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Abstract Highly pathogenic avian influenza (HPAI) H5N1

has led to the death or destruction of millions of

domesticated and wild birds and caused hundreds of

human deaths worldwide. As with other HPAIs, H5N1

outbreaks among poultry have generally been caused by

contact with infected migratory waterfowl at the interface

of wildlands and human-dominated landscapes. Using a

case–control epidemiological approach, we analyzed the

relation between habitat protection and H5N1 outbreaks in

China from 2004 to 2017. We found that while proximity

to unprotected waterfowl habitats and rice paddy generally

increased outbreak risk, proximity to the most highly

protected habitats (e.g., Ramsar-designated lakes and

wetlands) had the opposite effect. Protection likely

involves two mechanisms: the separation of wild

waterfowl and poultry populations and the diversion of

wild waterfowl from human-dominated landscapes toward

protected natural habitats. Wetland protection could

therefore be an effective means to control avian influenza

while also contributing to avian conservation.
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INTRODUCTION

Although habitat protection is recognized to be essential

for wild species preservation, protected area design has

been changing to embrace broader social and environ-

mental considerations (Xu et al. 2017; Barnes et al. 2018).

There now exist a wide range of nominally protected areas

that vary in size, proximity to human activities, and the

environmental benefits to be protected. In addition to larger

remote habitats aimed primarily at wild species preserva-

tion, there are many smaller protected areas located in

human-dominated landscapes, such as farmlands, that are

aimed at maintaining particular ecosystem services (Fis-

cher et al. 2008; Railsback and Johnson 2014). The degree

of protection offered to habitats also varies across protected

areas. Humans and their domesticates may have very

limited access to wild habitat in highly protected areas, but

face few restrictions in ‘‘paper parks’’ or protected areas

focused on other environmental benefits (Di Minin and

Toivonen 2015). In such cases interactions between wild

and domesticated species at park boundaries may have

negative effects, including cross-species disease transmis-

sion (Daszak et al. 2000).

Most emerging zoonotic and epizootic diseases originate

at the interface between managed landscapes and wildlands

(Jones et al. 2008; Gruber 2017). Since wildlands are fre-

quently subject to some form of protection, the role of

protected areas in pathogen transmission between domes-

ticated species or humans and wildlife is an important topic

for research (Kilpatrick et al. 2017). In this paper we

consider how outbreaks of highly pathogenic avian influ-

enza (HPAI) H5N1, one of the most widespread and fatal

(to both domesticates and humans) zoonoses of recent

decades, are related to the degree of protection given to

waterfowl habitats in the country of origin of most HPAIs,

China.

Migrating waterfowl are known to spread avian

influenza, and China is particularly vulnerable because it is

traversed by three globally important migratory bird fly-

ways (Fig. 1). These flyways connect large numbers of

natural and human-made waterfowl habitats (Fig. 2) in
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which the likelihood of wild and domesticated birds com-

ing into contact varies widely. In unprotected lakes, wet-

lands, and paddy fields, for example, wild waterfowl

frequently come into contact with free-ranging chickens,

ducks, and geese in conditions of weak biosecurity (Conan

et al. 2012; USDA Foreign Agricultural Service 2017). In

more highly protected wildfowl habitats, on the other hand,

restrictions on access may limit contact between wild and

domesticated birds (Higuchi et al. 2004; Liu et al. 2005;

Olsen et al. 2006; Tian et al. 2015).

Consider the case of Poyang Lake, China’s largest

freshwater lake and home to approximately fifty million

free-ranging poultry and up to one million wintering wild

birds (Xiao et al. 2010). While the Poyang Lake area has

been identified as a potential avian influenza hotspot

(Prosser et al. 2013), the incidence of H5N1 poultry out-

breaks in the neighborhood of the lake is much lower than

would be expected from the convergence of risk factors

(Takekawa et al. 2010). What differentiates Poyang Lake

from other such areas is that measures are in place to limit

direct contact between wild and domesticated birds.

Poyang Lake has been designated as a Ramsar Convention

‘‘Wetland of International Importance especially as

Waterfowl Habitat.’’ The Ramsar Convention, an interna-

tional agreement created in 1971 with 170 national

signatories, aims to promote the ‘‘wise use’’ of wetlands by

requiring signatories to limit activities such as rice culti-

vation and livestock husbandry through zoning and other

policies (Ramsar Convention Secretariat 2010b).

The convention does not mandate universal restrictions

but provides guidance on the types of human activities

considered permissible given local ecological conditions

and objectives, including migratory waterfowl conserva-

tion. In terms of its specific guidelines for managing avian

influenza risks, the Ramsar Convention’s official handbook

recommends managers to ‘‘physically separate wild birds

and domestic/captive birds (including poultry), their food

and water sources, and their waste where this is feasible’’

(Ramsar Convention Secretariat 2010a). In China, author-

ities have enforced tight restrictions on agriculture and

husbandry around Poyang Lake and other Ramsar sites to

preserve migratory bird habitats (Finlayson et al. 2010;

Han et al. 2015). More generally, Ramsar sites have been

effective in reducing anthropogenic pressures on natural

habitats and promoting waterfowl abundance (Kleijin et al.

2014; Zhang et al. 2019).

In this paper, we consider the impact of Ramsar status

on the probability of transmission of avian influenza

between wild and domesticated bird populations. More

particularly, we consider whether the degree of protection

Fig. 1 The major migratory bird flyways that cover Africa, Europe, and Asia. The ones that cover China are the East Asia-Australasia, Central

Asia, and East Africa-Asia flyways
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of waterfowl habitats affects the probability of H5N1

outbreaks in proximate poultry populations. To do this we

used a case–control approach to analyze the location of

H5N1 poultry outbreaks between January 1, 2004 and

September 1, 2017 relative to habitats characterized by

different rates of wild bird-poultry contact, while control-

ling for general biosecurity levels. While there are no

reliable time-series data on the distribution of wildfowl and

free-ranging poultry in China, there are data on habitats

and habitat protection—extending from rice paddy cover,

which is a common habitat for domesticated fowl, to fully

protected wildfowl habitats. Exposure is measured by the

proximity of poultry populations to habitats attractive to

wildfowl, and the measures taken to restrict contact

between poultry and wildfowl in those habitats. We

expected outbreaks in poultry populations in close prox-

imity to habitats attractive to wildfowl to be more frequent

when those habitats were unprotected or weakly protected,

and less frequent when they were strongly protected.

MATERIALS AND METHODS

Data sources

Our data span the period January 2004 to September 2017,

during which time there were 201 reported HPAI H5N1

poultry outbreaks. Data on H5N1 outbreaks in China

include the location and dates of outbreaks, and derive

from the Emergency Prevention System for Animal Health

(EMPRES), a joint project of the United Nations’ Food and

Agriculture Organization and the World Organization for

Animal Health (Welte and Teran 2004). Data on waterfowl

habitat, including rice paddies, open waterbodies, and

wetlands, derive from the Institute of Geography at the

Fig. 2 The distribution of HPAI H5N1 poultry outbreaks relative to waterbodies, Ramsar sites and rice paddies in China
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Chinese Academy of Sciences and the Center for Human–

Environment Systems Sustainability at Beijing Normal

University. We combined baseline maps from Landsat TM

imagery with data on elevation, temperature, and precipi-

tation, along with 6 major and 25 subsidiary land cover

classification types (Table S1), following the methodology

reported in Zhang et al. (2014). Data on Ramsar sites

derive from the official database of the Ramsar Convention

(http://www.ramsar.org/). During the study period, there

were 48 Ramsar sites, all associated with large waterbodies

and their wetlands.

We did not have direct data on biosecurity measures at

different locations, but exploited the fact that a number of

studies have revealed a strong positive correlation between

biosecurity and measures of economic development such

as per-capita Gross Domestic Product (GDP) (Hennessy

and Wang 2012). Data on per-capita GDP derive from the

databases and statistical yearbooks published by the

National Bureau of Statistics of China (National Bureau of

Statistics 2016). These data vary in availability and quality

across prefectures (a sub-provincial administrative unit).

Where there were gaps in prefectural economic data,

missing values were interpolated as a linear time series

trend from data for previous and later years or substituted

by contemporary provincial-level values. 17 out of 1206

values for per-capita GDP in the reported model were

interpolated this way.

Case–control approach

We used a case–control approach, in which the spatial

locations of H5N1 poultry outbreaks with respect to habi-

tats attractive to wildfowl were treated as the population of

cases, and randomly selected uninfected locations were

treated as the population of controls (at a ratio of 5 controls

per case). The case–control approach allows a comparative

population-level analysis of disease risk factors. It gener-

ates odds ratios that are a measure of relative risk and that

are particularly helpful when used to assess diseases with a

low incidence rate—what is known as the ‘‘rare disease

assumption’’ (Greenland and Thomas 1982; Schulz and

Grimes 2002). While the approach has some limitations,

particularly with respect to selection bias, its relatively

flexible data requirements and efficiency of use has

encouraged its widespread application in epidemiology

(Breslow 1996; Grimes and Schulz 2005). Applications

range from non-communicative pathologies, such as men-

tal health disorders and cancer, to a wide range of infec-

tious diseases (Yusuf et al. 2004; Jha et al. 2008;

O’Donnell et al. 2016), including HIV-AIDS (Schulz and

Grimes 2002).

Avian influenza, whether in terms of poultry or human

cases, has a low incidence rate, and thus meets the ‘‘rare

disease assumption’’. We implemented the approach

through the random selection of locations over the study

area—mainland China—using the random coordinates

generator algorithm in ArcGIS. The spatial limits for the

random distribution of points were initially specified as the

national boundary, but we later specified sub-national

boundaries in alternative models. The controls were ran-

domly generated so as to avoid bias to the locations of

waterfowl habitats compared with the distribution of cases.

Other studies of environmental risk factors in avian influ-

enza have used this same technique to identify cases by

outbreak coordinates or administrative units, and controls

by random selection of uninfected locations (the random-

ness producing a representative sample).

One challenge of this approach is the potential presence

of confounders: variables that influence both the indepen-

dent exposure variable and the dependent disease variable,

leading to a spurious relation between the two. In our case,

a confounder would be one that separately influences both

the probability of an outbreak in a given location and the

degree to which proximate wildfowl habitat is protected. In

traditional cohort-based epidemiological studies the effect

is managed through restriction of controls to those that are

not correlated with an identified confounder, matching the

distribution of controls to that of cases, and random allo-

cation of controls to exposure so the distribution of both

known and unknown confounders is similar for the groups

being compared (Kirkwood and Sterne 2003). In this study,

we tried to minimize the effects of potential confounders

by random allocation of controls to exposure (detailed

below), and by using multiple methods of random alloca-

tion. This follows the approach taken by Fang et al. (2008)

and Fang et al. (2013) in their respective analyses of the

environmental drivers of H5N1 and H7N9 in China (both

studies also used a ratio of 5 controls for every 1 case).

Spatial analysis

The land cover raster dataset and the Ramsar wetland

dataset were inputted into the GIS software package Arc-

Map 10.4 to calculate the values of the explanatory vari-

ables. The resolution of the dataset was 1000 m, and the

map reference year was 2010. Accurate land cover maps

were not available annually, and the 2010 land cover dis-

tribution was used as the best available spatial ‘‘average’’.

We note, however, that land cover for wetland and rice

paddy at this resolution did not change significantly over

our study period. Each outbreak (case) was placed on the

land cover map based on reported coordinates of the

location in which it was first observed. The locations of the

controls were generated using the random points generator

algorithm in ArcMap, and distributed across the map of

China (Model 1; Table S2). Two alternative sets of controls
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were also randomly generated. The first comprised 5 con-

trols for each prefecture, regardless of the size of the pre-

fecture. This set accounts for the geographically uneven

distribution of populations (Model 2; Table S3). The sec-

ond comprised 5 controls for each case within a given

province (Model 3; Table S4). Controls were randomly

distributed within the boundaries of each prefecture or

province. (There were five mainland provinces without

reported cases during the study period: Hainan, Sichuan,

Heilongjiang, Beijing, and Shandong.)

Proximity to the edge of the nearest Ramsar site was

calculated along a normalized scale of 100, proportional to

the most distant case/control location: proximity = ((max-

imum distance - location distance)/maximum-dis-

tance)*100. A proximity value of 100 represents maximal

proximity, e.g., the location of the outbreak is within the

Ramsar site, while a proximity value of 0 represents

maximal distance away from the site within the range of

values. The Ramsar site identified also had to be contem-

porary to the outbreak (i.e., the site had to have acceded to

the convention at least one year before the outbreak).

Proximity to the nearest unprotected large waterbody—i.e.,

waterbodies larger than 1 sq. km—was also calculated

along a normalized scale of 100. For the rice paddy vari-

able, each outbreak was given a 10-km radius buffer zone

(alternatives of 20-km and 50-km were also tested), and the

area in that buffer zone covered by rice paddy was esti-

mated. The per-capita GDP value associated with each

case/control was the officially reported value for the pre-

fecture in which the outbreak was observed, or that in

which the control was randomly placed, for the year of

occurrence.

Statistical analysis

The data generated by the GIS analysis were used to esti-

mate a set of multivariate logistic regression models. The

general form of the models was:

Pr yi ¼ 1ð Þ ¼ exp hið Þ= exp hið Þ þ 1ð Þ;

hi ¼ a0 þ R4
j Xijbj þ ei;

where Pr(yi = 1) is the likelihood of a H5N1 poultry out-

break at location i (yi = 0 in the absence of an outbreak), a0
is the intercept, e is the error term, and Xi is the risk factors

at location i. These risk factors include: the proximity of

the location to the nearest Ramsar site; the proximity of the

location to the nearest large waterbody; the amount of rice

paddy land cover within a 10-km (or 20-km or 50-km)

radius buffer zone around the location; and the per-capita

GDP of the prefecture in which the case/control was

located (a proxy for the effectiveness of biosecurity and

environmental protection). General linear models of this

kind have frequently been used in epidemiological studies

of avian influenza, including for H5N1 in wild birds and

poultry (Fang et al. 2008; Si et al. 2010; Fang et al. 2013;

Si et al. 2013). This study extended the analysis by

focusing explicitly on the epidemiological effect of pro-

tected areas, which the existing literature has ignored.

RESULTS

Across all models, the risk factors analyzed in our study

were found to be below the 0.1% p value threshold

(Table 1; Fig. 3). Proximity to a Ramsar site was found to

reduce the risk of an H5N1 poultry outbreak, whereas

proximity to a large unprotected waterbody and the density

of rice paddies within a buffer area were both found to

increase outbreak risk (Fig. 4). We also found that our

indirect proxy for biosecurity, the per-capita GDP of an

area, was negatively related to the likelihood of an

outbreak.

We found that a unit increase in proximity (* 17.6 km)

to the nearest Ramsar site (i.e., along a scale of 0–100, with

0 being the farthest distance recorded in the dataset; see

Methods) was associated with a 3.2% reduction in the odds

of an H5N1outbreak. By contrast, a unit increase in prox-

imity (* 1.5 km) to the nearest unprotected waterbody

was associated with a 7.7% increase in the odds of an

H5N1outbreak. Within a 10-km radius buffer zone, an

increase of 1% in rice paddy land cover was associated

with up to a 1.6% increase in the odds of an outbreak. And

in a given prefecture, a 1000 RMB (* 147 US$ in 2018)

increase in per-capita GDP was associated with a 2%

decline in the odds of an outbreak.

The average number of cases per outbreak was 3045.

The average number of poultry lost due to infection was

2620 per outbreak, while that due to culling was a much

larger 96,227 per outbreak. Using these parameters, and all

else being equal, a unit (17-km) increase in proximity to a

highly protected waterfowl habitat reduced expected

poultry mortality (total deaths from infection and culling)

by approximately 3160 birds. A unit (* 1.5-km) increase

in proximity to an unprotected habitat increased expected

poultry mortality by 7610 birds. As of 2019, the average

price of a frozen, supermarket chicken in Beijing was

approximately 40 RMB (* 5.88 US$ in 2018), while that

for live, free-range chickens and for ducks, geese, and other

types of poultry (both frozen and live) were several times

higher (http://www.xinfadi.com.cn/). Using the lower-end

price of 40 RMB per bird, a conservative estimate for the

value of disease mitigation from being 17 km closer to a

Ramsar wetland was approximately 126,400 RMB

(* 18,865 US$ in 2019).
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DISCUSSION

Avian influenza risk mitigation has so far relied heavily on

poultry vaccination and the monitoring and management of

poultry supply chains. However, implementation of these

measures at sufficiently large scales and for long enough to

contain disease risks is costly and logistically challenging,

and transmission can occur even among vaccinated flocks

(Poetri et al. 2014). Furthermore, while vaccination may

offer protection against circulating strains, it provides no

guarantee against other emerging influenza viruses. Poli-

cies that lower the probability of disease transmission

through the segregation of wild and domesticated birds in

and around protected areas may be a cost-effective

supplement to the vaccination of high-risk flocks, and to

postoutbreak suppression measures.

Our findings suggest that strict protection (e.g., Ramsar-

like restrictions on agriculture, husbandry, and other

intensive human activities) of wetlands and lakes—the

most important migratory waterfowl habitat—may be an

effective way to reduce avian influenza risks. We conjec-

ture that this involves two mechanisms: the exclusion of

domesticated birds from wildfowl habitat and the diversion

of wildfowl from heavily impacted, unprotected habitat

such as paddy fields toward protected areas. First, restric-

tions on agriculture and husbandry within and around

protected areas likely reduce contact between infected wild

waterfowl and susceptible poultry. We used Ramsar status

Table 1 Results for models of risk factors of H5N1 poultry outbreaks in China, from January 1, 2004 to September 20, 2017. Odds ratios and p-

levels are reported (latter in parentheses). All are significant at the 1-percent level. Results from columns (a), (b), and (c) differed because of

different values for rice paddy area radius

Variables Units (a) (b) (c)

Model 1

Proximity to nearest unprotected large water body – 1.0051 (0.000) 1.0455 (0.000) 1.0418 (0.000)

Proximity to nearest Ramsar wetland – 0.98326 (0.001) 0.97906 (0.000) 0.97633 (0.000)

Rice paddy area

Within 10-km radius zone km2 1.0163 (0.000)

Within 20-km radius zone km2 1.0052 (0.000)

Within 50-km radius zone km2 1.0010 (0.000)

Per-capita GDP ¥ 0.99999 (0.000) 0.99999 (0.000) 0.99998 (0.000)

Observations 1206 1206 1206

Pseudo R2 0.1940 0.2205 0.2293

Model 2

Proximity to nearest unprotected large water body – 1.0777 (0.000) 1.0735 (0.000) 1.0715 (0.000)

Proximity to nearest Ramsar wetland – 0.97168 (0.000) 0.96936 (0.000) 0.96834 (0.000)

Rice paddy area

Within 10-km radius zone km2 1.0065 (0.000)

Within 20-km radius zone km2 1.0022 (0.000)

Within 50-km radius zone km2 1.0004 (0.000)

Per-capita GDP ¥ 0.99998 (0.000) 0.99998 (0.000) 0.99998 (0.000)

Observations 1356 1356 1356

Pseudo R2 0.1476 0.1571 0.1571

Model 3

Proximity to nearest unprotected large water body – 1.0563 (0.000) 1.0546 (0.000) 1.0551 (0.000)

Proximity to nearest Ramsar wetland – 0.98474 (0.002) 0.98333 (0.001) 0.98370 (0.002)

Rice paddy area

Within 10-km radius zone km2 1.0041 (0.003)

Within 20-km radius zone km2 1.0013 (0.001)

Within 50-km radius zone km2 1.0002 (0.004)

Per-capita GDP ¥ 0.99999 (0.000) 0.99999 (0.000) 0.99999 (0.000)

Observations 1206 1206 1206

Pseudo R2 0.0861 0.0883 0.0856

The variables ‘‘Proximity to nearest unprotected large water body’’ and ‘‘Proximity to nearest Ramsar wetland’’ were unit-less because they were

normalized
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as a proxy for the existence of effective buffer zones, since

a central feature of Ramsar sites in China is the prohibition

of such activities in and around the protected area (Wang

et al. 2012; Jiang et al. 2015). Second, the diversion of

migratory waterfowl away from farmlands—particularly

paddy fields—likely reduces the abundance of infected

waterfowl in human-dominated, and therefore poultry-

abundant, areas. For instance, according to decadal surveys

of the Poyang Lake area, waterfowl numbers and diversity

have been increasing in protected wetland habitats relative

to surrounding farmlands and unprotected waterbodies (Wu

et al. 2014). This is consistent with the widely observed

preference of migratory birds for natural lakes and wet-

lands over farmlands and other human-dominated land-

scapes (Bonter et al. 2009; Li et al. 2013; Beatty et al.

2014).

A limitation of the study is that there are no reliable

census data on wild and domesticated bird abundance in

these different habitats. Indeed, this is a general problem in

migratory waterfowl conservation, particularly with respect

to multi-species congregations (Haig et al. 1998). There is,

however, indirect evidence that waterfowl abundance in

both environments is ‘‘high’’. And in China, it has been

found that wetland size is a good predictor of wild water-

fowl population size and density (Zhang et al. 2015).

Among the criteria for designation as a Ramsar site, a

given location should regularly support at least 20 000

waterbirds (Criterion 5) and/or 1% of the population of a

waterbird species or sub-species (Criterion 6) (Ramsar

Convention Secretariat 2019). Among the 48 mainland

China Ramsar sites in our study period, 32 met Criterion 5

and 29 met Criterion 6. Rice paddies have also been

strongly associated with free-ranging poultry in China and

other parts of Asia (Muzaffar et al. 2010). Since migratory

waterfowl prefers natural lakes and wetlands to human-

dominated sites, farmlands in China benefit from the same

diversion effect that has been observed for wild birds

displaced to natural refugia in other parts of the world (Gill

et al. 2001; Beatty et al. 2014).

Since per-capita GDP has been shown to be a proxy for

the general quality of public health infrastructure, envi-

ronmental protection, and biosecurity in livestock produc-

tion and distribution (Hennessy and Wang 2012), we

expected biosecurity in both poultry production and

waterfowl habitat protection to be increasing in per-capita

GDP. We found a similar ‘‘modernization effect’’ in pre-

vious provincial-level analyses of H5N1 outbreaks in

China (Wu and Perrings 2017). At the same time, since

higher income also stimulates the production and con-

sumption of meat, it is likely to have some risk-increasing

effects. Our results showed that on balance, more affluent

areas in China experienced lower risk. This is also con-

sistent with global evidence that more affluent, better-

governed countries are more effective at enforcing pro-

tected areas and implementing waterfowl conservation

(Amano et al. 2018). However, the small effect size indi-

cates that only large differences in income have significant

real-world effects in terms of epidemic mitigation—likely

a reflection of the high costs associated with effective

biosecurity and habitat protection enforcement.

CONCLUSION

China is in the process of establishing a national park

system to standardize and enhance wildlife habitat pro-

tection across the country. While current protected areas

have been relatively successful at avian conservation, there

is still scope for the expansion and consolidation of the

country’s protected areas to better protect waterfowl

habitat and therefore mitigate infectious disease risk (Xu

et al. 2017; Zhang et al. 2017). In the longer term, there is

also the need to mitigate the risks from climate change.

Over the coming decades, projected changes in temperature

Fig. 3 The relative risks of environmental and socioeconomic predictors in HPAI H5N1 poultry outbreaks (Model 1). Odds ratios and 95%

confidence intervals are shown for each risk factor
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and precipitation, along with their impacts on habitat

suitability and bird migration patterns, could significantly

alter the ecology and evolution of avian influenza in East

Asia (Morin et al. 2018). In the Poyang Lake area for

instance, climate change is expected to interact with

agricultural and other land use changes to alter landscape

structure, with significant implications for the population

dynamics of livestock and wildlife (Yan et al. 2013).

Therefore, in the management of Ramsar sites and other

protected areas, China should adopt a dynamic approach to

Fig. 4 a The frequency of cases (H5N1 poultry outbreaks) in relation to environmental risk factors (scatter plots). b Proportions of cases relative

to controls (bar charts). For proximity to waterbodies and rice paddy cover, the proportions of cases relative to controls showed the former to be

more frequent than would be expected by chance alone. For proximity to Ramsar sites, the proportions showed cases to be less frequent than

would be expected by chance alone. Note Proximity to waterbodies and Ramsar sites was measured as a normalized index of 100, with 100 being

most proximate and 0 being least; rice paddy cover was measured as the percent of land within a 20-km radius buffer zone (10-km and 50-km

buffer zones were also analyzed; please see SI Table S1)
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governance that anticipates and mitigates such risks—

which, with respect to large-scale epidemics, is likely to be

economically efficient in the long run (Pike et al. 2014).

In this study, we have focused on Ramsar sites largely

because of their importance as waterfowl habitat and their

mandated exclusion of compromising economic activities,

but the important elements in the mitigation of disease risk

do not depend on Ramsar status. The epidemiological

effect found in our study may be a globally generalizable

strategy, at least for avian influenza. Previous studies have

suggested that widespread public concern about the role of

wild birds in the spread of avian influenza could undermine

peoples’ willingness to pay for migratory bird conservation

(Brouwer et al. 2008). Providing scientific evidence for

avian conservation as a form of public health investment

could therefore help conservation efforts overcome this

problem.

It is worth noting that the results of this study reinforce

arguments for separating domesticated species and wildlife

habitats as a way of limiting anthropogenic impacts on

ecosystems and the biodiversity they support (Wilson

2016). While our concern has been the transmission of

H5N1 from infected wild birds to susceptible poultry, the

risk goes both ways, as cross-species contact creates dis-

ease risks for wildlife populations as well. Indeed, since

disease is now implicated in the extinction of at least some

wild species, limiting cross-species contact may offer fur-

ther, important conservation benefits.

Finally, migratory bird habitats are relatively poorly

protected across the world. Given China’s large landmass

and central position along migratory bird corridors (Yong

et al. 2018), the protection of natural habitats in China

could have a disproportionate impact on wild waterfowl

conservation overall. Ensuring the ecological integrity of

the lakes and wetlands used by migratory waterfowl not

only safeguards poultry, and therefore human health, but

also advances the long-term prospects of the wild birds

themselves.
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