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Abstract

The highly pathogenic avian influenza H5N1 virus still cause devastating effects to humans, agricultural poultry
flocks, and wild birds. Wild birds are also detected to carry H5N1 over long distances and are able to introduce it
into new areas during migration. In this article, our objective is to provide lists of bird species potentially
involved in the introduction of highly pathogenic avian influenza H5N1 in Qinghai Lake, which is an important
breeding and stopover site for aquatic birds along the Central Asian Flyway. Bird species were classified
according to the following behavioral and ecological factors: migratory status, abundance, degree of mixing
species and gregariousness, and the prevalence rate of H5N1 virus. Most of the high-risk species were from the
family Anatidae, order Anseriformes (9/14 in spring, 11/15 in fall). We also estimated the relative risk of bird
species involved by using a semi-quantitative method; species from family Anatidae accounted for over 39% and
over 91% of the total risk at spring and fall migration periods, respectively. Results also show the relative risk for
each bird aggregating site in helping to identify high-risk areas. This work may also be instructive and mean-
ingful to the avian influenza surveillance in the breeding, stopover, and wintering sites besides Qinghai Lake
along the Central Asian Flyway.

Key Words: Birds—Field studies—Modeling—Surveillance—Transmission.

Introduction

Wild aquatic birds, especially species of Anseriformes
and Charadriiformes, are considered to be the natural

reservoir for influenza A viruses (Webster et al. 1992, Suss
et al. 1994, Olsen et al. 2006, Munster et al. 2007). Wild aquatic
birds are exposed to water that may be contaminated with
infected fecal matter, especially at specific sites and during
specific seasons when these birds densely congregate at rel-
atively confined and shallow water bodies (Webster et al.
1992, Webster and Govorkova 2006). Intensive studies have
been performed on the ecology and virology of influenza A
viruses as well as on the host ecology, life history, and behavior
that can affect virus prevalence in wild bird populations
(Alexander 2000, Fouchier et al. 2007, Stallknecht and Brown
2007, Weber and Stilianakis 2007, Capua and Alexander 2008).

In 2005, an unprecedented outbreak of highly pathogenic avian
influenza (HPAI) H5N1 occurred in Qinghai Lake, China,
causing the death of thousands of wild birds (Chen et al. 2005,
Liu et al. 2005). The HPAI H5N1 then spread from eastern Asia
to Europe, the Middle East, and Africa, raising concern that it
will be spread worldwide with bird migration (Simonite 2005).
Further, wetlands and lakes are important predictive envi-
ronmental variables for the risk of HPAI H5N1, because they
act as important stopover, breeding, or wintering sites for mi-
gratory waterbirds (Xiao et al. 2007, Fang et al. 2008, Lei et al.
2008). Up to now, no direct evidence exists to suggest that bird
migration plays an important role in the dispersion of HPAI
H5N1 into and out of Qinghai Lake. However, several studies
have shown that HPAI H5N1 can be potentially transported by
migratory birds of Qinghai Lake (Lei et al. 2008, Wang et al.
2008, Prosser et al. 2009).
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Qinghai Lake is one of the most important breeding and
stopover sites for migratory birds along the Central Asian
Flyway (Zhang and Yang 1997, Mundkur 2006). It harbors
thousands of breeding birds in summer, including the bar-
headed goose (Anser indicus), the great black-headed gull
(Larus ichthyaetus), and the brown-headed gull (Larus brunni-
cephalus). There are also a few species that winter in the lake,
such as the whooper swan (Cygnus cygnus), the common
goldeneye (Bucephala clangyla), and the tufted duck (Aythya
fuligula) (Liu et al. 2005, Hou et al. 2009). Satellite tracking of
migratory birds in Qinghai Lake has revealed a migratory
connection between epidemic sites in Mongolia and south
Asia (Muzaffar et al. 2008, Prosser et al. 2009). In view of the
lake’s important geographical location in bird migration,
migratory birds in this lake may act as the carrier or vector in
the circulation of H5N1 virus between southern and northern
areas along the flyway (Wang et al. 2008). During yearly mi-
grations, birds have the potential to disperse avian influenza
virus into and out of Qinghai Lake. However, large gaps in the
knowledge of wild bird migratory patterns in the lake and in
the ecology of wild bird populations have limited our un-
derstanding of how this disease spreads (Alexander 2007).

The ability to efficiently control the spread of highly in-
fectious, exotic diseases, such as HPAI H5N1, is dependent on
the capacity to rapidly detect the pathogen if introduced. To
assess the risk of HPAI H5N1 introducing into Qinghai Lake
via bird migration, we investigated the species diversity,
abundance, and behavior of gregariousness of aquatic birds in
Qinghai Lake in an attempt to provide general advice on

avian influenza surveillance. Therefore, in this study, we aim
at (1) identifying the potential high-risk species that are most
likely to introduce HPAI H5N1 into Qinghai Lake and (2)
identifying the optimal sites for monitoring and surveillance
of avian influenza at Qinghai Lake.

Materials and Methods

Study area

The study was conducted in Qinghai Lake National Nature
Reserve, Qinghai Province, China (Fig. 1). Qinghai Lake is
located at the north-eastern end of the Qinghai-Tibetan Pla-
teau and is about 280 km west of the city of Xining in Qinghai
Province. It is situated at an elevation of 3193 m and is the
largest saltwater lake in China, with an area of c.4200 km2

(Shen and Kuang 2003). Qinghai Lake is in an endorheic
(closed) basin that is surrounded by five rivers, for example,
the Buha River and Shaliu River, which are the source of its
water. Egg Island, Sankuaishi Island, and Haixinshan Island
are important breeding areas for bar-headed goose, brown-
headed gull, great black-headed gull, and great cormorant
(Phalacrocorax carbo) (Zhang et al. 2007, Hou et al. 2009). The
average annual temperature is 1.18C–0.38C, and the lowest
temperature is between November and January. The lake is
frozen for much of the year (average annual frozen days is
108–116 days), and it opens during the summer and early
autumn (April–October) when there is rapid growth of veg-
etation providing food and a breeding habitat for a large
number of waterbirds.

FIG. 1. Location map of Qinghai Lake, including the range of the Central Asian Flyway. 1, Egg Island (EI); 2, Cormorant
Island (CI); 3, Buhahekou (BHK); 4, Shenhekou (SHK); 5,Tiebujiahekou (TBK); 6, Quanwan wetland (QW); 7, Garila (GRL); 8,
Heimahe (HMH); 9, Buhahe Delta (BHD); 10, Erhai (EH); 11, Daotanghe (DTH); 12, Xiaopohu (XBH); 13, Sha Island (SI); 14,
Ganzihe (GZH); 15, Shaliuhe (SLH); 16, Quanjihekou (QJK); 17, Haixinshan (HXS); 18, Sankuaishi (SKS); 19, Shaliuhe2
(SLH2); 20, Hadatan (HDT); 21, Wushidalaiquan (WSQ); 22, Qinghaihunongchang wetland (QNC). Color images available
online at www.liebertonline.com/vbz.
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Identification of potential high-risk species to introduce
of HPAI H5N1 into Qinghai Lake

To estimate the risk of the introduction of HPAI H5N1 to
Qinghai Lake by wild migratory birds through spring and fall
migration, we use a modified method that was ever used by
European Food Safety Authority to select the potential high-
risk species which would introduce HPAI H5N1 into Qinghai
Lake (Pfeiffer et al. 2006). The potential high-risk species were
selected based on the following criteria: (1) species with
population size >100 individuals in Qinghai Lake. We pur-
posely included species that are regularly observed but are
present only in small populations, because we believe that
diversity also is an important element to take into account
while studying bird-associated pathogens; (2) migration from
or pass through areas known to have HPAI H5N1; (3) species
that had ever been infected by H5N1 in Qinghai Lake or
elsewhere; (4) degree of mixing species is high (Supplemental
Table S1, available online at www.liebertonline.com); and (5)
species that are gregarious. We followed the steps for target
species selection described in Figure 2.

Data of population size of waterbirds were from the survey
results during 2007 and 2008. Twenty-two bird aggregating
sites around the Lake were selected as the survey sites
through the pilot study in 2006. Usually one car with three
fieldworkers was in use during the survey. To minimize
multiple counting of birds, we selected vantage points from
which we would not disturb birds within wetlands and re-
corded all birds on the ground and those which flew opposite
to the counting direction with the aid of binoculars (Olymbus,

8�42) and spotting scopes (Kowa TSN-820). Waterbird counts
were conducted between 07:00 and 16:00 local time under
favorable weather conditions (no rain, wind speed �5 on
Beaufort scale). Most of the birds were counted within 800 m
to the surveyors. During the spring and fall migration periods,
some diving ducks were counted with a distant >800 m. The
amount of time spent at each survey site varied according to
size of survey area, with larger area requiring longer time.
Large flocks were counted by dividing them into groups of 10,
20, or 50 individuals and using landmarks to divide flocks
into groups that could be more accurately counted. These
surveys were conducted over four periods: spring migration
period (March to May), summer breeding period ( June to
August), fall migration period (September and October), and
winter period (November to the next February). At least one
survey was conducted at each period in 2007 and 2008. On
these surveys, we recorded all waterbirds, when possible, to
identify all birds to species. Groups of unidentified waterbirds
were all various ducks from the family Anatidae. This infor-
mation was used to create a database of the species regularly
observed at the 22 sites selected for monitoring (Fig. 1). In
cases of multiple counts from each period, we used the highest
count in calculation of population size. The multi-yearly av-
erage population sizes should be more representative to map
the bird population abundance of Qinghai Lake, The count of
population sizes in 2007 and 2008 were averaged when used
in the final analyses. We assessed whether bird species mi-
grate from or pass through the areas where HPAI H5N1
viruses were detected. Birds were identified as (1) winters or
breeds through areas where poultry or wild birds H5N1
identified; (2) on migration pass through areas where poultry
or wild birds H5N1 identified; and (3) no known use of H5N1
infection areas. If bird species were identified as no known use
of H5N1 infection areas, then this species did not enter into the
next step of selection of potential high-risk species (Supple-
mental Table S2, available online at www.liebertonline.com).
The OIE 2010s Disease outbreak maps were used to locate the
HPAI H5N1 epidemic areas (OIE 2010). The information of
the bird migration (where these birds are coming from or pass
through) was from bird ringing or satellite tracking data that
are available in published papers or books (Zhang and Yang
1997, Zhao 2006, Chu et al. 2008, Muzaffar et al. 2008, Prosser
et al. 2009, Takekawa et al. 2009, USGS 2010) (Supplemental
Table S2). Depending on the species, Qinghai Lake is either a
breeding area, a migration stop-over, or a wintering quarter
(Hou et al. 2009, Zhang et al. 2007). Many species do not have
enough migration information for us to assess whether they
migrate from or pass through the areas where HPAI H5N1
were identified, and then we synthesized the distribution in-
formation of the species and estimate the migration routes
according to the other related species that already have mi-
gration information (Zhang and Yang 1997, Mundkur 2006,
Zhao 2006, Avidase 2010). The migration routes across Qin-
ghai Lake have the following direction: They start from the
Siberia of Russia (main breeding area)- Baikal Lake-wetlands
of Mongolia and Inner Mongolia of China-Sichuan, Qinghai
and Gansu Province of China-Yunnan and Tibet of China, and
end at Bengal Bay and the coastal area of the Indian Ocean
(main wintering area) (Zhang and Yang 1997, Mundkur 2006,
Zhao 2006). The species were checked with the list of species
affected by H5N1 that was established by USGS to make sure
whether it was infected by H5N1 earlier (USGS 2007). We

FIG. 2. Decision tree for the selection of migratory species
more likely to introduce HPAI H5N1 into Qinghai Lake.
HPAI, highly pathogenic avian influenza.
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recorded the degree of mixing and gregarious of each species
during a field survey at Qinghai Lake.

Rank ordering of the high-risk species

We analyzed the relative risk posed by the high-risk species
for transmitting of H5N1 into Qinghai Lake by using a semi-
quantitative method that combines information on the
abundance, infection prevalence, and ecological variable. The
risk that a species will infect other birds in the lake can be
estimated as

Risk per species¼A�P�Vt�Vd�Ei,

where A is the abundance, P is the H5N1 infection prevalence
rate, and Ei (Efficiency of infection per species) is used to
assess the probability of a H5N1 infected individual who will
transmit virus to other individuals who cohabitat. Vt is the
virus titers shed after infection, and Vd is the duration of
shedding virus after infection. We used H5N1 surveillance
data at Qinghai Lake from 2004 to 2007 to estimate the in-
fection prevalence for each species (Kou et al. 2009). For the
species, we have no data available at Qinghai Lake, so we
used data published in other lakes that had H5N1 outbreaks
earlier. Here, the prevalence data used were from Lake Con-
stance in Europe (Happold et al. 2008). If a species still does
not have prevalence rate data, then we use the average
prevalence rate of the other species within the same family as
the prevalence rate of this species. We used the data of Vt and
Vd from experimental studies and collected from published
articles (Table 1). Experimental studies clearly demonstrate
that responses to HPAI H5N1 vary widely across species of
birds (Brown et al. 2006, 2008). If a species does not have Vt or
Vd data from experimental studies, then we use the data of
the species that has similar ecological habits and within the
same family. Otherwise, we use the average Vt or Vd value of
the other species within the same family or of the other species
with the similar ecological habits as the Vt or Vd value of this
species.

Four variables were included to estimate Ei: (1) degree of
mixing species (DM), (2) gregarious group size (GS), (3) gre-
garious group density (GD), and (4) feeding methods (FM)
(Supplemental Table S1). The four variables were selected
according to the previous study on behavioral and ecological
factors that facilitate cross-species transmission of avian in-
fluenza (Garamszegi and Møller 2007, Pfeiffer et al. 2006). The
four variables were valued with 0–1 in Supplemental Table
S1; the higher the value is, the higher the risk of infection for
other wild waterbirds that congregate together. An Analytic
Hierarchy Process method was used to assess the weight of
each variable (W), with 1–9 scale for making judgments. The
matrix was created based on advice from experts. Ei index
value was calculated per species as follows:

Ei ¼ DM · WDM þGS · WGS þGD · WGD þ FM · WFM

Risk of spread of HPAI H5N1 at each bird aggregating
site around Qinghai Lake

The analyses of the risk of spread of HPAI H5N1 to local
wild bird populations was carried out for each of the 22 wild
bird congregate sites around the lake. The risk of spread de-
pends on the chances of contact between possibly infected

populations and local susceptible wild waterbirds (Martinez
et al. 2009). The risk of spread at each site was calculated as the
sum of the risk equation over all high-risk species multiplied
by susceptible population abundance and index value of
habitat type and temperature:

Risk of spread per site¼H · T · �ðAs · Ei · MrÞ
· �Risk per species

Here As was the abundance of susceptible population, and
we assume that all the species are susceptible to the newly
introduced HPAI H5N1 virus (Olsen et al. 2006, USGS 2007). H
was the value of habitat types. Avian influenza virus could be
disseminated into water by the infected individuals, and other
birds that cohabitated might be infected through drinking the
contaminated water (Brown et al. 2007, Stallknecht and Brown
2007). There are four main habitat types for wild waterbirds in
the lake: coastal areas with shallow water and mudflat, river
mouth, pools, and sand rock (usually used by the breeding
colonies). The four habitat types were valued as 1 (pool, virus
is easily to congregate in pools with static water), 0.7 (coastal
area and river mouth), and 0.3 (sand rock, sand rock is arid and
not convenient for the virus spread), respectively, based on the
advice from expert. T was temperature. Generally, the avian
influenza viruses were most stable at low temperature (<178C)
in natural aquatic habitats, and the persistence of H5 and H7
was inversely proportional to temperature of water (Brown et
al. 2007, 2009). The H5N1 virus remained viable for> 100 days
at 48C and for 1 day at 288C (Shahid et al. 2009). We used
average monthly temperature from 1971 to 2000 to calculate
the average seasonal temperature (National Meterological In-
formation Center CMA 2005). In this study, the average tem-
perature of all the four seasons was<178C, so the temperature
of all the four seasons was valued as 1. Mr was the morbidity
rate of each species. Mr was estimated from the data from
experimental studies (Table 2). Mr, which had more data
compared with other factors, was included in the equation to
vary the differences of susceptibility between the wild water-
bird species.

P
(As�Ei�Mr) is the sum of the susceptible bird

populations, and
P

Risk per species is the sum of viruses
introduced.

Results

High-risk species and their relative risk value

Fourteen and 15 species from 5 orders were selected as the
high-risk species during spring and fall migration periods,
respectively (Table 1, Supplemental Table S2). Most of them
were from the family Anatidae, order Anseriformes (9/14 in
spring, 11/15 in fall). Species from family Anatidae accounted
for over 39% and over 91% of the total risk at the spring and
fall migration periods, respectively (Table 1). Except species
from family Anatidae, the other five high-risk species during
spring migration period include four summer breeders. The
total risk of the four summer breeding species, bar-headed
goose, brown-headed gull, great black-headed gull, and great
cormorant, accounts for 71.34% of the total risk of all high-risk
species during spring migration period. The difference of risk
value between the high-risk species is more likely a result of
the difference of the rate of virus prevalence and abundance of
the high-risk species.
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Risk of spread of HPAI H5N1 at each bird aggregating
site around Qinghai Lake

During spring and fall migration periods, the risk is high at
the important stopover sites that were used by the migratory
passengers. In general, the northwestern part of the lake in-
volving Quanwan wetland, Shenhekou, and Tiebujiahekou
has higher risk than other parts during spring and fall mi-

gration periods (Table 2). Heimahe has high risk during
spring migration period, and Shaliuhekou2 has high risk
during the fall migration period. During summer breeding
period, the risk is high at the sites with breeding colonies, such
as Sankuaishi, Haixinshan, and Egg Island. Buhakekou also
has high risk for being the most important feeding site of
breeding birds. At winter, the risk is high at the unfrozen parts
of the lake that serve as feeding habitat for the wintering birds.

Table 2. Relative Risk Value at Each Bird Aggregating Site Around Qinghai Lake

Spring Summer

Location
name

Habitat
types

Temperature
(8C)

Risk
introduced

Abundance
of susceptible

populationP
(As�Ei�Mr) Risk%

Temperature
(8C)

Risk
introduced

Abundance
of susceptible

populationP
(As�Ei�Mr) Risk%

EI C, S 0.4 3126.82 4508.78 34.79 9.87 2770.68 3957.00 7.83
CI S 0.4 637.24 1034.89 0.70 9.87 1117.62 1799.73 0.62
BHK R 0.4 420.91 679.99 0.71 9.87 2808.66 5105.20 10.25
SHK R 0.4 2971.38 1421.96 10.43 9.87 533.97 579.85 0.22
TBK C, R 0.4 2003.15 649.30 3.21 9.87 480.51 522.14 0.18
QW C 0.4 4205.79 2621.87 27.22 9.87 974.17 1111.26 0.77
GRL C 0.4 2073.19 1034.30 5.29 9.87 979.88 838.20 0.59
HMH C, R 0.4 2177.81 2324.74 12.50 9.87 819.55 1301.82 0.76
BHD C 0.4 33.46 498.07 0.04 9.87 588.18 1007.70 0.42
EH P 0.4 247.68 453.79 0.40 9.87 645.73 228.46 0.15
DTH R 0.4 263.45 250.33 0.16 9.87 190.46 154.90 0.02
XBH P 0.4 839.14 157.03 0.46 9.87 9.11 20.90 0.00
SI P 0.4 95.06 56.29 0.02 9.87 47.32 106.96 0.01
GZH P 0.4 134.70 289.02 0.14 9.87 173.87 89.28 0.02
SLH R 0.4 62.84 171.82 0.03 9.87 553.65 1055.84 0.42
QJK R 0.4 154.39 223.29 0.09 9.87 288.97 449.51 0.09
HXS S 0.4 0.00 0.00 0.00 9.87 2688.34 5344.70 4.40
SKS S 0.4 0.00 0.00 0.00 9.87 10050.85 23683.94 72.89
SLH2 R 0.4 0.00 0.00 0.00 9.87 845.17 516.33 0.31
HDT P 0.4 1060.01 924.03 3.45 9.87 211.64 183.07 0.04
WSQ C 0.4 125.15 64.79 0.02 9.87 1.64 3.00 0.00
QNC C 0.4 377.80 380.13 0.35 9.87 85.86 157.40 0.01

Fall winter
EI C, S 3.15 1496.28 584.45 0.22 �10.25 49.11 294.70 2.72
CI S 3.15 473.39 786.28 0.04 �10.25 275.75 744.83 16.55
BHK R 3.15 429.33 1245.06 0.14 �10.25 3.30 405.89 0.25
SHK R 3.15 7520.25 4995.18 9.63 �10.25 0.07 16.15 0.00
TBK C, R 3.15 16029.92 3706.14 15.24 �10.25 37.52 1140.39 8.04
QW C 3.15 17433.80 6177.68 27.62 �10.25 134.07 2536.20 63.92
GRL C 3.15 5445.92 2225.95 3.11 �10.25 18.58 131.82 0.46
HMH C, R 3.15 1927.42 1616.32 0.80 �10.25 4.04 35.26 0.03
BHD C 3.15 778.71 4436.63 0.89 �10.25 0.00 0.00 0.00
EH P 3.15 2928.81 1289.68 1.38 �10.25 0.00 0.00 0.00
DTH R 3.15 845.37 759.59 0.16 �10.25 0.02 0.16 0.00
XBH P 3.15 2.19 7.56 0.00 �10.25 0.00 0.00 0.00
SI P 3.15 202.35 195.32 0.01 �10.25 0.00 0.00 0.00
GZH P 3.15 1015.43 422.09 0.16 �10.25 85.76 291.56 6.71
SLH R 3.15 5281.36 2936.76 3.98 �10.25 20.03 183.76 0.69
QJK R 3.15 5734.91 3154.56 4.64 �10.25 1.06 73.98 0.01
HXS S 3.15 1754.89 3431.52 0.66 �10.25 0.00 0.00 0.00
SKS S 3.15 3837.30 9744.75 4.11 �10.25 0.00 0.00 0.00
SLH2 R 3.15 11228.05 8364.29 24.09 �10.25 13.46 239.42 0.61
HDT P 3.15 222.89 206.67 0.02 �10.25 0.00 0.00 0.00
WSQ C 3.15 1953.77 960.92 0.48 �10.25 3.14 10.05 0.01
QNC C 3.15 5363.20 1902.10 2.62 �10.25 0.00 0.00 0.00

Codes of location name see Figure 1.
C, coastal areas with shallow water and mudflat; R, river mouth; P, pool; S, sandy rock.

572 CUI ET AL.



Quanwan wetland and Cormorant Island had the highest risk
at winter, these 2 sites account for >80.47% of the total risk.

Discussion

We developed a qualitative method to select the wild mi-
gratory species more likely to introduce HPAI H5N1 virus
into Qinghai Lake through spring and fall migration, and then
we analyzed their relative risk by using a semi-quantitative
method. Also, the risk of spread of HPAI H5N1 within local
wild bird populations at each bird aggregating site was
evaluated by using a semi-quantitative method. The results of
this study indicate that ducks and geese are the predominant
birds more likely to introduce HPAI H5N1 into the lake at
both spring and fall migration periods. Results also show the
risk of spread within local wild bird populations for each bird
aggregating site in helping to identify high-risk areas at each
season.

Several studies have evaluated the risk for HPAI H5N1
transmission via bird migration in North America, Europe,
and Africa (Rappole and Hubalek 2006, Goutard et al. 2007,
Martinez et al. 2007, Peterson et al. 2007, Winker et al. 2007).
Most of these studies emphasized the movement of virus at
the continental or country scale, based on knowledge of large-
scale migratory patterns of wild birds, and these studies do
provide efficient information on the design of the monitoring
program (Pfeiffer et al. 2006, Peterson et al. 2007, Defra 2008).
However, risk assessment work at a more fine scale was less
( Jourdain et al. 2007). There were large gaps on the quanti-
tative analyses of effect of wild birds in the spread of HPAI
H5N1 virus (Feare 2010). Qinghai Lake has become very im-
portant in avian influenza surveillance since 2005 when the
unprecedented H5N1 epidemic occurred in waterfowl pop-
ulation (Chen et al. 2005, Liu et al. 2005). Therefore, through
comprehensive investigation on waterbird species distribu-
tion and ecological behavior at the lake and review on the data
of virus’ pathology responses to different species, we esti-
mated the relative value of risk of high-risk species and risk of
specific sites around Qinghai Lake. The species and sites with
high-risk scores should be focused on in the surveillance
program of avian influenza at Qinghai Lake. In this study, we
followed two steps in identifying the high-risk species. First, a
qualitative method was used to integrate data of bird distri-
bution, abundance, and intermixing capacity with other spe-
cies, gregarious habits, feeding habits, and migration flyway
to identify the potential high-risk species; and second, a
quantitative method was used to integrate data on birds’
abundance, prevalence rate of H5N1 virus of bird popula-
tions, and the index of ability to spread of H5N1 virus by each
high-risk species (Ei) to estimate the relative risk of these high-
risk species during each period. The two steps lead to more
precise identification of the high-risk species encountered
around the lake.

The validity of our conclusions rests on the assumptions we
have made and the data on which they are based. Of primary
importance is the using of prevalence rate and Ei in calculat-
ing the relative risk of the high-risk species and difference of
titers duration of shedding virus between species. Wild spe-
cies could be suspected as the potential long- or short-distance
vectors of HPAI H5N1 if they have the ability to excrete virus
in the absence of debilitating disease, even for only a few days
(Brown et al. 2008, Keawcharoen et al. 2008). At first, the vi-

remia levels should be observed on the bird species, and
then they can be regarded as potential vectors in the spread
of virus. In this study, we used prevalence rate of each
species to assess the potential bird population of each species
that would be involved in the H5N1 transmission. However,
with a high prevalence rate of HPAI H5N1, most wild birds
had no signs of diseases or death in Qinghai Lake (Kou et al.
2009). Ei index in this study mainly indicated the contact rate
between the infected birds and the potential susceptible
birds. From what we know about the low pathogenic avian
influenza virus, avian influenza virus is easily transmitted
among wild waterbirds via the fecal-oral route, thereby in-
fecting other animals that drink the contaminated water
(Webster et al. 1978). Although there are limited data related
to the environmental tenacity of HPAI viruses, HPAI H5N1
had been detected in the environmental samples (Vong et al.
2008). The conclusion that oropharyngeal excretion is the
main source of transmissible virus is supported by experi-
mental studies of captive swans and ducks (Brown et al.
2008, Kalthoff et al. 2008). However, virus shedding from the
oral cavity may promote transmission between poultry in a
wet market or in a crowded breeding colony, but it is un-
likely to be as efficient as fecal shedding in dispersing viral
particles in the aquatic habitats occupied by waterfowl (Ta-
kekawa et al. 2010). Feeding habit is closely related with the
fecal-oral route of transmission, so it was included in the
calculation of Ei. Contact transmission can be affected not
only by the contact rate between infected and the susceptible
species but also by the amount of environmental contami-
nation and quantity of virus shedding (Swayne and Sle-
mons, 2008). Quantity of virus shedding is highly strain and
species specific in the experimental test (Brown et al. 2006,
2008, Swayne 2007, Swayne and Slemons 2008). Two im-
portant factors: titers and duration of shedding virus were
included in the equation to differentiate the susceptibility of
wild bird species (Takekawa et al. 2010).

Our analyses show that the greatest known threat of H5N1
virus introduction to Qinghai Lake is through ducks and geese.
The ducks and geese are the most abundant groups in the lake,
and the virus prevalence is relatively high in ducks (Hou et al.
2009, Kou et al. 2009). Previous studies have reported that
several duck species carry the H5N1 virus without showing
clinical signs (Chen et al. 2006, Keawcharoen et al. 2008). Thus,
considering the low disease and mortality rate of ducks and
geese to HPAI H5N1 virus in an experimental study, we sug-
gest that the risk of introduction of HPAI H5N1 into Qinghai
Lake by wild migratory birds is still most possibly persistent
(Perkins and Swayne 2003, Brown et al. 2006, 2008).

A semi-quantitative approach was used to analyze the
relative risk of spread per site around the lake. The main
purpose of our study was to find the sites with highest risk of
spread of H5N1 within different seasons. Risk of spread per
site around the lake mostly depends on the following aspects:
amount of H5N1 virus introduced by migratory birds, species
of wild birds at each site, susceptibility of local wild birds to
H5N1, exposure of local wild birds to H5N1, and virus sur-
vival in the environment (Pfeiffer et al. 2006, Kasemsuwan
et al. 2009). Susceptibility of wild birds to HPAI H5N1 virus
was quite different between species and isolates (Swayne
2007, Brown et al. 2008). On the circumstance that we do not
know the genotype of the newly introduced H5N1 isolate
into Qinghai Lake, it is difficult to assess the susceptibility of
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different species, so we used the morbidity rate data from
experimental studies to estimate the difference of suscepti-
bility between species. Based on experimental exposure trials
on wild bird species, there were a series of differences in
exposure responses ranging from asymptomatic periods,
shedding periods, and development of clinical signs, mor-
bidity rates and mortality rates (Takekawa et al. 2010).
However, most of the experimental studies of the exposure
responses were conducted on the species from order of An-
seriformes (ducks and geese), Galliformes (chickens), and
Passeriformes (songbirds) (Perkins and Swayne 2003, Brown
et al. 2006, Boon et al. 2007). There were very few studies that
focused on the shorebirds from order Charadriiformes. There
were large information gaps on the exposure responses of the
wild waterbird species in this study; only the morbidity rate
that had more data compared with other factors was included
in the equation to vary the differences of susceptibility be-
tween the wild waterbird species. The Ei value was also in-
cluded to differentiate the variation of behavior between the
species. We included environmental factors such as temper-
ature and habitat types in the analyses, as the survival of
avian influenza virus is closely correlated with the tempera-
ture (Stallknecht 2003, Shahid et al. 2009). Also, the water-
borne transmission is important in the epidemiology of avian
influenza virus (Roche et al. 2009). Many other aspects of
climate factors such as temperature drops and dust storms
would also exacerbate the spread of H5N1 virus by causing
the birds’ physiological stress to suppress the immune system
(Liu et al. 2007). These factors should be considered in future
risk evaluation, when we have a full understanding of the
effects of these factors on the spread of avian influenza virus.
Isolation of H5N1 from wild pikas (Ochotona curzoniae) by
Zhou et al. (2009) called to great attention for monitoring the
possible across species (mammals vs. birds) transmission of
the virus in the Qinghai Lake ecosystem, as we have observed
the great black-headed gull preying on the wild pikas at
Qinghai Lake.

In summary, the paper provided a list of high-risk species
and high-risk sites in that we may target the ecological secu-
rity and avian influenza surveillance activities around Qin-
ghai Lake. This list may also prove a useful tool in
determining the target species for a further study on H5N1
ecology. The merit of our study is that we make the risk value
comparable for the high-risk species and comparable at spa-
tiotemporal scales. The study may also be instructive and
meaningful to the avian influenza monitoring in the breeding,
stopover, and wintering sites besides Qinghai Lake along the
Central Asian Flyway.
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