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Abstract

Background: Characterizing the interface between wild and domestic animal populations is increasingly
recognized as essential in the context of emerging infectious diseases (EIDs) that are transmitted by wildlife. More
specifically, the spatial and temporal distribution of contact rates between wild and domestic hosts is a key
parameter for modeling EIDs transmission dynamics. We integrated satellite telemetry, remote sensing and ground-
based surveys to evaluate the spatio-temporal dynamics of indirect contacts between wild and domestic birds to
estimate the risk that avian pathogens such as avian influenza and Newcastle viruses will be transmitted between
wildlife to poultry. We monitored comb ducks (Sarkidiornis melanotos melanotos) with satellite transmitters for
seven months in an extensive Afro-tropical wetland (the Inner Niger Delta) in Mali and characterise the spatial
distribution of backyard poultry in villages. We modelled the spatial distribution of wild ducks using 250-meter
spatial resolution and 8-days temporal resolution remotely-sensed environmental indicators based on a Maxent
niche modelling method.

Results: Our results show a strong seasonal variation in potential contact rate between wild ducks and poultry. We
found that the exposure of poultry to wild birds was greatest at the end of the dry season and the beginning of
the rainy season, when comb ducks disperse from natural water bodies to irrigated areas near villages.

Conclusions: Our study provides at a local scale a quantitative evidence of the seasonal variability of contact rate
between wild and domestic bird populations. It illustrates a GIS-based methodology for estimating epidemiological
contact rates at the wildlife and livestock interface integrating high-resolution satellite telemetry and remote
sensing data.
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Background
A large proportion (72%) of zoonotic emerging infectious
diseases originate from wildlife, and most of the emerging
disease hotspots are in tropical areas [1]. The wildlife-
livestock interface is therefore of major interest because
domestic animals are the most likely link between wildlife
reservoirs and humans [2]. The wildlife-livestock interface
is also of major interest for the study of economically
important animal diseases like poultry diseases [3].
Research efforts on the wildlife-livestock interface are

needed to better understand and control animal and zoo-
notic infectious diseases involving wildlife [4]. Characteriz-
ing the spatiotemporal interactions between wild and
domestic animals is a key improvement of our knowledge
of epidemiological dynamics [5]. The contact rate between
wild and domestic hosts is one of the key parameters of
the transmission of pathogens. Most of mathematical
models of disease transmission have included b as a
unique parameter that describes transmission [6]. b com-
bines different effects of measurable biological parameters
including the contact rate between hosts and the probabil-
ity that contact events actually result in disease transmis-
sion [7]. Field assessments that accurately estimate the
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contact rate between hosts could improve estimates of b
and the quality of epidemiological models, thereby sup-
porting better predictions of disease dynamics.
Characterizing the contact between wild and domestic

is now facilitated by recent technologies such as satellite
telemetry and remote sensing. However, few studies have
combined such advanced spatial tools to quantify the
contact rates between wild and domestic hosts at high
spatial and temporal resolution. Both direct and indirect
contacts may lead to disease transmission. Direct contact
requires that two hosts share the same space for a period
of time that allows transmission of the pathogen. In con-
trast, indirect contact requires the survival of the patho-
gen in the environment for a period of time before
infecting a new host. Indirect contact rates between wild
and domestic animals are a function of the habitats they
share during a period of time when the pathogen survives
in the environment. Indirect contacts are a common way
of transmission for major poultry diseases like avian
influenza and Newcastle disease [8,9]. For free-living ani-
mals, animal observation [10] and telemetry [11] have
been used to evaluate the direct contact rate between
wild and domestic ungulates and canids. New technolo-
gies like proximity loggers provide new solutions to esti-
mate direct contact rates between individuals [12]. In
contrast, assessment of indirect contacts has been the
subject of comparatively few studies.
Seasonal factors related to host populations or the envir-

onment are important drivers of disease dynamics [13],
because they modify the transmission of infectious dis-
eases and subsequent circulation [14]. Seasonality is a key
element to consider in understanding space-time patterns
of transmission of an endemic disease or to assess the risk
of introduction of an exotic one [15,16]. Seasonal patterns
have a strong influence on diseases circulating in wildlife,
because key ecological traits like migrating or breeding are
often timed to particular seasons of their annual cycle
[17]. Thus, estimating seasonal variation of indirect con-
tacts between hosts is critical to understanding the likeli-
hood of disease transmission.
The main objective of this paper is to propose a method

combining advanced spatial tools to characterize the wild-
life-livestock interface. In order to estimate seasonal varia-
tion of indirect contact rates, we combined satellite
tracking and remote sensing data to develop an indicator
of spatiotemporal dynamics between wild ducks and
domestic poultry in a tropical wetland. GPS satellite track-
ing provides numerous accurate locations for estimating
contact rates of a limited number of individuals since it is
very costly. The method we propose can be used at a local
scale with a limited number of transmitters. However its
results should not been extrapolated to other areas unless
a consequent number of satellite transmitters is deployed.

We applied our method to assess the potential indirect
contacts between comb ducks (Sarkidiornis melanotos
melanotos) and poultry in the Inner Niger Delta (IND) in
Mali. Both comb ducks and chickens have been tested
positive for avian influenza viruses during the dry season
in 2008 [18,19]. We ran our analysis every 8 days for suc-
cessive periods during the study (a total of 15 consecutive
8-day periods from February to July 2007). For each per-
iod, our analysis included: i) estimating the spatial distri-
bution of chickens based on investigations in villages, ii)
modeling the spatial distribution of wild birds by com-
bining satellite telemetry data of comb ducks and remo-
tely sensed environmental indicators, and iii) identifying
areas of potential indirect contact between chickens and
wild birds. Concurrently, we compared the distribution
of comb ducks and natural ponds to understand their use
of the different types of habitat available in the area
(mainly natural ponds, flooded plains and irrigated
areas). Comb ducks are mostly using natural ponds as
roosting sites during the day [20]. After these natural
ponds dry out during the dry season, we expected the
comb ducks to switch to other habitats, including irri-
gated areas in the vicinity of villages. This could increase
the potential contacts between wild and domestic birds.

Results
Distribution of Poultry and Wild Birds
Distribution of poultry
Results from our investigations were consistent across
all 21 villages investigated in the area and provided
three main points: first, most poultry are chickens and
they are kept in different households in the village dur-
ing the night but are free-ranging together during the
day; second, they use habitats within a 500 meters
around villages during the day; and third, chicken dis-
persal pattern is consistent across the dry and the wet
seasons. Thus, we considered a village as a relatively
stable epidemiological unit for chickens. The spatial dis-
tribution of chickens incorporated the extent of the vil-
lage at night but increased to include a 500-meter buffer
during the day (Additional file 1 figure S1). We used the
same spatial distribution for all 8-day periods.
Distribution of wild birds
The four birds marked with satellite transmitters were
tracked during 191 days between 14 February during
the dry season and 23 August during the rainy season.
We obtained 5, 200 GPS locations, i.e. an average of 9
locations per day per bird (Table 1). Birds stayed in a
relatively small area (70 km × 55 km) during the dry
season and into the beginning of the rainy season (Fig-
ure 1). They made extensive movements during the
middle of the rainy season to reach breeding areas out-
side of the Inner Niger Delta (IND) (Figure 1).
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The model of the spatial distribution of the comb
ducks in the study area fits the GPS data well, and the
training area under the curve (AUC) ranged from 0.820
to 0.998 (mean = 0.95, sd = 0.05) for the 15 successive 8-
day periods. The indicators that contributed most to the
fit of the model were distance to flooded vegetation with
a mean contribution of 63% (sd = 16%) and NDVI with a
mean contribution of 23% (sd = 17%). The probability
maps indicated two different gridcell spatial patterns
depending on the season (Figure 2). The number of cells
identified as suitable by the model decreased during the
dry season, but it increased toward the end of the dry

season into the beginning of the rainy season (day 145-
177) before the birds dispersed from the study area.

Potential indirect contact between poultry and wild birds
Field measurements revealed that ponds and rivers in
the IND were composed of freshwater with a pH close
to 7 that ranged from 25°C to 35°C. Depending on the
season, the survival of most strains of AIV and NDV in
the environment was likely to be longer than a few days
[8,21-24]. Although chickens only used the water bodies
during the day, they could be infected by comb ducks
that used those same habitats during the night. We
recorded an indirect contact when a suitable model cell
was in the chickens dispersal range (i.e. within 500
meters of a village). To quantify potential contacts
between chickens and comb ducks, we calculated the
number of villages in the area modelled as suitable for
comb ducks for each 8-day period (Figure 3). The pro-
portion of villages of the study area in potential contact
with comb ducks decreases during the dry season (Fig-
ure 3). However, we observed. a period with increased

Table 1 Details of the GPS data sent by the four satellite
transmitters attached on comb Ducks

Ptt
ID

Duration
(days)

No.
locations

Max. distance from origin
(km)

73045 79 810 30

73046 142 1541 223

73048 164 1451 146

73049 192 1398 200

Figure 1 Map of the Inner Niger Delta in West Africa and movements of four comb ducks tracked with satellite transmitters. Marked
ducks were tracked for up to 191 days and provided 5, 200 locations or an average 9 locations per day per transmitter.
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potential contacts at the end of the dry season into the
beginning of the rainy season (Figure 3).

Correspondence between wild birds and natural ponds
The overlay correspondence between wild birds and nat-
ural ponds distributions varied temporally with the suit-
ability threshold (Figure 4). Moderate (0.4 < kappa ≤
0.6) to high agreement (kappa > 0.8) calculated for dif-
ferent thresholds indicated that natural ponds were sui-
table habitats for comb ducks. For all suitability
thresholds (results for 0.2, 0.5 and 0.8 are displayed in
Figure 4), agreement between suitable cells and natural
ponds increased until the end of the dry season indicat-
ing that the birds were increasingly using natural ponds
as the dry season progressed. Conversely, agreement was
very low (kappa ≤ 0.2) at the end of the dry season into
the beginning of the rainy season before birds left the
study area.
The two main results are therefore that, first comb

ducks are increasingly using natural ponds during the
dry season which may be due to the drying out of other

types of habitats like flooding plains, and second comb
ducks switched to other type of habitats than natural
pond at the end of the dry season. They could use irri-
gated areas or other artificial wetlands after the drying
out of the natural ponds.

Conclusions
Our results showed that satellite telemetry and remote sen-
sing data may be combined to model indicators of key epi-
demiological parameters and their temporal variability with
high spatial and temporal resolution. We were able to
quantify seasonal variation in locations and timing of
potential indirect contacts between wild ducks and chick-
ens. We identified a critical period at the beginning of the
rainy season that may have the highest potential for trans-
mission and spread of pathogens in the IND due to regio-
nal movement. Our method can therefore be implemented
at a local scale to assess the potential contacts at the wild-
life-livestock interface in remote tropical areas.
The potential for contacts between comb ducks and

chickens during the dry season may be explained by

Figure 2 Predicted spatial distribution of the comb ducks in the study area. This figure shows a time series of maps of the probability of
presence of the comb ducks in the study area for different 8-day periods. The probability of presence was estimated by the Maxent model run
for each 8-day period with five remotely sensed indicators and the satellite tracking data of the comb ducks in the study area. After the
beginning of the rainy season, all the birds have left the study area to reach their breeding grounds, explaining why no suitable area is
predicted by the model for the last 8-day period (Days 177 to 184). The sun icons indicate the dry season while the rainy cloud icons indicate
the rainy season.
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environmental dynamics. We observed that correspon-
dence between predicted suitable cells for comb ducks
and natural ponds increased during the dry season indi-
cating that wild birds were likely increasingly using nat-
ural ponds. Dessication of these natural ponds in the
vicinity of villages explains lower predicted contacts
with chickens during the dry season. At the end of the
dry season and the beginning of the rainy season, the
agreement between predicted habitat used by comb
ducks and natural ponds is very low (kappa < 0.2) indi-
cating that the birds stopped using these habitats when
they dried out. Wild birds moved to smaller ponds or
irrigated areas during this period, increasing potential
contacts with chickens.
The potential spread of pathogens by comb ducks is

related to drivers leading to regional movements of wild
birds at the beginning of the rainy season. Two main
factors influenced the movement behaviour of comb
ducks. First, refilling of many water bodies with seasonal
rainfall led to the emergence of areas rich in food
resources surrounding the IND [25]. Second, the breed-
ing behaviour of the birds influenced their movements.
Comb ducks, as many other tropical waterbirds species,
breed mainly during the rainy season [20]. Their breed-
ing sites, remote water bodies or flooded forests, are the
only favourable habitats during the rainy season. The
use of favourable habitats for both feeding and breeding
during the rainy season led to regional movements that
increased the potential spread of avian-borne pathogens
by wild birds.
Validation and extrapolation of our results are limited

by the type of data and the relatively small sample size
used in our study. No validation (e.g cross-validation)
method was convenient due to the spatial auto-correla-
tion of the GPS data. We only showed the training AUC
automatically calculated by Maxent. But a careful inter-
pretation of these good scores of AUC (mean = 0.95, sd
= 0.05) is required. First, AUC can be criticized for its
reliability to accurately assess the performance of niche
models [26,27]. And second, the spatial-autocorrelation
of our data likely leads to an overestimation of the per-
formance of the model. The absoltute value of potential
contact rate estimated in this study would be hard to
generalize to other species or other ecosystems due to
the limited number of individuals from a single species
we could monitored. Although we obtained numerous
detailed GPS locations on four individuals, these indivi-
duals may have only represented movements of only
one sub-population as the four tagged comb ducks went
to the same pond in the study area. However, a field
observation a year after the release of the tagged birds
showed this pond was a major roosting for comb ducks
and white-faced whistling ducks. One would expect
birds from different family groups to congregate on this

Figure 3 Proportion of villages in potential contact with comb
ducks. This proportion is given for three different values (lines) of a
suitability threshold. This threshold is the value of the predicted
probability of presence above which a cell is considered as suitable
for the comb ducks by the distribution model. The bars indicate the
rainfall for the 8-day period. The light blue background indicates the
rainy season.

Figure 4 Correspondence between areas predicted as suitable
for comb ducks and natural ponds in the study area. The
correspondence is estimated by the Cohen’s kappa value for three
different values of a suitability threshold. This threshold is the value
of the predicted probability of presence above which a cell is
considered as suitable for the comb ducks by the distribution
model. The light grey background indicates the rainy season.
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pond with other groups. Furthermore, the behaviour of
the tagged comb ducks was in compliance with what is
known about their ecology and what local hunters
reported during our field work: they congregated on the
remnant water bodies during the dry season and per-
formed a regional movement to reach different breeding
grounds during the rainy season [20,28]. That is why we
believe these results can be extrapolated to other wild
ducks in the study area. However, we would not extra-
polate our results to other African wetlands without
deploying more satellite transmitters in these areas. Stu-
dies with more transmitters would be more informative
but their cost could be a major limitation. We believe
that our study with few transmitters is interesting to
locally assess the potential contacts between wild birds
and chickens, and can be easily implemented, even in
remote areas [29].
Contact rate between hosts, being either direct or

indirect, is one of the main parameters of the transmis-
sion dynamics of infectious diseases. However several
other parameters may modulate the probability for a
contact to produce an effective transmission of patho-
gen. First, transmission is likely to be influenced by the
density of hosts [13]. Evidence of density-dependent
transmission of avian influenza has been shown for wild
birds [30,31]. Second, transmission depends on the
probability that the contact occurs between a susceptible
and an infected hosts. Consequently, the proportion of
infected hosts in the population and the level of popula-
tion immunity are crucial parameters [17]. Finally, the
duration of persistence of the pathogen in the environ-
ment will control the probability of transmission. This is
particularly true for water-borne transmitted viruses like
AIV for which temperature, pH, and salinity may reduce
the duration of survival and infectivity of the virus in
the environment [8,21,22,24].
Therefore, one has to consider the possibility that the

period with the greatest contact rate between wild and
domestic hosts may not be a period of maximum
transmission.
In classical SIR models, transmission parameters are

usually assembled in the parameter b [6]. Different com-
ponents of the b could be considered separately, like
contact rate and transmission rate. Estimating and mod-
elling these two distinct components of the b separately
should provide a better understanding of the transmis-
sion dynamics of infectious diseases. It would also allow
the use of a direct measure of these parameters rather
than estimating a global b, which is usually the case
[32]. Our main results, the proportion of villages in
potential contact with comb ducks, may be used to
refine a seasonal forcing of the contact rate. In a SIR
model with a density-dependent transmission, the force
of infection l would be expressed as:

λ(t) = p(t)× β.I/N

where p(t) is the proportion of villages in potential con-
tact with comb ducks as a function of time, b is the prob-
ability that a domestic bird is infected with AIV following
contact with a wild bird, I is the number of infected wild
birds, and N is the size of the wild bird population [7,33].
Thus, our method could potentially be integrated into epi-
demiological models aiming to take into account the
dynamic of contact rates between hosts. It would improve
the efficiency of these models when contact rates are
explicit parameters of the models [34]. Finally, our
approach could be used to identify the villages with an
increased risk of indirect contact with wild ducks. This
would allow implementing risk-based surveillance in areas
by targeting the villages with the highest risk of contact.

Methods
The Inner Niger Delta
The Inner Niger Delta (IND) in Mali is the largest con-
tinental wetland in West Africa and the second largest
in Africa. Stretching over 41, 195 km2 in the midst of
the Sahelian zone, this low elevation floodplain area
includes a number of seasonally inundated lakes, ponds
and river channels. Over one million people live in the
area with their domestic animals. The IND is a key
West African wetland and supports many wild birds
species including up to one million migrating Palearctic
ducks during the northern winter, 100, 000 Afro-tropical
ducks, and 300, 000 waders of various origins [35]. The
ecology of the area is mainly driven by the flood level,
which itself depends on rainfall in the region [36]. After
the rainy season (June to September) the area is flooded
for several months (September to December), decreasing
in water level in the following months when aggrega-
tions of waterbirds are found on the remnant water
bodies (lakes and natural ponds) that are also used by
people and chickens. The mixing of wild waterbirds and
chickens provides favourable conditions for transmission
of avian-borne pathogens like avian influenza viruses
(AIV) or Newcastle disease viruses (NDV).

Distribution of Poultry and Wild Birds
Distribution of Poultry
To document the distribution of poultry in the IND, we
conducted investigations in 18 of the 64 villages in the
area and collected information about the maximal dis-
tance of scavenging by poultry around villages. We
developed a questionnaire comprising several questions
about the poultry populations, husbandry and move-
ments among the villages. The questionnaire was used
in all villages investigated and the same procedure was
applied in all villages involving each time a meeting
with the village leader.
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Wild birds Satellite telemetry data
On 17 February 2007, we deployed 30g solar-powered
Platform Terminal Transmitters (PTTs; Microwave
Telemetry Inc., Columbia, MD, USA) on four comb
ducks (Sarkidiornis melanotos) at Barnajee (15.22°N,
4.31°W) in the IND (Figure 1). We selected the comb
duck for its potential to spread pathogens regionally, in
particular for AIV for which comb ducks had been
tested positive in the Inner Niger Delta in 2006 [37]. It
is a large African duck known to perform extensive
intra-African movements, including trans-equatorial
migration [20], and it breeds during the rainy season in
sub-Saharan Africa. The PTT was < 3% of the bird’s
body mass [19], and we used an attachment technique
[18] similar to the one described by Miller et al. [38]
which proved successful in North America for tracking
northern pintail (Anas acuta) during migration. Loca-
tion data were uploaded via the Argos Data Collection
and Location System (CLS, Toulouse, France) to recei-
vers aboard polar-orbiting weather satellites. In order to
conserve battery power, the PTTs were programmed to
transmit data in a duty cycle of 6 hours every 2 days (48
h). The PTTs logged GPS locations every two hours
when they had sufficient stored power from the solar
panel with a mean accuracy estimated at ± 18.5 m. We
only considered locations transmitted at least 15 days
after the release of the birds, in order to discard any
aberrant movements associated with capture, handling
and harness attachment [39].
Environmental data
The IND is a remote area with a rapid environmental
dynamic due to the seasonal flooding. In order to capture
the space-time dynamics of environmental conditions, we
used remotely sensed indicators from the Moderate
Resolution Imaging Spectroradiometer (MODIS) sensor
which provides a good trade-off between spatial (250 m
or 500 m cells depending on bands) and temporal resolu-
tion (8 days). Different indicators have been developed to
remotely monitor water bodies, whether open water or
flooded areas [40]. We selected one indicator of vegeta-
tion and one indicator of water, because they are the two
main environmental factors most likely to be related to
the distribution of wild waterbirds. We used the Normal-
ised Difference Vegetation Index (NDVI) [41], the most
commonly used vegetation indicator, to assess vegetation.
We used the Modified Normalised Difference Water
Index (MNDWI) [42], found to be one of the most effi-
cient water indicators, to monitor temporary ponds over
large areas of arid lands [43]. These two indicators were
available with a 250 m spatial resolution and an 8-day
temporal resolution. We also created vegetation and
water indicators to quantify their dynamics. These two
other indicators were differences between the value of
the NDVI or the MNDWI for the 8-day period

considered compared with the value of the same indica-
tor 24 days before. Finally, we used a fifth indicator, the
distance to flooded vegetation, because we expected that
the spatial distribution of wild waterfowl would be
related to ponds with flooded vegetation, and there
would likely be strong interaction between the NDVI and
the MNDWI. High values of NDVI could be related to
favourable habitat for waterbirds when associated with
high values of MNDWI, indicating flooded vegetation
used by waterbirds. On the other hand, high values of
NDVI could also be related with non-favourable habitat
when associated with low values of MNDWI, indicating
terrestrial vegetation not used by waterbirds. This fifth
indicator was calculated as the distance to the closest cell
identified as flooded vegetation. A cell was considered to
contain flooded vegetation when its NDVI value was
greater than v = 0.2 and its MNDWI value was greater
than w = -0.3 (see Additional file 1 for the determination
of v and w).
Distribution modelling of wild birds
We used the maximum entropy (Maxent version 3.3.2)
method developed by Philips et al [44] and adapted for
ecological applications by Elith et al [45] to determine sui-
table habitats for comb ducks in the study area based on
our environmental indicators and satellite tracking data.
Maxent is a machine-learning method for making predic-
tions or inferences from incomplete information. It was
selected, because it is one of the most accurate methods
for predicting species distribution [46], it is well adapted
to satellite tracking studies providing presence-only data,
and it can be run with limited training data. For all 15
consecutive 8-day periods, we ran the model to predict the
probability of presence of comb ducks in the study area
using 500 iterations of the Maxent sequential-update algo-
rithm. Because of the auto-correlation between the GPS
locations, no cross-validation was undertaken. Any subset
of GPS points for training or testing the model would be
very similar to the full dataset, leading to an overestima-
tion of the model performance. We trained the model
with all locations in the study area for all birds and the
five environmental variables corresponding to an 8-day
period. The model provided us with a time series of prob-
ability maps where comb ducks were present in the study
area.

Indirect contact between poultry and wild birds
An indirect contact may be defined when two hosts share
the same space during a period of time corresponding to
the survival of the pathogen in the environment. The sur-
vival in water of both AIVs and NDVs depends on tem-
perature, pH and salinity [8,21,22,24]. To determine the
potential of indirect contact between poultry and wild
birds for these two pathogens, we considered for each 8-
day period the spatial distribution of both poultry and
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wild birds, the timing of poultry and wild birds in these
areas, and the estimated survival time of the pathogens in
the environment depending on temperature, pH, and
salinity.

Correspondence between wild birds and natural pond
distributions
We compared the spatial distribution of comb ducks with
the spatial distribution of natural ponds to understand
how comb ducks use the different habitats available in
the study areas. Three main habitats are available for
comb ducks, natural ponds, flooded plains, and artificial
wetlands like irrigated areas. Natural ponds are well deli-
mated water bodies (as opposed to flood plains) that are
naturally flooded by rainfall or by the global flooding of
the Inner Niger Delta(as opposed to water bodies flooded
by men like irrigated areas). These different habitats have
different dynamics that may influence the spatial distri-
bution of comb ducks. We focused on the correspon-
dence between wild birds spatial distribution and natural
pond distribution because natural ponds can be easily
spatially delimited and because we expected natural
ponds to be the main habitat used by comb ducks. We
did not expect perfect concurrence of comb duck spatial
distribution and natural pond spatial distribution,
because comb ducks also use other habitats like flooded
plains or irrigated areas. Based on observations con-
ducted during a field mission in March 2008 and on
Google Earth™ images, we determined the location of
the main natural ponds in the study area (Additional file
1 figure S1). We calculated a Cohen-Kappa coefficient
[47] to evaluate the agreement between the probability of
presence of comb ducks predicted by the model and the
spatial distribution of the natural ponds. We used a sam-
ple of 200 cells of our study area to measures the agree-
ment between the predicted distribution of the comb
ducks (characterized by cells predicted as suitable by the
model) and the distribution of the natural ponds (charac-
terized by cells in which were observed natural ponds).
For each 8-day period and for different suitability thresh-
old, we randomly sampled 100 cells with a probability
greater than the suitability threshold (suitable cells), and
100 cells with a probability lower than the suitability
threshold (unsuitable cells). The suitability threshold is
the value of the probability of presence predicted by the
model above which a cell is considered suitable for comb
ducks. This suitability threshold ranges from 0 to 1.
When less than 100 suitable cells were available for ana-
lyses, we used all available suitable cells and an equivalent
number of unsuitable cells.
A high agreement would indicate that comb ducks are

using natural ponds as their main habitat. Lower agree-
ment would indicate that comb ducks are using other
types of habitats, like flooded plains or irrigated areas.

Additional material

Additional file 1: Construction of the fifth indicator and additional
figures. This file explains how was built the fifth environmental indicator
used as an explanatory variable in our distribution model. We describe
the two steps and the optimisation process leading to the variable called
‘distance to flooded vegetation areas suitable for wild birds’. The files
also contains figure S1 showing the 64 villages and the natural ponds
and lakes included in the study area, and figure S2 showing typical result
of the optimisation process used to build the fifth environmental
indicator.

Acknowledgements
The study was conducted under the GRIPAVI project sponsored by grants
from the French Ministry of Foreign Affairs. The satellite telemetry
programme has been coordinated by CIRAD (N. Gaidet) and the FAO (S.
Newman) and funded by the FAO through the contributions of the
Governments of France, Sweden, the United Kingdom, and Saudi Arabia. We
thank Pierre Poilecot, Greg Yarris, Mamadou Samake and all the local people
who helped capturing the birds and deploying the transmitters on the field,
and David Douglas and William Perry (U. S. Geological Survey) for compiling
the location data.

Author details
1CIRAD ES, UR Animal et Gestion intégrée des risques, Montpellier, France.
2USGS Western Ecological Research Center, Vallejo, CA, USA. 3Food and
Agriculture Organisation, EMPRES Wildlife Unit, Infectious Disease Group
Animal Health Service, Animal Production and Health Division, Rome, Italy.
4Wetlands International, PO Box 471, 6700 AL, Wageningen, The Netherlands.
5Direction Nationale des Eaux et Forêts du Mali, BP 275 Bamako, Mali.
6Biological Control and Spatial Ecology, Université Libre de Bruxelles, av FD
Roosevelt, 50, B-1050 Brussels, Belgium. 7Fonds National de la Recherche
Scientifiques, rue d’Egmont 5, B-1000 Brussels, Belgium.

Authors’ contributions
JC and MG conceived and ran the spatial analysis. NG, SI, JT and SN planned
the satellite telemetry study. JC, NG, SI and BF collected the data on the
field. JC, NG, JT, SN and MG wrote and edited the paper. All authors have
read and approved the final manuscript

Competing interests
The authors declare that they have no competing interests.

Received: 2 September 2011 Accepted: 15 November 2011
Published: 15 November 2011

References
1. Jones KE, Patel NG, Levy MA, Storeygard A, Balk D, Gittleman JL, Daszak P:

Global trends in emerging infectious diseases. Nature 2008,
451:990-993.

2. Reperant LA, Fuckar NS, Osterhaus A, Dobson AP, Kuiken T: Spatial and
Temporal Association of Outbreaks of H5N1 Influenza Virus Infection in
Wild Birds with the 0 degrees C Isotherm. PLoS Pathog 2010, 6.

3. Aldous EW, Alexander DJ: Detection and differentiation of Newcastle
disease virus (avian paramyxovirus type 1). Avian Pathol 2001, 30:117-128.

4. Lloyd-Smith JO, George D, Pepin KM, Pitzer VE, Pulliam JRC, Dobson AP,
Hudson PJ, Grenfell BT: Epidemic Dynamics at the Human-Animal
Interface. Science 2009, 326:1362-1367.

5. Lambin E, Tran A, Vanwambeke S, Linard C, Soti V: Pathogenic landscapes:
Interactions between land, people, disease vectors, and their animal
hosts. International Journal of Health Geographics 2010, 9:54.

6. Anderson RM, May RM: Population Biology of Infectious-Diseases. 1.
Nature 1979, 280:361-367.

7. Real LA, Biek R: Infectious Disease Modeling and the Dynamics of
Transmission. In Wildlife and Emerging Zoonotic Diseases: The Biology,
Circumstances and Consequences of Cross-Species Transmission. Edited by:
Childs JEM, John S; Richt, Jürgen A. Berlin Heidelberg New-York: Springer;
2007:33-49.

Cappelle et al. International Journal of Health Geographics 2011, 10:60
http://www.ij-healthgeographics.com/content/10/1/60

Page 8 of 9

http://www.biomedcentral.com/content/supplementary/1476-072X-10-60-S1.DOC
http://www.ncbi.nlm.nih.gov/pubmed/18288193?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19184885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19184885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19965751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19965751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20979609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20979609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20979609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/460412?dopt=Abstract


8. Leighton FA, Heckert RA: Newcastle Disease and Related Avian
Paramyxoviruses. In Infectious Diseases of Wild Birds. Edited by: Thomas NJ,
Hunter DB, Atkinson CT. Ames, Iowa, USA: Blackwell publishing; 2007:3-16.

9. VanDalen KK, Franklin AB, Mooers NL, Sullivan HJ, Shriner SA: Shedding
Light on Avian Influenza H4N6 Infection in Mallards: Modes of
Transmission and Implications for Surveillance. PLoS ONE 2010, 5.

10. Richomme C, Gauthier D, Fromont E: Contact rates and exposure to inter-
species disease transmission in mountain ungulates. Epidemiol Infect
2006, 134:21-30.

11. Courtenay O, Quinnell RJ, Chalmers WSK: Contact rates between wild and
domestic canids: no evidence of parvovirus or canine distemper virus in
crab-eating foxes. Vet Microbiol 2001, 81:9-19.

12. Hamede RK, Bashford J, McCallum H, Jones M: Contact networks in a wild
Tasmanian devil (Sarcophilus harrisii) population: using social network
analysis to reveal seasonal variability in social behaviour and its
implications for transmission of devil facial tumour disease. Ecology
Letters 2009, 12:1147-1157.

13. Altizer S, Dobson A, Hosseini P, Hudson P, Pascual M, Rohani P: Seasonality
and the dynamics of infectious diseases. Ecol Lett 2006, 9:467-484.

14. Stone L, Olinky R, Huppert A: Seasonal dynamics of recurrent epidemics.
Nature 2007, 446:533-536.

15. Begon M, Telfer S, Smith MJ, Burthe S, Paterson S, Lambin X: Seasonal host
dynamics drive the timing of recurrent epidemics in a wildlife
population. Proceedings of the Royal Society B-Biological Sciences 2009,
276:1603-1610.

16. Messinger SM, Ostling A: The Consequences of Spatial Structure for the
Evolution of Pathogen Transmission Rate and Virulence. Am Nat 2009,
174:441-454.

17. Smith MJ, Telfer S, Kallio ER, Burthe S, Cook AR, Lambin X, Begon M: Host-
pathogen time series data in wildlife support a transmission function
between density and frequency dependence. Proc Natl Acad Sci USA
2009, 106:7905-7909.

18. Molia S, Traoré A, Gil P, Hammoumi S, Lesceu S, Servan de Almeida R,
Albina E, Chevalier V: Avian influenza in backyard poultry of the Mopti
region, Mali. Trop Anim Health Prod 2010, 42:807-809.

19. Cappelle J, Servan de Almeida R, Fofana B, Dakouo M, Balanca G, Gil P,
Albina E, Gaidet N: Circulation of Avian Influenza Viruses in wild birds in
Inner Niger Delta, Mali. Influenza Other Respir Viruses .

20. Brown LH, Urban EK, Newman K, Eds: The Birds of Africa. London:
Academic Press; 1982.

21. Brown JD, Goekjian G, Poulson R, Valeika S, Stallknecht DE: Avian influenza
virus in water: Infectivity is dependent on pH, salinity and temperature.
Vet Microbiol 2009, 136:20-26.

22. Nazir J, Haumacher R, Abbas MD, Marschang RE: Use of filter carrier
technique to measure the persistence of avian influenza viruses in wet
environmental conditions. J Virol Methods 2010, 170:99-105.

23. Paek MR, Lee YJ, Yoon H, Kang HM, Kim MC, Choi JG, Jeong OM, Kwon JS,
Moon OK, Lee SJ, Kwon JH: Survival rate of H5N1 highly pathogenic
avian influenza viruses at different temperatures. Poult Sci 2010,
89:1647-1650.

24. Stallknecht DE, Brown JD: Tenacity of avian influenza viruses. Revue
Scientifique Et Technique-Office International Des Epizooties 2009, 28:59-67.

25. Zwarts L, Bijlsma RG, van der Kamp J, Wymenga E, Eds: Living on the
edge: Wetlands and birds in a changing Sahel. Zeist, The Netherlands:
KNNV Publishing; 2009.

26. Lobo JM, Jimenez-Valverde A, Real R: AUC: a misleading measure of the
performance of predictive distribution models. Global Ecol Biogeogr 2008,
17:145-151.

27. Peterson AT, Papes M, Soberon J: Rethinking receiver operating
characteristic analysis applications in ecological niche modeling. Ecol
Model 2008, 213:63-72.

28. Cappelle J, Girard O, Fofana B, Gaidet N, Gilbert M: Ecological Modeling of
the Spatial Distribution of Wild Waterbirds to Identify the Main Areas
Where Avian Influenza Viruses are Circulating in the Inner Niger Delta,
Mali. EcoHealth 2010, 7:283.

29. Cappelle J, Iverson SA, Takekawa JY, Newman SH, Dodman T, Gaidet N:
Implementing telemetry on new species in remote areas:
recommendations from a large-scale satellite tracking study of African
waterfowl. Ostrich 2011, 82:17-26.

30. Gaidet N, Caron A, Cappelle J, Cumming GS, Balança G, Hammoumi S,
Cattoli G, Abolnik C, Servan de Almeida R, Gil P, et al: Understanding the

ecological drivers of avian influenza virus infection in wildfowl: a
continental-scale study across Africa. Proceedings of the Royal Society B:
Biological Sciences 2011.

31. Roche B, Lebarbenchon C, Gauthier-Clerc M, Chang C-M, Thomas F,
Renaud F, van der Werf S, Guégan J-F: Water-borne transmission drives
avian influenza dynamics in wild birds: The case of the 2005-2006
epidemics in the Camargue area. Infect Genet Evol 2009, 9:800-805.

32. Penny M, Saurina J, Keller I, Jenni L, Bauer HG, Fiedler W, Zinsstag J:
Transmission Dynamics of Highly Pathogenic Avian Influenza at Lake
Constance (Europe) During the Outbreak of Winter 2005-2006. EcoHealth
2010, 1-8.

33. Getz WM, Lloyd-Smith JO: Basic methods for modeling the invasion and
spread of contagious disease. In Disease evolution: Models, concepts and
data analyses. Edited by: Z Feng UD. SA Levin AMS/DIMACS; 2006:.

34. Bansal S, Grenfell BT, Meyers LA: When individual behaviour matters:
homogeneous and network models in epidemiology. J R Soc Interface
2007, 4:879-891.

35. Girard O, Thal J, Niagate B: The Antadis (Anatidae) wintering in the Inner
Niger Delta. Game and Wildlife Science 2004, 21:107-137.

36. Zwarts L, Grigoras I: Flooding of the Inner Niger Delta. In The Niger, a
lifeline. Edited by: Zwarts L, Beukering vP, Kone B, Wymenga E. Lelystad:
RIZA/Wetlands International/IVM/A 2005:43-77.

37. Gaidet N, Dodman T, Caron A, Balanca G, Desvaux S, Goutard F, Cattoli G,
Lamarque F, Hagemeijer W, Monicat F: Avian influenza viruses in water
birds, Africa. Emerg Infect Dis 2007, 13:626-629.

38. Miller MR, Takekawa JY, Fleskes JP, Orthmeyer DL, Cassaza ML, Perry WM:
Spring migration of Northern Pintails from California’s Central Valley
wintering area tracked with satellite telemetry: routes, timing and
destinations. Can J Zool 2005, 83:314-332.

39. Gaidet N, Cappelle J, Takekawa JY, Prosser DJ, Iverson SA, Douglas DC,
Perry WM, Mundkur T, Newman SH: Potential spread of highly pathogenic
avian influenza H5N1 by wildfowl: dispersal ranges and rates
determined from large-scale satellite telemetry. J Appl Ecol 2010,
47:1147-1157.

40. Tran A, Goutard F, Chamaillé L, Baghdadi N, Lo Seen D: Remote sensing
and avian influenza: A review of image processing methods for
extracting key variables affecting avian influenza virus survival in water
from Earth Observation satellites. International Journal of Applied Earth
Observation and Geoinformation 2010, 12:1-8.

41. Reed BC, Brown JF, VanderZee D, Loveland TR, Merchant JW, Ohlen DO:
Measuring phenological variability from satellite imagery. Journal of
Vegetation Science 1994, 5:703-714.

42. Xu H: Modification of normalised difference water index (NDWI) to
enhance open water features in remotely sensed imagery. Int J Remote
Sens 2006, 27:3025-3033.

43. Soti V, Tran A, Bailly J-S, Puech C, Seen DL, Bégué A: Assessing optical
earth observation systems for mapping and monitoring temporary
ponds in arid areas. International Journal of Applied Earth Observation and
Geoinformation 2009, 11:344-351.

44. Phillips SJ, Anderson RP, Schapire RE: Maximum entropy modeling of
species geographic distributions. Ecological Modelling 2006, 190:231-259.

45. Elith J, Phillips SJ, Hastie T, Dudik M, Chee YE, Yates CJ: A statistical
explanation of MaxEnt for ecologists. Diversity and Distributions 2011,
17:43-57.

46. Elith J, Graham CH, Anderson RP, Dudik M, Ferrier S, Guisan A, Hijmans RJ,
Huettmann F, Leathwick JR, Lehmann A, et al: Novel methods improve
prediction of species’ distributions from occurrence data. Ecography
2006, 29:129-151.

47. Cohen J: A coefficient of agreement for nominal scales. Educational and
Psychological Measurement 1960, 20:37-46.

doi:10.1186/1476-072X-10-60
Cite this article as: Cappelle et al.: Characterizing the interface between
wild ducks and poultry to evaluate the potential of transmission of
avian pathogens. International Journal of Health Geographics 2011 10:60.

Cappelle et al. International Journal of Health Geographics 2011, 10:60
http://www.ij-healthgeographics.com/content/10/1/60

Page 9 of 9

http://www.ncbi.nlm.nih.gov/pubmed/16409647?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16409647?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11356314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11356314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11356314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19694783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19694783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19694783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19694783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16623732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16623732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17392785?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19691436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19691436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19416827?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19416827?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19416827?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19911294?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19911294?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19081209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19081209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20833205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20833205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20833205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20634520?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20634520?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20865438?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20865438?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20865438?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20865438?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19379841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19379841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19379841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17640863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17640863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17553284?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17553284?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Distribution of Poultry and Wild Birds
	Distribution of poultry
	Distribution of wild birds

	Potential indirect contact between poultry and wild birds
	Correspondence between wild birds and natural ponds

	Conclusions
	Methods
	The Inner Niger Delta
	Distribution of Poultry and Wild Birds
	Distribution of Poultry
	Wild birds Satellite telemetry data
	Environmental data
	Distribution modelling of wild birds

	Indirect contact between poultry and wild birds
	Correspondence between wild birds and natural pond distributions

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

