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A B S T R A C T

Out of all emerging infectious diseases, approximately 75% are of zoonotic origin, with their source often traced
back to animals. The emergence of zoonoses is driven by a complex interplay between anthropogenic, genetic,
ecological, socioeconomic, and climatic factors. This intricate web of influences poses significant challenges for
the prediction and prevention of zoonotic outbreaks. Effective coordination and collaboration among the animal,
human, and environmental health sectors are essential for proactively addressing major zoonotic diseases. Despite
advancements in surveillance and diagnostic practices, the emergence of zoonoses continues to be a pressing
global concern. Therefore, prioritizing zoonotic disease surveillance is of paramount importance as part of a
comprehensive disease prevention and containment strategy. Furthermore, evaluating existing surveillance sys-
tems provides insights into the challenges faced, which can be mitigated through implementation of One Health
principles involving relevant stakeholders. To initiate multisectoral partnerships, it is crucial to identify the
priorities and core themes of surveillance systems with equitable inputs from various sectors. Strengthening
surveillance, promoting data sharing, enhancing laboratory testing capabilities, and fostering joint outbreak re-
sponses in both the human and animal health sectors will establish the necessary infrastructure to effectively
prevent, predict, detect, and respond to emerging health threats, thereby reinforcing global health security. This
review assesses existing surveillance approaches by offering an overview of global agencies engaged in moni-
toring zoonoses and outlines the essential components required at the human–animal–environment interface for
designing comprehensive surveillance networks. Additionally, it discusses the key steps necessary for executing
effective zoonotic disease surveillance through a One Health approach, while highlighting the key challenges
encountered in establishing such a robust surveillance system.
1. Introduction

A major worldwide threat that is well acknowledged is the spread of
infectious disease(s). With 2.5 billion infection incidents and 2.7 million
fatalities each year, zoonoses (those diseases which can be naturally
transmitted from animals to humans) account for 60% of known infec-
tious diseases and up to 75% of emerging infectious diseases (EIDs) [1].
The list of zoonotic diseases is exhaustive and ever-evolving [2], with
coronavirus disease 2019 (COVID-19) being the latest in the list [3]. By
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the mid-2023, the COVID-19 pandemic has resulted in the loss of 6.9
million lives [4]. The COVID-19 pandemic has clearly underscored the
critical importance of implementing evidence-based multisectoral mea-
sures to prevent, detect, and mitigate the impact of EIDs. This urgency
arises not only from immediate threats, but also from historical pre-
cedents. Historically, zoonotic spillover of pathogens has led to sub-
stantial outbreaks. Examples of zoonotic outbreaks in the 21st century
include severe acute respiratory syndrome (SARS), H5N1 variant of
highly pathogenic avian influenza (HPAI), swine flu (H1N1), Middle East
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respiratory syndrome (MERS), Zika, Ebola, Nipah, and COVID-19, all of
which pose severe risks to human health and, in some cases, have also
affected animal health, given their zoonotic nature [5–8].

Understanding the underlying causes and origins of zoonotic out-
breaks is necessary to mitigate the risk of disease transmission, particu-
larly considering the observed upward trend in the number of zoonotic
outbreaks over time. Numerous factors, such as international trade and
travel, intensive animal husbandry practices, increasing animal food
demand and related ecological disturbances, exploitation of wildlife,
antimicrobial resistance (AMR), deforestation, climate change, global
warming, and ecotourism have collectively precipitated the emergence of
several critical global public health challenges [9–11].

The expansion of agriculture has resulted in encroachment into
wildlife habitats, altering ecosystems and bringing humans and livestock
into closer contact with wildlife and disease vectors, thereby potentially
increasing the risk of zoonotic pathogen transmission through sylvatic
cycles [5]. The risk of the spread of zoonoses at the environment–wildlife
interface is further enhanced by anthropogenic activities such as hunting
and consuming game meat, selling wild animals, and exploiting animal
parts for trade [7]. Furthermore, improper use of antibiotics in animal
husbandry exacerbates the global issue of AMR. By 2050, up to 10million
lives could be lost globally owing to AMR-related illnesses, and the
economic burden associated with AMR is estimated at USD 100 trillion
from 2015 to 2050 [12].

In our globalized world influenced by ever-evolving anthropogenic
activities, the emergence of zoonoses underscores the need for robust
surveillance systems. Identifying risk factors is crucial for determining
potential hotspots and addressing these concerns necessitates evidence-
based strategies and data-driven decision making. A rapid cross-border
response that transcends geographical and political divides is vital,
with effective communication as a linchpin to seamlessly connect
stakeholders, healthcare providers, and the public.

Considering these challenges and the context, this review compre-
hensively assesses the existing surveillance strategies for zoonotic dis-
eases. It provides an overview of global agencies engaged in monitoring
zoonotic outbreaks and outlines the essential components required at the
human–animal–environment interface for designing comprehensive
surveillance networks. The aim of this review is to enhance the
comprehension of zoonotic dynamics and support the development of
effective surveillance strategies to safeguard global public health.

2. Socio-economic burden of emerging zoonoses

Since 1980, more than 87 new vectors and zoonotic infectious dis-
eases have been documented [1]. These EIDs account for 26% of annual
global deaths, encompassing various pathogen categories. Among these,
viruses (including prions) account for 37% of emerging and re-emerging
pathogens, while protozoa account for 25% [13]. Notably, viruses pre-
dominate as the primary causative agents of most emerging and
re-emerging diseases. The impact of infectious diseases extends beyond
mortality, leading to a substantial loss of disability-adjusted life years
(DALYs) exceeding 30% of the 1.49 billion DALYs lost annually [14,15].

Zoonotic diseases have a significant impact on the global economy.
Previous outbreaks from 1997 to 2009, including Nipah (Malaysia), West
Nile fever (USA), SARS (Asia, Canada), HPAI (Asia, Europe), bovine
spongiform encephalopathy (United Kingdom), and Rift Valley fever
(Tanzania, Kenya, Somalia), resulted in an estimated financial toll of
approximately USD 80 billion [16]. Moreover, other estimates indicate
that EIDs have resulted in direct expenses exceeding $100 billion in the
past two decades, with potential pandemic scenarios posing losses that
reach trillions of dollars [17]. The International Livestock Research
Institute (ILRI) acknowledges zoonotic diseases as a major factor
affecting the livelihoods of one billion livestock keepers and resulting in
2.7 million human fatalities and approximately 2.5 billion cases of
human illness annually [18]. Furthermore, in resource-limited regions,
more than one in seven animals are estimated to be affected by these
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zoonoses [19]. Given the substantial socioeconomic costs associated with
zoonotic outbreaks, policymakers should consider prioritizing in-
vestments for an effective holistic approach aimed at disease prevention
rather than relying solely on response measures [17,20,21]. The persis-
tent emergence of new EIDs poses an enduring threat to the integrity of
the healthcare system and has the potential to hinder economic growth
unless comprehensive mitigation strategies are formulated [6,9,22].
Addressing these challenges requires substantial investment in infra-
structure development, encompassing early disease detection capabil-
ities, integrated laboratory testing facilities, robust surveillance systems,
vaccine production, and the integration of artificial intelligence to pro-
actively manage zoonotic risks [23–26].

To this end, the World Health Organization (WHO) has articulated a
series of recommendations for national-level preparedness. These include
enhancing the public health infrastructure, fortifying risk communica-
tion mechanisms, bolstering epidemic preparedness and response
mechanisms, advancing research and its practical application, and
advocating for political commitment and collaborative partnerships [27].
Collectively, these measures form a proactive framework for mitigating
the impact of emerging zoonotic diseases on both healthcare and socio-
economic systems.

3. Prioritizing surveillance of zoonotic diseases

The spectrum of zoonotic diseases encompassing both age-old afflic-
tions such as rabies and recent outbreaks exemplified by COVID-19
continues to expand. The emergence of zoonotic diseases typically fol-
lows a phased progression pattern, commencing with initial instances of
spillover from animal reservoirs to humans, followed by sporadic small-
scale outbreaks within human populations, and culminating in pathogen
adaptation for sustained human-to-human transmission [28]. Each of
these sequential phases may be driven by distinct underlying factors
necessitating tailored, context-specific control measures.

In cases where emerging zoonoses shift to an endemic state, they
persistently afflict both human and animal populations and concurrently
pose the ongoing risk of future epidemic resurgence when the conditions
conducive to rapid transmission are reinstated. A concerning observation
gathered from the EIDs trend is that the frequency of zoonotic outbreaks
is not anticipated to decrease in the near future. This is especially pro-
nounced in light of expanding human and animal populations coupled
with dynamic changes in the environmental landscape such as the loss of
biodiversity [29].

Globally, the significance of robust surveillance in the battle against
zoonotic diseases is crucial. Surveillance systematically generates critical
data that underpin strategic efforts to confine, manage, and alleviate the
impact on susceptible human and animal populations [30]. Early detec-
tion assumes significant importance in the containment of infections
within their geographical origin and is a necessity accentuated by the
contemporary global mobility of populations. Furthermore, early detec-
tion is imperative for averting life-threatening illnesses, such as Zika,
Nipah, Ebola, and yellow fever [31]. Timely disease detection through
surveillance coupled with swift deployment of responsive interventions
can effectively curtail the magnitude, severity, and financial burden
associated with emergency outbreak responses [32].

Confronting zoonotic diseases poses a distinctive challenge, necessi-
tating targeted attention to the factors involved in their emergence. The
intricate interplay between ecosystems and human activities amplifies
the potential for disease transmission from animals to humans. There-
fore, surveillance mechanisms should elucidate the pivotal role of certain
animal species in bridging the gap between wildlife reservoirs and
human populations, thereby enabling precise interventions. Many zoo-
noses are characterized by their insidious nature, often manifesting as
asymptomatic or subclinical in both animal hosts and human carriers,
thereby facilitating subtle transmission and covert dissemination. The
COVID-19 pandemic has exemplified how asymptomatic individuals act
as carriers, contributing to the rapid dissemination of the virus.



M. Sharan et al. Science in One Health 2 (2023) 100050
Consequently, surveillance systems capable of identifying carriers with
mild or absent symptoms are of fundamental significance for timely
containment.

A robust scientific framework is required to enhance our ability to
predict and implement proactive measures against zoonotic disease
outbreaks. Such a framework should entail systematic acquisition and
comprehensive understanding of data concerning the intricacies of dis-
ease emergence and transmission. This provides multifaceted insights
into the genetic, demographic, sociological, and ecological determinants
that facilitate the transmission of zoonotic pathogens to human hosts.
Such scientific approaches are pivotal for developing a holistic strategy
for early outbreak detection and containment, thereby enhancing pre-
paredness to anticipate, prevent, and respond to future zoonotic disease
threats [33].

4. Assessment of existing surveillance system/ongoing
surveillance approach

Effective public health strategies for managing and controlling
emerging pathogens rely heavily on surveillance systems [10]. This in-
volves establishing event- and indicator-based surveillance, enhancing
laboratory capabilities in both the human and animal sectors, ensuring a
well-trained epidemiological workforce, and providing proper commu-
nication mechanisms [34]. Surveillance systems are typically overseen
by a multitude of departments or ministries at the national level,
including human infectious disease surveillance under health de-
partments, food and animal disease surveillance under agriculture or
livestock departments, and wildlife disease surveillance under natural
resources, wildlife, and aquaculture departments. Moreover, some food
production companies involved in raising livestock for international
trade have also undertaken surveillance [35]. While companion animals
can play a role in zoonotic disease transmission, surveillance of these
animals is often conducted as a special study and lacks designated
departmental responsibility in most countries [36].

Globally, numerous disease surveillance systems and networks have
been established with a primary emphasis on detecting emerging zoo-
notic diseases in human and animal populations. Notable human disease
surveillance systems include the WHO Global Outbreak and Response
Network (GOARN), the U.S. Department of Defense's surveillance ini-
tiatives facilitated by the Global Emerging Infection Surveillance and
Response System. These efforts, particularly those concentrated in high-
risk regions across Africa, the Middle East, and Asia (particularly in the
Southeast regions) are instrumental in the prompt identification of zoo-
notic diseases [37]. Other initiatives that collaborate closely with com-
munities to reinforce zoonotic disease surveillance endeavors include the
PREDICT project, funded by United States Agency for International
Development (USAID) and the Global Early Warning and Response Sys-
tem for major animal diseases including zoonoses (GLEWSþ), the joint
initiative by the Food and Agriculture Organization (FAO), World Or-
ganization for Animal Health (WOAH), and WHO. These initiatives also
provide comprehensive training for field and laboratory personnel,
spanning both the human and animal health domains [38]. The over-
arching objective of the PREDICT project is the rapid detection of
emerging novel viral threats to human and animal health. These meth-
odologies focus on detecting hitherto unidentified infections and
fostering the capacity to assess risks and manage epidemics that could
potentially become pandemic [39]. The aim of GLEWSþ is to facilitate
prevention and control measures by the rapid detection and assessment
of health threats and potential concerns at the human–animal–ecosystem
interface. Specifically, for zoonotic events, alerts of animal outbreaks can
provide direct early warnings, enabling the enhancement of human
surveillance and the implementation of preventive actions [16]. Table 1
provides a comprehensive overview of the selected global agencies and
coordinated initiatives that serve as early warning systems, preparedness
platforms, and data repositories for monitoring zoonotic outbreaks and
the associated public health threats worldwide.
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Human surveillance systems have effectively identified various
zoonotic disease outbreaks in human populations. However, the global
capacity to promptly detect infections within animal populations
(including wildlife) to pre-empt transmission to humans remains
limited [65]. Disease surveillance initiatives in livestock, poultry, and
wildlife often lack unified oversight and have historically received
inadequate funding compared to human surveillance efforts [66].
Consequently, it is frequently the identification of disease outbreaks in
humans that catalyzes the subsequent discovery of outbreaks within
animal populations, rather than a more proactive approach in which
animal surveillance serves as an early warning system for potential
human infections.

To mitigate the adverse effects of biological threats including the
inadvertent or deliberate release of pathogenic or toxic agents, the in-
ternational community ratified a legally binding framework, the ‘In-
ternational Health Regulations 2005’ (IHR2005). Effective execution of
the WHO's IHR requires active engagement from each nation's animal
health sector [67]. For the animal sector, the WOAH offers the Perfor-
mance of Veterinary Services (PVS) pathway, a comprehensive mecha-
nism that enables countries to conduct in-depth assessments of their
veterinary services and identify areas that warrant enhancement.
Table 2 provides a comparative delineation of the core capacity pre-
requisites for disease surveillance stipulated in the IHR2005 and the
quality evaluation criteria explained in the WOAH PVS tool. Notably,
WOAH and WHO have thoroughly scrutinized their respective moni-
toring tools, revealing a spectrum of similarities, complementarities,
and synergies.

Leveraging the insights and outcomes gathered from these assessment
and gap analysis tools, which are specifically employed within the IHR
monitoring framework and the WOAH PVS pathway, WHO and the
WOAH have jointly devised methodologies to foster cross-sectoral
communication between animal health and human health [68,69].
This elevated level of dialogue enhances operational coordination and
furnishes policymakers with more comprehensive insights to guide
strategic investments in surveillance and monitoring programs, ulti-
mately strengthening preparedness to contain the spillover and spread of
zoonotic diseases.

5. Understanding disease pathways and surveillance
interconnections

To enhance our capacity to predict and proactively manage disease
outbreaks, it is essential to explore the intricate biological pathways of
diseases and conceptual interdependencies that link the human, animal,
and environmental surveillance sectors. These interconnections are
pivotal in preventing the emergence of diseases. Typically, there are six
distinct stages (Fig. 1) that shape the dynamics of disease in both human
and animal populations. Disease dynamics are intrinsically linked to
various phases of zoonotic transmission.

As the disease progresses within both human and animal pop-
ulations, the goals of disease mitigation and surveillance evolve
accordingly. An effective surveillance mechanism can play a crucial
role in identifying the presence of a disease in animals before its initial
spillover into human populations, during localized human infections
resulting from spillovers, or at the stage of sustained human-to-human
transmission of zoonotic threats [70]. Each of these phases necessitates
distinct public health and animal disease mitigation objectives coupled
with tailored interventions and surveillance measures designed spe-
cifically for the affected and susceptible populations. This adaptability
is founded on the formulation of a risk profile for public health in each
scenario, factoring in considerations such as the nature of the pathogen
and potential exposure pathways. The significance of the information
gathered through surveillance at various stages varies according to the
established risk profile. A comprehensive exploration of the human-
–animal–environment interface and the required surveillance inputs is
provided in Table 3.



Table 1
List of global agencies and initiatives for monitoring zoonotic outbreaks and other public health threats.

Program Key area(s) Aim/objective(s) Reference

Africa Centres for Disease Control and
Prevention (CDC) Institute of Pathogen
Genomics

‘Hub-and-spoke’ model advancing data collection and
surveillance capacity at the regional level.

To improve disease monitoring and public health
collaborations by establishing integrated, cross-
continent laboratory networks that are equipped with
the tools, human resource capacity, and data
infrastructure needed to fully harness essential genome
sequencing technologies.

[40]

ArboNET National arboviral surveillance system managed by the
CDC.

Maintains data on arboviral infections among human
viraemic blood donors, non-human mammals, sentinel
animals, dead birds, and mosquitoes.

[41]

Coalition for Epidemic Preparedness
Innovations (CEPI)

An innovative global partnership with a blend of
financial commitments.

To finance and coordinate the development of new
vaccines to prevent and control infectious disease
outbreaks.

[42]

Connecting Organisations for Regional
Disease Surveillance (CORDS)

CORDS is a program of Ending Pandemics, comprised of
six regional member networks, working in 28 countries
in Africa, Asia, the Middle East and Europe.

To detect and control the spread of infectious diseases
by catalyzing exchange and collaboration among
regional surveillance networks globally.

[43]

Global Disease Detection Program (GDD) Program for developing and strengthening global public
health capacity to rapidly identify and contain disease
threats globally.

To detect, monitor, and support responses to global
public health events of international importance by
conducting event-based surveillance (EBS).

[44]

Global Food Infections Network (GFN) Network to better detect and control foodborne and
other enteric infections through integrated laboratory-
based surveillance, and collaboration among human,
veterinary, and food sectors.

Aims in building capacity to monitor, detect, analyze,
characterize and respond to outbreaks of foodborne
disease. It also provides training courses focus on
regional or national needs ranging from basic to
advanced laboratory practices, surveillance, outbreak
detection and response, and attribution.

[45]

Global Health Security Agenda (GHSA) An international effort to prevent, detect, and respond to
infectious disease threats.

Aims to catalyze a collaborative, multisectoral initiative
uniting countries, regions, international organizations,
and the non-governmental sectors to enhance and
expedite global health security efforts.

[46]

Global Influenza Surveillance and
Response System (GISRS)

Global system focused on surveillance, preparedness
and response for seasonal, pandemic and zoonotic
influenza.

Aims for effective collaboration and sharing of viruses,
data and benefits based on member states' commitment
to a global public health model.

[47]

Global Initiative on Sharing All Influenza
Data (GISAID)

An initiative to provide access to genomic data of
influenza viruses.

Promotes the rapid sharing of data from all influenza
viruses and the coronavirus causing COVID-19.

[48]

Global Outbreak Alert and Response
Network (GOARN)

A WHO network that responds to acute public health
events with the deployment of staff and resources to
affected countries.

To examine and study diseases, evaluate the risks, and
improve international capability to deal with diseases.
The aim is to deliver rapid and effective support to
prevent and control infectious diseases outbreaks and
public health emergencies when requested.

[49]

Global Public Health Intelligence Network
(GPHIN)

Electronic public health early warning system developed
by Canada's Public Health Agency, and is part of the
WHO GOARN.

Monitors internet media, such as news wires and
websites, in nine languages in order to help detect and
report potential disease or other health threats around
the world.

[50]

Global Virome Project (GVP) An innovative network partnership among public,
private, philanthropic, and civil organizations to detect
the planet's unknown viral threats to human health and
food security to prepare for and stop future epidemics.

GVP is a strategic response to better predict, prevent,
and respond to future viral pandemic threat. Through a
collaborative, multidisciplinary approach, this global
consortium fosters coordination, allowing partners and
participants to leverage shared global and regional
strategies while retaining the flexibility to address local
needs.

[51]

International Food Safety Authorities
Network (INFOSAN)

A global voluntary network, led jointly by FAO and
WHO, comprises national Food Safety authorities from
almost all member States of both organizations.

Aims to strengthen prevention, preparedness and
response to food safety incidents and emergencies
through fostering a global community of practice among
food safety professionals.

[52]

International Pathogen Surveillance
Network (IPSN)

A global network of pathogen genomic surveillance
actors, brought together by the WHO Hub for Pandemic
and Epidemic Intelligence.

Aims to accelerates progress in pathogen genomics and
enhance public health decision-making by collecting,
sequencing, and analyzing pathogen genomes to gain
insights into their genetics, evolution, and transmission.

[53]

Pan American Center for Foot-and-Mouth
Disease and Veterinary Public Health
(PANAFTOSA/VPH)

A specialized center of the Pan American Health
Organization/WHO linked to the communicable
diseases' prevention, control, and elimination
department.

Coordinates the Veterinary Public Health program,
offering technical cooperation for zoonosis prevention,
surveillance, control, and elimination, as well as
promoting initiatives to enhance food safety systems
and eradicate foot-and-mouth disease.

[54]

PREDICT PREDICT empowered global surveillance for pathogens
with zoonotic potential by enhancing capabilities for
detecting and identifying potentially pandemic viruses.
This initiative is a key component of USAID's Emerging
Pandemic Threats program.

Strengthening worldwide monitoring and laboratory
diagnostic capabilities for both known and newly
discovered viruses within several important virus
groups, such as filoviruses (including ebolaviruses),
influenza viruses, paramyxoviruses, and coronaviruses.

[55]

Surveillance system for attack on health
care (SSA)

Global and standardized monitoring system coordinated
by WHO for the collection of primary data about attacks
on health care.

The purpose is to systematically collect and make
available data on attacks on health care, and their
immediate impact on health care in countries facing
emergencies.

[56]

The Global Early Warning System (GLEWS) Joint mission of WHO, FAO, and WOAH to integrate
alert mechanisms for emerging zoonotic diseases in the
Global Early Warning System for major animal disease.

Aims to notify the global community and stakeholders
about the emerging zoonoses, facilitate prediction,

[57]

(continued on next page)
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Table 1 (continued )

Program Key area(s) Aim/objective(s) Reference

prevention, and control efforts, and deploy collaborative
field missions for outbreak assessment and containment.

The Program for Monitoring Emerging
Diseases (ProMED)

ProMED is the largest publicly available system
conducting global reporting of infectious disease
outbreaks.

Rapid global dissemination of information on outbreaks
of infectious diseases and acute exposures to toxins that
affect human health (including those in animals and in
plants grown for food or animal feed).

[58]

The UK's Infection Innovation Consortium
(iiCON)

Public-private-philanthropic partnership for pandemic
preparedness by accelerating the discovery and
development of new treatments, diagnostics, vaccines,
and preventative products for infectious diseases.

Accelerate the research and development pipeline for
drugs, vaccines, diagnostics, and public health
interventions to address high-priority pandemics such as
AMR and coronavirus.

[59]

Unitaid A global health initiative collaborates to innovate
disease prevention, diagnosis, and treatment in low- and
middle-income countries (LMICs), with a primary focus
on tuberculosis, malaria, HIV/AIDS, and associated
deadly co-infections.

Finances late-stage research and development of novel
drugs, diagnostics, and disease prevention tools. Also,
facilitates data generation to support usage guidelines
and promotes the availability of cost-effective generic
medicines in LMICs.

[60]

WHO Mediterranean Zoonosis Control
Programme (MZCP)

To strengthen zoonoses prevention and control, it
collaborates closely with the WHO Regional Office for
the Eastern Mediterranean, specialized WHO
collaborating centers, national institutions, and
maintains strong ties with the WOAH and FAO.

Aims to promote national and regional programs,
strengthen collaboration between animal and public
health services, offer training courses, support public
health education, and foster international cooperation
among MZCP member nations

[61]

WOAH and FAO global network of
expertise on animal influenza: OFFLU

To promptly identify and analyze emerging strains of
influenza viruses in animal populations.

Aims to reduce the negative impacts of animal influenza
viruses by promoting effective collaboration between
animal health experts and human health sector.
OFFLU is to collaborate with the WHO on issues related
to the animal–human interface, including pandemic
preparedness for the early preparation of human
vaccines.

[62]

World Animal Health Information System
(WAHIS)

WOAH offers computer tools for free global animal
health data access via WAHIS portal, enhancing
transparency in the world animal health situation.

Aims to provide an early warning system for listed and
emerging diseases, a monitoring system for regular
updates on these diseases, and collects additional data
from national authorities on animal diseases impacting
both human and animal populations, as well as
veterinary service capacities.

[63]

Zoonotic Disease Integrated Action
(ZODIAC)

An initiative by International Atomic Energy Agency
(IAEA) to help countries prevent pandemics caused by
zoonotic agents.

Aims to strengthen the preparedness and capabilities of
Member States to rapidly detect and timely respond to
the outbreaks.

[64]
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6. Need for multisectoral collaboration for zoonotic disease
surveillance

To establish an effective zoonotic disease surveillance system,
fostering evidence-based multisectoral collaboration with clearly defined
roles and responsibilities is essential. Such partnerships have the poten-
tial to significantly reduce the impact of diseases on both humans and
animals and mitigate social and economic consequences at the house-
hold, regional, and national levels [71]. International cooperation in this
regard is exemplified by a tripartite partnership involving the WHO,
WOAH, and FAO. This collaboration expanded further with the signing of
a quadripartite memorandum of understanding on March 17, 2022,
which included the UN Environment Programme (UNEP) [72]. This new
framework aims to ensure the holistic well-being of humans, animals,
plants, and the environment, thereby strengthening national and regional
health systems.

The recent COVID-19 pandemic has underscored the need for effec-
tive multisectoral partnerships. Human, livestock, wildlife, and envi-
ronmental health can no longer be discussed in isolation; they fall under
one umbrella, which is One Health [73]. Multisectoral collaboration(s)
should be tailored to specific needs and available resources, as health is a
collective effort that relies on professional trust and expertise sharing.
Both the UNEP and ILRI emphasize the significance of using a multi-
sectoral collaborative approach to manage and prevent zoonotic disease
outbreaks and pandemics at the human, animal, and environmental in-
terfaces [74]. Under international health regulations, national officials
must cooperate with the relevant ministries to promptly identify critical
public health events. To execute effective zoonotic disease surveillance
through the One Health approach, several key steps as those mentioned
below should be considered.
5

6.1. Identifying, gathering, analyzing, and disseminating information

Timely detection of emerging zoonotic diseases is essential for
minimizing transmission and mitigating the associated health and so-
cioeconomic impacts. Effective disease surveillance relies on the ability
to distinguish between abnormal and normal disease patterns. Different
data collection methods such as active, passive, targeted, risk-based, and
syndromic surveillance can be employed depending on requirement and
resource availability [75]. Additionally, traditional participatory
methods such as interviews, surveys, and discussions, along with the
utilization of electronic databases from established surveillance systems,
can enhance the overall quality of existing surveillance efforts [34,76].

For decision makers to understand and utilize the collected data,
efficient data analysis and presentation in accessible formats are essential
[77]. In this regard, collaborations with the information technology
sector can help leverage modern technology, such as computers, cell
phones, remote sensing, and Internet searches. Notable initiatives in this
domain include GOARN, which utilizes web-based data for routine dis-
ease surveillance [78]. The revised IHR2005 empowers the WHO to act
on informal information, enabling the timely issuance of disease pre-
vention recommendations [79]. Early warning systems such as ProMED
and GPHIN also exemplify integrated efforts to harness data from various
sectors to enhance overall effectiveness.

6.2. Development of laboratory capacities and networks

Laboratory capacities and networks determine the effective collection
of specimens, analysis, and definitive identification of the causative
agents [9]. To achieve these objectives, laboratory systems must adhere
to critical procedures, some of which are listed below.



Table 2
Comparison of WHO's International Health Regulations and WOAH's Performance of Veterinary Services.

Aspect of Comparison International Health Regulations (IHR) Performance of Veterinary Services (PVS)

Scope Human health Animal health
Member States 196 member states 182 member countries
Primary focus Human diseases and public health Animal diseases and animal health
Legal basis Legally binding treaty (IHR2005) Non-binding international standards
Purpose Prevention and response to international public health emergencies Evaluation and improvement of national veterinary services
Reporting requirements Mandatory reporting of specified diseases and events with potential

international impact
Voluntary reporting of animal health data

Disease categories Focus on human diseases such as pandemics, epidemics, and specific
diseases of international concern

Focus on animal diseases, including notifiable terrestrial and aquatic
animal diseases

Monitoring and evaluation WHO conducts assessments and provides guidance on capacity-
building

WOAH conducts evaluations and offers support for improving veterinary
services

Capacity building WHO supports member states in building capacity for disease
surveillance, detection, and response

WOAH assists member countries in enhancing their veterinary
infrastructure and capabilities

Notification time frames Immediate notification of certain diseases or events (within 24 h) Reporting of animal diseases and events may not have strict timeframes
Sanitary measures Recommendations for travel and trade restrictions to prevent the

international spread of diseases
Recommendations for sanitary measures in animal populations to control
disease spread

Zoonotic diseases Includes zoonotic diseases that can impact human health Focuses on diseases that affect animals, but zoonotic diseases are
indirectly addressed due to their impact on animal health and trade

Communication Emphasis on international coordination and communication between
member states and WHO

Emphasis on national veterinary authorities' communication with WOAH
and other relevant organizations

Transparency IHR provisions require transparency in disease reporting and
response measures

WOAH promotes transparency in the evaluation of veterinary services
and encourages member countries to share relevant information

Fig. 1. Components at the human–animal–environment interface to be considered while designing surveillance networks.
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a) Sample transportation: The laboratory system should have robust
mechanisms for safe and efficient transportation of specimens to
designated facilities.

b) Biosafety and biosecurity: Prioritizing biosafety measures is impera-
tive to safeguard the health of investigators and prevent accidental
exposure. Robust biosecurity protocols further ensure the safe
handling and containment of dangerous pathogens, thereby reducing
the risk of intentional harm or misuse.

c) Standardized and adaptable protocols: Standardized laboratory pro-
tocols ensure consistency and reliability in diagnostic procedures and
6

foster seamless collaboration among personnel. Designed to be
adaptable, these protocols should respond to evolving research needs
by ensuring rigorous and responsive diagnostic processes [30].

Incorporating both surveillance and technical-reference capabilities
into national, regional, and global networks is a fundamental tenet of
effective disease surveillance systems. Since the 1970s, international
programs have been initiated to enhance the capacity of field epidemi-
ology, laboratory work, and program management [80]. Notably, orga-
nizations such as the FAO, WOAH, and the United States Department of



Table 3
Human–animal–environment interface and essential surveillance inputs.

Component Data needed for surveillance

Human � Demographic data (age, gender, population density)
� Epidemiological data (disease prevalence, incidence,

risk factors)
� Behavioral data (knowledge, attitudes, practices, food

preferences, cultural practices)
� Socioeconomic data (income, education, lifestyle)
� Travel and mobility patterns (local, regional, global)

Animal � Population data (size, species, breed, distribution)
� Health status data (disease prevalence, vaccination

coverage, risk factors)
� Ecological data (habitat, migratory patterns)
� Behavior and feeding habits

Environment � Meteorological data (local and regional weather
patterns)

� Climate data (long-term trends, global influences)
� Geospatial data (altitude, temperature, humidity)
� Soil and vegetation data (type, coverage)

Human–Animal
Interface

� Pet ownership data (companion animals, exotic
animals)

� Food consumption data (animal-origin products)
� Livestock management practices (farming practices,

export/import of animals (or products) at regional/
national/global)

� Occupational exposure data (veterinarians, farmers,
butchers)

� Wildlife conservation and management data
� Land use changes and habitat encroachment

Human–Environment
Interface

� Urbanization data (urban, peri-urban, rural
development)

� Pollution data (air, water, soil)
� Agricultural practices data (farming methods,

vegetation type and index, irrigation)
� Environmental policy and regulations

Animal–Environment
Interface

� Habitat alteration data (expansion, loss, invasive
species)

� Immunity-related data (impacts on animal health)
� Vector ecology data (breeding, vector lifespan)
� Environmental impact assessments and associated

risk factors
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Agriculture, with support from agencies such as the World Bank and
USAID, have organized capacity-building initiatives for disease surveil-
lance and response in human and animal populations. The WHO has
extended its contribution by founding GOARN, a comprehensive network
of laboratories that provides guidance and support to local and national
laboratories for disease detection. These collaborative endeavors have
trained animal health experts globally, equipping them with diagnostic
techniques and expertise in the prevention and control of significant
diseases, including zoonotic threats associated with animal trade [81].
6.3. Zoonotic disease prioritization and collaboration for proactive
intervention

Efficient coordination and collaborative efforts should encompass
multiple sectors and should be initiated for select zoonotic diseases
prioritized based on equitable inputs from all stakeholders [82]. Priori-
tization plays a pivotal role in resource allocation and ensures effective
utilization [83]. By integrating disease prioritization strategies with
seroprevalence studies, it is possible to identify and target priority zoo-
notic diseases in specific regions, thereby enabling more efficient pre-
vention and control measures. Effective prioritization also supports the
development of laboratory capacities and establishment of a robust sur-
veillance network. Nevertheless, it is noteworthy that the socioeconomic
impact of zoonotic infections can vary temporally and spatially and is
often underestimated in resource-limited areas owing to restricted sur-
veillance and awareness [28].

To identify high-priority zoonoses requiring multidisciplinary engage-
ment, the CDC's One Health office has devised the One Health Zoonotic
7

Disease Prioritization tool, which employs a semiquantitative approach to
ensure equitable participation from all relevant sectors, evenwhen reliable
surveillance data are scarce [83,84]. This tool assembles a diverse panel of
experts from the human, animal, environmental, and other pertinent do-
mains. Collaboratively, they establish criteria that can be tailored to specific
regions or countries and categorize zoonotic diseases of high national or
regional significance [85,86]. This tool has been successfully deployed in
numerous countries to highlight zoonotic diseases for future engagement
programs as part of the GHSA action package for zoonotic diseases [87].

6.4. Human capacity development for intersectoral collaborations

Execution of an integrated zoonotic disease surveillance system re-
quires cooperation at the regional, national, and global levels among
professionals from diverse fields and with varied training, such as clinical
diagnosis, field epidemiology, laboratory sciences, social sciences, ecol-
ogy, and information technology [80]. Additionally, a team with good
management skills, an understanding of the significance of a nationally
and globally integrated system, and the ability to collaborate effectively
with experts from different disciplines is essential. Collaboration be-
tween public and private sector organizations in human health, agricul-
tural, and natural resource sectors is vital. In the human health sector,
this involves physicians, public health professionals, village and com-
munity health workers, laboratories, hospitals, and nongovernmental
organizations (NGOs) specializing in health education, communication,
and training. The agricultural, livestock, and poultry sectors encompass
veterinarians, village and community animal-health workers and tech-
nicians, animal producers, animal hospitals, and NGOs offering devel-
opment and capacity-building programs for small-scale livestock and
poultry farmers. Initiatives related to wildlife conservation, manage-
ment, and disease surveillance play crucial roles [70,88].

Over the years, professionals, such as physicians, nurses, veterinar-
ians, animal technicians, and laboratory scientists, have played critical
roles in the early detection of emerging zoonotic diseases, as exemplified
by the early detection of the monkeypox virus in 2022 [89]. Providing
comprehensive in-person hands-on training to manage zoonotic in-
fections in both human and animal populations is essential, particularly
for rare, sporadic, and newly emerging diseases. While the use of infor-
mation technology for such training is promising, further development
and evaluation of these tools are necessary to ensure their effectiveness.

6.5. Harnessing artificial intelligence (AI) for pandemic preparedness and
response

Shortly after the declaration of the COVID-19 pandemic, the WHO
and other health organizations recognized the potential of AI as a valu-
able tool for addressing the pandemic and preparing for future health
crises [90]. AI-powered early warning systems play a pivotal role by
analyzing real-time data (from various sources including digital content
and information channels) to detect patterns that indicate potential ep-
idemics. These systems provide timely alerts that can aid surveillance,
healthcare network management, and data analysis. Notable examples
include the WHO Early Warning System and Bluedot [90,91]. Many
countries today utilize geolocation data, surveillance camera footage,
credit card information, and contact tracing systems to identify potential
infection pathways [92]. In certain situations, AI can extract epidemio-
logical data more rapidly than conventional methods of reporting health
data [93]. Ongoing technological advancements hold great promise for
both human and animal well-being and underscore the notion that the
integrating AI into established research frameworks can play a pivotal
role in preventing future pandemics [26].

6.6. Assessing the effectiveness of disease surveillance systems

Various attributes must be examined to assess the effectiveness of
disease surveillance systems. These include timeliness (in detection,
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confirmation, and dissemination), simplicity (user-friendliness), flexi-
bility (adaptation and responsiveness to changing circumstances,
emerging threats, and evolving data needs), data quality, reliability,
acceptability, sensitivity (the ability to identify all disease cases or out-
breaks), positive predictive value (indicating the likelihood that the re-
ported outbreaks are genuine), representativeness of the population at
risk, stability (the system's resilience under adverse conditions), and
overall usefulness [32,88]. In the context of animal disease monitoring
and surveillance systems, the key criteria for effectiveness include clarity
about the objectives, sampling methods, coordination and awareness,
environmental factors, screening and diagnostic protocols, data collec-
tion and transmission procedures, data processing and analysis capabil-
ities, and mechanisms for information dissemination [65]. Increasing
farmers' awareness to encourage identification and self-reporting can be
vital for the success of passive data collection, particularly in
resource-limited settings.

The guidelines for the assessment of disease surveillance system
effectiveness have been developed by organizations such as the CDC [94,
95], WHO [96], and WOAH [97,98]. These guidelines are structured
around the components and attributes that are essential for robust
surveillance.

7. Key challenges in establishing effective surveillance systems: a
way forward

The establishment of a robust surveillance system is inherently
complex, necessitating careful consideration of diverse options, effective
resource allocation, and management of constraints. Structural and
operational intricacies along with regulatory impediments pose signifi-
cant challenges and can hinder the seamless functioning of these indis-
pensable networks. In this context, we explored some of these challenges,
especially in resource-limited settings. We present a potential points for a
path forward below.

a) Enhancing data integration: In resource-limited countries, integrating
data related to disease outbreaks, surveillance, and mortality and
morbidity reports remains challenging. Vital registration systems
often operate in isolation from healthcare systems, creating substan-
tial gaps in the understanding of disease patterns and their real-world
impacts [28]. These gaps persist because of administrative and social
barriers, resulting in a significant underreporting of deaths, even
within healthcare facilities. Consequently, the understanding of the
link between mortality and morbidity, particularly in infectious dis-
eases, remains limited.

Furthermore, data related to animal trade are frequently inade-
quate and unreliable, such as inadequacies in the critical information
about the species involved, trade volumes, trade routes, and
long-term trends in both legal and illegal, national and international
trade of domestic animals and wildlife. This deficiency in the
comprehensive monitoring and surveillance of wildlife trade elevates
the risk of zoonotic disease emergence. A clear illustration of this risk
materialized when the monkeypox virus was transmitted from Ghana
to Texas through the pet trade involving pouched rats [99]. There-
fore, to mitigate the risk of zoonotic disease transmission and to foster
a more holistic understanding of disease dynamics, it is essential to
strengthen the integration of data systems. This endeavor demands
substantial improvements in reporting mechanisms and a commit-
ment to monitoring and surveillance efforts, encompassing both do-
mestic and wildlife trade. The success of these initiatives depends on
cooperative and coordinated actions at both national and interna-
tional levels.

b) Implementation challenges: One of the significant challenges in disease
surveillance systems is the separation of data streams. This delinea-
tion separates data related to citizens' utilization of healthcare ser-
vices for disease treatment from the mechanisms employed for
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reporting disease outbreaks. Consequently, a lack of uniformity has
emerged in the investigation and reporting of disease outbreaks. This
fragmented approach results in inconsistencies in the collected data,
hampering the comprehensiveness of surveillance efforts [69].

To address these issues, pilot projects such as WHO-supported
influenza surveillance and the CDC's initiative for acute encephalitis
syndrome and acute febrile illnesses have been launched [100].
However, these efforts have mainly remained research-driven pilots
owing to resource constraints and varying government commitment
levels. This underscores the need for sustained investment and the
political will to scale up and strengthen disease surveillance for better
detection and response to emerging health threats.

c) Surveillance functions in vertical siloes of programs and institutions: Sur-
veillance programs such as GLEWS and GOARN have demonstrated
significant success in addressing disease transmission, enhancing
public awareness of zoonoses in affected regions (e.g., COVID-19,
rabies, and monkeypox), expanding access to treatment for those
infected, and reducing mortality rates. These achievements under-
score the importance of targeted surveillance efforts to combat zoo-
notic threats. Despite these advances, challenges remain in the
current disease surveillance landscape. One prominent issue is the
fragmentation of surveillance data among vertical programs.
Although these programs have made substantial progress individu-
ally, their surveillance data often remain segregated and are not fully
integrated into a unified surveillance platform. This fragmentation
impedes efficient sharing and utilization of critical data. Even when
data overlap occurs between programs, there is often no established
mechanism for sharing or coordinating the use of these data. This lack
of coordination results in inefficiencies and missed opportunities for
collaboration. Furthermore, the use of existing data systems to
address program- and policy-related inquiries is limited. A disconnect
often exists between program implementation structures and research
organizations, which limits their capacity to harness data for broader
insights and improvements [101]. This gap in coordination and in-
formation sharing undermines the potential for a more holistic
approach to zoonotic disease surveillance.

d) Limited involvement of private sector: The private healthcare sector
encompasses diverse entities from unregistered practitioners to
large hospitals that operate as for-profit or not-for-profit institutions
[102]. However, their participation in disease surveillance has been
limited. Integrating the private sector into public health surveillance
requires addressing essential questions such as identifying diseases
relevant to private healthcare providers, determining appropriate
levels of engagement from primary care clinics to specialized in-
stitutions, ensuring data quality and consistency through estab-
lished standards, and exploring the utility of private sector
insurance data for surveillance purposes. A citizen-centric approach
that combines public- and private-sector data can enhance real-time
surveillance and comprehensive population coverage. Successful
integration with the private sector demands meticulous planning,
collaboration, and transparent guidelines to ensure the accuracy,
consistency, and value of the data collected for public health pur-
poses [1].

e) Human resource challenges: In several countries, the recruitment of
state- and district-level surveillance units is decentralized, resulting in
inconsistent responses from individual states in addressing human
resource shortages for public health surveillance [103]. This decen-
tralization means that health surveillance remains a national priority,
whereas health management is a state responsibility. However,
persistent vacancies and capacity constraints are significant issues in
many regions. A study by Bernstein et al. highlighted a striking
disparity in veterinarians' availability across regions, ranging from
two veterinarians per 100,000 people in Africa to two per 1000
people in countries such as Spain, Uruguay, and the Falkland Islands.
The shortage of well-trained veterinarians, especially in spillover
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hotspots, is concerning given their critical role in preventing disease
transmission from wildlife or livestock to humans [28]. Therefore,
exploring and addressing the reasons for the limited emphasis on
public health surveillance by state governments is essential. Possible
factors include competing priorities, resource constraints, and
differing perceptions regarding the importance of surveillance. To
enhance public health surveillance and response, proactive engage-
ment with state governments, resource allocation, and national and
international collaboration are crucial to bridge human resource gaps
and strengthen disease surveillance expertise.

f) Enhancing institutional capacity for training in public health core-capacity:
To effectively monitor emerging zoonotic disease risks, there is a
global need to reinforce institutional capacity through field-oriented,
multidisciplinary training programs. While various training initia-
tives exist for public health experts with a significant emphasis on
surveillance, some noteworthy programs deserve mention. The
United States Epidemic Intelligence Service (EIS), conducted by the
CDC, offers a comprehensive two-year master's degree in public
health programs focused on the EIS, aiming to cultivate highly skilled
epidemiologists who specialize in surveillance. The Public Health
Agency of Canada's Field Epidemiology Training Program plays a
vital role in enhancing the public health readiness to respond to cri-
ses. However, it is essential to acknowledge that many countries face
a shortage of public health professionals, emphasizing the need for
continued investment and collaborative efforts to address this critical
gap in public health capacity building [104].

g) Enhancing disease surveillance financing for effective global health secu-
rity: Investments in disease surveillance, both in developed and
developing countries, often originate as development aid, addressing
not only financial and material challenges but also the intricacies of
manpower-related difficulties that may arise. According to recent
assessments, LMICs typically allocate a modest annual median budget
of approximately USD 0.04 per capita for vaccine-preventable disease
surveillance [105]. Recent research in the European Union (EU) has
shed light on the average willingness to allocate resources for sur-
veillance, revealing EUR 264 per year per individual, equivalent to
approximately 5% of the overall healthcare budget [106]. These data
underscore the potential disparity in funding allocation for disease
surveillance within the EU, and raise questions about the adequacy of
resources. Challenges in financing disease surveillance programs can
manifest within organizations tasked with implementing national
prophylactic plans. These hurdles often emerge when organizations
harbor reservations about the effectiveness of these plans or perceive
limited direct benefits from their execution. Furthermore, obstacles
may arise from a lack of cooperation among diverse professional
groups, including breeders, livestock brokers, and veterinarians. In
some instances, professionals in these sectors may be reluctant to fully
embrace certain disease control programmes, citing the perception
that health authorities have inadequate incentives to engage in pro-
phylactic measures. Consequently, addressing these human-related
challenges, along with the financial and material aspects, is essen-
tial for ensuring the success and sustainability of disease surveillance
efforts on a global scale [107].

8. Conclusion

The continuous emergence of new zoonotic diseases presents an
ongoing challenge, necessitating the continuous improvement of disease
surveillance systems to prevent and manage outbreaks proactively. This
vision calls for an unwavering commitment at both national and inter-
national levels to establish an efficient surveillance mechanism. Suc-
cessful leadership and collaborative synergy among diverse stakeholders,
ranging from health and agriculture to natural resources, education, and
beyond are indispensable aspects of this concerted effort. These efforts
must transcend geographical boundaries and unite countries and regions.
Furthermore, financial support and commitment are essential not only
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for the creation of the system but also for its continued operation. The
ongoing assessment and evaluation of surveillance mechanisms across
human, animal, and interconnected systems are crucial for adapting to
evolving threats. This comprehensive evaluation should encompass key
considerations, such as the comprehensiveness and quality of surveil-
lance, effectiveness of multisectoral collaboration, and other critical di-
mensions. While global organizations such as the WHO, FAO, andWOAH
have undertaken efforts to strengthen and assess ongoing global sur-
veillance mechanisms, effective national and regional data integration is
indispensable for the comprehensive success of zoonotic disease sur-
veillance systems.
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