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ARTICLE INFO ABSTRACT

Keywords: Low-income countries (LICs) in Africa, southeast Asia, Latin America, and the Caribbeans constitute
COVID-19 pandemic potential hotspots for future outbreaks of infectious zoonoses. A comprehensive framework on risk
Critical control points drivers, assessment, and mitigation in LICs is lacking. This paper presents the nature, history, risk
Funding models factors, and drivers of zoonoses in LICs. A Quantitative Microbial Risk Assessment and Hazard Analysis
One world

of Critical Control Points are proposed for assessing human health risks. The mitigation framework
entails: (i) learning from the COVID-19 pandemic, (ii) the precautionary principle, (iii) raising public
and stakeholder awareness, and (iv) the One World, One Health concept. Future perspectives are
discussed on: (i) curbing poaching and illicit wildlife trade, (ii) translating the ‘One Health’ concept to
practice, (iii) the dilemma of dealing with wildlife hosts of zoonoses, including the morality and ethics
of culling versus non-culling, (iv) the challenges of source tracking and apportionment of zoonoses,
and (v) decision-making scenarios accounting for the high human health risks and the high uncer-
tainty in current evidence. Future directions on zoonoses include: (i) the occurrence of antimicrobial
resistance, (ii) environmental reservoirs and hosts, (iii) the development of tools for source tracking
and apportionment, and (iv) host-receptor-pathogen interactions. Funding models and the application
of novel tools, i.e., game theory, genomics, shell disorder analysis, and geographical information
systems are also discussed. The proposed framework enables a better understanding of the key risk
drivers, assessment, and mitigation in LICs. Further work is needed to test and validate the framework
and develop generic lessons for risk assessment and mitigation in LICs.
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1. Introduction

The recurrent outbreaks of (re)-emerging infectious zoonotic diseases indicate the need to reflect on and develop more robust risk
assessment and mitigation strategies. The recent COVID-19 pandemic caused by severe acute respiratory syndrome-coronavirus-2
(SARS-CoV-2), first detected in Wuhan (China) towards the end of 2019 [1], and its impacts on global health and economies give
further credence to the need to rethink current mitigation measures. The implications of outbreaks of zoonoses on human health and
society are global in nature and extent. The risk of epidemics is high in low-income countries/regions due to multiple risk factors,
which will be discussed in subsequent sections. According to the World Bank (2021), for the 2021 fiscal year, countries are classified
into four groups based on gross national income (GNI): (i) low-income countries, defined as those with a GNI per capita of $1035 or
less, (ii) lower middle-income countries with a GNI per capita of between $1036 and $4,045, (iii) upper middle-income countries with
a GNI per capita of between $4046 and $12,535, and (iv) high-income countries with a GNI per capita of $12,536 or more (Fig. 1).
Broadly, low-income countries such as those in sub-Saharan Africa, south-east Asia, Latin America, and the Caribbeans share generic
similarities, including multi-dimensional poverty, foodand nutrition insecurity, and lack of access to clean drinking water and
improved sanitation [2-4,219]. Data on worldwide global indicators also indicate that LICs often have poor or weak governance
systems [5]. Several international reports exist on these indicators differentiating low-income countries from high-income ones [2-5];
Zhou et al., 2018). One should note that, despite these generic similarities, some differences exist among and even within countries,
while selected countries (e.g., South Africa [6], and even developed ones have a mixture of both high- and low-income characteristics.
Here, we focus mainly on low-income countries, defined broadly by the World Bank (2021). Hence, a discussion of the problems and
recommendations on a country-by-country basis and differences among and within low-income countries are beyond the scope of the
current study. Consensus exists that low-income countries (LICs) in Africa, Asia, Latin America, and the Caribbean region constitute
potential hotspots for future outbreaks of infectious zoonoses [7]. This is because of several risk factors, including close and frequent
human-wildlife interactions caused by land-use changes and the increasing human population.

Thus, to mitigate future outbreaks of zoonoses, public and research attention should focus on developing and applying risk
assessment and mitigation strategies, including preventive measures in these potential hotspots in LICs, rather than adopting a
reactionary approach driven by actual outbreaks. The ongoing COVID-19 pandemic has provided many critical lessons for mitigating
future zoonoses outbreaks [8,9]. For example, the following measures were offered by Halabowski and Rzymski [8]: (i) viral sur-
veillance in animals, (ii) limiting wildlife trade, (iii) changes to mink production, (iv) changes to meat production, entailing the
introduction of cultured meat, and (v) reducing hunting activities. However, a closer examination of these recommendations suggests
that while they may be suitable for high-income countries, their implementation (e.g., viral surveillance) poses considerable challenges
in low-income settings lacking comprehensive surveillance systems and diagnostic and analytical equipment. Moreover, mink farming

Fig. 1. Global distribution of low-income countries/regions based on gross national income (GNI) per capita. (i) Yellow: Low-income countries defined as those with a
GNI per capita of $1035 or less in 2019, (ii) Orange: Lower-middle-income countries with a GNI per capita between $1036 and $4,045, (iii) Pink: upper-middle-income
countries with a GNI per capita between $4046 and $12,535, and (iv) Red: High-income countries with a GNI per capita of $12,536 or more. Data source: https://
datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-groups(For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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is not prevalent in most LICs, while cultured meat is not the technology under development in these countries. Reducing hunting and
trade in wildlife poses challenges in LICs due to weak governance and regulatory systems.

The present paper highlights the problems and the framework for (re)emerging zoonoses. The issues discussed are generic and
cross-cutting, and hence also relevant to high-income countries. However, for brevity, and due to several risk factors, the current study
pays particular attention to LICs that are at significant risk of future epidemic outbreaks. Moreover, the present paper expands on the
discussion started by earlier work by Halabowski and Rzymski [8], which focused mainly on problems and recommendations targeting
or relevant to high-income countries. In addition, it also makes the following further contributions: (i) discusses the risk factors,
drivers, and challenges associated with zoonoses in the context of LICs, (ii) proposes frameworks for comprehensive risk assessment
based on Quantitative Microbial Risk Assessment (QMRA) and Hazard Analysis of Critical Control Points (HACCP), and (iii) proposes
mitigation measures, future perspectives, and research needs taking into account the socio-economic settings in LICs. Overall, the
present paper presents a risk assessment and mitigation framework for zoonoses in the context of LICs. The framework discussed in the
present article is generic and can be adapted to various infectious zoonotic diseases. However, for brevity, particular attention is given
to viral zoonoses for two reasons: (i) they are amongst the most widely reported in LICs, and (ii) the ongoing COVID-19 pandemic and
earlier human coronaviruses (e.g., SARS, MERS) give further impetus to viral zoonoses. The present study adopts a
source-pathway-receptor-impact-mitigation continuum (SPRIM) as a guiding framework to assess and mitigate human health risks.

The present paper posits that: (i) several risk factors and drivers, coupled with weak governance and regulatory systems, predispose
LICs to future outbreaks of infectious zoonoses, (ii) risk assessment based on Quantitative Microbial Risk Assessment (QMRA) and
Hazard Analysis of Critical Control Points (HACCP) provide critical tools for a comprehensive understanding of human exposure and
health risks in the source-pathway-receptor-impact-mitigation continuum, and (iii) a mitigation strategy integrating lessons from the
COVID-19 pandemic, ‘One World, One Health’ and precautionary concepts, and raising awareness are all critical in safeguarding
human health in low-income settings.

Finally, future perspectives are highlighted, including challenges, opportunities, research needs, and scope to apply emerging
research tools to understand zoonoses better.

2. Infectious zoonoses in low-income countries

2.1. Nature and history of zoonotic infections

Zoonotic infections can be transferred between invertebrate and vertebrate animals, and humans. These infections can be caused by
bacteria, viruses, fungi, and parasitic organisms. Some pathogens have more than one host reservoir species [10], which can signif-
icantly increase their transmission to people. The transmission of these infections between animals and humans can be: (i) direct (e.g.,
through contact with blood, urine, or saliva), (ii) indirect (by coming into contact with animal habitats, environments, or contaminated
surfaces), and (iii) through vectors such as mosquitoes, tsetse flies and ticks with either the human or the animal as the recipient [11].
Selected zoonotic infections can be classified as enzootic, which are found in animal populations and can be transferred from animals
to humans, but usually, there is little or no transmission from one person to the other. Rabies is an excellent example of such a zoonotic
infection. This is the opposite of what is observed with some other zoonotic pathogens, where once transmitted from animals to
humans, they can readily be passed from person to person [12]. Examples include pathogens such as HIV, Ebola virus, and
SARS-CoV-2. Some major groups of animals responsible for transmitting pathogens to humans include carnivores, rodents, birds,
ruminants, bats, and primates [13]. Both domesticated and wild animals can be sources of zoonotic infections, but wild animals have
increasingly become the most significant source of such infections [14]. Therefore, people frequently in contact with wild animals or
their habitats are more susceptible to contracting zoonotic infections than those who do not. This includes hikers, hunters, individuals
camping in wildlife habitats, and even those who explore caves, among other activities. Clinically, more significant concern and
emphasis are mostly placed on the transfer of infections from animals to humans than the opposite (from humans to animals) [15,16].
However, conservation-wise, the transfer from humans to animals becomes a big concern because some diseases originating from
humans do infect wildlife [16,17], e.g., in the case of transfer of infections such as measles from humans to primates [18], which can
affect the survival of the animal species.

The nature of each zoonotic pathogen plays a significant role in the emergence, re-emergence, rate of spread, pathogenicity, and
virulence of such a pathogen. The emergence of a zoonotic pathogen involves the surfacing of a novel pathogen or one which has
significantly evolved or the surfacing of a pathogen already recognized but in a region where it was not identified before [19]. On the
other hand, there are cases where the incidence of a known pathogen in a given geographical area may increase significantly, or
conditions are altered such that its potential pathogenicity in humans is increased. Such a case is referred to as re-emergence [19].
Typical zoonotic pathogens with a wildlife reservoir or source have little clinical impact on their primary wildlife host as compared to
the effect they may have when transmitted to human hosts [20,21], although there are some exceptions.

Evidence has shown that some zoonotic pathogens can exhibit significant evolutionary changes even in a short period, e.g., during a
single pandemic [22]. To date, numerous variants of SARS-CoV-2 have emerged within the course of the pandemic. Some of these
variants have been classified as variants of concern (VOC), as they meet at least one of the following requirements at a degree of global
public health significance: (i) transmissibility increase, elevated virulence, (ii) change in clinical disease presentation and/or (iii)
decreased effectiveness of public health and social measures or available diagnostics, vaccines or therapeutics.

Over the past couple of decades, global changes, along with the increasing human population, have led to a spike in new zoonotic
infections [12]. Zoonotic pathogens, especially those emerging from wild animals, have influenced some pandemics for over 100 years.
This has tallied with the global increase in human population, particularly in areas where there is a combination of increased human
activities and high wildlife biodiversity [23,225,226,24].
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An assessment by Taylor et al. [25] showed that around 61% of the infectious species affecting humans in one way or the other are
zoonotic in origin. Of the estimated 400 infectious diseases identified between the 1940s and around 2012, more than 60% of these
were zoonotic [26]. This indicates that zoonotic pathogens play a significant role as the cause of infections in humans. Roche and
Gue’gan [27] have argued that most pathogens and parasites responsible for affecting human populations are zoonotic. Some sig-
nificant and relatively recent zoonotic pathogens include anthrax, Ebola, HIN1 influenza, HIV/AIDS, H5N1 bird influenza, SARS-CoV,
MERS-CoV, andthe SARS-CoV-2 [8]. Some of these have resulted in pandemics, have led to high human mortality rates, caused
substantial economic losses, and have led to significant changes in the global public health as a whole [26]. In 2012, it was estimated
that, annually, roughly one billion illness cases and millions of deaths are due to zoonotic infections [28], and the figure might have
even gone higher following the outbreak of the COVID-19 pandemic.

Although there is an increase in human infections attributed to zoonotic pathogens, including those causing pandemics, generally,
there is not much research on zoonotic viruses compared to their bacterial and parasitic counterparts. Most of the studies in the field
focus on the major viral zoonotic diseases (H1N1 influenza, HIV, HS5N1 bird flu, SARS coronavirus) [23,225,29], which generally pose
global human health and economic threats. The inferences from such research are not necessarily relevant to other zoonotic infections,
especially those that are endemic and typically occur in LICs. Thus, very little research exist to present a clear picture of the current
major global zoonotic diseases, which can cause infections in humans and their worldwide effects. This leaves the human population
vulnerable to a wide range of zoonotic bacteria, viruses, fungi, and parasites, leading to detrimental consequences and burdens on the
health sector, national economies, and even veterinary medicine and agricultural production worldwide [14]. The World Bank esti-
mates that between 1997 and 2009, six significant epidemics attributed to zoonosis resulted in an economic loss of more than 80 billion
dollars [30]. However, depending on the impact of these zoonotic diseases, some funding and research are being dedicated and
conducted to address the problem, but most still remain neglected in decision- and policy-making[31]. Due to the above factors, it has
always been the case that humans have been behind in predicting potential outbreaks of zoonotic diseases and in understanding
variables that promote the spread of infections, making it difficult to prevent possible future outbreaks [20]. This may remain the case
in the coming years if the situation does not improve.

2.2. Risk factors, risk behaviors, and drivers in LICs

It is crucial to understand the different factors that enable the transmission of zoonotic pathogens from wildlife to humans in LICs.
Recognizing these will be the first step to better understanding the origins and spread of such diseases and finding ways to reduce or
combat transmission and disease outbreaks. Usually, human influence or anthropogenic activities due to different socioeconomic
factors, ecological changes, and behavioral changes pave the way for successfully transmitting zoonotic pathogens from animals to
humans [20,220]. Large-scale land-use changes impact the dynamics and relationship between animal hosts, zoonotic pathogens and
humans, which all play a significant role in disease ecology [12]. The mingling of people, animals and the environment promotes the
successful transmission and emergence of these diseases. Examples of activities that increase the risk of transmission of zoonotic
diseases include encroachment of wild animals’ habitats due to land-use changes that often lead to habitat destruction and frag-
mentation, ecotourism, hunting, and land clearing for farming and grazing, which all commonly involve close and frequent
wildlife-human interactions [20].

Sub-Saharan Africa has been declared a highly prevalent endemic zoonosis area due to the large rural populations that live close to
wildlife and livestock (Kemuto et al., 2018; [32]. This creates new niches for the pathogens as well as new hosts (humans), which they
adapt to [12], causing diseases in the process. Infections such as yellow fever, common in some tropical African countries, and Chagas
disease, which mainly occurs in rural Latin American countries, have been attributed to land-use changes that cause deforestation
mainly due to logging, mining, plantation development, and gas or oil extraction [33-35]. Such activities allow access to emerging
zoonotic disease hotspots with abundant wildlife, which may be reservoirs of pathogens not encountered by humans before [23,225].
Ecotourism is an economic sector growing in some LICs, especially those with wildlife habitats that are still intact and unexploited. In
ecotourism, humans subject themselves to such wildlife habitats for tourism purposes, where the probability of exposure to zoonotic
pathogens is very high. Examples of such ecotourism activities include camping in these habitats, hiking, guided bush walks, and even
exploring caves, which can be habitats of the bat species known as vectors of zoonotic pathogens. Some jobs or research activities also
involve humans working in such habitats putting their life at high risk of contracting zoonotic infections as they work. For example,
ecologists often conduct extensive fieldwork with frequent and direct animal interactions. At the same time, working in or visiting such
environments increases the risk of being highly exposed to vectors such as mosquitoes and ticks, which can be carriers of vector-borne
diseases and vectors of zoonoses between animals and humans.

Another common risk factor that leads to the emergence of zoonotic disease in LICs is the widespread consumption of animal food
products from wild animals, especially in rural areas. Although fewer wildlife products are consumed than livestock products [36],
these food sources are still widely used in LICs to supplement nutrition, especially the protein diet [37,38]; Harvey-Caroll et al., 2022
[39]. In addition, there is increased bushmeat hunting in some parts of Africa [37-40]. In Central African countries alone, the annual
bushmeat consumption is estimated to be about one billion kilograms [41]. The process of acquiring such food products involves
hunting and preparation, which leads to human-animal contact and, therefore, the risk of transmission of zoonotic diseases. For
example, HIV-1 and HIV-2 are linked to the primary transmission and further mutation of simian immunodeficiency virus from
chimpanzee and sooty mangabey monkeys, respectively, during the preparation and consumption of their meat [42,43], while the
hunting of great apes led to the transmission of Ebola hemorrhagic fever [44].

Domestication of animals (both food and non-food animals) has also resulted in a zoonotic human infection leading to the
transmission of diseases such as rabies and echinococcosis [12,45]. In most LICs, many domesticated and wild vertebrates and in-
vertebrates are used as important food sources [46], which significantly increases the potential emergence of zoonotic infections
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harbored by these animals. This is especially the case in rural areas where most of the populations of these countries reside, thereby
posing a need to have a wide range of food sources to supplement their diets. In sub-Saharan African countries such as Zimbabwe, even
some of the wild vertebrates that are potential reservoirs of zoonotic infections are reared domestically for food purposes; examples
include guinea fowls and quails reared together with domestic food animals such as chickens, pigs, and rabbits. As new animals
(previously wild) are reared domestically, it presents new opportunities for the emergence of zoonotic pathogens. At the same time, the
practice of animal rearing, whether domestic or wild, has now widely spread to urban areas rather than just the rural areas as was the
norm before, which made the situation worse [47]. Due to cultural reasons, and the need to supplement the diet, there is also wide use
of edible wild rodents (e.g., mice) and birds such as quelea birds, which can be potential reservoirs or intermediate hosts of zoonotic
pathogens.

Most LICs are characterized by weak governance systems with high levels of corruption, which promote poaching and illicit wildlife
trade. Although some of these countries are signatories of regulatory structures of trade in wild animals, such as the Convention on
International Trade in Endangered Species of Wild Fauna and Flora (CITES), there is still widespread illegal hunting and trade in
wildlife mainly fuelled by high returns from such activities [48]. Such unregulated and illegal activities can fuel the transmission of
disease pathogens from animals to humans [49,50] because the standard health protocols and regulations for handling animals are not
followed when illegal activities are involved. The processing of wildlife and associated products from illegal and legal hunting
potentially facilitates the spread and transmission of zoonotic infections. On the other hand, increased illegal hunting can significantly
reduce the population of the animal species serving as preferred hosts and potentially make humans more vulnerable to infection. For
example, arthropod vectors of zoonotic pathogens that feed on animal hosts can shift host to humans if their preferred animal host has
reduced in numbers, leading to an outbreak of the disease in humans. The depletion of wildebeest and cattle population in East Africa
due to rinderpest meant that tsetse flies had to shift their feeding to humans, which in turn led to a considerable outbreak of sleeping
sickness [51].

Weak and poorly enforced public and animal health and food safety regulations contribute significantly to the spread, emergence,
and re-emergence of zoonotic infections. Generally, within the rural areas in LICs, there is little or no awareness and education on
health and safety regulations on zoonotic infections. This, together with poverty, has resulted in people utilizing or consuming
contaminated food such as contaminated meat from their livestock, bush meat sold in informal markets, and unpasteurized milk [32].
As long as the level of education or awareness of zoonotic diseases is low, the risk of these diseases emerging and spreading will remain
in LICs, like in regions of sub-Saharan Africa [52]. Practices such as consuming raw or undercooked animal and wildlife foods are a
potentially under-estimated pathway for human exposure to zoonoses. In tropical Africa, outbreaks of trichinosis are mainly due to
undercooked meat from pigs and wild boars [53]. Evidence also shows that consuming raw animal products such as blood, milk, and
internal organs such as the liver is common in LICs [54-56]. The reasons for this practice vary. In the case of raw blood, this includes
religious and cultural rituals. In the Maasai pastoralists of Tanzania, raw blood mixed with milk is given to women soon after childbirth
in the belief that it replenishes lost blood and helps produce energy, while in young boys recently circumcised, it is believed that
drinking raw blood will supplement its loss during the procedure [54]. The consumption of raw duck blood in south-east Asian
countries such as Vietnam, when mixed with other dishes, has been suggested as a possible pathway for transmission of zoonotic avian
influenza viruses to humans [57]. The consumption of raw fresh or sour milk is widespread in Africa [54], but if the milk contains
pathogens from infected livestock, it becomes unsafe. Pastoralists regard raw milk as highly nutritious and culturally valuable as a
staple food [58], and the campaigns to render raw milk safe may not be readily accepted. In most LICs, small and large livestock are
highly valued, especially among low-income communities in urban and rural areas. Hence, eating carcasses or slaughtering ill animals
for consumption is rampant in poor communities. For example, Dinka cattle keepers from South Sudan disregarded the possible
transmission of diseases such as anthrax from livestock to humans and ate meat from dead cattle carcasses [59]. This is contrary to the
global best practice in food hygiene and safety, where sick and dead animals should not enter the human food chain. In most LICs,
food-borne zoonotic diseases such as brucellosis, salmonellosis, and bovine tuberculosis, among many others, are enzootic to livestock,
leading to endemic infections in people, especially when sick or dead animals are consumed [12]. The methods used for slaughtering
and processing the infected animals can also serve as pathways for disease outbreaks. All this highlights the limited understanding of
the human health risks associated with such practices.

Generally, in most LICs, there is a weak, inadequate, or just complete lack of surveillance systems for zoonoses. Due to a lack of
resources and limited monitoring from responsible authorities, unscrupulous business people take advantage of this and sell meat from
dead animals while practicing poor food hygiene, which increases the risk of transmission of any associated zoonotic pathogens. This is
compounded by a lack of microbial quality checks on various animal and wildlife meat and products. There is a lack of adequate
infrastructure or enough resources to monitor zoonotic diseases, making it highly challenging to control them in most sub-Saharan
countries, such as Zimbabwe [32,60]. The limited monitoring is confined chiefly to large animal production systems, particularly
cattle, whereas small livestock establishments are often excluded. For example, in Zimbabwe, the focus is mainly on foot and mouth
disease and anthrax, with minimal surveillance data on viral zoonoses. This is partly due to a lack of analytical equipment and funding.
Therefore, the lack of adequate disease management and control in livestock production in LICs means that there is a high probability
of the emergence of zoonotic pathogens linked with the livestock hosts [12], while on the other hand, the lack of proper veterinary
infrastructure reduces the efforts to curb the spread of zoonotic diseases from the livestock.

Moreover, there is a lack of collaboration between the public and private sectors involved in livestock production [61]. Besides
common cattle diseases such as foot and mouth disease, very few people are familiar with zoonoses and their transmission pathways
and health risks. Even basic knowledge of the ecology of zoonotic food-borne pathogens is nearly non-existent in LICs, making
identifying the animal reservoirs difficult [12], and almost impossible to monitor or detect the potential emergence of diseases before
much harm is caused.
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In most LICs, there is usually a lack of coping capacity for outbreaks due to inadequate healthcare systems and diagnostics [222].
Early detection and diagnosis of any zoonotic disease are crucial to help curb onward transmission to other individuals, thereby
reducing the potential of massive outbreaks [62]. Countries with weaker healthcare systems face challenges in the early detection of
these diseases leading to outbreaks and secondary infection due to rapid onward transmission. The lack of adequate diagnostic
infrastructure in most LICs results in delayed identification of suspected cases, confirmation, and subsequent isolation [63]. This puts
pressure on health systems that are already strained and barely coping. Limited resources to build enough hospitals to allow isolations
of cases with highly transmissible zoonotic diseases translate into a high risk of their spread among humans [64]. Shortages of qualified
and highly skilled health personnel also worsen the situation [65]. There is already a ‘brain drain’ problem where developed countries
attract and hire health personnel from LICs, leaving a considerable gap to fill in these countries [66,67]. The outbreak of the COVID-19
pandemic has led to many developed countries hiring thousands of nurses and doctors from the African nations for their benefit,
leaving many African health systems incapacitated and barely coping with thousands of COVID-19 cases.

It is noteworthy that the outbreak of COVID-19 and its global impacts and poor response systems at national and global scales
occurred against a background of earlier efforts to address such challenges globally (Carson, 2020). For example, the USAID’s
Emerging Pandemics Threats program known as PREDICT, and led by the University of California, Davis’s One Health Institute,
initiated in 2009, sought to reduce pandemic risks and promote global health (https://p2.predict.global/). Yet ironically, in 2019,
exactly at the end of the second phase of the project (PREDICT-2), nearly a decade later after the launch of PREDICT, COVID-19 broke
out. Carlson (2020) presents a detailed commentary on the PREDICT program in light of COVID-19. The PREDICT program is a novel
program aimed at profiling the health risks of pandemics and mobilizing resources on a global scale. Hence it can provide lessons to
inform the design and implementation of future similar projects. In summary, this highlights that while programs such as PREDICT are
a welcome development to address future pandemics, further work is still required with respect to resource mobilization, sustainable
funding mechanisms, research, the establishment of global surveillance systems, capacity-building, and dissemination of research
outputs. These aspects are discussed in detail in subsequent sections.

3. Human health risk assessment and mitigation framework

3.1. Human health risk assessment

Human health risk assessment is critical in safeguarding human health against zoonotic infections and their societal impacts.
Broadly, health risk assessment protocols entail: (i) identification of hazards, in this case, the nature and sources of zoonotic pathogens,
(i) identification of people at high risk of exposure, (iii) understanding the human exposure routes and the likelihood of occurrence of
such exposure, and (iv) estimation of the overall risk using qualitative or quantitative methods (Kitajima et al., 2020). Here, we
highlight the tools available for human risk assessment and their current application status in LICs.

3.1.1. Tracking zoonoses in the environment-wildlife-human continuum

Regular systematic zoonoses surveillance in the environment-wildlife-livestock-human continuum is a critical component of
human health risk assessment [68,69]. This includes pathogen and sero-surveillance in environmental compartments, humans, do-
mestic animals, livestock, and wildlife. In this regard, particular attention should be paid to known and potential hosts and in-
termediates of zoonotic pathogens. Such surveillance systems act as early warning systems and can be used to identify zoonotic
hotspots and used as a basis to trigger mitigation and control measures. However, pathogen surveillance systems, including zoonotic
ones, are weak or even non-existent in most LICs, partly due to a lack of resources, expertise, and laboratory infrastructure [70,71];
2022; [66,72].

3.1.2. Quantitative microbial risk assessment (QMRA)

Tools and models relying on quantitative microbial risk assessment (QMRA) are increasingly being proposed for comprehensive
human health risk assessment, including for SARS-CoV-2 in various environmental media [70,71]; Kitajima et al., 2020). In the context
of zoonoses, the application of QMRA requires data on: (i) the nature and pathogenicity of the pathogens, (ii) environmental behavior
and the fate of the pathogens in the relevant environmental media, including intermediate hosts, (iii) multiple routes or pathways
accounting for human exposure via contact with host animals, consumption of contaminated animal food products, and human-human
transmission, and (iv) development of quantitative models relating human exposure to pathogens at a given dose or concentration to
the likelihood of occurrence of a human health endpoint or outcome such as infection.

Yet, the development and applications of QMRA in LICs face several constraints, primarily because QMRA is data-intensive, and the
bulk of such data is unavailable in LICs and even in developed countries. Firstly, dose-response models for most zoonotic pathogens,
including SARS-CoV-2, are not yet developed. Secondly, most pathogens’ behavior, transmission, and fate in the environment-wildlife-
livestock-human continuum are still poorly understood. Last but not least, expertise in QMRA is often lacking in LICs, which often
relies on external experts [66]. Thus, further research is required to develop and validate health risk assessment tools and models based
on QMRA in LICs as part of a comprehensive research program to mitigate zoonoses in LICs.

3.1.3. Tracking food-borne zoonoses: HACCP as a decision-support tool

The Hazard Analysis of Critical Control Points (HACCP) framework can be adapted as a decision-support tool for risk assessment
and control of food-borne zoonoses in the human food value chain [73]. HACCP entails identifying hazards, critical limits, critical
control points, and subsequent monitoring and mitigation. In the context of zoonosis, the application of HACCP as a decision-support
tool should entail the following:
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(1) identification of the dominant sources and entry points for zoonoses into the human food chain,

(2) identifying the people most at risk, including wildlife and trophy hunters, workers in the meat industry including abattoirs,
wildlife and safari operators, people consuming wildlife and game meat and food products, and communities living in proximity
with wildlife hosts,

(3) the setting of acceptable and achievable critical limits or thresholds for zoonotic pathogens at various steps in the human food
chain in order to identify occurrence or transmission hotspots,

(4) identification of critical control points characterized by unacceptable or high risks exceeding set critical limits or thresholds,

(5) development of monitoring and evaluation systems, including key indicators of food-borne zoonoses, and

(6) development and application of a mitigation strategy targeting critical control points.

Although HACCP has a long history in the food industry, its application for assessing and mitigating human health risks associated
with zoonoses is still limited. This is particularly true in the context of LICs. Thus, adapting and validating the HACCP framework could
be an integral part of human risk assessment and mitigation in LICs. Such efforts should include capacity-building in HACCP in the food
industries at high risk of food-borne zoonoses and should be coupled with surveillance systems based on both conventional and
emerging monitoring tools (Section 5.6).

3.2. Mitigating the human health risks

3.2.1. Learning from the COVID-19 pandemic

The COVID-19 pandemic has given both low-income and developed countries a rare learning opportunity to manage future
pandemics and other infectious diseases. The scale at which COVID-19 spread into a pandemic, resulting in millions of deaths, has
demonstrated ill-preparedness for a global pandemic and the need to draw crucial lessons to improve response for future pandemics
[74]. Due to increased international travel and trade, a highly globalized and connected world contributed to the rapid spread of
SARS-CoV-2 [74]. This clearly shows that the failure of one country to manage future emergent diseases may lead to a pandemic.
Moreover, the successful mitigation of pandemics can only be achieved with global efforts - failure of one region to put the transmission
of the pathogen under control may lead to the re-emergence of its mutated versions in other areas. It is, thus, essential to strengthen
preparedness, coordination, and collaboration at national, regional, and international scales.

A delay in detecting the first known cases of COVID-19 in China and other countries contributed to a late response leading to a rapid
spread to other countries [75]; Khana et al., 2021). A report by The Independent Panel for Pandemic Preparedness and Response [76]
also made a similar observation on COVID-19. Intuitively, this is because a delayed detection at the point of the first outbreak promotes
further spread and subsequently delays the implementation of prevention and control measures. Other factors that led to the rapid
spread of SARS-CoV-2, besides its biological features, include: (i) poor national and international early detection and alert systems, (ii)
deficiency or absence of real-time data and science, and (iii) weak global coordination. Robust detection systems, which entail research
and surveillance of new viral agents, increase the chances of early detection of contagious diseases by instituting preventive or
containment measures. Countries that acted swiftly and relied on real-time data and science, such as massive testing along with contact
tracing, quarantining, and public awareness, fared well in managing the spread of COVID-19 [77]. This demonstrates that early
detection and alert systems and reliance on real-time data are crucial for managing future communicable diseases, such as zoonoses.

While most countries immediately employed public awareness campaigns to mitigate the spread of the COVID-19 pandemic, the
contemporary globalization of information, primarily through social media, led to a rapid spread of misinformation and conspiracy
theories [78-80]. Lack of transparency, a void of reliable information, and communication of conflicting advice result in public
mistrust and can lead to the spread of misinformation and conspiracy theories and unwillingness to follow guidelines [81-84]. These
can negate the benefits of awareness campaigns. Thus, well-coordinated early alert and public awareness systems, transparency, and
building public confidence in institutions are essential measures to counter skepticism, conspiracy theories, and misinformation while
ensuring effective management of future zoonotic outbreaks.

3.2.2. Overcoming high uncertainty and weak evidence: precautionary principle

While data and science are a crucial part of evidence-based health strategies, the novelty of emerging pathogens means there is
uncertainty and limited evidence regarding their etiology and transmission mechanisms. In such a situation, the precautionary
principle - a proactive approach to risk mitigation, can help mitigate public health risks. A precautionary principle is an epistemo-
logical approach for decision-makers to adopt precautionary actions when extensive scientific knowledge regarding an environmental
or health hazard lacks or is weak and when the human health risks or consequences are high [85,86]. The precautionary principle is
increasingly becoming imperative due to the realization that the human-animal-environment interface poses severe risks of novel
zoonotic pathogens spreading uncontrollably - producing extreme consequences. The COVID-19 pandemic demonstrated the impor-
tance of taking precaution as a guiding principle when blanket travel bans and strict lockdowns were implemented when scientific
evidence was still weak, diagnostic methods were unreliable, and all transmission routes remained uncertain [86]. For such an
approach to be effective in the long-term, there is a need for global cooperation, transparency in sharing relevant information, and
quick response in the primary outbreak region.

3.2.3. One World, One Health (OWOH): from concept to practice

There is increasing recognition and consensus on the inextricable commonality and interactions among humans, animals, plants,
and their shared environment. In this context, optimal human health outcomes can only be achieved through a One World, One Health
(OWOH) concept - a collaborative and transdisciplinary approach that recognizes this link [87,88]. It is an expansion of the one
medicine concept which recognizes the resemblance in the paradigm of human and veterinary medicine [89].



W. Gwengzi et al. International Journal of Disaster Risk Reduction 82 (2022) 103350

While the OWOH concept is not new, its application is now imperative because global anthropogenic changes, driven by human
population growth, urbanization, agriculture, and their effects on the ecosystems, have changed the way humans, animals, plants, and
the environment interact. These interactions and other disruptions in environmental functions caused by deforestation and pollution
can provide new opportunities for the emergence of new pathogens and their transmission between humans and animals. Previous and
current health challenges, such as antibiotic resistance and outbreaks of new viral diseases such as avian influenzas (H5N1 and HIN1)
or MERS-CoV, demonstrate the interdependence of the health of humans, animals, and ecosystems. This calls for advancing our
knowledge on the consequences of human activities, lifestyles, and how we interact with ecosystems on disease dynamics to guide
public policy [90].

An integrated approach to addressing health necessitates elaborate collaboration and communication systems at the national,
regional, and international levels. At the national level, the key challenge in transforming the OWOH from concept to practice remains
the ability to set collaborative systems among various institutions and stakeholders. This is because while the OWOH concept provides
an integrative approach to health, there is a challenge that human and animal health professionals still operate under disciplinary silos
[88]. Therefore, it is necessary to break interdisciplinary barriers by incorporating integrative thinking in educational curricula,
veterinary practice, clinical practice, and other sectors [90].

The International Health Regulations (IHR) (2005) set strategies that countries must follow to operationalize the OWOH concept
(IHR, 2005). These include training and fostering collaboration among institutions (e.g., health, veterinary, trade, travel), and
strengthening national capacity in areas of disease surveillance and response systems. Integrating data among various disciplines is
thus important [87]. Implementation of these systems is crucial to improve preparedness among LICs.

3.2.4. Raising public and stakeholder awareness on zoonoses

The prevention and management of zoonotic outbreaks entail the participation and cooperation of the public and all stakeholders
involved in human health (e.g., medical doctors, epidemiologists, public health scientists), animal welfare (veterinarians and farm
staff), environmental scientists (e.g., wildlife scientists, ecologists), law enforcement, food suppliers and pet owners. Systematic
educational and awareness programs tailored for each stakeholder, including the public, are necessary to implement zoonotic disease
prevention and surveillance programs successfully. Education and awareness are critical in ensuring the public and stakeholders
exercise proactive measures such as hygiene and reducing risk factors for zoonoses.

Several diseases are transmitted from animal hosts to humans through animal-derived products (e.g., meat, milk, blood). Thus,
awareness and regulatory interventions on food safety play a crucial role in managing zoonotic outbreaks [91]. The weakness of most
awareness campaigns is that they are reactive because they are initiated after an outbreak. However, proactive, systematic awareness
campaigns on zoonoses are crucial as a behavioral change and preventive measure. Therefore, similar to other human pandemics, such
as HIV/AIDS and malaria, there is a need to raise awareness of zoonoses in LICs.

3.2.5. Establishing and strengthening surveillance systems for zoonoses

Establishing robust zoonoses surveillance systems is critical for early detection to timeously initiate alert systems and mitigation
measures [92]. However, zoonoses surveillance programs in LICs are hampered by a critical shortage of resources, a lack of a sur-
veillance framework, and weak institutional collaboration. The source-pathway-receptor-impact (SPRel) framework in surveillance is
an effective tool for understanding zoonoses in livestock, wild animals, humans, and the environment (IHR, 2005). The SPRel
framework considers current and potential pathogens sources, their potential transmission pathways, and what will be impacted
(receptors). Surveillance systems provide early warning data required to activate response and mitigation measures.

LICs must assess their national resource requirements for zoonoses surveillance and response and draw action plans to meet
minimum standard requirements. Improving surveillance systems for zoonoses requires investment in equipped diagnostic and
research facilities, building skills, and capacity, and establishing a coordinated and collaborative data-sharing system among various
stakeholders [87].

4. The bumpy road ahead: opportunities and challenges

4.1. Curbing poaching, illicit wildlife trade, and loss of biodiversity

Firstly, it should be noted that the supply related to poaching and illegal trafficking is driven by the demand for wild animals and
their parts. Therefore, poaching is justified in economic terms [93,94]. A decrease in biodiversity caused by the loss of habitats
(including deforestation for agriculture and built-up areas) and their modification and introduction of pollutants into the environment
promote zoonotic pathogens’ transmission to humans. All this contributes to the increased possibility of physical contact between
humans and wild animals [95,96]. There are well-documented examples of the emergence of zoonoses (e.g., hantavirus pulmonary
syndrome, influenza, Nipah virus encephalitis, rabies) among people living in disturbed (border) natural habitats, including in LICs, e.
g., Bangladesh and Uganda (e.g., Refs. [97-100]. Therefore, it has been shown that the reduction of biodiversity directly impacts the
transmission of pathogens to farm animals and humans.

Consequently, high biodiversity is a barrier to protecting against zoonoses from wild animals [24,226, 101]. Platto et al. [96]
indicate that this principle is not universal, although there is a relationship between species composition and the number of pathogens.
Thus, an increased number of pathogen hosts will lead to higher densities of the pathogen in the environment and, subsequently, a
greater risk of contact and transmission to humans. Moreover, LICs (such as Myanmar) are affected by the most severe loss of
biodiversity, related not only to land deprivation but also to poaching, smuggling of animal parts, and illegal wildlife trade [94].
Poaching and illegal trade are particular threats that can contribute to the emergence or re-emergence of zoonotic diseases [8]. These
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activities, particularly in an organized form, have become more common and profitable in recent years (e.g., [94,102,103]. It is also
known that LICs and other countries, such as Dagestan (in the Caucasus) or distant parts of the Golden Triangle in Southeast Asia, are
known for illegal arms and/or drug trafficking and are also places of poaching and trafficking of wild animals [48,104-106]. The
indicated problems are increased by the ubiquitous corruption in these countries and governments behaving opportunistically toward
this type of activity [94]. To a large extent, they highly prevent the appropriate management and reduction of epidemiological threats
as well as criminal activities.

The COVID-19 pandemic will undoubtedly reduce the profits from tourism in LICs, which, despite legal protection, may cause a
crisis in the security of various endangered animal species. The Independent’s “Stop the Illegal Wildlife Trade” campaign to undertake
international efforts to stop illegal wildlife trafficking and poaching is a positive effect of the COVID-19 pandemic. It also monitors the
impact of introducing restrictions on the trade-in of wild animals. An important event in the nature conservation of the LICs is their
willingness for voluntary participation. Recently, the president of Rwanda supported the appeal and officially joined the initiative
[107]. Rwanda has taken another step towards nature conservation, showing how wildlife can be used for economic purposes where
income in wildlife can be earned legally and safely, at the same time satisfying the local community’s needs. Therefore, Rwanda has
outlined the direction of changes for other LICs that seem most feasible regarding reducing poaching, illegal wildlife trafficking, and
loss of biodiversity, thus protecting the population and environmental health.

4.2. Translating the ‘One World, One Health’ (OWOH) concept to practice: easier said than done?

The OWOH is based on the assumption that cross-sectoral integration of public health infrastructure, specialist skills, and science is
necessary to improve the ability to predict disease risk and intervene effectively in the case of an outbreak [108]. Given that the
innovative OWOH paradigm has been widely accepted, it would be expected that the assumptions resulting from this concept would be
adopted. However, this is not so obvious as the slaughter of animals is still used to respond to the risk of zoonoses. Traditional methods
of combating and reducing animal-borne infectious diseases include: (i) restricting the movement of humans and potentially infected
animals; (ii) reducing the interaction between humans and potentially infected pets and wild animals; (iii) vaccination or treatment
without any exclusion, and finally, and (iv) culling of animals that are infected or at risk [109]. It is, however, challenging for LICs to
implement expensive strategies such as extensive vaccinations and treatment without external help, e.g., from international organi-
zations. However, selected activities, such as education and management of farm hygiene (biological safety), may be introduced.
Therefore, in the context of globalization and the emerging zoonoses, it is essential to create strategies that should include: (i) a
permanent source of financing for the prevention and treatment of animals, including humans, and (ii) in the light of the OWOH
paradigm, taking a lesson from some LICs to protect biodiversity and the natural environment, and (iii) sustainable management of
environmental resources.

Although strict protection of human interests and benefits is essential both in the OWOH approach and in the traditional approach
to public health, the former approach aims to achieve optimal health not only for humans but also for animals and their environment.
All these aspects are closely related and cannot be considered separately or only in the pure context of human health [110-113].
Hence, the OWOH concept, which can potentially promote the interests of animals and the environment beyond humans, may promote
mutual benefits, such as avoiding another pandemic. However, it seems challenging to be universally accepted. Meanwhile, current
science in the name of OWOH focuses primarily on pathogen evolution and host-pathogen relations [114]. It should be emphasized
that the OWOH approach requires not only an understanding of these aspects, but also an acknowledgment that infectious agents are
crucial components of ecosystems. Moreover, exposure to pathogens cannot be eliminated, especially in LICs. Therefore, the focus
should not be exclusively limited to methods of killing microorganisms [114,115]. Additional research and formal assessments
showing the social, health, and economic benefits of the OWOH concept are needed to gain more comprehensive support from the
community and stakeholders [116]. Above all, complex environmental interactions need to be studied, considering the relations
among pathogens, their hosts, and ecosystems.

4.3. The dilemma of dealing with wildlife hosts of zoonoses: to cull or not to cull?

As already mentioned, the primary strategy used in LICs to control emerging disease incidents in animal populations is the
slaughter or elimination of sick and potentially diseased animals [109]. The intention of such action is evident as it concerns in-
dividuals of a given host species population, thus preventing the pathogen from infecting individuals in other populations. Slaughter is
widely considered the most efficient and cost-effective way to reduce or eliminate pathogen reservoirs’ population, thereby reducing
or even stopping the frequency of transmission of pathogens to new hosts [114]. However, Lederman [117] indicates that the evidence
of effectiveness in combating the epidemiological threat and profitability of such action in the context of a comprehensive (including
sustainable) solution to many epidemiological threats is inconclusive. Besides, experts and the public have concerns about the ra-
tionality, ethics, and necessity of slaughter concerning animal protection and welfare. Also, viral pathogens can potentially spread in
populations and worldwide in a way that is ahead of current vaccine production technologies [118]. Therefore, alternative methods of
combating the epidemiological threat and zoonoses’ occurrence should be used [114].

Bearing in mind the ethical aspects of the application of slaughter in LICs, it should also be considered whether the economic
benefits of such a solution to prevent the spread of pathogens are superior to the costs of the applied prevention, biosecurity, treatment,
and, finally, preservation of biodiversity [113,114]. It is worth calculating and comparing the actual costs resulting from various
methods of combating pathogens and dealing with epidemiological threats. It seems that in the long term, prevention (e.g., vacci-
nation) instead of a final response to an epidemiological threat (i.e., slaughter) could protect economic interests and livelihoods, e.g.,
livestock owners [114]. Under certain circumstances, the killing of livestock is justified, for example; (i) when the implementation of
vaccination and other mitigation or preventive measures discussed earlier is not possible due to lack of effective vaccination, and/or
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(ii) the disease is already spreading in part of the population. The killing of infected livestock is also essential in cases where the risk of
transmission could be promoted via the free movement of such livestock and their interactions with wildlife. This is particular the case
in communal grazing areas and livestock-animal-human interfaces such as game parks in sub-Saharan Africa [119,221]. This, how-
ever, may entirely not apply to wild animals — as shown by Olival [120]; it would not only be ineffective in reducing the risk of zoonotic
emergence, but may even increase it. This is due to human contact with killed animals, their tissues and blood during the controlled
hunting. Bats are the primary reservoirs and carriers of more than 100 viral diseases, which, if transmitted to other species, can cause
enormous economic losses in agriculture and human mortality [121,122]. Attempts to address this through culling have been un-
successful. Decreases in bat population density do not impact virus prevalence, and the increased stress levels and higher birth rates in
populations subjected to culling increase viral shedding [123]. In light of this, a substantial effort has been put into bat preservation as
it is evident that attempts to control their population can have catastrophic consequences on the ecosystem and crop production [121,
124,125]. Moreover, such action is controversial regarding ethics and the OWOH paradigm. Besides, it is not economically justified, i.
e., plant cultivations may suffer significantly (pollination and dispersal of seeds or maintaining a stable population of insects by bats),
and local trophic chains may be affected. Moreover, the results of such action are challenging to predict, while the risks appear to
outweigh the benefits.

4.4. Decision-making scenarios under high risks and high uncertainty caused by weak evidence

The current approach to outbreak detection involves clinical diagnostics and epidemiological modeling of outbreaks in the pop-
ulation (Cooper et al., 2016). However, this approach presupposes at least a partially developed public health system capable of
successfully reporting any infection. Thus, it is impossible to fully implement this approach in LICs [126]; Cooper et al., 2016). Thus,
LICs have a limited ability to cope with an outbreak with these tools. Hence, the greatest hope for LICs could lie in the OWOH approach,
namely programs focused on early detection and response to potentially zoonotic virus threats at their source before the pathogen
transmission. One such program is the USAID Emerging Pandemic Threats Program (the PREDICT project), which focuses on biodi-
versity hotspots (including the LICs areas) (see [116].

As previously mentioned, the OWOH approach builds on existing opportunities but represents a new solution by linking disciplines
and sectors to deliver more comprehensive health benefits. Thus, increasing coordination in various aspects can help promote science-
based decisions and reduce human, animal, and environmental health mismanagement. Besides, it helps address the disease burden’s
external factors more effectively [127,128]. There are many documented examples of the OWOH approach’s effectiveness in detecting
zoonoses. For instance, observations of the high mortality rate among great apes is a phenomenon that was often detected before
human Ebola virus outbreaks. Another example is the use of weather conditions to predict episodes of zoonoses (e.g., Rift Valley fever)
or, above all, the activities and results of the PREDICT project in the Democratic Republic of Congo [44,116,129]. Such activities allow
time to react (e.g., implementing preventive measures in the surrounding area) to potential outbreaks of zoonoses in humans.
Therefore, integrated multi-sectoral activities, consisting primarily of prevention, should use individual OWOH assumptions to detect
the outbreak of an epidemic in animals before it occurs in humans. Unfortunately, some sectors of the LICs economy that rely on the
commercial use of wild animals (e.g., poaching) and the destruction of wildlife habitats will be key sectors, and, at the same time,
complicated problems difficult to solve may arise due to strong sectoral interests. Political instability and limited compliance with the
law that can be observed in the case of some LICs can hinder possible actions. Therefore, comprehensive scenarios for dealing with
these problems are needed, which must be supported by high external financing. These problems reinforce the need to continuously
strengthen the capacity, integration, and communication of sectors at multiple levels adapted to the local context of risk and stake-
holders in order to deal with crises [116]. In the face of global economic losses and the world health crisis caused by the COVID-19
pandemic, other countries should promote efforts to prevent new outbreaks of zoonoses as soon as possible. Indeed, analysis from the
World Bank shows that introducing worldwide investments of $ 3.4 billion annually in the form of improved veterinary and public
health services could avoid ten times that spending on responses to zoonoses worldwide annually [116,127]. This is just one example
that could serve as a way of dealing with zoonotic outbreaks in LICs. However, due to climate change and other factors shifting the
geographic range of species and their pathogens, activities and global funding that translate into projects such as the PREDICT project
would have to be prioritized.

4.5. The challenges associated with source tracking and apportionment of zoonoses

According to WHO [130], any living organism and its population can be a reservoir of pathogens. Particular pathogens may use a
limited or more broad number of species as a host and may also be transmitted to the novel host species and undergo adaptation.
Importantly, it might happen that the pathogen reservoirs may not reveal any disease symptoms as seen, for example, in fruit bats
infected with coronaviruses [131]. Pathogens and their reservoir hosts may co-exist (with or adapted over many millions of years) in
mutual, commensal or parasitic relationships. Due to genetic and physiological adaptations evolved over long-term virus-host re-
lationships, there may be no pathological symptoms visible in a reservoir host upon infection, i.e., fever, cytokine storms, innate
immune signals, and other hallmarks observed in incidental hosts. In addition, antibody production may still be induced in reservoir
hosts, but not necessarily [121,132,133]. Many viruses, bacteria, and parasites are not biochemically adapted to compromise their
hosts’ health and survival, and long-term co-evolution tends to lead to lower pathogenicity [134]. Many examples reveal the ecological
balance between the pathogen and the reservoir host. A great example is the pathogenic Leptospira that causes Leptospirosis - a
devastating zoonotic disease affecting animals and people worldwide. For example, there is much evidence that culture-positive cattle
were found seronegative by microscopic agglutination test. While in rats, gene expression of immune-related genes of L. interrogans
challenged animals was similar to that of uninfected controls [133,135,136]. However, when a pathogen jumps the species barrier, it
can become deadly for its new host, which lacks genetic adaptations present in the reservoir host [121].
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The emergence of zoonotic disease in humans is a significant public health problem worldwide, magnified by increasing contact
with wild and farmed animals, and pets (Halabowski and Rzymski, 2020). As estimated, over 70% of the novel human pathogens
reported in the past few decades, disproportionately represented by viruses, have originated in animals [23,25,137,138]. Following
zoonotic transmission, certain pathogens can evolve in human-only strains (e.g., HIV). In contrast, others may have limited abilities to
spread from human to human, but can induce recurrent outbreaks (e.g., MERS-CoV-2, Nipah virus) [130]. This shows the incredible
diversity of the problem of zoonotic diseases. For example, about 1400 species of human pathogens are known, significantly less than
1% of the planet’s total number of microbial species [139]. However, it is virtually impossible to determine the origin of all human
pathogens. Indeed, there are over 200 known zoonoses to date [130], many of which have resulted in high mortality among humans
[8]. Despite numerous studies, it is challenging to determine which will contribute to an outbreak in humans. However, the risk factors
and the human groups at the highest risk of contracting the novel zoonotic pathogen are wellestablished. These include, in particular,
individuals, who come in contact with domestic, farm, or wild animals, especially where public health and farming methods are least
developed and where sustainable agriculture is not applied [130]. Besides, the ongoing urbanization and increased consumption and
demand for environmental resources further promote the destruction of natural habitats. Many of these factors affect LICs. While the
rapid detection of outbreaks in humans in developing and developed countries with the methods used to date (e.g. [140], is satis-
factory, LICs with poorly developed healthcare systems are responding too late, with adverse consequences for human health [66].
This complicates the rapid remedial action in the form of formulating mitigation and control measures and subsequently creates an
equifinality problem where multiple sources of new and known pathogens may lead to the subsequent outbreaks of the same zoonoses.
Hence, new tools are required to understand zoonotic agents’ source, transfer, and fate in various reservoirs and hosts, including
possible amplifications and mutations.

5. A look ahead: future perspectives and research directions

5.1. Environmental reservoirs and hosts of zoonoses

Climate change and the loss of biodiversity caused by human activities are some of the major drivers of infectious disease spillover
from animal reservoirs into human and livestock populations [141,142]. Wild animals are hosts to many pathogens, which regularly
cause outbreaks of novel diseases [143], but in recent years we have started to see outbreaks of new zoonotic pathogens more often
[141,144]. This is especially evident in the LICs, which interfere with natural habitats causing wild animals to move closer to human
dwellings or farm animal shelters.

Spillover of a pathogen into a new host population is a relatively rare event. The pathogen must pass several barriers to establish
active infection and even more to cause an epidemic [143]. These include limited exposure to the new hosts, structural barriers, innate
immune responses, and molecular barriers [143]. The probability of that happening can be minimized with appropriate policies
implementing OWOH approaches [36,144,145]. There is a need for further research into potential host ecology, population biology,
and behavioral ecology. With the further growth of agriculture in LICs, we need to pay special attention to the landscape ecology,
agricultural sciences, animal epidemiology and infectious disease dynamics in LICs. Loss of habitat and biodiversity pushes humans
and wild animals to live closer together, while climate change pushes wild animals to migrate and find other environmental niches,
sometimes rapidly changing the dynamics and the balance of existing ecosystems and introducing new pathogens with the potential of
causing outbreaks of new diseases [146]. It is essential to understand that these drivers will make fatal zoonotic spillover possible and
requires establishing surveillance systems that can monitor possible zoonotic reservoirs and hosts (e.g., bats, birds, or rodents).

LICs host a wide range of animal diversity, including primates, ungulates, and avian species. Yet to date, the occurrence of zoonoses
has only been investigated in a few animal species from a few selected LICs. Identifying the major animal taxa that might be the sources
of pandemics can help in surveillance and quick interventions in disease outbreaks. Indeed, birds spread most zoonotic pathogens
[147,148]. Avian species have large populations worldwide, both as wild birds and domesticated poultry. They gather in flocks and can
migrate over long distances, giving them the potential to spread infectious diseases rapidly, such as avian influenza, with outbreaks
observed across the globe every year [147,148]. Potential zoonotic reservoirs need to be closely monitored globally. Appropriate ways
of approaching potential zoonotic disease sources should be discussed and observed by the authorities to avoid interferences that might
disturb delicate balances in the environment, and in turnt drive pathogen spillover [123,144]. Further work is needed to identify the
environmental reservoirs and hosts for zoonoses, including a wide range of bat, primate, and avian species in Africa. Such studies
should also include the transmission mechanisms and routes, including the role of vectors.

Nevertheless, domesticated and wild animal interactions are only one way of new infectious disease emergences into the popu-
lation [142]. Direct human contact with wild animals, wild animal products, or bushmeat allows susceptible humans to be exposed to
various pathogens previously encountered only very rarely. Understanding the cultural importance of practices using animal products
in many LICs is a neglected part of how infectious diseases can spread and cause outbreaks in these susceptible communities [144].

To date, antimicrobial resistance in zoonotic pathogens, including bacterial infections, has received limited research attention. This
is because of the notion that such pathogens have limited exposure to anthropogenic antimicrobials and other co-selecting agents.
Hence, there is a need to determine the nature and severity of antimicrobial resistance and their resistance genes in zoonotic pathogens
in various environmental compartments.

The introduction of antibiotics in human and veterinary medicine is seen as one of the most significant human achievements, which
helped prevent millions of deaths caused by infectious diseases and led to the modernization of food production in agriculture [149]. A
global increase in food demand has led several countries to look for more efficient ways to produce animal products on a bigger scale
[150]. However, not long after introducing antimicrobials in large-scale farming and animal production, a rise in antimicrobial
resistance began to be observed [151]. This growing antimicrobial resistance is a trend observed now for several years [223], limiting
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the effective lifespan of known antimicrobial agents while new ones cannot be developed at a pace high enough to replace those in use
[152]. Antimicrobial resistance is recognized as one of the significant public health concerns, and it is estimated that it will cause 10
million deaths by 2050 and trillions of dollars if new policies are not introduced or new ways to tackle the problem are not developed
[153,154,233].

A summary report published by the European Food Safety Authority (EFSA) and European Centre for Disease Prevention and
Control (ECDPC) in 2017 (EFSA/ECDPC, 2019) shows worrying trends that in some Europena Union (EU) member states led to the rise
of antibiotic-resistant strains of bacteria that were previously easily treated with standard types of antimicrobial drugs such as fluo-
roquinolones. This trend was observed in cases of large-scale farming in the EU, but it is not limited to these countries and is observed
globally in Asia, Africa, North and Latin Americas [155,156,224]. Developed countries manage to limit antimicrobial resistance by the
implementation of national policies. The crucial steps that have helped limit antibiotic resistance in zoonotic pathogens in extensive
farming were running awareness campaigns to cut down on antibiotic use and prescription and improving hygiene by providing access
to clean water and sanitation (IACG, 2019; EFSA/ECDPC, 2019). Unfortunately, in cases of LICs, surveillance of antimicrobial-resistant
pathogens is limited, if performed at all, due to low laboratory capacity and inadequate resources allocated for public health [157].
This is particularly worrisome if one considers the higher probability of infectious disease outbreaks in LICs due to limited access to
clean water and sanitation [157]. However, these issues can be tackled with global cooperation, data sharing, and policy changes [153,
157].

Antimicrobials in mass food production are used as therapeutics or prophylactics to manage an existing outbreak of infectious
diseases, prevent an outbreak of a disease, or promote animal growth (Aarestrup, 2015; [155]. While in cases of a lack of other
treatments, the need to use antibiotics to manage an existing outbreak to prevent growing epidemics and loss of resources is indis-
putable, the other two cases have debatable benefits, and in fact, some studies show that regular use of antibiotics in livestock might
not be profitable in the long run [149,158]. A combination of other countermeasures like increased bio-surveillance and the use of
vaccines might provide similar benefits without the risk of further driving up antimicrobial resistance. The use of antimicrobials in
agriculture should be closely controlled and cut in places where antibiotics are not used to fight existing diseases, together with re-
strictions on the routine implementation of antibiotics that are used as the last-line drugs in human and veterinary medicine.

Another approach that might limit the rise of zoonotic pathogens’ antimicrobial resistance is increased global surveillance of the
outbreaks of infections, the level of resistance presented by the pathogens, and the usage and consumption of antimicrobial agents.
While some countries already closely monitor these factors, one must ensure such surveillance is implemented globally. Many LICs lack
the resources and infrastructure to monitor zoonotic pathogens, and data in these regions is greatly lacking [157]. Such ‘blank spots’ in
existing data might prevent implementing appropriate steps to stop antimicrobial-resistant pathogens from spreading into regions that
had not experienced such problems before. There is a need for global cooperation and data sharing between pharmaceutical companies
that monitor bacterial susceptibility globally, private laboratories which can provide testing infrastructure not limited by the LICs
government funding, and academia which has access to high-quality data regarding zoonotic pathogens and antimicrobial resistance
[157].

Most of all, the prescription of antibiotics in large-scale farming and healthcare should be informed by diagnostics, with decisions
being made based on test results rather than the usage of several compounds or broad-spectrum compounds without identifying the
underlying cause of the disease. Additional resources should be put into developing rapid tests, which will help limit the unnecessary
use of antibiotics in livestock to fight existing outbreaks of diseases. Finally, vaccines and non-antimicrobial therapeutics need to be
promoted, and research into them should be encouraged. Vaccines prevent infections, and their broader use could limit the usage of
antimicrobial compounds in livestock.

5.2. Source tracking and apportionment of zoonoses

Identifying reservoirs and hosts of zoonotic diseases in wild animals is challenging, even more so in LICs, which do not have well-
developed surveillance or the backing of well-equipped diagnostic and research facilities [26,144]. Many countries with limited re-
sources typically fight outbreaks of infectious diseases only when the threat is already present in the population. Not performing active
observations of the possible sources of zoonoses lead to delays in source identification, often making it impossible or extremely
challenging to identify further mitigation measures. The approach of dealing only with the emerging outbreak and not putting pre-
ventative measures in place first might seem attractive from the poorer countries’ perspective, where the emergence of an epidemic is
challenging to predict at any given time, and funds are limited [95]. However, this is also counterproductive and costs more compared
to a more proactive rather than reactive approach and running active surveillance, which can prevent the human and economic losses
caused by an uncontrolled infectious disease epidemic [159]. Targeting global surveillance at epidemic hotspots might be another way
of tackling that problem [26].

Finding a host or reservoir becomes more challenging with time and might prove to become impossible in some cases if the search is
not started soon enough. This was observed in the case of Ebola outbreaks in Africa [160] and recently in the case of the SARS-CoV-2
pandemic [161-163]. Identifying reservoir species is significant in fast-developing LICs that suffer from outbreaks caused by the same
pathogens, such as paramyxoviruses in Asia.

The development of fast, cheap, and reliable methods of sequencing genomes and publicly available global databases of pathogen
genome sequences and data gives hope to LICs and infectious disease hotspots with no established networks of diagnostic facilities
[164,165]. Early detection and identification of emerging pathogens might help stop the spread of infection and prevent a potential
epidemic from unraveling [26,166,167].

Zoonoses in the wildlife-human interface can be conceptualized as a network entailing complex behavior, including interactions
and exchanges among the various components and even the emergence of novel variants via mutations. This complexity makes source
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tracking and apportionment difficult. However, tracing the origins of zoonoses is critical in developing risk assessment and mitigation
measures. Hence, the development, validation, and application of tools for source tracking and apportionment, including those based
on emerging tools (e.g., genomics and network analysis), require further attention (Section 5.6).

5.3. Behaviour and fate of zoonoses in the environment-wildlife-human continuum

A comprehensive understanding of the behavior and fate of zoonoses in the environmental-wildlife-human interface is still lacking.
This includes: (i) the environmental occurrence, dissemination, and fate outside the host, (ii) the mutation and amplification in in-
termediate and human hosts, and (iii) factors controlling transmission, the duration of latent periods, and the onset of pathogenicity.

Zoonotic spillover can happen in one of the three ways: (i) introduction of the new pathogen into the susceptible host population,
(ii) the pathogen gaining a new trait that allows it to infect a broader range of hosts, or (iii) the introduction of the pathogen into a new
environment [12,168]. These three ways display different dynamics and might need to be dealt with differently. For example, an
abundance of the reservoir host might cause the pathogen to start looking for a new host. Understanding the zoonotic spillover’s trigger
is crucial in epidemic control and future prevention [12].

In many LICs, epidemics occur regularly, and cyclical pattern in disease outbreaks can be observed over the years. Pathogens that
co-evolve with their reservoir hosts can be subjected to their host’s behavior and be more prone to cause an outbreak at certain times of
the year [169]. A few recent studies show that animal reservoirs of zoonoses, such as African bats show distinct migratory, repro-
ductive, and coronavirus shedding cycles (Plowright, 2015; [170]. Such behavior could provide cues for the mitigation of zoonoses.
However, further work is required to validate the consistency of such cycles and the link with outbreaks of zoonoses. Real-world data,
theoretical models, and approaches are needed to better understand zoonotic pathogens’ cycles and triggers that might cause an
outbreak [229].

An epidemic is an interaction between a pathogen and a host population. This virus spillover happens through intrusion into a
reservoir species’ ecological niche or infectious agent exposure from a reservoir host or the environment [143,171]. Zoonotic path-
ogens sometimes do not jump directly from their reservoir host to the new host but might also have an intermediate host in which they
can circulate for a long time with no visible symptoms. Circulation in intermediate hosts can make pathogens better adapted to infect a
human population [12].

Spillover events may be dead-end infections where the pathogen cannot spread efficiently or at all from the new host, but they can
also lead to epidemics or pandemics [121]. The development of platform technologies for vaccines and new drugs, which can be
quickly adjusted for an emerging pathogen, is crucial in tackling a quickly spreading outbreak of a new disease. For example, expe-
rience gained in fighting these diseases had helped in the rapid implementation of such platforms in developing the COVID-19 vaccine
[172]. However, sometimes the development and rapid implementation can prove to be problematic - as has been seen with Ebola
virus (EBOV), Hendra virus (HeV) and Nipah virus (NiV) outbreaks [173-177]. We also need a range of broad-spectrum new thera-
peutics which can be used in such an emergency. Research on new therapeutics and novel vaccine platforms should be a priority,
together with allocating global funding schemes to deploy these and make them available in the LICs.

Pathogens also evolve at different rates, and in the case of viruses, they cannot evolve without the cells of their host. There is a high
proportion of RNA viruses among zoonotic pathogens, e.g., coronaviruses, influenza viruses. These viruses have a fast mutation rate,
with several of them (excluding coronaviruses) lacking proofreading mechanisms to correct mistakes during replication. That might
make them more prone to host jumps with the genomic changes helping them to widen host and tissue tropism with time. But these
mechanisms are not the only ones that can drive species jumps, and other factors are still poorly understood [143]. Mathematical
modelling of the infectious disease’s mutation rate and spillover risks can also help in epidemic prediction [178]. Mathematical models
are relatively cheap and a fast way to learn about the evolution of zoonotic pathogens and potential pandemic progress. They can be
one of the main components of epidemic control [178], and the collaboration between ecologists and public health scientists might
help make them more accurate. Observations of the dynamics of a pathogen in the reservoir or intermediate host can help predict
human infection risk and act as an early warning system reducing the risk of an outbreak and the number of fatalities and economic
losses.

After introduction into a population, zoonoses can become endemic and established in the new host without subsequent reservoir
host-to-human transmission if the pathogen transmits efficiently and efforts to contain it fail (e.g., HIV). Other zoonotic diseases cause
local outbreaks regularly in certain regions but do not establish a constant presence in the new host population. This can be caused by
control efforts or a low transmission ability in its new host. In such cases, novel outbreaks emerge when the pathogen has a chance to
jump from its reservoir species into the human population (e.g., Nipah virus, Ebola virus). These sporadic outbreaks can be driven by
host behavior, climate, or ecology (e.g., hantavirus).

The significant factor in spreading zoonoses is the increase in travel and trade at national, regional, and international levels. With
more than 1.5 billion international travelers, infectious diseases can spread easily and widely in many geographical areas. The size of
the COVID-19 pandemic was directly linked to international travel and could have been contained if more strict restrictions had been
put into place by many of the most strongly hit countries [179]. The presence of known zoonotic diseases and the risk of the emergence
of new zoonotic diseases in LICs that do not have proper diagnostic or reporting tools should be considered with the utmost caution,
especially when considering the growing tourism and trade sectors in these places.

The food-borne zoonoses in livestock must also be taken into consideration. Many pathogens are endemic to cattle and other farm
animals (e.g., bovine tuberculosis) and can easily spread in their population if there are no disease-control methods in place, which
inherently will lead to subsequent outbreaks of the disease in humans who are involved in animal handling, food production, trade, or
indeed the consumers of such products. Weak veterinary infrastructure might lead to regular outbreaks of such diseases, and some
farming practices (e.g., mixing of species, feeding) can even further drive the outbreak’s risk. The ways the animals are slaughtered and
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the methods by which animal products are handled and transported must be tightly controlled to avoid the spread of bacterial, viral,
and parasitic pathogens. The spreading of such diseases can burden the healthcare of the LICs, e.g., the pig tapeworm causing
cysticercosis, which affects millions of people every year [180].

The various aspects pertaining to host receptor-pathogen interactions driving the outbreaks and transmission of zoonoses are still
poorly understood. Host receptor-pathogen interactions are critical in the transmission and pathogenicity of zoonotic pathogens.
However, understanding the role of such host receptors in the transmission of zoonoses among intermediate and human hosts warrants
further investigation.

One major change that drove the H5N1 avian influenza to infect mammalian hosts and started an epidemic was a change in re-
ceptor affinity [181,182]. With pathogens that can change tropism relatively quickly, e.g., coronaviruses [183], the host range can at
least partially be predicted with the receptor specificity [184]. With further research concentrating on virus-receptor interactions and
types of receptors bound by pathogens, we might be better able to understand further mechanisms relating to how spillovers happen
and predict possible sources and hotspots for pathogens with pandemic potential. More work on animal models can help establish
target pathogens that can infect humans or jump between hosts.

While highly specific virus receptor tropism is a barrier to infecting new hosts, we also need to learn about other intracellular
barriers and host resistance factors to prevent an active infection. The differences in immune cells and receptors that can block
infection at an early stage should be of particular interest [182], which might help answer some questions about infectious disease
dynamics in the natural environment [26,182,185]. However, more analysis exists on host resistance factors against the bacterial than
viral factors [186]. Thus, current experience with fast regular pandemic viruses shows that more work needs to be put into place to
achieve a similar level of understanding in the case of other pathogens.

5.4. Development and validation of predictive tools for zoonoses

5.4.1. The case of shell disorder analysis

In a series of recent papers, Goh et al. [187]; b) pioneered the application of shell disorder analysis using machine learning and
genomics. They applied shell disorder analysis to predict various zoonotic viruses’ persistence, transmission mode, and virulence,
including the Zika virus, Nipah, and SARS-CoV-2. The early findings of Goh et al. [187]; b)’s work based on the various zoonotic
viruses provide essential insights on viral zoonoses summarized as follows: (i) high outer shell disorder of viruses as measured by a high
protein intrinsic disorder (PID) is indicative of prolonged environmental persistence outside the human body, while the opposite is true
for low PID, (ii) high, moderate and low PID values point to possible transmission via fecal-oral, a combination of fecal-oral and
respiratory, and respiratory routes, respectively. Moreover, shell order or PID was also related to virulence. In this regard, shell dis-
order analysis constitutes a potential predictive tool for understanding zoonoses and developing mitigation measures. However, as
highlighted earlier reviews focusing on SARS-CoV-2 in LICs, the predictive capacity of shell disorder analysis as a decision-support tool
requires further development and validation using field data [70,71].

5.4.2. Understanding and predicting the cycles and triggers of zoonoses

An understanding of the ecological behaviour and cycles of the hosts could provide some cues for the mitigation of zoonoses. A few
recent studies show that animal reservoirs of zoonoses such as African bats show distinct migratory, reproductive and coronavirus
shedding cycles [170,188,189]. However, further work is required to understand and validate the following: (i) the consistency of such
cycles in various host species, including intermediate ones, (ii) the link between the cycles and onset of outbreaks of various zoonoses,
and (iii) the key environmental and anthropogenic triggers of zoonotic outbreaks.

5.5. Field validation and application of the risk assessment and mitigation framework

In the present paper, a comprehensive framework was presented entailing the following: (i) an understanding of the risk factors,
behaviors, and drivers, (ii) risk assessment based on QMRA and HACCP, and (iii) a mitigation strategy based on a suite of measures,
including, among others, the OWOH concept, precautionary principle, and lessons learnt from COVID-19 pandemic. Given the
inherent differences among LICs, the testing and application of the framework need to account for such differences on a case-by-case
basis. In this regard, specific framework components may need to be emphasized in some regions relative to others. However, to this
point, the proposed framework remains a concept that is yet to be field-tested and validated. Therefore, further development, vali-
dation, and subsequent pilot testing and application of the framework in LICs are required to generate supporting empirical evidence.
Such evidence is critical to the subsequent promotion, adoption, and scale-up of the framework in the fight against future outbreaks of
zoonotic infections in LICs.

5.6. Unraveling the complexity of zoonoses: emerging tools to the rescue

Recent years have witnessed the development of various novel tools, including those based on genomics, game theory, big data
analytics, and GIS and remote sensing. Yet their application in understanding zoonoses is vastly underutilized. These emerging tools
highlight the need for experts in these disciplines to participate in collaborative research to better understand and mitigate zoonotic
diseases. Here, an overview of the potential applications of these tools in research on zoonoses is presented.

5.6.1. Genomics as an indispensable tool for sero-surveillance of zoonoses

Genomic tools can be applied to better understand zoonoses’ origins and circulation in various compartments, including inter-
mediate and human hosts. They can also be used to elucidate the link to viral zoonoses across multiple host species and humans in
different geographical regions. Moreover, genomics can be used as an indispensable tool for the sero-surveillance of zoonoses.
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However, the lack of analytical equipment, and qualified and experienced technical and research expertise in genomics could constrain
its application in LICs. Proposals to overcome this limitation are discussed under funding models.

5.6.2. Game theory as a decision-support tool to understand and combat the complexity of zoonoses

Game theory, a tool initially developed for decision-and-policy-making in economics, has potential application in understanding
zoonoses. In simple terms, game theory conceptualizes and analyzes rational strategies to address competing demands or situations,
where the outcome arising from an agent/participant’s decision or choice of action is contingent or dependent on the decisions or
choices of action of the other agents or participants [190,191]. In other words, in game theory, one player/agent’s payoff critically
depends on the strategy implemented by the other player/agent(s). In principle, game theory entails the following: (i) agents/players
(e.g., people, institutions, countries) and their identities, (ii) agent/players’ preferences, (iii) strategies or a complete plan of action
available to the agents/players, and (iv) how the strategies influence the ultimate outcome [191]. A number of studies applied game
theory to investigate various aspects of pandemics, including, among others: (i) human behavior, public health, and socio-economic
outcomes [192], (ii) management of logistics and supply chains, including stocks [193], (iii) vaccination strategies [231], and (iv) use
of incentives to promote cooperation or collaboration [194]; Yong et al., 2021).

One study used game theory to investigate the role of vaccination and depopulation in managing livestock diseases and zoonoses in
small-scale farms [195]. Game theory has also been used to understand the effects of vaccination and integrated control methods on
monkeypox, a zoonotic disease [196]. These limited studies point to the potential opportunity game theory offers as a research and
management tool. Thus, scope exists for further research to apply game theory to understand the impacts of the following on the
occurrence, spread, and control of zoonoses: (i) human behavior or institutional decision-making such as the choice of risk mitigation
strategies, (ii) competing interests among individuals and/or institutions, (iii) collaboration and joint decision-making, (iv) use of
penalties, incentives and disincentives, and (v) allocation and deployment of scarce resources such as vaccines. This calls for further
research to develop and validate the tools based on game theory.

5.6.3. Revealing salient trends, patterns, and relationships in zoonoses through big data analytics

Big data refers to massive data sets with large, varied, and complex structures, which make it difficult to store, retrieve, analyze and
visualize for further processing and results, including decision- and policy-making [197]. Thus, the various forms of data on the nature,
occurrence of outbreaks, distribution, impacts, and control methods collected at different spatial and temporal scales (district, na-
tional, regional, global) for different zoonotic diseases may be regarded as big data. For example, research documenting zoonoses’
nature, occurrence, transmission, and behavior in various compartments occurs in various disparate scientific papers, grey literature,
institutional inventories, and databases focusing on specific zoonoses may be classified as big data. Thus, the integration of information
from such disparate sources is often problematic. This is particularly so considering the complex nature of zoonoses, including
pathogen-receptor-host interactions and the transmission dynamics in the environment-wildlife-human interface. In this regard, the
determination of salient spatial and temporal trends, patterns, and relationships in such data using conventional analytical, and
statistical tools is a daunting task.

Big data analytics refers to the process or techniques of researching or analysing massive amounts of data to reveal hidden spatial
and temporal patterns, trends, and relationships [197]. A suite of big data analytical tools, including network analysis, artificial neural
networks, and machine learning or artificial intelligence, provide ideal archiving, analysis, and visualization of large datasets from
complex systems. To date, big data and big analytics have attracted attention in a few exploratory studies investigating the following
potential applications: (i) enhancing the effectiveness of the OWOH approach for controlling zoonoses [198], and (ii) developing and
strengthening evidence-based precision public health response [199]. A few scoping reviews also exist on using big data in zoonoses
[200-202]. However, besides these exploratory studies and scoping reviews, literature on big data approaches in understanding the
occurrence, spread, and control of zoonotic diseases remains limited.

5.6.4. Tracking zoonoses at the human-wildlife-livestock interface using GIS and remote sensing

The movement of humans, wildlife, and livestock at the interface among three contributes to zoonoses’ spillover. Recent advances
in geographical information systems (GIS) and remote sensing (RS) technology, including global positioning systems (GPS) present
opportunities for real-time spatio-temporal tracking of human, wildlife and livestock movements. GIS/RS tools are ideal for monitoring
human, wildlife, and livestock movements at potential zoonoses hotspots such as areas close to national parks or game reserves and
even for curbing illicit extraction and trade in wildlife and wildlife products, including poaching. For example, GPS tagging of wildlife
and livestock, and subsequent analysis of the data may provide information on the spatial and temporal dynamics of zoonoses in the
human-wildlife-livestock interfaces such as areas close to game parks. However, few applications of such technology have been re-
ported in LICs. One exception is a study conducted at the human-wildlife-livestock interface in Gonarezhou Trans-frontier National
Part in Zimbabwe, where GPS-based GIS/RS has been used to understand wildlife and livestock movement and potential transmission
of zoonoses through shared water points [203].

The use of remote sensing has also been aptly demonstrated in south-east Asia in the case of the London School of Hygiene and
Tropical Medicine (LSHTM)’s Monkebar Project, focusing on Plasmodium knowelsi, a zoonotic malaria parasite [204,205]. The Mon-
keybar project used remote sensing to understand the spatial occurrence of P. knowelsi and its association with environmental factors.
In this regard, remote sensing-based data could relate landscape factors to spatial patterns of P. knowlesi infections in Sabah, Malaysia
[205]. In the same study, the results suggested that land use changes such as deforestation and their corresponding environmental
changes were key drivers of the transmission of P. knowlesi. Still, in Malaysia, GPS devices were used to map patterns of human
movement, land use, and their role in human exposure to zoonotic malaria [206,207]. The results showed higher mosquito biting rates
in forests, and that intensified human interactions with pathogens and insect vectors through human movement and space use around
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habitat edges were essential control factors in human exposure to P. knowlesi. These limited studies suggest that scope exists to harness
such tools better to understand the environmental and anthropogenic drivers of zoonotic diseases. However, the scientific evidence
base using remote sensing and GIS to understand zoonoses is still limited.

Other remote sensing technologies for tracking human, wildlife, and livestock movement in zoonoses hotspots include the
following: (i) unmanned air-vehicle systems or drones equipped with appropriate sensors or cameras, and (ii) laser-based camera traps.
To date, laser-based camera traps equipped with appropriate sensors and software have been successfully used in wildlife ecology to
estimate biometric parameters (e.g., body dimensions) of wild animals, including primates (e.g., monkeys), leopards, and small
amphibians (e.g., lizards) [208-210]. GIS/RS-based data on wildlife and livestock movement can also be used to identify and prioritize
animal species to focus on during preliminary sampling and surveillance for zoonoses and the design of field experiments. Thus, the
application of these RS technologies and subsequent GIS analysis constitutes a new research frontier in the study of zoonoses in LICs.

5.7. Beyond knowledge gaps: a handful of research funding models

The lack of resources as a constraint to research in human health and other fields in LICs is well-recognized. However, in the case of
Africa, the constraints to research extend beyond funding, to include generally weak research systems caused by human factors (e.g.,
perceptions), lack of expertise, weak education system, and poor working conditions. A detailed discussion of these factors is presented
in the previous review [66]. Here, three pathways are proposed for mobilizing resources to support research on zoonoses: (i) estab-
lishment and strengthening global collaboration, (ii) global fund targeting zoonoses in LICs, and (iii) mobilizing local funding re-
sources through financial instruments.

5.7.1. Establishment and strengthening of global collaboration

Strong collaboration between LICs and international agencies (e.g., WHO, FAO, UNEP) and global partners in developing countries
to develop and conduct joint research is needed. In such collaborations, international agencies and developing countries could provide
the following: (i) critical expertise currently lacking in LICs, (ii) support capacity-building in various aspects of zoonoses at various
levels, including analytical laboratories, technicians, researchers, and decision-and policy-makers, (iii) mobilizing of research funding,
and (iv) development of regulatory and policy frameworks, including the development of surveillance systems for zoonoses. In return,
LICs could provide the following: (i) local technical staff and researchers with a comprehensive understanding of the local biophysical
and economic settings in LICs, (ii) co-funding of research projects to enable joint-ownership of the research process and outputs, and
(iii) political will to implement research recommendations, appropriate regulations and policies, and sound governance systems,
including a commitment to curb corruption. Moreover, LICs provide ideal sites to investigate various aspects of zoonoses, given the
high-risk factors, and close and frequent human-wildlife interactions. However, targeting LICs as pilot research sites for specific
thematic topics on public health could be met with suspicion and resistance, including fears that such research seeks to use people in
LICs for testing of new pharmaceuticals (e.g., vaccines). Mechanisms to overcome these concerns and ensure transparency are dis-
cussed in an earlier paper [70,71]. In summary, this includes strong collaboration with local governments and researchers at all levels
of the research process, from conceptualization to sharing of outputs, including intellectual property rights arising from such research.

5.7.2. A cadll for a global fund targeting zoonoses in LICs

A global fund targeting LICs needs to be established to strengthen the fight against zoonoses. Global funds targeting LICs are not a
new concept, and have been used to fight against HIV-AIDS and tuberculosis in regions such as sub-Saharan Africa (https://www.
theglobalfund.org/en/; [211,212,232]. Such global funds are used to support research, surveillance, and mitigation measures in
LICs [211,212, White et al., 2022]. Zoonoses are a global human health problem extending beyond their region of origin, while their
impacts on society, as evidenced by the COVID-19 pandemic, are more far-reaching than initially perceived. Hence, a strong moti-
vation exists for the global community to fund and support a global fund targeting LICs as part of the worldwide fight against zoonoses
[213]; e.g., PREDICT, https://p2.predict.global/). Global agencies such as FAO, WHO, and UNEP could provide leadership and a
facilitatory role in establishing such a global fund. Initially, such an international fund may focus on a few developing regions or LICs to
draw lessons for a broader application in other LICs. This funding model should be directly linked to co-funding mechanisms supported
by local resources such as levies to ensure sustainability and co-ownership.

5.7.3. Mobilizing local funding resources through financial instruments

Local funding support for research in LICs is often low due to low levels of economic development, especially in Africa [70,71];
2022, [66]. The low research funding and productivity in low-income countries, especially in Africa, are discussed in detail in earlier
papers [70,71], [66]. However, innovative funding mechanisms based on financial instruments such as taxes and levies could be vital
in mobilizing local financial resources. An African example of this is the widely acclaimed HIV/AIDS levy that successfully mobilizes
local resources to fight HIV/AIDS in Zimbabwe [214-216]. The AIDS levy is a compulsory income tax directly deducted from every
employee in the public and private sectors. The levy has been used to support the procurement of HIV-AIDS drugs and offer free
treatment to HIV-AIDS patients [214]. Thus, a similar levy targeting zoonoses can be modeled in a similar framework and introduced
to support research and mitigation of zoonoses. Similar industry-specific levies may also be applied to the livestock value-chain and
wildlife tourism industries. Although the individual amounts collected from such levies are often too limited to maintain the
competitiveness of local livestock and tourism industries, the cumulative aggregate could be quite considerable. Thus, it can sustain
local research in the long term without external funding. However, given the high levels of corruption in most LICs, there is a need to
strengthen the governance systems of such funds to ensure transparency and avoid abuse of such funds. To date, this funding model has
been limited to HIV-AIDS in just one country (Zimbabwe) [214], but its validity and applicability in other LICs remain unknown.
Hence, further work, including pilot testing of this funding model in a few countries, is required before large-scale adoption and scaling
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up to other LICs.

6. Conclusions and outlook

Low-income countries constitute a potential hotspot for future outbreaks of global zoonotic infections due to close and frequent
human-wildlife interactions driven by land-use changes and increasing human population and the corresponding increase in food
demand. The recurrent outbreaks of viral zoonoses in LICs and the recent COVID-19 pandemic highlight the vulnerabilities of humans
to (re)-emerging infectious zoonoses. In the present paper, we propose that public and research attention should focus on under-
standing the risk drivers, risk assessment, and mitigating future outbreaks of zoonoses in hotspots in LICs, rather than reacting to
outbreaks when they occur. The nature, history, and the risk factors, drivers, and challenges associated with zoonoses were presented.
Specifically, evidence shows that LICs have a long account of outbreaks of various zoonotic infections, including Nipah, Zika, Ebola,
West Nile virus, avian flu, and coronaviruses (SARS, MERS), among others. These outbreaks are driven by several risks factors,
including: (i) close and significant human-wildlife interactions, (ii) poor governance and regulatory systems promoting corruption,
poaching, and illicit trade in wildlife and wildlife products, (iii) lack of surveillance systems for zoonoses, and (iv) lack of public and
stakeholder awareness. The source-pathway-receptor-impact continuum was used to understand human exposure and health risks
better. The Quantitative Microbial Risk Assessment (QMRA) and Hazard Analysis of Critical Control Points (HACCP) were discussed as
risk assessment tools. However, their application is still limited and constrained by the lack of data. A mitigation framework was
presented integrating the following components: (i) lessons learned from the ongoing COVID-19 pandemic, (ii) precautionary prin-
ciple, (iii) raising public and stakeholder awareness on zoonoses, and (iv) the OWOH concept. Several decision-making scenarios and
their merits and limitations were discussed. These decision-making scenarios accounted for the putatively high human health risks of
viral zoonoses and the high uncertainty in current evidence caused by weak evidence base on zoonoses’ various aspects.

Future perspectives were discussed, addressing the following: (i) curbing poaching and illicit wildlife trade, (ii) translating the
notion of OWOH from concept to practice, (iii) the dilemma of dealing with wildlife hosts of zoonoses, including the morality and
ethics of culling versus non-culling, and (iv) the challenges of source tracking and apportionment of zoonoses, including the equi-
finality problem. Finally, the following future research directions on zoonoses were highlighted: (i) the occurrence and behavior of
antimicrobial resistance, (ii) environmental reservoirs and hosts, (iii) source tracking and apportionment, and (iv) host-receptor-
pathogen interactions, including the behavior and fate and potential amplification and mutations. Research funding models and
the application of novel tools such as game theory, genomics, shell disorder analysis, GIS/remote sensing techniques, and advanced
analytical tools such as big data analytics were discussed. Overall, the present paper outlines a framework for a better understanding of
the critical risk factors and drivers of zoonoses and risk assessment and mitigation. Hence, further work is needed to pilot test, validate
and refine the proposed framework in LICs, which are potential zoonoses hotspots. Such further research will generate local and
generic lessons on assessing and mitigating zoonoses in low-income settings. Given that the outbreaks of infectious zoonotic diseases
are a global human health risk that transcends national and continental boundaries, the international research community and funders
should prioritize research on zoonoses. The framework outlined in the present paper should form the basis of such global north-south
collaborative research.
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