of infections are asymptomatic; around 20% develop West Nile fever. Less than 1% progress to neuroinvasive disease (meningitis, encephalitis, acute flaccid paralysis), more commonly in older or immunocompromised individuals (119). Pediatric infections are usually mild, but severe cases with long-term sequelae have been described (120, 121). No specific antiviral therapy exists; management is supportive (122). Prevention relies on vector control and personal protection. Although equine vaccines are available, no licensed human vaccine exists, though candidates are under development. Climate-sensitive surveillance remains a key public health strategy (111, 123).

Dengue is caused by four related serotypes (DENV-1–4) within the genus Flavivirus and is transmitted mainly by Ae. aegypti and Ae. albopictus (124, 125). Infection confers lifelong immunity to the infecting serotype but only transient cross-protection; secondary infection with a different serotype can increase risk of severe disease via antibody-dependent enhancement (126). Globally, dengue burden is highest in the Asia–Pacific region (~70%), followed by Africa and the Americas (127). Although not endemic in Europe, the presence of competent Aedes vectors has enabled local transmission alongside imported cases. Italy reported 185 cases in 2019 and 450 cases in 2024 (425 imported, 25 autochthonous), with no deaths (127–129).

Dengue incidence has increased sharply due to urbanization, globalization, sanitation gaps, and mobility. WHO estimates ~390 million infections annually across 128 countries, and projections suggest 5–6 billion people could be at risk by 2050 (130, 131). Climate change influences dengue by accelerating vector development, shortening EIP, and increasing transmission efficiency (125, 132). Reduced mobility during the COVID-19 pandemic corresponded with lower dengue incidence, underscoring the role of behavioral and mobility patterns in transmission (133). Risk is shaped by rainy-season vector abundance, shortened EIP at higher temperatures, dense susceptible populations, and prolonged human viremia; some models estimate that each 1 °C rise may increase infection risk by ~13% (131, 134–137).

Epidemic dengue often follows sporadic introductions, whereas hyperendemic settings with multiple serotypes tend to shift symptomatic disease toward pediatric populations due to higher adult immunity (138–141). Ae. albopictus contributes to transmission in temperate regions but is generally less anthropophilic and less efficient than Ae. aegypti (126, 134, 142–144). Co-circulation with Zika and chikungunya may also occur because the vectors overlap (145).

Clinically, most infections are asymptomatic. Symptomatic dengue typically presents after 4–10 days with fever, rash, myalgia, arthralgia, retro-orbital pain, and gastrointestinal symptoms; severe dengue (DHF/DSS) can involve plasma leakage, hemorrhage, and shock, with mortality < 1% with appropriate care (146, 147). Pediatric presentations may be less specific; irritability may replace typical pain syndromes, and studies report higher rates of rash, diarrhea, hepatomegaly, and convulsions compared with adults (55, 148–150). Treatment is supportive, emphasizing careful fluid management and antipyresis (151). Two vaccines are licensed: CYD-TDV is recommended only in seropositive individuals due to increased severe dengue risk in seronegative recipients, while TAK-003 (Qdenga) has been approved in multiple settings, including the EU for individuals ≥4 years (152–156).



3.3.2 Togaviridae

Togaviridae comprise a family of positive-sense, single-stranded RNA viruses that include several medically important arthropod-borne pathogens affecting humans. CHIKV is an RNA virus in the genus Alphavirus (family Togaviridae), transmitted mainly by Ae. aegypti and Ae. albopictus. Non-human primates act as reservoirs, while humans serve as amplifying hosts during epidemics (109, 110). CHIKV is endemic in tropical and subtropical regions, and includes major lineages such as West African and East/Central/Southern African (ECSA), the latter giving rise to the Asian genotype (119, 157, 158). Since its discovery in 1952, CHIKV has caused numerous outbreaks; the first documented autochthonous European outbreak occurred in Ravenna, Italy (2007) following importation by a viremic traveler (159). Autochthonous transmission was also documented in France in 2010, including pediatric cases, implicating Ae. albopictus (160, 161). Climate suitability for Ae. albopictus in Europe is expected to expand under warming scenarios (162, 163), and additional outbreaks were reported in Italy in 2017 (164).

Viral adaptation, notably the E1-A226V mutation, has enhanced replication in Ae. albopictus, facilitating transmission in temperate climates and supporting the expansion of CHIKV risk in Europe (165–167). The EIP is temperature-dependent; while robust data exist for dengue, comparable experimental EIP data for CHIKV remain limited, and few studies have modeled European spatiotemporal dynamics under climate scenarios (161).

Clinically, CHIKV typically causes fever, rash, headache, myalgia, and severe arthralgia; persistent joint pain may last weeks to months. Severe complications are uncommon but may involve neurological or cardiovascular disease, especially in neonates or individuals with comorbidities (119, 159, 167). Neonates born to viremic mothers are at risk of severe illness and neurological sequelae (168). Diagnosis relies on RT-PCR during the acute phase or serology thereafter; management is supportive, and prevention depends on vector control and personal protection (169). Pediatric surveillance is important because children may face increased risk as vector distributions shift and outbreaks occur in new regions (170, 171).



3.3.3 Vector-borne diseases and pediatric impact

Children are among the most vulnerable populations to climate-related infectious threats, including vector-borne and zoonotic diseases. Their developing immune systems, higher metabolic rates, thinner skin, and behavioral patterns (e.g., outdoor play) increase exposure and may heighten risk of severe outcomes (88–90). Climate change influences vector distribution, abundance, and seasonality: warmer temperatures and increased humidity can accelerate mosquito breeding, shorten incubation periods, and extend transmission seasons. In Europe, these processes have supported the establishment and spread of Ae. albopictus and, in some settings, Ae. aegypti, increasing the potential for local outbreaks of dengue, chikungunya, and Zika. Similarly, northward expansion of Phlebotomus spp. raises concerns about leishmaniasis emergence in previously unaffected regions.

The pediatric burden is multifaceted. Beyond acute infection, VBDs can contribute to malnutrition, school absenteeism, long-term disability, and financial hardship for families. In many settings, prevention strategies (vector control, vaccination policies, surveillance) are not specifically tailored to pediatric needs, contributing to delays in diagnosis and treatment. Effective mitigation therefore requires child-centered surveillance, preventive education, timely clinical recognition, and integrated One Health preparedness. Predictive models incorporating climate, entomological, and demographic data may help identify emerging risk zones and guide targeted public health responses (87, 91, 93).





4 Discussion

Despite increasing recognition of the interconnections between AMR, child health, and the One Health paradigm, major knowledge and implementation gaps persist. Few studies have explicitly centered children within One Health AMR frameworks, and longitudinal cohort designs linking antibiotic exposure in children with animal contact, environmental reservoirs, and downstream resistance outcomes remain rare (17, 20). Similarly, the transmission dynamics of specific resistant pathogens across the human–animal–environment interface require deeper investigation. In particular, wider application of molecular epidemiology and strain-typing approaches (e.g., whole-genome sequencing, plasmid tracking) would help clarify whether resistant organisms and resistance genes detected in pediatric infections overlap with genotypes circulating in livestock, companion animals, water, and soil (22, 23). Pediatric outcomes also remain insufficiently characterized: data on treatment failure, morbidity, mortality, and long-term sequelae attributable to resistant infections are limited, especially in LMICs, where diagnostic gaps and under-reporting are common (9, 26, 43). Beyond epidemiology, economic and implementation research is urgently needed to determine which One Health interventions are feasible, scalable, and cost-effective in resource-constrained settings, and how they can be integrated into existing child health and public health programmes (17, 45). Finally, alternatives to antibiotics—including vaccines, probiotics, and phage-based approaches—are promising across human, animal, and environmental domains but remain at an early stage of translation and evaluation in pediatric settings (10). Systems-thinking and participatory models that map AMR drivers and leverage points may be particularly valuable for identifying child-specific exposure pathways and prioritizing actionable interventions across sectors (46).

Taken together, these findings reinforce the importance of framing pediatric AMR within a One Health paradigm. Children's risk is shaped not only by antibiotic prescribing and healthcare exposures, but also by household and community contexts, including interactions with animals, food systems, water and sanitation, and environmental contamination (13, 22, 23). A child-centered One Health strategy should therefore combine age-disaggregated surveillance, pediatric-adapted antimicrobial stewardship, strengthened infection prevention and control, action to reduce non-therapeutic antibiotic use in animals, environmental monitoring and remediation, caregiver and community education, and coordinated cross-sector governance (22, 24, 45). Without embedding children into national and global AMR agendas, a highly vulnerable population will remain exposed to the dual pressures of resistant infections and ecosystem-driven transmission.

Beyond AMR, climate change, pollution of air, water, and soil, and biodiversity loss represent intertwined threats with direct and indirect consequences for health. Predicting the net impact of rising temperatures on morbidity and mortality remains challenging, partly because outcomes depend on adaptive capacity, infrastructure, and access to protective technologies (52). Comparisons across studies are also limited by heterogeneity in exposure metrics and the lack of universally defined temperature thresholds. Nonetheless, evidence suggests that morbidity and mortality increase with the intensity and duration of extreme heat events, supporting the value of establishing regionally appropriate temperature thresholds and alert systems for population protection (53).

Public health responses to climate-related risks are typically framed as mitigation (reducing the drivers of climate change) and adaptation (reducing exposure and vulnerability). Mitigation strategies include transitioning to renewable energy, improving energy efficiency, and promoting sustainable transport and food systems. Adaptation strategies include heat-health action plans, disaster preparedness, improved ventilation and building design, surveillance and early warning systems, vector control measures (e.g., source reduction, mosquito nets), safe water and sanitation interventions, and health sector actions to reduce environmental footprints (50, 56, 57, 61). Ensuring equitable access to potable water, sanitation services, safe waste and wastewater disposal, and resilient transportation and healthcare infrastructure is foundational, particularly for children and other high-risk groups (4). Expanding urban green spaces may also support child health by reducing heat exposure and promoting healthier microbial and environmental ecosystems, although implementation must be context-specific and aligned with broader planning policies (62).

At the policy level, WHO has emphasized the health burden of environmental risk factors and the importance of coordinated action linking climate change, pollution, and biodiversity loss within a One Health perspective. The seventh WHO ministerial conference on environment and health (Budapest, July 2023) reinforced these priorities and positioned the “Roadmap for healthier people, a thriving planet, and a sustainable future 2023–2030” as a guiding framework for member states to reduce health impacts of environmental change (4). Health professionals—particularly pediatricians—play a crucial role in translating these priorities into practice by educating families, supporting preventive behaviors, and advocating for policies that reduce exposure and improve resilience among children (55). Educational initiatives are also needed: structured training on climate change and child health in medical curricula and pediatric residency programs has been recommended to prepare clinicians to recognize, manage, and prevent climate-sensitive health risks across diverse contexts (172).

Strengthening One Health approaches is equally essential for mitigating climate-sensitive infectious diseases. Surveillance systems should integrate entomological, clinical, laboratory, and climatic data to support early detection, rapid risk assessment, and timely response (71, 82). Education campaigns, targeted vector control, vaccination where available, and adaptation planning for changing vector ecology are key components of long-term prevention strategies (74, 123, 156). In Europe, rising temperatures, altered rainfall patterns, land-use change, and globalization of travel and trade are reshaping the distribution of arthropod vectors and enabling autochthonous transmission of pathogens previously considered tropical, reinforcing the need for sustained preparedness and cross-border coordination (74, 82, 115).

Priority actions should include reducing inequities in healthcare access and strengthening surveillance capacity in LMICs, where the greatest burden of climate-sensitive infections and AMR-related mortality is often concentrated (9, 26, 72). Surveillance expansion must be supported by affordable diagnostic and laboratory tools—including molecular and serological testing, and where feasible, genomic approaches—to improve detection and characterize transmission dynamics (43, 45). Digital innovations can further support real-time monitoring of importation risk, climate suitability, and spatial mapping of transmission hotspots to guide targeted interventions. Finally, sustained investment in interdisciplinary research is required to clarify the mechanisms linking climate variability, ecosystem change, and infectious disease dynamics, enabling evidence-based interventions that are effective, scalable, and equitable (75–77). Coordinated global governance—and fair implementation across countries and communities—will be indispensable to mitigate the accelerating emergence and spread of infectious diseases under climate change (45, 76).

This narrative review has several limitations that should be acknowledged. As a non-systematic review, it does not follow a formal protocol for study selection or quality assessment, and relevant evidence may have been inadvertently omitted. The available literature is also heterogeneous, with notable gaps in child-specific data, particularly from low- and middle-income countries, and limited evaluation of long-term outcomes and intervention effectiveness. In addition, evidence on integrated One Health interventions remains uneven across regions and thematic areas, constraining direct comparison and generalizability. Nevertheless, the strengths of this review include the breadth of topics covered, the integration of human, animal, and environmental health perspectives, and the inclusion of recent and emerging evidence. These features make the manuscript relevant to a wide multidisciplinary audience spanning pediatrics, infectious diseases, public health, environmental health, and policy.



5 Conclusions

Climate change is increasingly acting as a powerful catalyst for the emergence and re-emergence of vector-borne and zoonotic diseases in Europe, reshaping the geographic distribution, seasonality, and intensity of infectious threats that were once considered confined to tropical regions (71, 74, 82). Rising temperatures, altered precipitation patterns, land-use change, biodiversity loss, and urbanization collectively create ecological conditions that favor the establishment of competent vectors and the circulation of pathogens, with measurable consequences for human health. Within this evolving landscape, children represent a uniquely vulnerable population, due to their physiological susceptibility, developmental stage, behavioral exposures, and dependence on adults and systems for protection and care (2, 70).

This review highlights that the health risks faced by children in the context of climate change extend beyond infection alone. VBDs intersect with AMR, environmental pollution, food and water insecurity, and mental health stressors, reinforcing the need for integrated, child-centered responses. The One Health framework provides a unifying approach to understand and address these complex interactions by explicitly linking human, animal, and environmental health domains. However, current surveillance systems, research agendas, and policy frameworks insufficiently incorporate pediatric perspectives, leading to under-recognition of children's exposures, outcomes, and long-term consequences (9, 43).

Protecting child health in a changing climate therefore requires multidisciplinary and cross-sectoral collaboration among clinicians, pediatricians, epidemiologists, veterinarians, entomologists, ecologists, environmental scientists, and policymakers. Strengthened surveillance that integrates clinical, entomological, and climatic data; early-warning systems for climate-sensitive infections; targeted vector control; vaccination strategies where available; and pediatric-adapted antimicrobial stewardship are all essential components of an effective response (45, 71, 123). Equally important are investments in health system resilience, environmental protection, urban planning, sanitation, and access to clean water, particularly in socioeconomically disadvantaged settings.

Finally, children must be positioned not only as beneficiaries of protection but also as long-term stakeholders in planetary health. Education, community engagement, and empowerment of families and young people can foster awareness, resilience, and sustainable behaviors that extend benefits across generations. Advancing a child-centered One Health agenda is therefore not optional but imperative: without it, climate change will continue to amplify infectious disease risks and health inequities, undermining progress in child health and threatening the wellbeing of future generations (4, 50).
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