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SUMMARY. One of the longest-persisting avian influenza viruses in history, highly pathogenic avian influenza virus (HPAIV) A
(H5N1), continues to evolve after 18 yr, advancing the threat of a global pandemic. Wild waterfowl (family Anatidae) are reported
as secondary transmitters of HPAIV and primary reservoirs for low-pathogenic avian influenza viruses, yet spatial inputs for
disease risk modeling for this group have been lacking. Using geographic information software and Monte Carlo simulations, we
developed geospatial indices of waterfowl abundance at 1 and 30 km resolutions and for the breeding and wintering seasons for
China, the epicenter of H5N1. Two spatial layers were developed: cumulative waterfowl abundance (WAB), a measure of
predicted abundance across species, and cumulative abundance weighted by H5N1 prevalence (WPR), whereby abundance for
each species was adjusted based on prevalence values and then totaled across species. Spatial patterns of the model output differed
between seasons, with higher WAB and WPR in the northern and western regions of China for the breeding season and in the
southeast for the wintering season. Uncertainty measures indicated highest error in southeastern China for both WAB and WPR.
We also explored the effect of resampling waterfowl layers from 1 to 30 km resolution for multiscale risk modeling. Results
indicated low average difference (less than 0.16 and 0.01 standard deviations for WAB and WPR, respectively), with greatest
differences in the north for the breeding season and southeast for the wintering season. This work provides the first geospatial
models of waterfowl abundance available for China. The indices provide important inputs for modeling disease transmission risk
at the interface of poultry and wild birds. These models are easily adaptable, have broad utility to both disease and conservation
needs, and will be available to the scientific community for advanced modeling applications.
RESUMEN. Modelo espacial de factores de riesgo de aves silvestres para la transmisión del virus de la influenza aviar de alta
patogenicidad (H5N1).
Uno de los virus de la influenza aviar de más larga persistencia en la historia, es el virus de la influenza aviar A altamente patógeno
(H5N1), que continúa evolucionando después de 18 años, este avance constituye una amenaza de pandemia mundial. Se ha
reportado que las aves acuáticas silvestres (familia Anatidae) son transmisores secundarios de HPAIV y principales reservorios de
virus de influenza aviar de baja patogenicidad. Los estudios de modelos espaciales para factores de riesgo de esta enfermedad son
escasos. Mediante el uso de software de información geográfica y simulaciones tipo Monte Carlo, se desarrollaron índices
geoespaciales para poblaciones abundantes de aves acuáticas con 1 y 30 km de resolución y para las estaciones de reproducción
y de invierno para China, que son el epicentro del virus H5N1. Se desarrollaron dos capas espaciales: la abundancia de aves
acuáticas acumulada (WAB), una medida de la abundancia predicha a través de especies y una abundancia acumulativa ponderada
por la prevalencia del virus H5N1 (WPR), mediante el cual la abundancia de cada especie se ajustó con base a los valores de
prevalencia y luego ascendió a través de las especies. Los patrones espaciales de la salida del modelo difirieron entre temporadas,
con una mayor WAB y WPR en las regiones norte y oeste de China durante la época de reproducción y en el sureste de la
temporada de invierno. Las medidas de incertidumbre indican mayor error en el sureste de China, tanto para WAB y WPR.
También se exploró el efecto del re-muestreo de capas de aves acuáticas con resoluciones de 1 a 30 km para el modelo de riesgos
de múltiples escalas. Los resultados indicaron una diferencia promedio baja (desviaciones estándar menores de 0.16 y 0.01 para
WAB y WPR, respectivamente), con mayores diferencias en el norte para la época de reproducción y en el sureste para la
temporada de invierno. Este trabajo proporciona los primeros modelos geoespaciales de abundancia de aves acuáticas disponibles
para China. Los índices proporcionan información importante para establecer modelos para la transmisión de la enfermedad en la
interface de la avicultura comercial y aves silvestres. Estos modelos son fácilmente adaptables, tienen amplia utilidad tanto para la
enfermedad y para las necesidades de conservación y estarán a disposición de la comunidad científica para aplicaciones avanzadas
de modelos.
Key words: H5N1, highly pathogenic avian influenza virus, spatial modeling, waterfowl, GIS
Abbreviations: GIS 5 geographic information software; HPAIV 5 highly pathogenic avian influenza virus; H5N1 5 HPAIV
A(H5N1)
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The persistence of highly pathogenic avian influenza virus (HPAIV) A
(H5N1) (hereafter H5N1) and emergence of multiple new HPAIVs in
Asia and the Americas A(H5N8, H5N2) in the last year brings the global
community to a new level of concern over the avian influenza pandemic
potential (17,35). Disease risk modeling can be an important tool for
identifying areas with higher transmission potential, thereby allowing
for strategic allocation of limited resources for disease surveillance and prevention. Wild waterfowl are known reservoirs for low-pathogenic avian
influenza viruses (1). Following the evolution of H5N1 and H5N8,
migratory waterfowl have become potential short-distance vectors for
some HPAIVs (12,16,20,30), marking a new era of avian influenza viruses that pose increased threats to the economy and health of human, poultry, and wildlife populations. The interface of wild birds and poultry
on the landscape is an important focal point for potential interspecies
transmission and viral evolution. Development of risk models at this intersection has the potential to greatly benefit surveillance, pandemic preparedness, and prevention plans. Acquiring a spatial understanding of
the distributions of high-risk populations is a critical first step in developing predictive disease transmission models; however, it is also one met
with challenges due to poor availability of data (13,31).
In our efforts to model H5N1 transmission risk at the wild bird–
poultry interface for China, we found that geospatial inputs were not
readily available for either the wild bird or the poultry populations and
therefore needed to be developed (32). We created high-resolution specieslevel gridded maps for domestic chickens, ducks, and geese of China
by disaggregating county, prefecture, and provincial-level agricultural
census data using a suite of remotely sensed environmental predictors
(33). Creating seasonal distribution models for China’s waterfowl
required a different approach due to the large diversity of species (30
breeding and 37 wintering species), the variation in their natural ranges,
and the inconsistency of data available for each. Step 1 involved develop‐
ment of predicted distributions (presence/absence) for each species and
season resulting in a total of 42 1 km resolution gridded maps (31).
Step 2 included (a) converting the distributions into gridded abundance
maps for each species and (b) weighting the abundance estimates for each
species by reported H5N1 prevalence values from the literature. The
product of this second step was a critical input for mapping H5N1 trans‐
mission risk at the interface of wild and domestic birds for China (32).
In this paper, we outline the final steps taken to create H5N1
prevalence-weighted gridded waterfowl abundance maps for use in
disease transmission models at the wild and domestic bird interface.
This included acquiring population estimates and H5N1 prevalence
values for each species, applying these in spatial format, and conducting Monte Carlo simulations to provide gridded output for uncertainty measures. We expect that the results from this work will benefit
future modeling of disease transmission at the wild-domestic bird
interface in new regions where HPAIV has extended its range. The
final geospatial data layers will be made available to the scientific community on a USGS webpage (https://www.pwrc.usgs.gov/ai).
MATERIALS AND METHODS
Study area and scale. The geographic extent of the models produced
for this study is the mainland portion of the People’s Republic of China
(hereafter China). China is the epicenter of H5N1 (23), H7N9 (8),
H10N8 (34), and multiple other avian influenza viruses of human and
economic concern. We focused our models on this region because of its
importance to the emergence of new HPAI viruses.
Models were generated at 1 km spatial resolution (i.e., spatial output
in a gridded format, with each grid box, or “cell” measuring 1 km per
side), within two temporal seasons: the waterfowl breeding season (April
to July) and wintering season (November to March). We also investigated
the effects of scale on our model results, comparing output at 1 km resolution, which is the native format of our predictor data, and 30 km

Fig. 1. Conceptual diagram of model production. (A) predicted
presence distribution maps, (B) waterfowl abundance maps, and (C)
abundance weighted by prevalence for China’s 42 species of Anatidae
waterfowl. Breeding and wintering season maps were produced for each
product. (D) Cumulative WAB and WPR calculated by summing across
species. Spatial resolution is 1 and 30 km grids.
resolution, which was chosen for disease modeling and approximates
the average county size within China.
Spatial modeling approach. We developed two indices to characterize densities of wild Anatidae waterfowl across the landscape: waterfowl
abundance (WAB) and abundance weighted by H5N1 prevalence (WPR).
Waterfowl abundance is a coarse prediction of the number of waterfowl
(birds per cell). Waterfowl abundance weighted by prevalence is a proxy
for the “effective” waterfowl population that may be shedding virus
into the environment and potentially exposing susceptible birds to viruses
(see basic SEIR compartmental disease models) (15,32).
The first step in the process was to develop distribution maps showing
areas where a species was predicted to be present. These maps were developed using a habitat suitability approach (23,39) due to data restrictions
for China’s 42 waterfowl species (31). A database of waterfowl literature
for China (Lee, unpublished; 31) was used to identify habitat requirements for each species. These requirements were then converted into
equations that linked habitat to remotely sensed predictors including
elevation and land cover (landsat.usgs.gov). The equations were applied
using geographic information software (GIS) to identify cells across China
where suitable habitat exists based on the remotely sensed predictors (31).
Models were built separately for each species and season for a total of 30
breeding and 37 wintering species maps and are reported in Prosser et al.
(29,31). In this paper, we expand upon the presence-absence distribution
models to create abundance (Wab) and H5N1 prevalence-weighted (Wpr),
models for each species (Fig. 1). Cumulative waterfowl maps, designated
as WAB and WPR, were created by summing across all species.
The Wab models were created by dividing reported seasonal population
estimates for China for a given species by the number of predicted presence grid cells and assigning that number to each cell in the distribution.
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Population estimates for China were extracted from two leading references: Cao et al. (7), which reports population estimates for Anatidae wintering in the Yangtze River basin, and Delany and Scott (9), which reports
global population estimates collated at the country level or broader regional levels. Since the majority of waterfowl winter in southeast China along
the Yangtze River basin, we prioritized the Cao et al. (7) estimates when
available; otherwise we deferred to Delany and Scott (9) (Table 1). Since
waterfowl populations in Delany and Scott were often reported at regional
scales greater than China, we estimated China populations by reducing the
regional value by the proportion of the distribution range that falls outside
of China. We placed confidence intervals around each estimate for use in
uncertainty modeling, the latter estimates having much wider confidence
bands than those extracted from Cao et al. (7) (see below). The resulting
1 km density distributions were summed across all species within a season
to develop the cumulative WAB spatial model.
In a similar fashion, we applied H5N1 prevalence values for each
species (Table 1) to the abundance distributions to create an index of
“effective” or potentially “virus shedding” population. Prevalence values
were extracted from the literature for each species (Table 1). In cases
where no data existed, prevalence was averaged across species within a taxonomic group (i.e., for ducks, geese, or swans) and used as an estimate for
prevalence for a given species. Although we use the term H5N1 prevalence (defined as the proportion of a population determined positive for
H5N1), we recognize that population-level sampling has not been
achieved for most wild bird species (1,11,14,21,25,27). In addition, as
viruses evolve over time, the reliability of detection rates will be dependent on the ability of labs to adapt protocols and assays to be sensitive
to changing viruses. The prevalence-weighted abundance index was calculated by taking the product of a species’ abundance and its prevalence
value (Fig. 1B). For example, Wpr 5 Wab 6 prevalence; with hypothetical inputs: Wpr 5 10 birds 6 0.05 prevalence 5 0.5 effective birds with
potential to shed virus. Cumulative prevalence-weighted abundance indices (WPR) were developed by summing values across all species layers
within a season, resulting in breeding and wintering season models. All
analyses were conducted using ArcGIS 10.0 (ESRI, Redlands, CA) and
Python (www.python.org).
We incorporated estimates of uncertainty for Wab based on the wide
range of confidence that we had for species-level estimates. We placed
higher confidence on the population estimates published specifically for
China, which were all wintering populations from Cao et al. (7) (21 of
the 37 wintering species found in China); for these, we drew a 15% confidence band around each population estimate (Table 1). The remaining
wintering estimates (16 species) and all of the breeding population estimates (30 species) were derived from global populations published in
Delaney and Scott (9), who list population figures by region for the breeding and wintering seasons and provide country-level estimates where sufficient data were available. We derived estimates from the eastern Asia
region, which included China, South Korea, Japan, Mongolia, and northeastern Russia. We drew wider confidence bands around these derived
estimates, ranging from 15% to 90% (the majority ranging between
30% and 60%) depending on the size of the population and level of supporting data (5). We developed estimates of coefficient of variation (CV)
for each species and season using triangular distributions in a Monte Carlo
simulation with 10,000 runs (3). The population estimate was used as the
best estimate, and high/low estimates calculated based on the confidence
bands were used for the maximum and minimum limits of the triangular
distribution (Table 1). CVs for the cumulative abundance distributions
were expressed as the mean CV across all species (Fig. 1B). Monte Carlo
simulations were run using program R, package mc2d (28,35).
Assessing differences in model scale. We examined the effects of
resampling waterfowl abundance inputs from 1 to 30 km using a standard
bilinear technique (10) whereby the distance-weighted average is calculated using the four nearest pixel values. This was done to examine the
effects of scale differences of model inputs for the final wild-domestic
bird interface transmission risk models (32), which model risk at both
1 and 30 km resolution. We considered 30 km grids because they approximate the average county size for China, which may be considered a
more realistic scale for predicting transmission risk, even if poultry and
wild waterfowl layers can be developed at 1 km resolution. Differences

between the two scales of abundance maps were created by subtracting
the 30 km grid cell values from the 1 km values and symbolizing in units
of (a) no change, (b) change within 1 standard deviation of the mean, and
(c) change greater than 1 standard deviation of the mean. These calculations were performed in ArcGIS 10.0 (ESRI, Redlands, CA).
RESULTS
Waterfowl abundance (WAB), prevalence-weighted abundance
(WPR), and uncertainty. Waterfowl abundance maps, based on spe-

cies-level seasonal distributions and reported population estimates,
were created as an interim step toward developing H5N1 prevalence-weighted waterfowl abundance models (Fig. 1B). We created
1 km gridded rasters for each species and season (breeding and wintering) for species abundance, H5N1 prevalence, and coefficient of
variation (uncertainty for abundance metric). Patterns of wintering
and breeding Wab differed by species (Fig. 2) as did prevalence values
from the literature (Fig. 2; Table 1). We provide a visual example for
two species of high importance to H5N1 transmission: the bar-headed goose (Anser indicus) and mallard (Anas platyrhynchos) (Fig. 2).
Wab for the bar-headed goose was 0.31 birds per cell in the breeding
season versus 0.06 for the winter. The mallard had 1.46 and 0.05
abundance estimates per cell for breeding and wintering, respectively.
The prevalence values were 2.3 for the bar-headed goose and 11.2 for
the mallard (21). CV between the seasons and species ranged from
0.03 to 0.13. In general, both species had predicted wintering areas
in southeastern China; however, the range of the bar-headed goose
was much more restricted than the ubiquitous mallard. For breed‐
ing, the bar-headed goose range was restricted mainly to the highelevation western Qinghai-Tibetan Plateau, and the mallard had a
predicted range across parts of the Plateau as well as the wetland-dominated regions of northeastern China.
Species-specific H5N1 prevalence values from samples taken within China (21) were available for 9 of the 42 species (Table 1). For the
remaining species, we estimated prevalence under the following conditions: for 11 species, we calculated prevalence as the average across
the available global literature (11,14,25,27); and for the remaining 22
species that had no species-level prevalence values in the literature, we
used the average per taxonomic group from Kou et al. (21): 1.4 for
geese, 5.3 for dabbling ducks, and 5.0 for diving ducks, respectively.
Cumulative waterfowl abundance estimates ranged from zero to
5.0 birds per cell for the breeding season and zero to 7.9 for the wintering season with mean values of 0.07 and 0.08 across China (Fig. 3,
middle panels). Patterns of total waterfowl abundance were highest
in northeastern China and across the southeastern portions of the
Qinghai-Tibetan Plateau (western China).
Mean cumulative waterfowl abundance weighted by prevalence
was higher for the breeding versus wintering season (average of 0.01
versus 0.006 birds across all grid cells of China), although maximum
values were 0.32 and 0.39, respectively (Fig. 3, top panels). WPR patterns were highest across most of China for the breeding season and
mainly in the southeast for the wintering season; however, on a local
scale, the breeding season patterns were more tightly clustered in local
patches. The areas with highest WPR estimates for the breeding season
were similar to the abundance patterns, with high values on the
Plateau and in the northeast.
The average coefficient of variation for abundance was 0.19 and
0.11 for the breeding and wintering seasons. The highest CV values
were located in the lowland regions of southeastern China, for both
the breeding and wintering seasons (Fig. 3, bottom panels).
Effects of scale. Investigation of the effect of resampling the abundance- (WAB) and prevalence-weighted layers (WPR) from 1 to 30 km
spatial resolution indicated the greatest differences in the northeast for
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Table 1. Species name, code, population estimates, and H5N1 prevalence rates for China’s 42 Anatidae waterfowl species.
McodeA

Common name

M064 Lesser Whistling
Duck
M066 Mute Swan
M067 Whooper Swan
M068 Tundra Swan
M069 Swan Goose
M070 Bean Goose
M071 Greater Whitefronted Goose
M072 Lesser White-fronted
Goose
M073 Greylag Goose
M074 Bar-headed Goose
M075 Snow Goose
M077 Brent Goose
M079 Ruddy Shelduck
M081 Common Shelduck
M083 Cotton Pygmy
Goose
M084 Mandarin Duck
M085 Gadwall
M086 Falcated Duck
M087 Eurasian Wigeon
M089 Mallard
M090 Spot-billed Duck
M092
M093
M094
M095
M096
M097
M098
M099
M101
M102
M103
M104
M105
M107
M108
M109
M110
M111
M112

Northern Shoveler
Northern Pintail
Garganey
Baikal Teal
Common Teal
Marbled Duck

Red-crested Pochard
Common Pochard
Ferruginous Pochard
Baer’s Pochard
Tufted Duck
Greater Scaup
Steller’s Eider
Long-tailed Duck
Black Scoter
White-winged Scoter
Common Goldeneye
Smew
Red-breasted
Merganser
M113 Scaly-sided
Merganser
M114 Common Merganser

Scientific name

Dendrocygna
javanica
Cygnus olor
Cygnus cygnus
Cygnus
columbianus
Anser cygnoides
Anser fabalis
Anser albifrons

Winter
population

Winter
low

Winter
high

1500B

1000

2000

0
5900C
81,000C

0
5015
68,850

Summer
populationB

Summer
lowC

Summer
highC

H5N1
prevalence

Abun
BrD

Abun
WiD

15,000

5000

25,000

5.3G

0.10

0.01

0
6785
93,150

650
300
0

300
100
0

1000
500
0

3.4F
4.0F
2.8F

0
0
0

0
0.01
0.13

78,000C 66,300 89,700
150,000C 127,500 172,500
33,000C 28,050 37,950

40,000
0
0

30,000
0
0

50,000
0
0

1.4G
0.0F
2.2F

0.22
0
0

0.16
0.23
0.04

Anser erythropus

21,000C

17,850

24,150

0

0

0

2.1E

0

0.03

Anser anser
Anser indicus
Anser caerulescens
Branta bernicla
Tadorna
ferruginea
Tadorna tadorna
Nettapus
coromandelianus
Aix galericulata
Anas strepera
Anas falcate
Anas penelope
Anas platyrhynchos
Anas
poecilorhyncha
Anas clypeata
Anas acuta
Anas querquedula
Anas formosa
Anas crecca
Marmaronetta
angustirostris
Rhodonessa rufina
Aythya ferina
Aythya nyroca
Aythya baeri
Aythya fuligula
Aythya marila
Polysticta stelleri
Clangula hyemalis
Melanitta nigra
Melanitta fusca
Bucephala clangula
Mergellus albellus
Mergus serrator

40,000B
15,000B
50B
0
15,000B

15,000
10,000
25
0
10,000

65,000
20,000
75
0
20,000

40,000
56,000
0
0
19,000

15,000
52,000
0
0
13,000

65,000
60,000
0
0
25,000

0.8E
2.3E
1.4G
1.0E
2.2F

0.12
0.31
0
0
0.04

0.02
0.06
0
0
0.02

18,000C
200B

15,300
100

20,700
300

12,000
15,000

9000
5000

15,000
25,000

3.6F
5.3G

0.06
0.01

0.08
0

10,000 30,000
6545
8855
66,300 89,700
42,500 57,500
62,050 83,950
85,000 115,000

6000
14,000
17,000
37,000
575,000
450,000

4000
8000
10,000 18,000
10,000 24,000
25,000 50,000
375,000 750,000
300,000 600,000

5.3G
2.1F
5.3G
1.9E
11.2F
3.7F

0.17
0.07
0.12
0.33
1.46
0.31

0.02
0.03
0.07
0.04
0.05
0.21

27,000C 22,950 31,050
46,000C 39,100 52,900
50,000B 30,000 70,000
91,000C 77,350 104,650
146,000C 124,100 167,900
0
0
0

40,000
2000
30,000
0
80,000
1500

30,000 50,000
1000
3000
20,000 40,000
0
0
60,000 100,000
100
2900

10.2E
9.8E
5.3G
5.3G
3.1E
5.0G

0.37
0.20
0.18
0
0.56
0.43

0.10
0.23
0.14
0.35
0.36
0

20,000B
7700C
78,000C
50,000C
73,000C
100,000C

0
18,000C
5000B
850C
11,000C
80,000B
0
30,000B
40,000B
40,000B
20,000B
15,000C
3500B

0
0
15,300 20,700
2000
8000
723
978
9350 12,650
60,000 100,000
0
0
20,000 40,000
20,000 60,000
20,000 60,000
10,000 30,000
12,750 17,250
2000
5000

1000
500
5000
1500
1000
0
0
0
0
0
1000
200
200

500
100
2000
1000
500
0
0
0
0
0
500
100
100

1500
900
8000
2000
1500
0
0
0
0
0
1500
300
300

2.9E
5.0G
5.0G
5.0G
7.1F
5.0G
5.0G
5.0G
5.0G
5.0G
5.0G
5.0G
5.0G

0.02
0.07
0.07
0.01
0.01
0
0
0
0
0
0.15
0.20
0.05

0
0.08
0.09
0
0.05
0.80
0.80
0.52
3.08
0.83
0.07
0.04
0.02

Mergus squamatus

200B

100

300

100

50

150

5.0G

0.03

0

Mergus merganser

29,000C

24,650

33,350

10,000

7000

13,000

5.0G

0.68

0.08

A

Mcode refers to the reference map code in Ref. (22).
B
Population estimates are based on Ref. (7).
C
Population estimates are based on Ref. (9).
D
Abun Br 5 per cell abundance estimate for the breeding season; Abun Wi 5 per cell abundance estimate for the wintering season.
E
Prevalence values are from Ref. (21).
F
Prevalence values are an average of Refs. (11,14,25,27).
G
Averages for swans, geese, or ducks are from Ref. (21).

the breeding season and in the southeast for the wintering season
(Fig. 4). The average difference across all grid cells was 0.155 and
0.152 for the breeding and wintering WAB indices and 0.01 and
0.006, respectively for the WPR indices.

DISCUSSION

The main objective of this study was to develop high-resolution
spatial inputs for wild bird populations for H5N1 risk modeling at
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Fig. 2. Species-level distribution maps for two example waterfowl species (bar-headed goose and mallard). Upper panels represent breeding season,
lower panels represent wintering season. Legends represent values for four separate outputs: (1) presence-absence distributions, (2) abundance
estimates (birds per cell), (3) prevalence (cumulative sum of species abundances multiplied by species or group H5N1 prevalence values from the
literature), and (4) CV (standard deviation divided by mean) for the abundance estimate.

the interface of wild and domestic birds—first, by developing abundance models for China’s wintering and breeding waterfowl species,
and, second, by weighting these abundance maps by species-specific
H5N1 prevalence. Weighting of the species abundance maps by
H5N1 prevalence was an important step for the risk modeling (32)
because even though waterfowl are reservoirs for low pathogenic avian
influenza viruses (2), their susceptibility to HPAIV H5N1 and ability
to shed virus differs among species (4,6,18,36,37). The difference in
pattern between breeding and wintering seasons when examining
local scale differences between WAB and WPR indicated that adding
prevalence to the waterfowl abundance layer is effective in capturing
complexity between these two variables at the species level.
One interesting difference between the WAB and WPR layers was a
large-scale similarity in pattern for the breeding season, but regional
differences for the wintering season. For example, local areas on the
southern Qinghai-Tibetan Plateau (near Lhasa, Tibet) and in southwestern China (Yunnan Province) showed moderate values for WAB
and maximum values for WPR, after the species-level prevalence values
were incorporated. This indicates complexity and variation in the com‐
bination of waterfowl abundance and prevalence at the species level.
Uncertainty measures from the Monte Carlo simulations showed
consistent and interesting patterns between seasons (Fig. 3, bottom
panel). Regions with high mean CVs tended to be concentrated in
the southeastern part of China, for both the breeding and wintering
models. This pattern was expected for the wintering species, since
the majority of China’s wintering waterfowl population is found in

this region (7); however, it was a surprising result for the breeding
species, which are generally located in the north and high elevation
western parts of China. In the case of the breeding models, CVs
were high (.0.5) for two groups of waterfowl: (1) uncommon breed‐
ers within China including two swan species (mute and whooper
swans: Cygnus olor and Cygnus cygnus) and diving ducks (pochards,
goldeneyes, and mergansers: Rhodonessa, Aythya, Bucephala, and
Mergus spp.), and (2) two tropical breeding duck species (lesser whistling duck and cotton-pygmy goose: Dendrocygna javanica and Nettapus coromandelianus). The concentration of high CV values in
southeastern China was driven by the tropical species, which tend
to have wide distributions and large confidence intervals surrounding
the population estimates. As expected, the mean CV (across all grid
cells of China) was higher for the breeding season than the wintering
season because of the associated less-certain population estimates
(Table 1). Including a measure of uncertainty in the abundance models gives us a mechanism to address the species-level differences in
confidence in population estimates.
Two main data sources were used to derive population estimates
for China: Cao et al. (7) and Delany and Scott (9). More recent publications for this area from 2012 report on range contractions or
decreases in population estimates for certain species of concern. For
example, Wang et al. (40) reports a decrease in lesser white-fronted
geese during the period 2002 through 2011 (approximately 21,000
birds). This estimate is the same as the one originally derived from
Delany and Scott (9). Since the paper suggests incomplete coverage
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Fig. 3. Index of abundance weighted by prevalence (WPR), abundance (WAB), and coefﬁcient of variation (CV) for China’s 42 Anatidae waterfowl
species. Left panel represents breeding season (approximately April through July); right panel represents wintering season (approximately November
through March). Units are birds per km2 (WPR and WAB).

of the Yangtze River basin, we did not change the estimate nor did we
change from the wider confidence band associated to the narrower
ones used for targeted population estimates for China. A second paper
published by Wang et al. (39) reported range contraction and varying
max counts for the period of 2002 through 2012 (2131 individuals)

and an all-time low max count of 194 birds in 2012. The authors suggest coordinated surveys in the Dongting Reserve (an important wintering site) and along the Yangtze River basin.
Reasons for the declining populations and shrinking ranges of
the aforementioned species included anthropogenic pressures such
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Fig. 4. Map difference between 1 and 30 km resolution maps visualized in standard deviations from the mean for waterfowl abundance (top
panel) and H5N1 prevalence estimates. Left panel is breeding season, right panel is wintering season.

as hunting, habitat loss, and wetland degradation due to decreasing
water levels (39,40). A changing landscape may force wild species to
seek new areas for refuge and fueling, squeezing them into suboptimal
habitat that could decrease the fitness of individuals, as well as forcing
them closer to human and agricultural settings. As wild birds increase
their usage of anthropogenic habitats, the interface between domestic
and wild birds increases with potential implications to frequency of
virus transmission among populations.
One step in the modeling process that may not be biologically relevant is the equal distribution of population estimates across the total
number of predicted presence grid cells (Fig. 1A and 1B). Most
waterfowl species defend territories during the breeding season;
however, a few species such as the bar-headed goose nest in loose colonies (19). We would expect a more clustered pattern in real-world
nesting distributions for such species; however, we do not have a
good source of data to model this. Similarly, during winter, waterfowl
are gregarious in nature and do not form territories (19). The habitat
requirement equations developed as part of the predicted presence
distribution modeling (31) may naturally reflect the habitat differences between breeding and wintering seasons; however, in reality,
waterfowl are not distributed equally across all suitable habitat. We
proceeded with this approach because the data we have available are
not rigorous enough to develop finer predictions.
We investigated the effect of resampling the WAB and WPR from 1
to 30 km spatial resolution to determine what effect this might have
as inputs to the overall risk modeling. The largest differences due to
resampling occurred in the northeast for the breeding season and in

the southeast for the wintering season (Fig. 4), as we might expect,
given that these were the areas with highest abundance and weighted
prevalence values. Bilinear interpolation uses a weighted average to
calculate a resampled value based on the four nearest input cells.
High values within grid cells at the 1 km resolution layers surrounded
by zero value grid cells would produce the larger differences when
interpolated across scales.
Here we provide high-resolution gridded spatial maps of predicted
waterfowl abundance and abundance weighted by H5N1 prevalence
for inclusion in disease transmission models at the wild-domestic
bird interface. These models are critical inputs for the risk modeling
that did not previously exist. The waterfowl abundance models can
have broad utility beyond disease applications. This suite of models
has been developed across species and seasons, with accompanying
layers that quantify the uncertainty within the population estimates.
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