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 Abstract.-The highly pathogenic avian influenza H5N1 virus (here after H5N1) still produces devastating 
effects in humans, poultries and wild birds. Migratory birds were thought to play a role in the long-distance spread of 
H5N1. This study identified 7 high-risk species and 18 potential high-risk species that may transmit H5N1 into 
Poyang Lake and determined four resident bird species as “bridge species” that may disperse H5N1 around the lake. 
The high-risk species were selected according to the following behavioral and ecological factors: migratory status, 
abundance, degree of mixing of species and gregariousness, migration from or stopovers at epidemic areas, and 
previous infection status. Among the 25 high-risk and potential high-risk species, 22 belonged to the orders 
Anseriformes (n = 11) and Charadriiformes (n = 11). The risk of intra-species transmission was high for Anseriformes 
(ducks and geese) and Charadriiformes birds, and was relatively low for Gruiformes and Ciconiiformes birds. This 
study can be informative and useful in the surveillance of avian influenza epidemics at breeding, stopover, and 
wintering sites other than Poyang Lake along the East Asian-Australian Flyway. 
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INTRODUCTION 
 

 Following the unprecedented outbreak of 
highly pathogenic avian influenza (HPAI) H5N1 
(here after H5N1) in 2005 at Qinghai Lake, China, 
the role of wild birds in the maintenance and 
transmission of H5N1 has been widely debated (Liu 
et al., 2005; Olsen et al., 2006; Munster et al., 2007). 
Wetlands and lakes and the waterbirds they hosted 
have been considered to contribute a lot to the 
spread of H5N1 (Tracey et al., 2004; Kilpatrick et 
al., 2006; Liu et al., 2007; Xiao et al., 2007; Fang et 
al., 2008). Information from bird ringing, satellite 
telemetry and remote sensing has been used to 
identify relationships between bird migration and 
the spread of H5N1 virus (Zhao, 2006; Jourdain et 
al., 2007; Xiao  et  al.,  2007; Prosser et al., 
2011). Satellite 
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tracking of wild waterbirds in Qinghai-Tibetan 
Plateau has shown that wild birds play a role in the 
spread of H5N1 (Prosser et al., 2009; 2011). 
However, no matches of time and location have 
been found in studies at Poyang Lake, which is one 
of the most important areas in the East 
Asian-Australian Flyway (Takekawa et al., 2010).  
 In March 2013, the new deadly H7N9 strain 
was reported in Shanghai, China, and the NA gene 
of the virus may have been transferred from 
migratory birds infected with avian influenza 
viruses along the East Asian-Australian Flyway (Liu 
et al., 2013; OIE, 2013). Poyang Lake is an 
important wintering site for migratory birds using 
the East Asian-Australian Flyway. Tens of thousands 
of waterbirds, mainly the Anseriformes and 
Charadriiformes birds, travel to Poyang Lake for 
their wintering. Among them, several globally 
endangered species were included, such as Siberian 
Crane (Grus leucogeranus) and Oriental White 
Stork (Ciconia boyciana) (Ji et al., 2007; Shao et al., 
2014). During their yearly migrations, birds can 
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potentially disperse avian influenza virus at Poyang 
Lake. Although epidemics of H5N1 have not been 
reported at Poyang Lake, the H5N1 virus has been 
isolated from migratory ducks at the lake (Chen et 
al., 2006). Within the Poyang Lake region, close 
interactions between migratory birds and domestic 
poultries are common and obviously increase the 
probability of virus transmission (Zhang et al., 
2013). In addition to its impacts on poultry and 
implications for human health, the spread of H5N1 
also has significant implications for the conservation 
of several species of globally endangered waterbirds 
(Chen et al., 2005). Most likely, cross-host 
infections in wild birds occur most frequently when 
birds of different species feed, drink, or bathe in 
water contaminated by the feces of infected birds. 
For this reason, we need more accurate 
understandings of the composition of mixed-species 
groups, especially for those including endangered 
species. 
 To map the risk of H5N1 transmission to 
Poyang Lake via bird migration, we explored bird 
data in an attempt to furnish general ideas on bird 
abundance, migration, and interspecies contact. We 
reviewed the factors influencing outbreaks of H5N1 
at Poyang Lake, such as the species of birds, 
especially for the migrants known to have been 
infected by H5N1. In this study, we aimed to 1) 
identify the high-risk species most likely to transmit 
H5N1 to Poyang Lake, 2) determine the bridge 
species that are most likely to disperse H5N1 around 
Poyang Lake, and 3) assess the risk posed by H5N1 
to the conservation of endangered bird species at 
Poyang Lake.  
 

MATERIALS AND METHODS 
 
Study area 
 The study was conducted at Poyang Lake 
National Nature Reserve (PLNNR), Jiangxi 
Province, China. PLNNR locates at the 
northwestern area of Poyang Lake, which is the 
largest freshwater lake in China and constitutes a 
major hydrological subsystem of the middle Yangtze 
basin in Central China (Fig. 1). Local communities 
are situated behind the dikes around the lake or on 
islands within or outside the lake basin. The 
villagers primarily engage in fishing and farming. 

Annual floods, beginning in late May or June and 
usually ending in October or November, fill up the 
lake, producing a large inland lake that is accessible 
only by fishermen. When the floods subside, the 
lake loses as much as 90% of its water, resulting in 
the exposure of extensive areas of flat marshlands. 
In Poyang Lake, a total of 125 waterbird species 
have been recorded, among which 19 were listed as 
threatened species by International Union for 
Conservation of Nature (IUCN) (Ji et al., 2007; 
IUCN, 2013).  
 

 
 

 Fig. 1. Location of Poyang Lake and three 
small lakes: Dahuchi (A), Shahu (B) and 
Meixihu (C) in Poyang Lake National Nature 
Reserve.  

 
Bird survey 
 Data on waterbird population sizes was 
collected during the wintering season between 2003 
and 2007. Field observations were conducted three 
times per month between September and next April, 
in total 22 surveys were conducted in one wintering 
season, and the number of species and individuals 
were recorded. Three most representative lakes in 
the Poyang Lake area, Dahuchi, Shahu, and Meixihu, 
were sampled for field observation of the bird 
abundance and diversity. Regarding the three lakes, 
Dahuchi and Shahu are well protected, and both are 
larger than 10 km2. Meixihu is a small lake severely 
disturbed by fishing activities, with a size of 
approximately 2 km2. All birds on the ground and 
those that flew in a direction opposite to the 
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counting direction were recorded. Survey points 
where observations would not disturb birds on the 
lakes were selected. Binoculars (Olympus, 8×42) 
and spotting scopes (Swarovski ATS80) were used 
to count birds. Waterbird counts were performed 
under favorable weather conditions (no rain, wind 
speed ≤5 on Beaufort scale). Most of the birds were 
counted within 1000 m. The amount of time spent at 
each survey site varied according to the size of the 
survey area, and more time were spent for larger 
areas. Large flocks were counted by dividing them 
into groups of 10, 20, or 50 individuals and 
landmarks were used during the division procedure 
to improve the accuracy of bird counting. On these 
surveys, we recorded all waterbirds if possible to 
identify all birds to species. Groups of unidentified 
waterbirds were all composed of various duck 
species belonging to the family Anatidae. This 
information was used to create a database of the 
species regularly observed at Poyang Lake. 
Multi-year average population sizes should serve as 
the representative values for mapping the abundance 
of bird populations for each survey day at Poyang 
Lake. Accordingly, the counts of population sizes 
for the five years were averaged in the final 
analyses.  
 
Selection of high-risk species most likely to transmit 
H5N1 to Poyang Lake 
 A modification of the method from the 
European Food Safety Authority was used to select 
the high-risk species most likely to transmit H5N1 
to Poyang Lake. The high-risk species were selected 
based on the criteria in Figure 2. Resident species 
were selected as bridge species for the dispersion of 
H5N1 within Poyang Lake based on the following 
criteria: (1) resident at Poyang Lake, (2) common 
species at Poyang Lake, (3) species that have 
opportunities to contact high-risk species that may 
transmit H5N1 to Poyang Lake, (4) species that mix 
with other species and are gregarious, and (5) 
species that have opportunities to contact poultries 
in the surrounding areas.  
 The candidate species were checked against 
the list of species affected by H5N1 established by 
United States Geological Survey (USGS) and 
against published information to determine the 
occurrence of previous infection by H5N1 (USGS 

2013a). The bird would be identified as a known 
user of areas with a history of H5N1 infection, when 
it was known to winter, breed, or stop over in the 
specific area where poultries or wild birds infected 
with H5N1 had been identified before. 
 

 
 

 Fig. 2. Decision tree for selection of 
migratory species that may transmit Highly 
Pathogenic Avian Influenza H5N1 virus into 
Poyang Lake, China. 

 
 The OIE 2013 disease outbreak maps were 
used to locate the H5N1 epidemic areas (OIE, 2013). 
Information on bird migration (where the birds 
begin their migration or stop over) was obtained 
from bird ringing or satellite tracking data available 
in published papers or books (Zhang and Yang, 1997; 
Zhao, 2006; Takekawa et al., 2009; 2010; USGS 
2013b). Migration information for many species is 
insufficient to establish whether these species 
migrate from or stop over at the areas where H5N1 
has been identified. In these cases, we synthesized 
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information on the distribution of the species and 
estimated the migration routes based on related 
species whose migration information was available 
(Zhang and Yang, 1997; Zhao, 2006; Avibase, 
2013). 
Degree of mixing species and threats posed by 
H5N1 to endangered bird species  
 Eight lakes with areas from 0.2 km2 to more 
than 10 km2 were surveyed to record the level of 
gregariousness and degree of mixing species when 
the birds were feeding, bathing, or resting together 
in January 2009. Four categories were used to assess 
the degree of mixing (high degree: often mixed with 
more than 5 species which co-habitat; medium 
degree: often mixed with 3–5 species which 
co-habitat; low degree: often mixed with 1–2 
species which co-habitat; zero degree: hardly any 
mixing with other species). There were also four 
categories to assess the gregariousness of species 
(high degree: often several hundreds to thousands of 
individuals group together; medium degree: often 
several tens to a few hundred individuals group 
together; low degree: often up to a few tens of birds 
group together; zero degree: usually solitary or a 
few birds group together). Bird habitats supporting a 
greater number of species, especially a greater 
number of high-risk species, were expected to show 
a high risk of interspecies virus transmission. If only 
a few individuals (less than 100 individuals) were 
recorded at a lake, then the risk of inter-species 
transmission was considered to be low. The globally 
threatened species according to the IUCN Red List 
were particularly recorded during the survey, and 
their world population sizes were obtained from 
published data (IUCN, 2013). The risk of spread of 
H5N1 of these threatened species was analyzed. 
 

RESULTS 
 
Bird abundance and diversity 
 A total of 58 species were recorded in Shahu, 
Dahuchi, and Meixihu. Birds began migrating to 
Poyang Lake in September and became abundant in 
early November. Both the species abundance and 
diversity were high from November to the following 
February, with a peak in December (Figs. 3-4). 
Anatidae birds were the most abundant in Poyang 
Lake, and totally 18 species were noted, including 6 

species of geese and 12 species of ducks. 
Charadriiformes birds were also abundant (Fig. 4). 
Four species of Gruiformes were found, however, 
compared with ducks relatively few crane 
individuals were recorded.  
Selection of high-risk species most likely to transmit 
H5N1 to Poyang Lake 
 Seven species belonging to 3 orders were 
selected as the high-risk species that were most 
likely to transmit H5N1 into Poyang Lake (Table I). 
Another 18 none host species were also identified as 
potential high-risk species because they would most 
likely have the opportunity to transmit H5N1 to 
Poyang Lake once they became infected at breeding 
or stopover sites outside the Poyang Lake (Table II). 
Among the 25 species, 22 belonged to the orders 
Anseriformes (n = 11) and Charadriiformes (n = 11). 
Five of these high-risk host species were members 
of the family Anatidae, order Anseriformes. Four 
resident species were selected as the bridge species 
that are most likely to disperse H5N1 in the Poyang 
Lake area (Table III).  
 
Risk of inter- and intra-species transmission and 
threats to endangered bird species  
 Inter- and intra-species bird groups were 
frequently recorded at large lakes, such as Shahu 
and Dahuchi (Table IV). Among the eight lakes 
surveyed, the risk of inter-species transmission was 
the highest at Shahu and Dahuchi. The risk of 
intra-species transmission was high for 
Anseriformes (ducks and geese) and 
Charadriiformes birds, and was relatively low for 
Gruiformes and Ciconiiformes birds.  
 Six globally threatened species were recorded 
in the five-year survey, and 5 of them (except the 
Lesser White-fronted Goose A. erythropus) 
represented a large fraction of the world population 
of their species (Table V). Of the 5 relatively 
abundant threatened species, the risk of infection by 
H5N1 was relatively high for Siberian Crane, 
Oriental White Stork, and Swan Goose (Anser 
cygnoides), and the risk was relatively low for 
White-naped Crane (G. vipio) and Hooded Crane (G. 
monacha) in consideration of the degree of mixing 
with other species and the gregariousness of species 
(Table V). 
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DISCUSSION 
 
 We developed a semi-quantitative method to 
select the migratory species that were most likely to 

introduce the H5N1 virus to Poyang Lake. We also 
identified the bridge species that were most likely to  
 

Table I.– The identified high-risk species that may transmit highly pathogenic avian influenza H5N1 virus into Poyang 
Lake, China. 

 

Order, family and  
species name 

Scientific 
name 

Host 
species 

Migratory 
and 

wintering 
at Poyang 

Lake 

Population 
>100 

Migration 
from or 

stopover at 
epidemic 

areas 

Degree 
of 

mixing 
species 

Gregariousness 

        
Anseriformes        
 Anatidae        
  Graylag Goose Anser anser Y Y Y Y H H 
  Pintail Anas acuta Y Y Y Y H H 
 Green-winged Teal Anas crecca Y Y Y Y H H 
  Mallard Anas 

platyrhynchos 
Y Y Y Y H H 

  Wigeon Anas penelope Y Y Y Y H H 
        

Gruiformes        
 Rallidae        
  Coot Fulica atra Y Y Y Y H M 

        
Charadriiformes        
 Laridae        
  Black-headed Gull Larus 

ridibundus 
Y Y Y Y M M 

        
§ abbreviations: Y = yes, H = high degree, M = medium degree. 
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 Fig. 3. Changes in waterbird species diversity at Poyang Lake (Data were obtained from field surveys in 
Dahuchi, Shahu, and Meixihu between 2003 and 2007, and data for each survey day were averaged in the analyses). 

 
 

 Fig. 4. Changes in waterbird species abundance at Poyang Lake (Data were obtained from field surveys in 
Dahuchi, Shahu, and Meixihu between 2003 and 2007, and data for each survey day were averaged in the analyses). 

 



 

 

disperse H5N1 within Poyang Lake. Additionally, 
the risk of spread of H5N1 within the local wild bird 
populations at each bird aggregation site was 
evaluated based on data on mixed-species groups 
and gregarious species. The results indicates that 
ducks and geese are most likely to introduce H5N1 
into the lake, and the globally threatened bird 
species would encounter a survival risk if an 
outbreak of H5N1 virus occurs at Poyang Lake.  
 The migratory birds were hypothesized to be 
responsible for the transmission of the H5N1 virus 
at both continental and local scale (Rappole and 
Hubalek, 2006; Jourdain et al., 2007; Peterson et al., 
2007; Winker et al., 2007). In this study, 
information on the distribution, species diversity, 
and abundance of birds was used to screen high-risk 
species that might introduce the H5N1 virus into 
Poyang Lake. Data on bird diversity and abundance 
showed that Poyang Lake is an important wintering 
site for waterbirds, especially for cranes, geese, and 
ducks. Under the hypothesis that the spread of 
H5N1 is correlated with the seasonal migration of 
waterbirds, our analyses help to identify the 
high-risk species that could introduce H5N1 into 

Poyang Lake (Tracey et al., 2004; Xiao et al., 2007; 
Fang et al., 2008). Although the risk of H5N1 
outbreaks is also influenced by various factors, such 
as environmental and climatic factors (Garamszeji 
and Møller, 2007; Fang et al., 2008), this study 
preliminarily evidenced the potential risks of 
outbreaks was associated with wild bird movements 
in Poyang Lake by a semi-quantitative description.  
 Our analyses showed that the greatest known 
threat of H5N1 virus introduced into Poyang Lake 
was from ducks and geese, followed by 
Charadriiformes birds. Ducks and geese were the 
most abundant waterbirds, and the prevalence of the 
virus was relatively high in these species (Kou et al., 
2009). Previous studies have reported that several 
ducks carry the H5N1 virus without any clinical 
signs (Chen et al., 2006; Keawcharoen et al., 2008). 
In view of the continuous outbreak of H5N1 in 
Southeast Asia during the recent past, we suggest 
that the risk of the introduction of H5N1 into 
Poyang Lake by migratory birds still exist (Brown et 
al., 2006, 2008; OIE, 2013). 
 
 

Table II.– Eighteen potential high-risk species that may transmit highly pathogenic avian influenza H5N1 to Poyang Lake, 
China†. 

 

Order, family and 
species name Scientific name Host 

species 

Migratory and 
wintering at 
Poyang Lake 

Population 
>100 

Degree 
of 

mixing 
species 

Gregariousness 

       
Ciconiiformes       
 Ciconiidae       
  Oriental White Stork Ciconia boyciana N Y Y H H 
   Threskiornithidae       
   European Spoonbill Platalea leucorodia N Y Y H H 
       
Anseriformes       
 Anatidae       
  Swan Goose A. cygnoides N Y Y H H 
  Bean Goose A. fabalis N Y Y H H 
  White-fronted Goose A. albifrons N Y Y H H 
   Falcated Teal A. falcata N Y Y H H 
   Spot-billed Duck A. poecilorhyncha N N Y H H 
   Tundra Swan Cygnus columbianus N Y Y H H 
       
Charadriiformes       
 Charadriidae       
  Lapwing Vanellus vanellus  N Y Y M H 
 Scolopacidae       
  Spotted Redshank Tringa erythropus N Y Y H H 
  Black-tailed Godwit Limosa limosa  N Y Y H H 



P. CUI ET AL.  1552

  Bar-tailed Godwit Limosa laponica  N Y Y H H 
  Spotted Redshank Tringa erythropus  N Y Y H H 
  Redshank T. totanus  N Y Y H H 
  Marsh Sandpiper T. stagnatilis  N Y Y H H 
  Greenshank T. nebularia  N Y Y H H 
  Dunling Calidri alpina  N Y Y H H 
 Recurvirostridae       
  Avocet Recurvirostra  avosetta N Y Y H H 
       
† For the gap of bird migration information, the migration source of these 18 species was not checked.  
§ abbreviations: N = no, Y = yes, H = high degree, M = medium degree. 
 
 From late September to November of each 
year, waterbirds fly to Poyang Lake from Siberia 
and northeastern China where H5N1 epidemics 
occur (Sharshov et al., 2010). These species may 
carry avian influenza virus, including H5N1, to 
Poyang Lake during their autumn migration. At 
Poyang Lake region, close interactions between 
wild migratory birds and domestic poultry are 
common which provide an opportunity for the 
transmission of HPAI virus (Zhang et al., 2013). 
Between March and September, water level of 
Poyang Lake rises, and almost all parts of the lake 
converge into a single water body. Some resident 
bird species, such as Little Grebe (Tachybaptus 
ruficollis) and Grey Heron (Ardea cinerea), have to 
disperse to small lakes that are close to human 

habitats around Poyang Lake, and these movements 
increase the risk of H5N1 transmission to poultry 
and human beings.  
 Regarding to the 5 relatively abundant 
globally threatened species recorded at Poyang Lake, 
White-naped Crane and Hooded Crane generally 
used separated grass habitats, so the risk of infection 
is relatively low. However, the other 3 species, i.e. 
Siberian Crane, Oriental White Stork, and Swan 
Goose, generally live together with the high-risk 
species identified, thus their risk of infection is 
relatively high.  
 In  this  study,  25  high-risk and 
potential  
 

Table III.– Resident species that may disperse highly pathogenic avian influenza H5N1 virus around Poyang Lake, China. 
 

Order, family and  
species name Scientific name Resident 

Populat
ion size 

>100 

Potentially 
contact with 

high-risk 
migratory 

species 

Degree 
of 

mixing 
species 

Gregarious-
ness 

Poten- 
tially 

contact 
with 

poultry 
        

Podicipediformes        
 Podicipedidae        
 Little Grebe Tachybaptus ruficollis Y Y Y M M Y 
        
Ciconiiformes        
 Ardeidae        
  Grey Heron Ardea cinerea Y Y Y M H Y 
        
Passeriformes        
 Sturnidae        
 Crested Myna Acridotheres cristatellus Y Y Y M M Y 
 Turdidae        
 Blackbird Turdus merula Y Y Y M M Y 
        
§ abbreviations: N = no, Y = yes, H = high degree, M = medium degree. 
 

Table IV.– Bird species diversity and abundance in the January 2009 survey in Poyang Lake National Nature Reserve, 
China. 
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Lake name Area (km2) Number of species Number of species in different abundance grade§ 

A B C D 
       
Meixihu 2.00 3 2 1 0 0 
Xianghu 2.79 4 3 1 0 0 
Dongjiahu 2.98 7 2 5 0 0 
Zhonghuchi 6.00 5 2 2 1 0 
Changhuchi 7.00 3 0 3 0 0 
Shahu 14.00 19 0 6 4 9 
Bafenchang 14.31 9 4 4 1 0 
Dahuchi 30.00 22 2 8 4 8 
       
§A <100 individuals; B 101-1000 individuals; C 1001-5000 individuals; D >5000 individuals. 
 
 
high-risk species that may transmit H5N1 into 
Poyang Lake were identified and the potential risk 
of H5N1 to endangered bird species was analyzed. 
Four resident birds were identified as bridge species. 
This understanding would be meaningful and 
instructive for monitoring avian influenza in 
breeding, stopover, and wintering sites other than 
Poyang Lake along the East Asian-Australian 
Flyway. Further studies on the local and 
long-distance transmission of avian influenza virus 
should focus on these determined high-risk species, 
incorporating those studies addressing the 
surveillance, maintenance, and spread of the H5N1 

virus. 
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Table V.– Globally threatened species recorded in Poyang Lake from 2003 to 2007. 
 
Order, family and species 
name 

Scientific 
name 

Habitat Degree 
of 

mixing 
species* 

Gregarious- 
ness* 

Population 
numbers 
at Poyang 

lake§ 

Estimated 
flyway 

population 

Status 
in the 
IUCN 
Red 
List¶ 

        
Gruiformes        
 Gruidae        
  Siberian Crane Grus 

leucogeranus 
shallow 
water, 
mudflat 

H M 4577 3000† CR 

  White-naped Crane Grus vipio grassland, 
mudflat 

M M 885 3000 † VU 

  Hooded Crane Grus monacha shallow 
water, 
mudflat 

M M 2713 1000 † VU 

        
Ciconiiformes        
 Ciconiidae        
  Oriental White Stork Ciconia 

boyciana 
shallow 
water, 
mudflat 

H H 3120 3000‡ EN 

        
Anseriformes        
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 Anatidae        
  Swan Goose Anser 

cygnoides 
grassland, 
shallow 
water 

H H 70830 60000-100000 

‡ 
EN 

  Lesser White-fronted 
Goose 

Anas 
erythropus 

grassland, 
shallow 
water 

H M 98 20000 ‡ VU 

        
†  FromWetlands International 2013. 
‡  From Wei and Mundkur 2004. 
§  Reviewed from Ji et al., 2007 and Li et al., 2012. 
¶  From IUCN 2013.  
*  H = high degree, M = medium degree.  
 

REFERENCES 
 
AVIBASE, 2013. The world bird database. 

http://avibase.bsc-eoc.org (Accessed on 5 March 2013). 
BROWN, J.D., STALLKNECHT, D.E., BECK, J.R., SUAREZ, 

D.L. AND SWANYNE, D.E., 2006. Susceptibility of 
North American ducks and gulls to H5N1 highly 
pathogenic avian influenza viruses. Emerg. Infect. Dis., 
12: 1663-1670. 

BROWN, J.D., STALLKNECHT, D.E. AND SWAYNE, D.E., 
2008. Experimental infection of swans and geese with 
highly pathogenic avian influenza virus (H5N1) of 
Asian lineage. Emerg. Infect. Dis., 14: 136-142. 

CHEN, H., LI, Y., LI, Z., SHI, J., SHINYA, K., DENG, G., QI, 
Q., TIAN, G., FAN, S. AND ZHAO, H., 2006. 
Properties and dissemination of H5N1 viruses isolated 
during an influenza outbreak in migratory waterfowl in 
western China. J. Virol., 80: 5976-5983. 

CHEN, H., SMITH, G., ZHANG, S., QIN, K., WANG, J., LI, K., 
WEBSTER, R., PEIRIS, J. AND GUAN, Y., 2005. 
Avian flu: H5N1 virus outbreak in migratory waterfowl. 
Nature, 436: 191-192. 

FANG, L., DE VLAS, S.J., LIANG, S., LOOMAN, C.W., 
GONG, P., XU, B., YAN, L., YANG, H., RICHARDUS, 
J. H. AND CAO, W., 2008. Environmental factors 
contributing to the spread of H5N1 avian influenza in 
mainland China. PLoS One, 3: e2268. 

GARAMSZEGI, L.Z. AND MØLLER, A.P., 2007. Prevalence 
of avian influenza and host ecology. P. Roy. Soc. B-Biol. 
Sci., 274: 2003-2012. 

IUCN, 2013. IUCN Red list of threatened species, version 2013. 
Available from URL: www.iucnredlist.org (Accessed on 
3 March 2013). 

JI, W., ZENG, N., WANG, Y., GONG, P., XU, B. AND BAO, S., 
2007. Analysis on the waterbirds community survey of 
Poyang Lake in winter. Geogr. Inform. Sci., 13: 51-64. 

JOURDAIN, E., GAUTHIER-CLERC, M., BICOUT, D. AND 
SABATIER, P., 2007. Bird migration routes and risk for 
pathogen dispersion into western Mediterranean 
wetlands. Emerg. Infect. Dis., 13: 365-372. 

KEAWCHAROEN, J., VAN RIEL, D., VAN AMERONGEN, 

G., BESTEBROER, T., BEYER, W. E., VAN 
LAVIEREN, R., OSTERHAUS, A.D., FOUCHIER, 
R.A. AND KUIKEN, T., 2008. Wild ducks as 
long-distance vectors of highly pathogenic avian 
influenza virus (H5N1). Emerg. Infect. Dis., 14: 
600-607. 

KILPATRICK, A.M., CHMURA, A.A., GIBBONS, D.W., 
FLEISCHER, R.C., MARRA, P.P. AND DASZAK, P., 
2006. Predicting the global spread of H5N1 avian 
influenza. Proc. natl. Acad. Sci., USA, 103: 
19368-19373. 

KOU, Z., LI, Y., YIN, Z., GUO, S., WANG, M., GAO, X., LI, P., 
TANG, L., JIANG, P. AND LUO, Z., 2009. The survey 
of H5N1 flu virus in wild birds in 14 provinces of China 
from 2004 to 2007. PLoS One, 4: e6926. 

LI, F., WU, J., HARRIS, J. AND BURNHAM, J., 2012. 
Number and distribution of cranes wintering at Poyang 
Lake, China during 2011–2012. Chinese Birds, 3: 
180-190. 

LIU, C., LIN, S., CHEN, Y., LIN, K.C., WU, T. AND KING, C., 
2007. Temperature drops and the onset of severe avian 
influenza A H5N1 virus outbreaks. PLoS One, 2: e191. 

LIU, D., SHI, W., SHI, Y., WANG, D., XIAO, H., LI, W., BI, Y., 
WU, Y., LI, X. AND YAN, J., 2013. Origin and 
diversity of novel avian influenza A H7N9 viruses 
causing human infection: phylogenetic, structural, and 
coalescent analyses. The Lancet, 381: 1926-1932. 

LIU, J., XIAO, H., LEI, F., ZHU, Q., QIN, K., ZHANG, X., 
ZHANG, X., ZHAO, D., WANG, G. AND FENG, Y., 
2005. Highly pathogenic H5N1 influenza virus 
infection in migratory birds. Science, 309: 1206-1206. 

MUNSTER, V.J., BAAS, C., LEXMOND, P., 
WALDENSTRÖM, J., WALLENSTEN, A., 
FRANSSON, T., RIMMELZWAAN, G.F., BEYER, 
W.E., SCHUTTEN, M. AND OLSEN, B., 2007. Spatial, 
temporal, and species variation in prevalence of 
influenza A viruses in wild migratory birds. PLoS 
Pathog., 3: e61. 

OIE, 2013. Update on highly pathogenic avian influenza in 
animals (type H5 and H7). Available from URL: 
www.oie.int/downld/AVIAN%20INFLUENZA/A_AI-A
sia.htm (Accessed on 5 March 2013). 



SPREAD OF AVIAN INFLUENZA VIA MIGRATORY BIRDS 1555

OLSEN, B., MUNSTER, V.J., WALLENSTEN, A., 
WALDENSTRÖM, J., OSTERHAUS, A.D. AND 
FOUCHIER, R.A., 2006. Global patterns of influenza A 
virus in wild birds. Science, 312: 384-388. 

PETERSON, A.T., BENZ, B.W. AND PAPEŞ, M., 2007. 
Highly pathogenic H5N1 avian influenza: entry 
pathways into North America via bird migration. PLoS 
One, 2: e261. 

PROSSER, D.J., CUI, P., TAKEKAWA, J.Y., TANG, M., HOU, 
Y., COLLINS, B.M., YAN, B., HILL, N.J., LI, T. AND 
LI, Y., 2011. Wild bird migration across the 
Qinghai-Tibetan plateau: a transmission route for highly 
pathogenic H5N1. PLoS One, 6: e17622. 

PROSSER, D.J., TAKEKAWA, J.Y., NEWMAN, S.H., YAN, B., 
DOUGLUS, D.C., HOU, Y., XING, Z., ZHANG, D., LI, 
T. AND LI, Y., 2009. Satellite marked waterfowl reveal 
migratory connection between H5N1 outbreak areas in 
China and Mongolia. Ibis, 151: 568-576. 

RAPPOLE, J.H. AND HUBLÁLEK, Z., 2006. Birds and 
influenza H5N1 virus movement to and within North 
America. Emerg. Infect. Dis., 12: 1486-1492. 

SHAO, M., JIANG, J., GUO, H. AND ZENG, B., 2014. 
Abundance, Distribution and Diversity Variations of 
Wintering Water Birds in Poyang Lake, Jiangxi 
Province, China. Pakistan J. Zool., 46: 451-462. 

SHARSHOV, K., SILKO, N., SOUSLOPAROV, I., 
ZAYKOVSKAYA, A., SHESTOPALOV, A. AND 
DROZDOV, I., 2010. Avian influenza (H5N1) outbreak 
among wild birds, Russia, 2009. Emerg. Infect. Dis., 16: 
349. 

TAKEKAWA, J.Y., HEATH, S.R., DOUGLAS, D.C., PERRY, 
W.M., JAVED, S., NEWMAN, S.H., SUWAL, R.N., 
RAHMANI, A.R., CHOUDHURY, B.C. AND 
PROSSER, D.J., 2009. Geographic variation in 
Bar-headed Geese Anser indicus: connectivity of 
wintering areas and breeding grounds across a broad 
front. Wildfowl, 59: 102-125.  

TAKEKAWA, J.Y., PROSSER, D.J., NEWMAN, S.H., 
MUZAFFAR, S.B., HILL, N.J., YAN, B., XIAO, X., 
LEI, F., LI, T. AND SCHWARZBACH, S.E., 2010. 
Victims and vectors: highly pathogenic avian influenza 
H5N1 and the ecology of wild birds. Avian Biol. Res., 3: 
51-73. 

TRACEY, J.P., WOODS, R., ROSHIER, D., WEST, P. AND 
SAUNDERS, G.R., 2004. The role of wild birds in the 
transmission of avian influenza for Australia: an 
ecological perspective. Emu, 104: 109-124. 

USGS, 2013a. List of species affected by H5N1 (avian 
influenza). Available from URL: 
www.nwhc.usgs.gov/disease_information/avian_influen
za/affected_species_chart.jsp (Accessed on 5 March 
2013).  

USGS, 2013b. Western Ecological Research Center. Satellite 
tracking migration birds. Available from URL: 
www.werc.usgs.gov/ResearchTopicPage.aspx?id=12 
(Accessed on 5 March 2013). 

WEI, D.L.Z. AND MUNDKUR, T., 2004. Numbers and 
Distribution of Waterbirds and Wetlands in the 
Asia-Pacific Region: Results of the Asian Waterbird 
Census: 1997-2001. Wetlands International. 

WETLANDS INTERNATIONAL, 2013. Waterbird population 
estimates. Available from www.wpe.wetlands.org 
(Accessed on 9 Jun 2013).  

WINKER, K., MCCRACKEN, K.G., GIBSON, D.D., PRUETT, 
C.L., MEIER, R., HUETTMANN, F., WEGE, M., 
KULIKOVA, I.V., ZHURAVLEV, Y.N. AND PERDUE, 
M.L., 2007. Movements of birds and avian influenza 
from Asia into Alaska. Emerg. Infect. Dis., 13: 547-552.  

XIAO, X., GILBERT, M., SLINGENBERGH, J., LEI, F. AND 
BOLES, S., 2007. Remote sensing, ecological variables, 
and wild bird migration related to outbreaks of highly 
pathogenic H5N1 avian influenza. J. Wildlife Dis., 43: 
S40-S46. 

ZHANG, L., GUO, Z., BRIDGE, E., LI, Y. AND XIAO, X., 
2013. Distribution and dynamics of risk factors 
associated with highly pathogenic avian influenza 
H5N1. Epidemiol. Infect., 11: 1-10. 

ZHANG, F.Y. AND YANG, R.L., 1997. Bird migration research 
of China. China Forestry Publishing House, Beijing. 

ZHAO, X.M., 2006. Bird migration and bird flu in the mainland 
of China. China Forestry Publishing House, Beijing. 

 
(Received 5 March 2014, revised 29 September 2014) 

 

 


