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Abstract

Highly pathogenic avian influenza (HPAI) HSN1 continues to expand globally, posing a growing
threat to wildlife, poultry, and humans. Kazakhstan, located at the intersection of the Central
Asian, West Asian-East African, and Black Sea-Mediterranean flyways, includes extensive
wetlands and supports large populations of migratory waterbirds, making it a critical area for
HPAI surveillance. This study provides a spatio-temporal risk assessment and a weighted priority
list of wild bird species potentially involved in HPAI dynamics in Kazakhstan. Using eBird records
(2019-2023), we compiled 25,828 georeferenced observations representing 137 species identified
as risk taxa based on global HPAI evidence, ecological traits, and taxonomic similarity. A semi-
quantitative scoring framework integrating ecological risk group, local abundance, and
documented HPAI infection ranked species into high (n=38), moderate (n=76), and precautionary
(n=23) priority levels. Temporal analyses revealed pronounced peaks in high-risk groups during
the spring (April-June) and autumn (September-November) seasons. Spatial and spatio-
temporal analyses highlighted recurrent hotspots in central (Akmola/Tselinograd), western
(Caspian coastal oblasts), and southeastern (Almaty/Alakol Lake) Kazakhstan, with seven
statistically significant clusters identifying discrete surveillance windows during migration and
breeding. This framework emphasizes the importance of integrating citizen science data with
eco-epidemiological criteria and spatial modeling to inform targeted surveillance. By generating
a prioritized list of wild bird species potentially involved in HPAI dynamics for surveillance and
delineating sentinel regions, our findings provide a foundation for risk-based monitoring and
early warning systems for HPAI in Kazakhstan, with clear applicability to other countries situated
along major migratory flyways.
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Introduction

Highly pathogenic

avian influenza (HPAI) current HPAI subtype HSN1 panzootic (clade

represents a significant and escalating global 2.3.4.4b virus), which began in late 2020, is
threat, impacting poultry industries, wild bird unprecedented and has exhibited novel
populations, and public health worldwide. The epidemiological characteristics, such as a

marked increase in incidence, continuous
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circulation without clear seasonality, expanded
geographic range, increased susceptibility in wild
birds, and frequent spillover events to wild and
domestic mammals (WOAH 2024; Sacristan et
al., 2024; Xie et al., 2025). Between 2021 and
2024, this virus has caused the deaths of over
311 million domestic birds and thousands of wild
birds globally, resulting in substantial economic
losses and posing a persistent threat not only to
poultry production but also to public health (FAO
2025; WOAH 2024). The continued spillover to
mammals, including foxes, mink, cats, and even
cattle, raises concern that adaptive mutations
could increase zoonotic potential (Uyeki et al.,
2024). Overall, HPAI HS5N1 now constitutes an
ongoing and intensifying One Health challenge,
requiring strengthened surveillance and control
efforts (Xie et al., 2025; FAO and WOAH, 2025).
Migratory wild birds, particularly aquatic
species, are widely recognized as the natural
reservoirs of avian influenza viruses and have
long been implicated in both the intercontinental
and continental spread of HPAI (Stallknecht and
Brown, 2008; Lee et al., 2015; Global Consortium
for HSN8 and Related Influenza Viruses, 2016;
Caliendo et al., 2022; Couty et al., 2025).
Waterfowl (such as ducks, geese, and swans)
often carry low-pathogenic avian influenza
viruses asymptomatically and can shed virus
along their flyways. However, the
outbreak dynamics diverge markedly from this
historical pattern: a much broader diversity of
wild bird species is now being disproportionately
affected, and wild birds are increasingly playing
an active role in HPAI transmission (Harvey et al.,
2023; Xie et al., 2025). Mass mortality events
have become more frequent than in the past, with
infected birds also contributing to environmental
contamination (Sacristan et al., 2024). The
presence of infected migratory birds near poultry
farms poses a persistent threat of viral spillovers
into domestic flocks. Ecological studies have
consistently identified proximity to wetlands
used by wild waterfowl as a major risk factor for
HPAI incursion on poultry farms (EFSA 2017).
This shift underscores the pressing need for
intensified surveillance in wild bird populations
and a deeper understanding of the ecological and
virological factors that contribute to increased
virulence and transmission (CMS-FAO Task
Force, 2024; FAO and WOAH, 2025).

Poultry farming plays a significant role in
Kazakhstan’s agricultural sector, with key
development directions already

current

innovative

77

established. It ensures the population is supplied
with meat and eggs and contributes to the export
of agricultural products (FAO 2024). In recent
years, significant investments and innovative
development programs have driven the rapid
expansion of poultry farming. For example, an
analysis of projected poultry farming trends
through 2025, based on factor influence
assessments, indicates that poultry production
in the country will continue to grow due to the
implementation of integration and innovation
processes. According to official statistics, poultry
meat production in Kazakhstan from January to
November 2024 increased by 9.4% compared to
the same period in 2023. During this time,
domestic enterprises produced 326.3 thousand
tons of poultry products. There are 67 poultry
farms in operation in the country, including
those specializing in meat, eggs, and breeding
(KazStat, 2025).

As one of the most dynamically developing
sectors of agriculture, poultry farming
Kazakhstan actively attracts investments. By
2027, dozens of new poultry farms are planned
for construction, including some of the largest in
Central Asia. These measures aim to reduce
import dependence export
potential. In 2023-2024, poultry meat exports
increased by 34%, reaching approximately
38,000 tons. However, the rapid industrialization
of poultry farming, high bird stocking densities,
and the country's geographical location at the
intersection of major migratory flyways create
favorable conditions for the introduction and
spread of HPAI. The northern and central regions
are particularly vulnerable, as poultry farm
concentrations overlap with wild bird flyways,
increasing the opportunities for contact between
domestic birds and wild reservoirs (Baikara et al.,
2025).

From 2020 through 2024, the number of
HPAI outbreaks increased across Eurasia. The
most affected regions in Kazakhstan were North
Kazakhstan, Akmola, and Kostanay provinces,
where high concentrations of industrial poultry
farms overlap with natural water bodies (WOAH
2025). The total impact of HPAI incursions in
Kazakhstan over 2020-2024 has been severe and
key consequences include a mass mortality and
culling of poultry (more than 1.9 million domestic
birds), economic losses to the sector (estimated
to exceed USD 14.5 million) and control
measures and trade restrictions (establishment
of quarantine zones and export restrictions)

in
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(eldala.kz, 2021; Ministry of Agriculture of the
Republic of Kazakhstan, 2024).

Wild birds are often the primary introducers
of HPAI into new regions. In Kazakhstan,
virological evidence from the 2020 outbreaks
confirmed that HS5N1 viruses detected in
domestic poultry were genetically identical to
strains circulating in wild birds in southern
Russia and East Asia (WOAH, 2025). One of the
key drivers of HPAI risk in Kazakhstan is its
geographic location at the convergence of several
major migratory flyways. Kazakhstan lies at the
intersection of three large migratory flyways: the
West Asian—-East African (WAEAF) and the Black
Sea—-Mediterranean (BSM) belong to the African-
Eurasian flyway system, and the Central Asian
Flyway (CAF). Within these flyways, regional
corridors
Caspian-Black Sea routes traverse the country
(EAAFP, 2025). These pathways encompass
millions of migratory birds, including geese,
ducks, swans, flamingos, herons, sandpipers,
and other waterbird species. The CAF covers at
least 279 populations of migratory waterbirds
from 182 species, which breed and migrate
across the region (WOAH, 2024).

Migration is seasonal and occurs in two major
periods, namely, i) Spring migration (March-
May), in which northward movements occur
through Kazakhstan to breed; ii) Autumn
migration (September-November), when wild
birds return to wintering grounds in the South
(Kullberg et al., 2016). During these migration
periods, Kazakhstan’s wetlands and lakes serve
as crucial stopover and molting sites for birds. It
is estimated that approximately S50 million
migratory waterbirds stop in Kazakhstan each
year during their spring and autumn migrations,
making the country a critical hub for AIV
transmission between East Asia and Europe
(Abenova et al., 2025). Thus, understanding the
movements of wild birds and their interactions
with poultry is vital for predicting and preventing
outbreaks in Kazakhstan.

such as the West Siberian and

Epidemiological surveillance in Kazakhstan is
managed by the Committee for Veterinary
Control and Supervision under the Ministry of
Agriculture, in cooperation with national and
regional laboratories. Key institutions involved
include:
Veterinary Medicine, the Republican Veterinary
Laboratory and its regional branches, and the
Regional veterinary services for controlling
particularly dangerous infections. To strengthen

the National Reference Center for
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early warning and response capabilities, current
priorities include the development of spatial
modeling systems, integration of wild bird
migration and climate data, and the expansion of
international cooperation, particularly with
organizations such as the Food and Agriculture
Organization of the United Nations (FAO) and
EURING (Zikibayeva et al., 2025). Additionally,
vaccination has been adopted as a preventive
measure in the highest-risk zones. Since 2021,
Kazakhstan has been targeting vaccination of
poultry (using inactivated HS vaccines) in
selected districts along major flyways (WOAH
2025).

Understanding the spatiotemporal dynamics
of wild bird species that may serve as reservoirs
or vectors of HPAI is essential for anticipating and
mitigating outbreak risks (Ibanez-Porras et al.,
2024). Traditional surveillance often lacks
sufficient granularity or real-time reach to detect
risk patterns early, especially in regions with
limited banding data. In this context, large-scale
bird observation platforms, such as eBird, have
become extremely valuable. eBird is a global
citizen science database where birdwatchers
report sightings of bird species with timestamps
and locations (Sullivan et al., 2009). Since 2019,
thousands of bird observations across
Kazakhstan have been logged in eBird, providing
a rich dataset on the distribution, abundance,
and seasonal movement of wild species. By
mining these data, researchers can identify
which wild bird species are present in and
around poultry areas at various times, flagging
potential risk periods when HPAI could be
introduced or amplified. Recent scientific studies
demonstrate that citizen-derived data can
effectively capture changes in wild bird-poultry
interactions. For example, Vickers and others
showed that combining eBird sightings with
outbreak data enabled a rapid assessment of
which wild bird species occurrences correlated
with poultry HPAI outbreaks in Europe (Vickers
et al., 2024). This type of analysis can identify
“high-risk species”, such as migratory waterfowl
that congregate near farms, and alert authorities
to their presence. Compared to traditional ringing
or census methods, the spatio-temporal
resolution of eBird data is considerably higher,
offering a powerful and cost-effective means to
enhance wildlife disease surveillance.

The present study aims to enhance the
epidemiological understanding of HPAI in
Kazakhstan by systematically identifying and



prioritizing wild bird species that potentially may
serve as key reservoirs and vectors of the virus.
We conducted a descriptive risk assessment of
wild bird species observed in Kazakhstan
between 2019 and 2023, using data from eBird,
and integrated ecological traits, migratory
behavior, species abundance, and known
susceptibility to HPAI. Building on this
prioritization, we analyzed the spatio-temporal
distribution of high-risk species. This integrative
approach helped to identify periods and regions
of heightened risk, providing actionable evidence
to support more strategic surveillance design,
resource allocation, and preventive efforts at the
wildlife-domestic interface in Kazakhstan.

Materials and methods

Study area

The study was conducted in Kazakhstan, located
at the intersection of three major migratory bird
flyways: the Central Asian, West Asian-East
African, and Black Sea-Mediterranean flyways
(Figure 1). Its diverse ecosystems, including
extensive wetlands and steppe regions, support a
rich avian biodiversity and provide key breeding,
molting, and stopover habitats for numerous
migratory wild bird species (Sklyarenko et al.,
2008; Kydyrmanov et al., 2017; BirdLife, 2024).

The first-level administrative divisions of
Kazakhstan are represented by 17 regions
(“oblasts”) and three cities of republican
significance.

Exploration of wild bird species in Kazakhstan

Wild bird observation data for Kazakhstan

Wild bird observation data for Kazakhstan were
obtained from the eBird Basic Dataset (EBD)
(eBird, 2025), filtered for Kazakhstan, for the
period from 2019 to 2023. eBird is a global
citizen-science initiative that collects bird
observations from contributors worldwide,
providing a rich source of information on bird
distribution, abundance, and  phenology
(Sullivan et al., 2009). After filtering and basic
harmonization, the final dataset included 90,297
records spanning 434 wild bird species observed
within Kazakhstan.

Selection and characterization of high-risk

The identification and characterization of wild
bird species relevant for HPAI surveillance in
Kazakhstan involved a multi-criteria framework
that integrated (i) eco-epidemiological wild birds’
characteristics (gregarious behavior, aquatic
birds), (ii) susceptibility evidence from recent
panzootic waves, and (iii) local abundance based
on eBird data (2019-2023).

‘West Asian-East African
Black Sea/Mediterranean
Central Asia

Figure 1: Geographic position of Kazakhstan at the intersection of three major avian migratory flyways. The
Central Asian Flyway is shown in yellow, the West Asian-East African Flyway in green, and the Black Sea—
Mediterranean Flyway in blue. Adapted from EAAFP (2025) https://eaaflyway.net/the-flyway/
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A global review of 557 bird species known to
be involved in HPAI epidemiology (2002-2024)
was conducted based on: i) Global evidence
(2002-2024): European Commission (EC 2010;
EC 2020) risk list; EFSA overviews (EFSA 2017;
EFSA 2022); USA guidance (CDC/USDA); peer-
reviewed literature (Martinez et al., 2009; Harvey
et al., 2023; Sacristan et al., 2024; Li et al., 2018;
Cho et al., 2024; Seo et al., 2025). ii) Species
affected by HPAI: FAO 2025; WAHIS-WOAH
reports (WAHIS, 2025).

From this global list, 137 species were
identified as present in Kazakhstan (eBird, 2025).
Of these, 40 species had not previously been
recorded as affected by HPAI; however, they were
included based on ecological or taxonomic
similarity to affected species elsewhere.
Taxonomic families were grouped into eight
ecological risk groups, known for their roles in
AIV ecology, based on the EFSA classification
(EFSA, 2017) (Table 1). A descriptive analysis was
conducted on the 137 wild bird species identified
as at risk for HPAI transmission in Kazakhstan
using eBird data from 2019 to 2024.

To prioritize species for surveillance, a semi-
quantitative risk scoring system was applied
based on three components:

Ecological risk group: The taxonomic and
ecological groups are known to be associated
with HPAI outbreaks. Each risk group was
assigned a score ranging from 1.5 to 3 points
depending on its known risk (Table 1). Each
species was assigned a score according to the
ecological risk group to which it belonged: i)
Ducks, geese, and swans (Anatidae): Anatidae,
primarily waterfowl, are recognized as the
principal natural reservoirs for avian influenza
viruses, often carrying low pathogenic strains
asymptomatically and playing a crucial role in
long-distance dissemination along
migratory flyways, particularly in wetland
habitats (Webster et al., 1992; Olsen et al., 2006;
FAO 2007; EFSA, 2017; Couty et al., 2025). ii)
Waders (Charadriformes): Similarly,
Charadriiformes, which include shorebirds, are
frequently associated with coastal and inland
water bodies, facilitating virus transmission in
diverse aquatic environments (Krauss et al.,
2004; FAO, 2007; EFSA, 2017). iii) Gulls, terns,
and allies (Laridae): These species are often found
in high densities in coastal and inland water
bodies, as well as urban and agricultural areas,
which increases their potential for virus
transmission across varied environments and

viral
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interfaces with domestic poultry (Olsen et al.,
2006; FAO 2007; EFSA, 2017; Harvey et al.,
2023; CMS-FAO, 2024; Couty et al., 2025). iv)
Herons, Pelicans, and Storks (Ciconiiformes and
Pelecaniformes): These large colonial waterbirds
forage and nest in wetland environments,
sometimes in large, mixed-species colonies. Their
behaviors and habitat use may contribute to
localized environmental contamination and the
regional spread of HPAI, especially during
communal roosting and breeding periods (FAO,
2007; EFSA, 2017; Verhagen et al., 2021; Soda
et al., 2022; Harvey et al., 2023; Martelli et al.,
2025). v) Coots, cranes, and rails (Gruiformes):
These birds occupy a range of wetland and
adjacent terrestrial habitats and may serve as
bridge species due to their capacity to move
between wild and human-altered environments,
thus facilitating the environmental spread of
HPAI (FAO 2007; Stallknecht and Brown, 2008;
EFSA, 2017; CMS-FAO, 2024). vi) Grebes
(Podicipediformes) and Gaviiformes: These diving
waterbirds can contribute to the persistence and
spread of the virus in aquatic environments (FAO
2007; EFSA 2017; Li et al., 2018; Couty et al.,
2025). vii) Steppe birds (Otididae): Although
traditionally not considered high-risk, some
steppe-dwelling  species occasionally
interface with water sources or agricultural
areas, necessitating precautionary surveillance
due to potential underreporting or novel host
dynamics. Cormorants and  shags
(Phalacrocoracidae): These piscivorous birds are
closely associated with lakes, rivers, and
coastlines. Their colonial roosting habits and
contact with shared water bodies position them
as potential amplifiers or secondary hosts of
HPAI (FAO 2007; EFSA 2017; Pohlmann et al.,
2023).

Abundance in Kazakhstan: Species were
ranked based on their cumulative number of
eBird records in Kazakhstan from 2019 to 2023,
with scores assigned by quartile (Low=0,
Medium=1, High=2).

Evidence of HPAI infection: Species were given
+1 if listed as affected by HPAI in official sources
(FAO, WOAH) or peer-reviewed publications
(Martinez et al., 2009; Li et al., 2018; Harvey et
al., 2023; Sacristan et al., 2024; Cho et al., 2024,
Seo et al., 2025).

Final scores ranged from 1.5 to 6.0. Species
were classified into three priority risk levels: High
priority: score =2 5, Moderate priority: score 3.0—
4.5, and Precautionary: score < 3.

may
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This classification formed the basis for
developing a prioritized list of wild bird species
potentially involved in HPAI dynamics and
prioritized for surveillance in Kazakhstan.
Observation records were processed to extract
species and observation date information,
enabling temporal trend analysis. To identify
seasonal peaks in reporting activity, monthly

eBird records from 2019 to 2023 were aggregated
by ecological risk group. We calculated and
reported the mean number of records per month
along with the standard deviation (x1 SD) for
each group, providing a descriptive overview of
seasonal patterns in wild bird occurrence across
Kazakhstan.

Table 1: Classification of wild bird groups prioritized for HPAI surveillance in Kazakhstan based on eco-

epidemiological criteria.

Risk group (Order: family) Order Family Risk group score*
Ducks, geese, and swans Anseriformes Anatidae 3
Coots, cranes, rails Gruiformes Rallidae and Gruidae 2,5
Waders Charadriformes Charadridae 2,5
Gulls, terns, and allies Charadriformes Laridae 2,5
Herons and pelicans and Pelecaniformes and Ardeidae, Pelicanidae, and 2
storks Cinoniiformes Ciconiidae
Grebes and Gaviiformes Podicipediformes and Podicipedidae and Gavidae 2
Gaviiformes
Cormorants and shags Suliformes Phalacrocoracidae 2
Steppe birds Gruiformes Otididae 1,5

*Each group is defined by its taxonomic order and family and assigned an ecological risk score reflecting its potential
involvement in HPAI dynamics. Higher scores (22.5) were allocated to groups with well-established roles as natural reservoirs
or long-distance vectors of avian influenza viruses. Intermediate scores (2.0) were given to groups with demonstrated but
more localized or secondary involvement. A precautionary score of 1.5 was assigned to steppe birds, reflecting limited evidence
of HPAI involvement but potential under-reporting and ecological interactions. Full details on the scoring methodology and
supporting references are provided in the Materials and Methods section.

Spatial and spatio-temporal analysis of risk
wild bird observations

The spatial distribution of wild bird species
prioritized for HPAI surveillance in Kazakhstan
was explored using a combination of
geostatistical and spatio-temporal methods,
including Kernel Density Estimation (KDE),
hotspot detection (Getis-Ord Gi*), and cluster
analysis using SatScan™. The primary dataset
consisted of georeferenced eBird observations
corresponding to the 137 species identified in the
HPAI risk list. Each observation point (a total of
25,828) was assigned a priority risk score derived
from the species’ ecological risk group.

A Kernel Density Estimation (KDE) analysis
was performed using ArcGIS Pro 3.3 (ESRI) to
visualize the continuous spatial density of
priority wild bird observations. KDE was
calculated using a kernel function radius of 0.78
degrees (~80 km) and a resolution of 0.01 degrees
(~1 km), which is appropriate for regional-scale
assessments. This method enabled the
identification of general high-density areas of
wild bird activity potentially relevant to HPAI
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surveillance. To further identify statistically
significant clusters of high-risk observations, a
hotspot analysis was conducted using the Getis-
Ord Gi* statistic in ArcGIS Pro. The study utilized
the assigned priority risk level score for each
observation,
where observations of higher-risk species were

more spatially concentrated than expected.

enabling the detection of areas

A space-time permutation analysis was
performed using SatScan™ v10.2.5 (Kulldorff et
al., 2005) to detect spatiotemporal clusters of
priority species observations. The null hypothesis
was that observations were randomly distributed
throughout Kazakhstan during (2019-2023). The
analysis employed a cylindrical scanning window
with a fixed temporal aggregation unit of 1 week
and a maximum temporal scanning window of 3
months, which approximates the duration of a
season. This approach aimed to detect significant
spatio-temporal clusters and identify periods of
elevated wild bird abundance for targeted
surveillance. Statistically significant clusters (p <
0.05) were extracted and visualized to support
seasonal surveillance planning.



Results

A total of 25,828 eBird records (2019-2023) were
retained for 137 wild bird species in Kazakhstan
identified as potential risk species for HPAI and
compiled across eight functional risk groups
(Table 2).

Distribution across ecological risk groups
showed that waders and Anatidae were the most
frequently recorded (27.04% and 25.88%,
respectively), followed closely by Laridae (22.6%).
The three groups together represented 75.5% of
all observations (Figure 2).

Among the 137 risk species, 39 (28%) were
classified as high-abundance (top quartile), 35
(26%) as medium-abundance, and 63 (46%) as
low-abundance. Waders, Anatidae, and Laridae
concentrated on high-abundance species (2019-
2023) (Figure 3). Annual tallies increased after
2021 (2019: 4,032; 2020: 962; 2021: 3,537;
2022: 8,370; 2023: 8,927), reflecting
intensification of observer effort or platform
usage. Analysis of monthly eBird records for the
137 HPAI-risk species showed clear seasonal
patterns. Peak observations typically occurred
between April and June, corresponding to spring
migration and breeding periods. However, it also
showed a low increase in detection in autumn
(September—November), likely linked to post-
breeding dispersal and southward migration.
Groups showed strong the
proportion of observed records concentrated in
spring + autumn reached 74.6% in Anatidae,
72.1% in waders, 72.8% in grebes, 72.0% in rails
and cranes, 71.1% in cormorants and shags, and
70% in steppe birds (Figure 4). This pattern was
consistent across years, with relatively low
observation counts during the winter months
(December-February), particularly for groups
such as The
quantitative scoring system assigned a final risk
score for each species and grouped them into
three priority categories: 38 species
classified as high priority, 76 as moderate
priority, and 23 as precautionary. Most high-
priority species are included in the high-
abundance group, indicating that species of
greater concern are regularly observed and thus
accessible for field surveillance. Conversely,
species the precautionary group were
predominantly low-abundance taxa. Within
groups, species are categorized across High /
Moderate / Precautionary priority risk levels, in
line with epidemiological evidence and

seasonality;

waders and herons. semi-

were

in

82

abundance quartiles (Table 3). The full list of 137
species, along with their corresponding risk
scores and prioritization levels, is provided in the
Supplementary Material (Table S1).

To assess observation effort and geographic
coverage, eBird records for risk species were
mapped by oblast (Figure 5) and by risk group
(Figure 6). Higher observation densities were
concentrated in northern, western, and
southeastern Kazakhstan, particularly in oblasts
such as Atyrau, Almaty, Turkestan, and East
Kazakhstan. This pattern likely reflects a
combination of factors, including regional
differences in observer activity and accessibility,
rather than true species distributions alone.
However, these areas also overlap with major
wetland systems and key migratory corridors
that intersect the country, reinforcing their
ecological significance. This spatial heterogeneity
should be considered when interpreting relative
abundance metrics, highlighting the potential of
these regions to serve as sentinel sites for
targeted HPAI surveillance.

The spatial distribution of the 137 wild bird
species across Kazakhstan, categorized by risk

group, revealed distinct ecological and
geographic patterns associated with each risk
group (Figure 6). Ducks, geese, and swans

(Anatidae), as well as waders (Charadriiformes),
exhibit a wide distribution across central,
northern, and southeastern often
clustering around major wetland systems, such
as those in Akmola, Almaty, Atyrau, and
Mangystau oblasts. Gulls and terns (Laridae)
were also widely distributed, with a notable
presence near large lakes and water bodies
adjacent to urban areas. Herons, storks, and
pelicans exhibited more localized distributions,
concentrated in southeastern wetlands and delta
regions. Coots, cranes, and rails were observed in
both wetland and steppe-adjacent areas,
reflecting their mixed habitat use. Grebes and
Gaviiformes were mostly associated with large
inland water bodies, while cormorants and shags
were recorded along major aquatic systems,
including the Caspian basin. Steppe birds had a
more restricted range, with observations largely
confined to arid and semi-arid habitats in the
central and western parts of the country. Overall,
this spatial diversity highlights the broad
ecological distribution of HPAI risk species across
Kazakhstan’s key habitats, supporting the
development of geographically differentiated
surveillance strategies.

regions,
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Table 2: Summary of species and eBird observation records by risk group (2019-2023):

Risk group Number of species* Total records Mean

Sandpipers and Charadriidae (Waders) 42 6,985 166.31
Ducks, geese, and swans (Anatidae) 32 6,684 208.88
Gulls, terns, and allies (Laridae) 22 5,837 265.32
Herons (Ardeidae), pelicans, and storks 16 2,514 157.13
Coots, cranes, and rails 13 1,366 105.08
Grebes and Gaviiformes 7 1,121 160.14
Steppe birds 3 659 219.67
Cormorants and shags (Phalacrocoracidae) 2 662 331.00
Total 137 25,828 188.53

*Number of species included in each risk group; total records” refers to the cumulative number of eBird
observations from Kazakhstan reported for all species within each ecological risk group during 2019-2023, and
“Mean” represents the average number of records per species within each group (calculated as total records
divided by the number of species).
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Figure 2: Number of eBird observation records by risk group (2019-2023).
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Abundance classes of risk species by group
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Figure 3: Abundance class distribution of wild bird species by ecological risk group showing the number of
species with high, medium, or low abundance within each risk group.

Table 3: Number of wild bird species by priority risk level within each ecological group.

N° species/ Risk group Priority
High Moderate Precautionary

Sandpipers and Charadriidae (Waders) 8 25 9
Ducks, geese, and swans (Anatidae) 17 15 0
Gulls, terns, and allies (Laridae) 6 15 1
Herons (Ardeidae), pelicans, and storks 3 11 2
Coots, cranes, and rails 1 5 7
Grebes and Gaviiformes 2 4 1
Steppe birds 0 1 2
Cormorants and shags (Phalacrocoracidae) 1 0 1
Total 38 76 23
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Figure 4: Monthly phenology profiles by ecological risk group (2019-2023). Mean monthly eBird observations
in Kazakhstan (2019-2023) with 95% confidence intervals for each risk group: A) Ducks, geese, and swans
(Anatidae); B) Waders (Sandpipers and Charadriidae); C) Gulls, terns, and allies (Laridae); D) Herons, storks,
and pelicans (Ardeidae, Ciconiidae, Pelecanidae); E) Coots, cranes, and rails (Rallidae and Gruidae); F)
Cormorants and shags (Phalacrocoracidae); G) Grebes and Gaviiformes; and H) Steppe birds (Otididae).
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The kernel density analysis of eBird
observations for wild bird species at risk of HPAI
revealed clear spatial clustering across
Kazakhstan. The highest concentration of
observation density and risk scores was detected
in three major geographic zones (Figure 7):

e Central Kazakhstan: Particularly around
the Tselinograd (Akmola  Oblast),
encompassing the Korgalzhyn-Tengiz wetland
system, a known hotspot for breeding and
migratory waterbirds, including Anatidae,
waders, and Laridae.

region

e Western Kazakhstan: Including the
Caspian Sea coastal area, primarily within
Atyrau  (Guryev) Oblast and Mangystau
(Mangislau) Oblast, which host important
stopover sites for migratory gulls, terns, and
waterfowl using the Caspian and associated
wetlands.

e Southeastern Kazakhstan: Focused in
Almaty Oblast, near the Alakol Lake system and
other high-altitude wetlands in the Zhetysu
region, which  support large seasonal
aggregations of waders, grebes, and Anseriformes
during spring and autumn migration.

The Getis-Ord Gi* analysis showed significant
spatial clustering of high-priority level species
observations (Figure 8). Similar to kernel density
analysis, three main hotspot regions were
identified in central Kazakhstan, around the
Tselinograd

region (Akmola oblast), Western Kazakhstan,
in proximity to the Caspian Sea, including
Guryev and Mangystau oblasts, and
Southeastern Kazakhstan, near Almaty oblast.

The Getis-Ord analysis prioritized zones where
high-priority risk-level species were observed.

Seven statistically significant (P<0.001)
spatio-temporal clusters were detected (Table 4,
Figure 9), with durations ranging from 6 to 83
days. The average radius across clusters was
87.9 km (SD=66.1), and all clusters included = 7
observation locations. The median observed-to-
expected (ODE) ratio was 17.7 (SD=25.2),
indicating intense spatial aggregation relative to
the background distribution. The largest cluster
(Cluster 3) was located in the south-central
region. Notably, all clusters overlapped with
areas previously identified by KDE, and three
also aligned with those revealed by the Getis-Ord
Gi* hotspot analysis. This reinforces these zones,
particularly in the Caspian, central, and
southeastern regions, as high-priority areas for
HPAI surveillance. It is worth noting that the
hotspot analysis did not include temporal
information and was based on species
prioritization scores, which may explain the
limited overlap, confined to the three most
significant spatio-temporal clusters (Clusters 1,
2, and 3).

Temporal clustering patterns also aligned
with the described seasonal migration peaks,
with the majority (71%) occurring between early
spring and mid-summer, coinciding with peak
migration and breeding periods. The remaining
two clusters were detected during the secondary
peak in autumn. These results underscore the
importance of incorporating seasonality into
surveillance planning, supporting targeted
monitoring efforts that align with high-risk
periods and locations.

Table 4. Summary of statistically significant spatio-temporal clusters (p < 0.001) of risk wild bird species
observations in Kazakhstan (2019-2023), detected using the space-time permutation model in SatScan™. For
each cluster, the table displays the spatial radius (in kilometers), the number of observation locations included,
the observed-to-expected ratio (ODE), the start and end dates, and the total duration in days.

N° Cluster Radius (km) N° locations ODE Date start Date end Duration (days)
1 88.5 153 8.1 27/05/2019 02/06/2019 6
2 25.0 7 12.8 16/03/2020 07/06/2020 83
3 202.1 168 4.3 29/04/2019 26/05/2019 27
4 73.7 82 5.5 09/10/2023 31/12/2023 83
5 126.2 84 74.2 27/06/2022 03/07/2022 6
6 98.7 46 14.9 24/05/2021 13/06/2021 20
7 1.4 15 4.1 04/10/2021 19/12/2021 76
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Discussion

This study presents a comprehensive framework
for prioritizing wild bird species for HPAI
surveillance in Kazakhstan, integrating global
evidence, eco-epidemiological risk, and local
abundance patterns. By leveraging citizen-
science data and synthesizing recent HPAI
reports, our findings contribute to a better
understanding of potential reservoir and bridge
hosts in Kazakhstan, a region situated at the
convergence of several major migratory flyways,
which represents a key area for understanding
and mitigating the intercontinental spread of
HPAL. Our results align with recent calls from the
global scientific community to improve wild bird
surveillance strategies, especially in
underrepresented regions with high migratory
bird activity (CMS-FAO, 2024).

The use of citizen science data, specifically
from eBird, provides a robust and cost-effective
methodology for monitoring wild bird populations
implicated in the transmission of HPAI. In the
context of Kazakhstan, where conventional bird
banding and recovery data remain scarce, eBird
bridges a critical knowledge gap (Sullivan et al.,
2009), allowing near real-time species mapping
across seasons and geographical areas. This
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enhances the capacity for dynamic surveillance
and risk  assessment. Citizen  science
observations have already been wuseful for
detecting unusual wildlife mortality and invasive
species (Vickers et al.,, 2024),
underscoring utility for epidemiological
monitoring. Despite inherent limitations, such as
spatial and temporal biases in observer effort, as
well as filtering and prioritization methods, the
large improved data reliability.
Furthermore, the strong alignment between
eBird-based abundance patterns and the species
identified as high-risk underscores the value of
this tool for monitoring wildlife health.

elsewhere
its

dataset

The application of a semi-quantitative scoring
system allowed us to stratify 137 species into
three surveillance priority levels. This approach
proved effective in identifying species both with
documented HPAI those
ecologically similar to affected taxa. Notably, 40
native species not previously reported as infected
were classified as precautionary based on
ecological similarity and local abundance. These
species, often underrepresented in previous
assessments, may act as bridge or spillover
hosts, justifying their inclusion in targeted
surveillance programs. When compared to the
methodology applied by Dewar et al. (2023) in

involvement and



their risk assessment of HPAI in the Southern
Ocean, both similarities and important
differences are evident. While our approach used
a semi-quantitative scoring system integrating
ecological risk group, local abundance (via eBird),
and infection history to classify species into high,
moderate, and precautionary priority levels,
Dewar et al. (2023) employed three variables,
known susceptibility, risk behavior, and
population connectivity, scored on a 1-5 scale
across 30 broad wildlife groups. The key
distinction lies in granularity: our analysis
allowed finer spatio-temporal resolution by
incorporating eBird data, whereas Dewar’s
framework emphasized population connectivity
over vast geographic scales. Both approaches
demonstrate the wutility of semi-quantitative
methods for risk-based surveillance, tailored to
the availability of data and regional contexts.
Importantly, the integration of citizen science
into our framework offers a volume and
geographic coverage advantage in regions like
Kazakhstan, where banding data are limited —a
challenge also noted by Dewar et al. (2023) in the
Antarctic context.

The obtained Kazakhstan patterns of priority

species dominated by Anatidae, shorebirds
(waders), and Laridae are consistent with
epidemiological findings from other regions

across Eurasia and Asia (Couty et al., 2024; Xie
et al., 2024; Seo et al., 2024; Cho et al., 2025).
These groups have been consistently highlighted
as central to HPAI dynamics in international
assessments (Hill et al., 2019; Damodaran et al.,
2024; Verhagen et al., 2021). The high volume of
eBird records for these families underscores their
ecological relevance as reservoirs and long-
distance vectors of avian influenza viruses
(Sonnberg et al., 2013; FAO, 2007). Recent
reports from South Korea (2022-2024) have
highlighted the role of white-fronted geese and
various swan species in the dissemination of
H5N1, with further detections of HSN6 and H5N1
in wild whooper swans and bean geese in late

2023 (Seo et al., 2025; Cho et al., 2024).
Similarly, long-distance HS5N1 transmission
events involving whooper swans have been

documented in China and Mongolia (Li et al.,
2018). While Anatidae and Charadriiformes
dominate both in terms of abundance and
evidence of avian influenza virus involvement,
other groups, such as grebes, cormorants, and
large colonial waterbirds (including herons,

pelicans, and storks), also ranked high in risk
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despite = comparatively lower  observation
numbers, supporting their inclusion in
surveillance frameworks. Although some studies
suggest that land birds may carry comparable
AIV prevalence to waterbirds (Cerda-Armijo et al.,
2020), the steppe birds in this study in
Kazakhstan comprise only two species, with no
recorded HPAI cases, supporting their
classification as having a lower ecological risk.

The temporal analysis revealed peaks in
April-June and September—November,
corresponding to spring and autumn migration
and breeding periods, as also noted by EFSA
(2017) and are consistent with known periods of
HPAI outbreaks in wild birds in Eurasia,
underscoring the importance of aligning
surveillance timing with these phenological
windows (EFSA, 2017; Blagodatski et al., 2021;
FAO, 2024). In particular, Anatidae and
shorebirds (Charadriiformes) exhibited the
highest seasonal densities and have been
implicated in the global spread of HPAI in recent
outbreaks (Li et al., 2018; Harvey et al., 2023;
Sacristan et al., 2024).

The spatial analyses highlighted key regions
for surveillance prioritization, such as the
Caspian coastal oblasts (Atyrau and Mangystau),
the southeast (Almaty region),
Kazakhstan (Akmola/Tselinograd). These areas
correspond to major wetland systems and
migratory corridors within the Central Asian,
and Black Sea-
and the results are

and central

West Asian—-East African,
Mediterranean flyways,
consistent with previous modeling studies in the
region (Abenova et al., 2025). The observed
spatial aggregation is also consistent with recent
reports of HPAI outbreaks in both wild and
domestic birds, particularly in northern regions

with high poultry density (WOAH, 2025),
underscoring the importance of focusing
surveillance in north and northeastern

Kazakhstan, where poultry production overlaps
with migratory routes. These findings also align
with habitat suitability models for waterfowl and
colonial waterbirds (Seo et al., 2025). The kernel
density estimation captured general density
patterns, while Getis-Ord Gi* emphasized
hotspots of higher-priority species. As the Getis
method does not account for seasonality, the
results likely reflect both species diversity and
observation density. Nevertheless, the
combination of KDE, Getis-Ord, and SatScan™
adds robustness by integrating spatial and
spatio-temporal perspectives.



The space-time permutation analysis further
confirmed these patterns, detecting seven
significant spatiotemporal clusters of high-risk
species observations, which lasted between 6 and
83 days. Most clusters occurred in spring and
early summer, with two in autumn, aligning with
migratory peaks and providing actionable time
windows for enhanced surveillance.
Identification of both spatial and temporal
hotspots for HPAI surveillance in Kazakhstan
aligns with the principles of risk-based
surveillance recommended by organizations such
as the FAO (FAO, 2022) and validated by studies
quantifying the spatial risk of avian influenza
introduction into poultry from wild birds (Hill et
al., 2019). The concentration of risk in specific
geographic areas, particularly the identified
wetland systems and migratory corridors,
suggests that targeted sampling in these high-
risk zones may represent a more effective and
cost-efficient approach than representative
sampling. Moreover, genomic sequencing of
detected viruses is crucial for tracking their
evolution and informing adaptive control and
vaccination strategies (FAO, 2022; Xie et al.,
2025).

Some limitations remain. Poultry density and
wild-domestic bird interactions were not
incorporated, though these factors would
improve hotspot interpretation. Future work
should integrate poultry distribution, production
systems, and wild-domestic bird interfaces, as
emphasized by the CMS-FAO (2024), including
backyard flocks, to serve as early warning signals
(Damodaran et al., 2024). As noted by van der
Kolk (2019), the live poultry trade may also
significantly contribute to the spread of long-
distance HPAI, potentially explaining poultry
outbreaks in northern Kazakhstan, particularly
in areas with a lower risk of exposure to wild
birds. These complexities underscore the need for
holistic, One Health-based surveillance that
encompasses both wild and domestic birds.

Overall, the findings highlight the need for
targeted, risk-based surveillance in Kazakhstan.
Following FAO (2007), one of the first primary
goals of wildlife surveillance should be to identify
which species the The
prioritization list developed here offers a practical
tool to guide field sampling, allocate resources,
and support early warning systems. Integration
with national and international frameworks can
further enhance the value of wildlife surveillance
and preparedness within a One Health

can host virus.
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framework.

Conclusions

This study offers a replicable, evidence-based
framework to guide HPAI surveillance in
Kazakhstan, with potential applicability to other
countries along the Central Asian Flyway. It
demonstrates the value of combining ecological
modeling, citizen science, and spatiotemporal
analysis for risk-based planning. By identifying
priority species and regions, and aligning
surveillance with migratory and breeding peaks,
the findings support the development of national
and regional early  warning systems.
Strengthening One Health collaboration and
integrating wildlife data into preparedness plans
are crucial for mitigating the impact of HPAI and
safeguarding both biodiversity and the poultry
sector.
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