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Abstract
Background and Aim. Highly pathogenic avian influenza (HPAI) remains one of the most significant 

transboundary avian diseases, affecting affecting farmed, synanthropic, and wild bird populations. 
Migratory wild birds play a crucial role in the long-distance spread of avian influenza viruses across 
continents. The aim of this study is to develop an interactive geospatial dashboard for monitoring and 
assessing risk factors associated with HPAI along migration routes in Kazakhstan.

Materials and Methods. Relevant spatial datasets related to the risk of avian influenza spread were 
integrated into an interactive geospatial dashboard. The analysis included bird migration and ringing 
data from EURING and the Institute of Zoology, georeferenced wild bird observations from the eBird 
platform (25,828 records representing 137 species), and outbreak data from the FAO EMPRES-i and 
WOAH WAHIS databases. Spatial analysis and data processing were performed using ArcGIS Pro, 
ArcGIS Online, and the R statistical environment, while species spatial distribution modeling was 
performed using the MaxEnt algorithm.

Results. Through the integration and analysis of heterogeneous spatial datasets, an interactive 
geospatial dashboard was developed to assess the spatial distribution and potential spread of highly 
pathogenic avian influenza (HPAI) in Kazakhstan. The platform combines wild bird observation 
data from the eBird database, bird ringing and migration data, water body and wetland data, poultry 
density information, and officially recorded disease outbreaks. Interactive filtering tools allow data to 
be analyzed by geographic region, taxonomic group, and risk level. Spatial overlay analysis revealed 
overlap between areas of high wild bird activity and regions with intensive poultry farming, indicating 
potential ecological interfaces for virus transmission. The developed dashboard provides multi-layered 
visualization of epizootological data and supports rapid analysis of potential HPAI risk zones in 
Kazakhstan.
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Conclusion. The developed geospatial dashboard is an effective decision-support tool for veterinary 
surveillance and epidemiological risk assessment. The integration of environmental and epidemiological 
data enables the rapid identification of potential high-risk areas for the introduction and spread of highly 
pathogenic avian influenza, facilitating the development of evidence-based surveillance strategies.

Keywords: Highly pathogenic avian influenza; geographic information systems; migratory birds; 
epidemiological surveillance; spatial analysis; Kazakhstan.

Introduction
Poultry farming is an important sector of Kazakhstan's agricultural economy, ensuring domestic 

supplies of poultry meat and eggs and contributing significantlyto the country's export revenues. In recent 
years, substantial investment and government development programs have development the growth 
of the poultry industry. According to official data, poultry production in Kazakhstan from January to 
November 2024 reached 326.3 thousand tons, an increase of 9.4% compared to the same period in 
2023 [1, 2]. Currently, 67 industrial poultry farms operate throughout the country, including enterprises 
specializing in broiler, egg, and breeding production [3]. At the same time, the poultry industry is 
constantly exposed to various risks that can potentially negatively impact the economic performance of 
the enterprise and issues of ensuring biological safety. One of these risks is the emergence and spread of 
especially dangerous avian diseases, includinghighly pathogenic avian influenza [4].

Highly pathogenic avian influenza (HPAI) is a highly contagious transboundary avian disease with 
zoonotic potential caused by the influenza A virus, which meets the criteria for high pathogenicity 
[5]. The disease affects both domestic and wild birds and can be episodically transmitted to mammals, 
including humans [6, 7, 8]. In addition to affecting domestic and wild birds, the virus is increasingly 
detected in mammals, including foxes, mink, cats, and cattle. The international organizations FAO 
and WOAH call for strengthened epidemiological surveillance, improved early warning systems, and 
coordinated international control measures [9].

At the same time, the geographic spread of highly pathogenic avian influenza A(H5N5) viruses 
among wild birds, whose numbers have increased in greylag geese in recent years, should continue to 
be closely monitored worldwide [10]. Migratory wild birds, particularly aquatic species, are widely 
recognized as natural reservoirs of avian influenza viruses and play a crucial role in their intercontinental 
and continental spread [11].

Kazakhstan occupies a strategically important geographic position at the crossroads of several major 
migration routes. Specifically, the country lies at the crossroads of three major migration routes: the 
West Asian-East African, Black Sea-Mediterranean, and Central Asian [12]. These migration routes 
include important regional corridors such as the West Siberian and Caspian-Black Sea routes. Millions 
of migratory birds, including geese, ducks, swans, flamingos, herons, and waders, travel along these 
routes annually. The Central Asian Flyway alone is home to at least 279 populations of migratory 
waterfowl, representing 182 species [13].

In this regard, spatial epidemiological modelling tools in the form of dashboards integrating data 
on wild bird migration and environmental factors, as well as expanded international collaboration 
with organisations such as the Food and Agriculture Organization of the United Nations (FAO) and 
EURING [14], are needed to strengthen early warning capabilities for the emergence and spread of 
HPAI. Understanding the spatiotemporal dynamics of wild bird species that may act as reservoirs or 
vectors of highly pathogenic avian influenza is important for predicting outbreak risks and improving 
early detection systems [15, 16].

Despite growing interest in spatial avian influenza risk assessment, integrated analytical platforms 
for veterinary surveillance in Central Asia remain limited. Therefore, developing tools that integrate 
wildlife observations, environmental data, and disease outbreak information is essential for enhancing 
regional surveillance capacity. The aim of this study was to develop an interactive geospatial dashboard 
integrating multiple environmental and epidemiological datasets to assess spatial risk factors associated 
with highly pathogenic avian influenza along migration routes in Kazakhstan.
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Materials and Methods
To develop an interactive geospatial analytical dashboard, relevant spatial data directly related to the 

assessment of the epizootic risk of HPAI infection was integrated.
The integrated database included information on migration activity and key ornithological locations, 

including migration routes, ringing sites, stopover sites, and breeding areas of migratory birds whose 
migration routes pass through the territory of Kazakhstan. The information was provided by the 
Institute of Zoology of the Ministry of Education and Science of the Republic of Kazakhstan and was 
also extracted from the international FAO EMPRES-i and EURING databases [17]. Georeferenced 
observations of species composition aggregated from the eBird citizen science crowdsourcing platform 
were also used [18]. The total sample size was 25,828 georeferenced records representing 137 wild bird 
species. These species were classified as "risk taxa" based on an analysis of global data on the spread 
of highly pathogenic avian influenza (HPAI), a set of ecological features, and taxonomic similarity to 
documented vectors of the infection.

The integration of these heterogeneous spatial data within a single user interface paved the way 
for the consolidation of spatial visualization tools and subsequent analytical modeling to assess the 
seasonality of migration processes and associated epizootic risks. Bird ringing data were used to 
reconstruct migration routes connecting Kazakhstan with other regions of Eurasia. The EURING 
database (EDB) contains a significant portion of the ringing return data [19].

Information on HPAI outbreaks (H5N1, H5N8) in wild and domestic birds was obtained from the 
FAO EMPRES-i and WOAH (WAHIS) databases [20]. These data provide insight into long-range 
ecological relationships and potential routes of virus spread.

Analytical data processing was performed using ArcGIS Pro (ESRI, USA), ArcGIS Online [21], and 
the R statistical environment [22]. The MaxEnt environment was used to model species distribution. 
MaxEnt is based on georeferenced points of species locations and raster layers of environmental factors 
significant for the species [23]. The following environmental covariates were used as predictor raster 
layers: bioclimatic variables (BIO1–BIO19 from WorldClim v2.1), proximity to open water bodies 
and wetlands (derived from the Global Surface Water dataset), normalized difference vegetation index 
(NDVI), and spatial density of poultry farming enterprises. The dataset was partitioned into training 
(75%) and testing (25%) subsets using random spatial blocking to minimize spatial autocorrelation. 
Model performance was evaluated using the area under the receiver operating characteristic curve (AUC); 
the mean AUC across 10 replicate model runs was 0.89 (SD = 0.02), indicating high discriminatory 
capacity.

All datasets were georeferenced and standardized within a single spatial coordinate system. 
Duplicate and incomplete records were removed, and spatial verification of observation coordinates was 
performed.

Results
As a result of the research, an interactive geospatial dashboard was developed through the 

integration, visualization, and analysis of existing data into a single user interface. This dashboard 
supports multilayered display and assessment of the spatial distribution and potential spread of highly 
pathogenic avian influenza (HPAI) in Kazakhstan. Interactive filtering tools allow data exploration by 
geographic area, taxonomic group, and risk level.

Specifically, the developed unified geospatial analytical platform integrates multiple heterogeneous 
spatial datasets. These include wild bird observation data from the eBird database, bird ringing and 
migration data, waterbody and wetland data, and poultry density data obtained from databases, enabling 
the visualization, exploration, and assessment of risks in near real time.

The platform is designed as a multi-layered geospatial system that allows users to combine and 
visualize multiple data sets relevant to HPAI transmission dynamics (Figure 1).
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Figure 1.  Distribution of wild bird observations by avian influenza risk groups in Kazakhstan, 
obtained from the eBird database

The dashboard includes several interactive components presenting key categories of wild bird 
observation risk data, derived from the eBird database. Observations are grouped according to taxonomic 
and ecological risk categories, including waterfowl, shorebirds, gulls, and other species known to play 
a role in maintaining and spreading the virus.

Data on bird ringing sites and migration routes make it possible to track the connections and routes 
of cross-border movement of potential carriers of the avian influenza virus. Thus, migration routes 
reconstructed based on bird ringing data demonstrate extensive ecological interconnections between 
Kazakhstan and many regions of Eurasia, indicating potential routes for the long-distance spread of 
avian influenza viruses (Figure 2).

Figure 2. Migratory connection of wild birds with Kazakhstan, obtained 
on the basis of bird ringing data
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The platform also allows for comparison of observed disease outbreaks, i.e., the current epizootic 
situation, with spatial patterns of predicted disease spread risk. This is additionally accomplished by 
using data on officially registered cases of highly pathogenic avian influenza outbreaks among wild and 
domestic birds (Figure 3).

Overlap analysis revealed partial spatial overlap between areas with high wild bird observation 
densities and regions characterized by intensive poultry farming. These ecological boundaries may 
represent potential hotspots for virus spread between wild and domestic bird populations.

Figure 3. Spatial relationship between wild bird observations, poultry density and reported 
outbreaks of highly pathogenic avian influenza (HPAI)

Overall, the developed geospatial information dashboard represents an effective digital tool for risk 
monitoring and early warning of the emergence and spread of HPAI in Kazakhstan, contributing to a 
better understanding of the spatial interactions between wild bird reservoirs and poultry farming systems.

Discussion
The dominant factor determining the epizootic risk of the emergence and spatial spread of highly 

pathogenic avian influenza (HPAI) in the Republic of Kazakhstan is the large number and taxonomic 
diversity of migratory ornithocomplexes that annually cross the country's territory [24]. According to 
existing estimates, approximately 50 million individuals of waterfowl and semi-aquatic birds stopover 
in Kazakhstan's water bodies during the spring and autumn migration periods, confirming the country's 
status as one of the key and natural continental hubs for the concentration of migration flows [25, 26].

A key functional element of the developed geospatial analytical panel is the ability to differentiate 
risk assessment based on the species of birds present in a specific geographic region. Of fundamental 
importance here is the fact that different species demonstrate varying degrees of involvement in the 
circulation and transmission of the HPAI virus. In the context of this study, based on an analysis of global 
epizootological data, a set of ecological characteristics, and taxonomic similarity with verified carriers 
of the infection, 137 avifauna species found in Kazakhstan were identified as potentially dangerous taxa 
(risk species) [27].

The integration of heterogeneous ecological and epizootological datasets within a single interactive 
geospatial monitoring platform represents a methodologically promising approach aimed at improving 
the epidemiological surveillance system for highly pathogenic avian influenza. The spatial patterns 
identified during the study correlate with known migratory routes and the habitats of wetland ecosystems 
that support large populations of waterfowl. The spatial overlap of wild avifauna habitats and industrial 
poultry farming sites forms an epizootically significant ecological cluster within which HPAI virus 
transmission events from wild reservoir hosts to poultry are highly likely to occur. The implementation 
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of interactive monitoring systems based on geographic information systems (GIS) technologies 
creates the preconditions for increasing situational awareness and information and analytical support 
for epizootological surveillance strategies for transboundary animal and bird infections based on risk 
assessment principles.

From a practical standpoint, the developed dashboard can be actively operationalized within the 
targeted active surveillance frameworks of state veterinary inspectorates. Specifically, risk zone maps 
generated by the platform can serve as the basis for scheduling preventive inspections of commercial 
poultry farms located within high-risk buffer zones identified by spatial overlay analysis. During peak 
spring and autumn migration periods, inspectorates may use the dashboard’s real-time filtering tools to 
prioritize biosecurity audits and intensify clinical and virological monitoring in farms situated within 
10–15 km of major stopover wetlands or ringing recovery hotspots. Integration of the platform’s outputs 
into national animal health information systems (e.g., the electronic veterinary reporting module of 
the Ministry of Agriculture of the Republic of Kazakhstan) would further enhance the timeliness and 
evidence-based nature of surveillance responses to emerging HPAI threats.

Conclusion
The developed geospatial dashboard represents an effective analytical and decision-making support 

tool for monitoring the risk of highly pathogenic avian influenza in Kazakhstan. By integrating multiple 
spatial datasets related to wild bird ecology, environmental conditions, and poultry farming, the system 
enables the rapid identification of areas where conditions may favor the introduction and spread of the 
virus. The approach presented in this study can contribute to the development of advanced veterinary 
surveillance systems and can be adapted for monitoring other transboundary animal and avian diseases.
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