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ABSTRACT

Background: Since 2003, the H5 highly pathogenic avian influenza (HPAI) subtype has caused 
massive economic losses in the poultry industry in South Korea. The role of inland water bodies 
in avian influenza (AI) outbreaks has not been investigated. Identifying water bodies that 
facilitate risk pathways leading to the incursion of the HPAI virus (HPAIV) into poultry farms is 
essential for implementing specific precautionary measures to prevent viral transmission.
Objectives: This matched case-control study (1:4) examined whether inland waters were 
associated with a higher risk of AI outbreaks in the neighboring poultry farms.
Methods: Rivers, irrigation canals, lakes, and ponds were considered inland water bodies. 
The cases and controls were chosen based on the matching criteria. The nearest possible 
farms located within a radius of 3 km of the case farms were chosen as the control farms. 
The poultry farms were selected randomly, and two HPAI epidemics (H5N8 [2014–2016] and 
H5N6 [2016–2017]) were studied. Conditional logistic regression analysis was applied.
Results: Statistical analysis revealed that inland waters near poultry farms were significant 
risk factors for AI outbreaks. The study speculated that freely wandering wild waterfowl and 
small animals contaminate areas surrounding poultry farms.
Conclusions: Pet birds and animals raised alongside poultry birds on farm premises may 
wander easily to nearby waters, potentially increasing the risk of AI infection in poultry 
farms. Mechanical transmission of the AI virus occurs when poultry farm workers or visitors 
come into contact with infected water bodies or their surroundings. To prevent AI outbreaks 
in the future, poultry farms should adopt strict precautions to avoid contact with nearby 
water bodies and their surroundings.
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INTRODUCTION

Avian influenza viruses (AIVs) belong to the genus influenza A virus and have caused 
devastating damage to the poultry industry worldwide [1]. Highly pathogenic avian influenza 
(HPAI) strains pose a serious economic threat because infected poultry flocks need to be 
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culled [2]. The surface glycoproteins of the virus, such as hemagglutinin and neuraminidase, 
have been used to categorize AIVs into 18 hemagglutinin and 11 neuraminidase subtypes [3]. 
Almost all subtype combinations, including 1–9 NA and 1–16 HA, have been discovered in 
wild birds; thus, they pose the greatest risk when associated with AIV transmission [4].

South Korea has experienced severe consecutive outbreaks of highly pathogenic avian 
influenza viruses (HPAIVs) in poultry in 2003–2004, 2006–2007, 2008, 2010–2011, and 
2014–2015 [5]. A HPAIV (H5N8) outbreak in South Korea in 2014 resulted in millions of 
culled domestic birds [6]. HPAI strains were found in 38 wild birds and 200 poultry farms, 
and their nucleotide sequences were similar to the H5N8 strains found in China in 2013 
[7]. In November 2016, the HPAI strain, H5N6, was isolated from migratory waterfowl after 
severe outbreaks in domestic poultry in South Korea [8,9].

Implementing proper biosecurity management practices to control the incidence of HPAI 
in various poultry production systems is challenging because of the several potential risk 
factors affecting the transmission of AIVs [10]. Various risk factors have been linked to 
avian influenza (AI) outbreaks in previous studies. The key risk factors and inflow pathways 
associated with AI outbreaks were bird housing, sources from where poultry birds were 
purchased [11], poor sanitation of poultry farms [12], ‘foie gras’ production systems [13], 
lack of fumigation, no restrictions on visitor entry, no change of boots at the entry point to 
the farm, and no foot baths at the entry point [14].

Water bodies may function as sources of AIV, and waterfowl (particularly mallards) that act 
as reservoirs for subtypes H1–H12 are capable of asymptomatic transmission of AIV. On the 
other hand, water birds can also contaminate the water sources themselves, facilitating the 
spread of HPAI viruses through various routes [15]. Similarly, domestic ducks and geese 
also have an influential role in LPAI ecology and allow the asymptomatic transmission of 
these viruses. Ducks and geese may also play an important role in AIV circulation because 
they can spread the virus to other birds and animals [16]. When AIV is shed in the aquatic 
environment by wild birds through feces or other routes, a favorable environment is critical 
for its long-term survival [17].

Most HPAI (H5N8) cases were reported in the Jeollanam-do, Korea [6], while HPAI (H5N6) 
cases were mostly reported in the Gyeonggi-do province [18]. Identifying the potential role of 
water bodies in these HPAI outbreaks would be beneficial for preventing future virus outbreaks. 
The main purpose of the study was to formulate effective strategies for protection against 
infections in poultry farms via waterfowl, wild birds, rodents, and other small animals.

MATERIALS AND METHODS

Data collection
The role of different types of inland water bodies in AI epidemics was examined by 
conducting a 1:4 matched control study for HPAI H5N8 and H5N6 subtype outbreaks that 
occurred in South Korea in 2014 and 2016, respectively. Comprehensive information about 
the outbreaks was extracted from the “Epidemiology report for 2016–2017 outbreak of highly 
pathogenic avian influenza (HPAI) in the Republic of Korea” issued by the Animal and Plant 
Quarantine Agency (APQA) of South Korea.
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Between January 2014 and March 2018, any poultry farm with birds confirmed positive for AI 
based on rapid antigen detection methods and polymerase chain reaction tests was selected 
as a “case farm.” Farms at which poultry birds showed no clinical signs, such as lethargy, 
neurological symptoms, green diarrhea, reduced scattering, and reduction in feed intake 
during the outbreak period, were selected as “controls.” Since the first HPAIV H5N1 infection 
at a chicken farm in 2003, the Republic of Korea implemented a very proactive surveillance 
program on poultry holdings across the country as a prevention and control strategy. For 
example, all poultry holdings mandate their poultry be tested before slaughter or admission 
to movements (poultry transportation). Moreover, domestic duck farms, which generally 
showed vague clinical signs, had bi-weekly surveillance tests during HPAI epidemics. Infected 
chickens showed marked clinical signs, such as mortality, decreased egg production, and a 
higher daily fatality rate, which led to the early detection and prevention of future spread.

Following the detection of poultry with the clinical signs of a HPAI infection by poultry 
owners, farmworkers, or veterinarians, the case must be reported to the APQA, Gimcheon, 
Korea, in passive surveillance, as required by the Act on Prevention of Contagious Animal 
Diseases. Government veterinarians visited the reported poultry farms to take samples from 
sick or dead birds, which were then tested for HPAIV infection [19,20]. If the suspected 
farm tested positive for HPAIV, it was considered an infected premise (IP). Furthermore, the 
poultry farms linked epidemiologically to infected premises, such as via sharing vehicles or 
located at a neighboring distance (e.g., 3 km), underwent HPAIV tests, followed by pre-
emptive depopulation. During active surveillance, a depopulated farm that tested positive for 
HPAIV was designated as a positive premise [19,20]. In all these aspects, without surveillance 
reports, the control farms are highly unlikely to have infections. The nearest possible control 
farms located within a 3 km radius of the case farms were chosen to ensure that the study 
population was exposed to similar ecological risks, such as water bodies, wild birds, and 
rodents [21]. The study population consisted of ducks and chickens (broilers and layers). All 
case and control poultry farmhouses measuring > 464.5 m2 were selected randomly according 
to the matching criteria. According to the literature, increasing the ratio of controls to cases 
increases the statistical power [22]. Four control farms were chosen for each case farm.

There was no need for an ethical evaluation. Using Google Earth Pro, each case and control 
poultry farm was located with the help of its geographical coordinates. Visual monitoring was 
conducted to identify inland water bodies in the surrounding areas for each case and control 
farm. The measurement of the distance of the water bodies from the nearby poultry farms 
was performed using the ruler function of Google Earth Pro. With the help of the historical 
imagery function of Google Earth Pro, visual monitoring of the surrounding areas for each 
of the farms was conducted at a time point prior to the onset of both outbreaks. For the HPAI 
(H5N8) epidemic, the images of the surrounding areas of the poultry farms captured between 
January 2014 and April 2016 were visualized, while the images captured between November 
2016 and March 2017 were explored for the HPAI (H5N6) epidemic. Some of the poultry 
farms were visited to ensure the availability of nearby inland water bodies.

Statistical analysis
By establishing thresholds, the distances of the inland water bodies from the poultry farms 
were transformed to a dichotomous variable to evaluate the presence of water bodies around 
the farms. For distances from 10 to 1,200 m, the threshold parameters were considered in 
10-m incremental steps. The data were divided into groups for statistical analysis. For each 
case farm, a maximum of four matched control farms were assigned, and conditional logistic 
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regression was applied using the “clogit” function from the R ‘survival’ package “version 
3.1-12” [23]. The presence of inland water bodies around the farm was the predictor variable 
(independent variable). The occurrence of an HPAI outbreak on the farm was the response 
variable (dependent variable). All the statistical analysis was performed in statistical software 
R “i386 4.0.3 version” [24].

RESULTS

Population characteristics
Occurrence status of HPAI (H5N8) in Korea between 2014 and 2016
Since the first outbreak of AI subtype H5N8 in Jeollabuk-do province on January 16, 2014, 393 
outbreaks have been reported in poultry farms nationwide. The outbreaks spread throughout 
the country, affecting 13 provinces and 59 cities, counties, and districts, particularly in the 
west coast provinces of Jeollanam-do and Jeollabuk-do. An analysis of the HPAI (H5N8) 
occurrence status according to the time and region is shown in Fig. 1, while Fig. 2 presents 
the types of birds in various poultry farms affected during the H5N8 outbreak season.

Occurrence status of the H5N6 outbreak
Between November 16, 2016, and March 3, 2017, 343 AI cases were reported in 107 days. Fig. 3 
presents the H5N6 cases in different regions, while Fig. 4 shows the various poultry birds affected 
by type and month during the outbreak season.

During the HPAI (H5N8) epidemic from 2014 to 2016, 393 outbreaks were reported. Of 
these, 71 cases and 259 controls were studied. Three hundred and forty-three outbreaks were 
reported during the 2016–2017 HPAI (H5N6) epidemic. Of these, 80 cases and 286 controls 
were studied. During the AI outbreaks, the minimum and maximum distances of inland 
water bodies from case and control farms were as follows: HPAI (H5N8) outbreak: case 
farms, 4–1,358 m, and control farms, 8–2,086 m; HPAI (H5N6) outbreak: case farms, 4–1,330 
m, and control farms, 10–3,001 m. Supplementary File 1 presents the distances of all the case 
and control farms from their neighboring water bodies during both outbreaks.
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Fig. 1. Analysis of the HPAI (H5N8) occurrence status by time and region. Avian influenza outbreak cases recorded 
at different phases of the outbreak season during 2014–2016. 
HPAI, highly pathogenic avian influenza.
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Poultry birds affected during H5N8 outbreak
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Fig. 2. Percentages of different types of birds affected during the H5N8 outbreak season, ducks were the most 
affected species followed by laying hen.
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Fig. 3. Number of cases of H5N6 outbreak in different regions. Gyeonggi region was the most affected followed by 
Chungbuk and Chungnam. 
HPAIV, highly pathogenic avian influenza virus.
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Fig. 4. Number of cases of different types of birds affected during each month of the H5N6 outbreak period. From 
mid-November to December end the cases were on the peak, then at the start of January a clear decline of cases 
can be seen. 
HPAIV, highly pathogenic avian influenza virus.
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All HPAI (H5N8) outbreak cases occurred during the four phases of the outbreak season. 
Phase one of the outbreak lasted for 194 days from January 16, 2014, to July 29, 2014, and 
resulted in 212 outbreak cases. Phase two occurred from September 24, 2014, to June 10, 
2015, lasting for 261 days and resulting in 162 cases. Phase three occurred from September 
14, 2015, to November 11, 2015, lasting for 62 days and resulting in 17 cases. Phase four 
occurred from March 23, 2016, to April 5, 2016, lasting for 13 days and resulting in two cases. 
Supplementary File 2 shows the distances of the inland water bodies from case farms during 
phases 1 and 2.

The H5N6 avian influenza outbreak season started in November 2016 and continued until 
March 2017. During this season, 67 outbreak cases were recorded in November 2016, 243 
in December 2016, 30 in January 2017, two in February 2017, and only one in March 2017. 
Supplementary File 3 shows the distances of the inland water bodies from the case farms 
during November and December 2016.

When p values < 0.05 were used to define significance [25], the results from both outbreak 
periods showed strong significance when neighboring inland water bodies were present 
within a 10–890-m distance from HPAI (H5N8) outbreak and within a 10–1,100-m distance 
from HPAI (H5N6) outbreak.

For the 2014–2016 seasonal outbreak, p-values were determined using the Wald test with respect 
to the distance from the poultry farms as per conditional logistic regression analysis, as shown 
in Fig. 5. Similarly, Fig. 6 presents the results for the 2016–2017 seasonal outbreak. The odds 
ratio (OR) and 95% confidence interval (CI) results for the 2014–2016 outbreak period are shown 
using a forest plot in Fig. 7, and those for the 2016–2017 outbreak period are depicted in Fig. 8.

The inland water bodies had different degrees of impact on AI outbreak cases during the 
different phases of AI outbreaks. During phase 1 of the H5N8 epidemic, high significance 
was observed when the inland water bodies were present within a 10–890-m distance from 
the poultry farms (Fig. 9). During phase 2, a significant effect was observed when the water 
bodies were located within a 10–340-m distance (Fig. 10). During phases 3 and 4 of the 
epidemic, control farms were found in the vicinity of only two case farms, while no control 
farms could be found in the vicinity of the remaining case farms.
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Fig. 5. Results of Wald tests showing significance levels (p values) as per conditional logistic regression analysis 
for the 2014–2016 avian influenza outbreak. Neighboring inland water bodies at each distance from the poultry 
farm were evaluated using R software.
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During the H5N6 outbreak period, inland water bodies had significant effects on the HPAI 
epidemic during November and December 2016. The inland water bodies had a significant 
influence on HPAI outbreaks according to the distance from poultry farms. In November 
2016, those present within a 10–880-m distance showed significant influence (Fig. 11), while 
in December 2016, those within a 10–840-m distance had significant influence (Fig. 12). Only 
a few HPAI outbreaks were observed during January, February, and March 2017.
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Fig. 6. Results of Wald tests showing significance levels (p values) as per conditional logistic regression analysis 
for the 2016–2017 avian influenza outbreak. Neighboring inland water bodies at each distance from the poultry 
farm were evaluated using R software.
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OR, odds ratio; CI, confidence interval.
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DISCUSSION

The study populations located near water bodies in Jeollanam-do and Gyeonggi-do provinces 
were significantly impacted during both outbreaks. Jeollanam-do province has densely 
populated agricultural lands with large water bodies [26]. According to a report issued by 
the APQA of South Korea, HPAI (H5N6) infections were reported primarily near destinations 
where migratory birds resided, such as rivers, wetlands, and agricultural lands in Gyeonggi-
do province of the Republic of Korea. Rich, fertile agricultural land with abundant water 
resources provides the most conducive environment for the spread of AIV to wild birds 
and domestic poultry farms [27]. Wild waterfowl, rodents, and humans can mechanically 
transmit AIV infections to nearby poultry farms.
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logistic regression analysis for the 2016–2017 avian influenza outbreak. Neighboring inland water bodies at each 
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OR, odds ratio; CI, confidence interval.
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Fig. 9. Results of Wald tests showing significance levels (p values) as per conditional logistic regression analysis 
phase 1 of the 2014–2016 avian influenza outbreak. Neighboring inland water bodies at each distance from the 
poultry farm were evaluated using R software.
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Fig. 10. Results of Wald tests showing significance levels (p values) as per conditional logistic regression analysis 
for phase 2 of the 2014–2016 avian influenza outbreak. Neighboring inland water bodies at each distance from the 
poultry farm were evaluated using R software.
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Fig. 11. Results of Wald tests showing significance levels (p values) as per conditional logistic regression analysis 
for the month of November 2016, during the avian influenza outbreak. Neighboring inland water bodies at each 
distance from the poultry farm were evaluated using R software.

0.04

0
1,000

0.02

p 
va

lu
e

Distance (m)

0.06

0.08

0.10

8006004002000

Fig. 12. Results of Wald tests showing significance levels (p values) as per conditional logistic regression analysis 
for the month of December 2016, during the avian influenza outbreak. Neighboring inland water bodies at each 
distance from the poultry farm were evaluated using R Software.
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Phase 1 of the HPAI (H5N8) epidemic began at a large wintering location for wild migratory 
ducks and spread to neighboring duck farms [7]. Ducks and other waterfowl allowed to 
graze freely may contaminate the water in the surrounding areas [28]. Thus, these migratory 
waterfowl could have contaminated the surrounding areas and caused HPAI outbreaks in the 
adjacent duck farms. Lee et al. [29] reported that during the HPAI (H5N8) epidemic from 2014 
to 2016, an extension of the habitat range of migratory and non-migratory sub-populations of 
wild migratory waterfowl was related to the highest risk of disease outbreaks. The second phase 
of the HPAI (H5N8) epidemic began during the autumn migration period of wild migrating 
waterfowl and resulted in HPAI outbreaks in adjacent duck farms. According to the Korean 
APQA, during this phase, fewer duck farms were impacted than that in the first phase of the 
HPAI epidemic. This may be because, after the phase 1 epidemic, the biosecurity precautions 
were implemented at a higher level during the autumn migration period. A comparison of 
phase 1 with phase 2 showed that the inland water bodies were more associated with HPAI 
outbreaks during phase 1 than during phase 2 of the outbreak season. Because the Korean 
APQA reported that duck farms were the first to be affected during both phases of the outbreak 
season, it is reasonable to conclude that water bodies hosting wild migrating waterfowl pose 
a greater risk to neighboring duck farms than to chickens or other bird farms. Chicken farms 
may be the most affected regarding inter-farm transmission. Duck farms may also be affected 
because confirmation of HPAI (H5N8) infections in ducks is delayed because of the mild clinical 
symptoms in these birds. On the other hand, the significance of migrating waterfowl in the 
poultry farm transmission chain remains debatable [30].

According to the Korean APQA, the HPAI (H5N6) outbreak season began in the last month 
of the autumn migration period of migratory waterfowl, and most outbreaks occurred during 
November and December 2016. Strong significant associations were observed between the 
distance to inland water bodies and the occurrence of HPAI outbreaks during November 
and December. Duck and chicken farms were affected during both months of the outbreak 
season. During the HPAI (H5N6) epidemic, inland water bodies hosting wild migratory 
waterfowl affected the nearby duck farms and chicken farms, whereas during the HPAI 
(H5N8) outbreak, duck farms were primarily affected. Compared to other HPAI strains, the 
HPAI H5N8 strain evolving in the Republic of Korea is believed to be more adapted to the 
“Anseriformes” order, causing reduced mortality but higher transmissibility in ducks [31]. 
Water has a diverse range of physicochemical properties [32] and a significant impact on the 
survival of AIV [33].

Consistent H5 HPAI outbreaks have swept the country and been detected in various wild 
birds. The western part of South Korea is home to an abundance of poultry farms and 
migratory bird habitats, including mallards. Through active and passive surveillance, 398 
HPAI (H5N8) viruses were isolated after detection in poultry, while 58 were isolated from 
wild birds during the four consecutive HPAI (H5N8) outbreaks in 2014 and 2016 [34]. The 
isolation of viruses from wild birds indicates the presence of AI circulation among water 
bodies and wild birds, as surface water act as an important source of AIV infections in 
domestic poultry [35]. Waterfowl relocating to surrounding areas of inland waters may 
contaminate the neighboring farms or cause environmental contamination near water 
bodies. In addition, humans and small animals, such as rodents, may transmit the viruses 
mechanically after coming into contact with contaminated environments [36]. Furthermore, 
domestic cats and dogs can become infected if they consume infected chickens. Humans 
who come into direct contact with cats and dogs may also be infected because cats and dogs 
are at risk of contracting HPAI (H5N1) virus infections [37].
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The study findings are in accordance with those of a study conducted in Japan. Shimizu et al. 
[38] reported that inland bodies of water could increase the risk of water contamination in 
nearby poultry farms. Small animals, such as rodents, can be found both inside and in areas 
surrounding poultry houses and may share the habitat with aquatic birds that freely move 
in and out of the poultry environment. Velkers et al. [39] indicated that rodents might play a 
role in AIV transmission from one poultry house to another and from wild birds to poultry. 
Inland water bodies near poultry farms have been associated with an increased risk of HPAIV 
epidemics because water bodies provide an ideal environment for the spread of infection 
among various wild animals, including waterfowl [40].

This study had some limitations. The physicochemical properties of water bodies, such as 
streams, rivers, ponds, lakes, and rivers, were not investigated. Furthermore, a consistent 
evaluation of the inland water bodies that were exposed to wild birds and animals was not 
performed. Similarly, no investigation was conducted regarding the presence of rodents 
within or in areas surrounding poultry houses. As per the control strategy of ring culling 
implemented by the Republic of Korea, the HPAI infected poultry farms and geographically 
neighboring farms within a 3 km radius were immediately depopulated [19,20]. An in-
depth analysis of different water bodies, including the physical and chemical properties, 
is recommended. Such analysis should be conducted based on water samples collected 
from various water bodies located around the affected areas during AIV outbreaks or bird 
migration periods. These practices will assist in identifying the types of inland water bodies 
that provide an appropriate aquatic environment for the spread of HPAI.

In conclusion, the presence of water bodies might play a vital role in HPAI outbreaks at 
poultry farms, and HPAIV transmission is associated with direct contact with nearby water 
bodies or areas around water bodies that are visited by waterfowl and free-grazing ducks. 
Workers and pet animals at poultry farms may be considered high-risk pathways for HPAIV 
transmission to poultry. If the physicochemical properties of the water bodies were suitable 
for HPAIV survival for a longer period, there would undoubtedly be a higher risk. These 
findings suggest that birds in poultry farms near water bodies may be infected by HPAIV 
more frequently because these water bodies and surrounding areas are often contaminated 
with HPAIV owing to contact with free-roaming wild birds and small animals. Therefore, 
poultry farms should strictly adhere to all applicable biosecurity measures to avoid direct 
or indirect contact with the surrounding inland water bodies. Such measures include using 
nets on farms, barricading all entries to farm premises, properly fumigating and disinfecting 
areas inside and outside farms (particularly areas surrounding water bodies), covering stored 
water, properly disinfecting nearby stagnant waters, and restricting the entry of visitors and 
vehicles. Most importantly, personal sanitation should be practiced regularly when entering a 
poultry farm. During the migration of wild birds, the government should spray inland waters 
surrounding areas with proper disinfection to inactivate the AIV on a large scale.
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