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Abstract

Highly pathogenic avian influenza (HPALI), subtype H5N1, was first officially reported in
Indonesia in 2004. Since then the disease has spread and is now endemic in large parts of the
country. This study investigated the statistical relationship between a set of risk factors and the
presence or absence of HPAI in Indonesia during 2006 and 2007. HPAI was evaluated through
participatory disease surveillance (PDS) in backyard village chickens (the study population), and
risk factors included descriptors of people and poultry distribution (separating chickens, ducks and
production sectors), poultry movement patterns and agro-ecological conditions.

The study showed that the risk factors “elevation”, “human population density” and “rice
cropping” were significant in accounting for the spatial variation of the PDS-defined HPAI cases.
These findings were consistent with earlier studies in Thailand and Vietnam. In addition
“commercial poultry population”, and two indicators of market locations and transport; “human
settlements” and “road length”, were identified as significant risk factors in the models. In contrast
to several previous studies carried out in Southeast Asia, domestic backyard ducks were not found
to be a significant risk factor in Indonesia. The study used surrogate estimates of market locations
and marketing chains and further work should focus on the actual location of the live bird markets,
and on the flow of live poultry and poultry products between them, so that patterns of possible
transmission, and regions of particular risk could be better inferred.
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1. Introduction

Highly pathogenic avian influenza (HPAI), subtype H5N1, was first reported in Indonesia in
2004 (OIE, 2009). The first introduction is unknown, but it is suspected that infection might
have originated from reservoirs of infection in wild water birds or illegal importation of
infected poultry from neighbouring countries (Sims et al., 2005). Since then the disease has
spread over most of the country (FAO, 2010). During this time, 163 human H5N1 cases have
been reported, of which 135 have died according to the World Health Organization (WHO,
2010). These human cases were attributed to exposure to infected poultry, and so far no or
limited human-to-human transmission appears to have occurred. Hypothetically, the genetic
changes necessary to produce a virus which would be capable of transmitting from human-
to-human and that could then result in a human influenza pandemic are most likely to occur
in epidemiological systems where there is frequent interaction between the various infection
reservoirs and humans. Indonesia provides such a system through its large smallholder
poultry farming population and trading of almost all (>90%) poultry through traditional
markets (McLeod et al., 2009). Trade through markets facilitates mixing of animals from
different sources and involves frequent movements of live animals to and from markets, this
may increase the chances of spreading disease (Barennes et al., 2007; Sims et al., 2003).
Despite enormous effort by the Government of Indonesia to control HPAI, including
participatory disease surveillance and response (Jost et al., 2007; Normile, 2007), preventive
vaccination and culling of infected backyard flocks, the disease is endemic in large parts of
the country. Outbreaks of the disease are detected frequently on the Islands of Java, Bali and
Sumatra (FAO, 2010).

Previous studies carried out in Southeast Asia indicated that the disease spread and
persistence associates to trading patterns, densities of poultry populations, poultry
production structures, live bird markets (Sims, 2007) and ducks (Gilbert et al., 2006; Hulse-
Post et al., 2005), although many of those association where not formally tested. Many if not
all of the risk factors listed above may apply in Indonesia, but the specificities of the country
in terms of environment, production structure and trading may impact the relative
contribution of those risk factors, compared to previous work. The relative significance of
the different components of this complex epidemiological system needs to be understood to
help further refining policy and intervention measures to target the right poultry populations
and disease spread pathways.

This study investigated the relationship between the spatial distribution of risk factors and
evidence of HPAI presence in Indonesia during 2006 and 2007 detected through
participatory disease surveillance (PDS). The analyses were conducted at district level and at
village level in selected areas. Risk factors associated with HPAI H5N1 virus presence in
Indonesia were compared with risk factors identified in Thailand and Vietnam.
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2. Data and methods

2.1. Participatory disease surveillance (PDS) data

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

The PDS data were provided by the Directorate General of Livestock Services in the
Ministry of Agriculture, Jakarta, Indonesia. The study was conducted on the Islands of Java
and Bali, and in the provinces of Lampung (southern Sumatra) and North Sumatra. The
veterinary PDS was first implemented in Indonesia in 2006 (Jost et al., 2007), and data
collected from January 2006 to December 2007 in the study areas were used. In this period
approximately 600 teams of Indonesia Government officers trained in PDS (Jost et al., 2007;
Normile, 2007) visited households in villages over 168 districts and investigated possible
HPAI outbreaks in backyard poultry (the study population). Active surveillance (the
scheduled PDS visit found HPAI) and passive surveillance (the PDS team responded to
notification of undiagnosed death in backyard poultry) was conducted. On occasion,
multiple visits to the same (=geo-referenced boundaries (BPS, 2007)) village in the two year
period were conducted and recorded. The diagnosis of a PDS-defined HPAI case event in
backyard poultry was based upon detecting active outbreaks meeting the definition of
“sudden death” combined with a positive rapid antigen test (Anigen®©Influenza A test,
Animal Genetics Incorporated) (Jost et al., 2007). The sensitivity of the rapid antigen test
was low and up to three tests on three different sick or dead birds were conducted to reduce
false negative tests to less than 4% (presuming all birds were shedding virus) (Loth et al.,
2008). The exact location of the investigation and interview was recorded using a handheld
Global Positioning System (GPS) receiver.

2.2. Geospatial datasets of risk factors

Risk factors considered in this analysis included agricultural production systems relevant to
poultry farming and factors identified in earlier studies (Gilbert et al., 2008; Morris et al.,
2005; Pfeiffer, 2006; Rushton et al., 2004; VSF, 2004). These risk factors were grouped,
according to their role in disease outbreak, transmission and persistence. A list of all the
variables used in the analysis is shown in Table 1.

- Human population related transmission:

»  The Indonesian Population Census data of 2005, which recorded the
number of human habitants per village, was used. Village-level human
population data were aggregated to district level, using the district-level
administration boundary map. The census data and the geo-referenced
boundaries of villages and districts were obtained through BPS Statistics
Indonesia (BPS, 2007).

»  Human population densities at district and village levels were calculated,
based on land areas at district and village levels, respectively.

» Urban and rural areas and the number of people living in these areas were
estimated from the Global Rural Urban Mapping Project dataset produced
by the Center for International Earth Science Information Network
(CIESIN, 2004).
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Human population density is log-normally distributed, and therefore, a
log-transformation of human population density was carried out, and used
in the models. In addition, a quadratic term for population density was
also added to explore the curvilinear relationship between human
population and HPAI H5N1 in backyard poultry.

- Poultry trade and market related transmission:

The centres of major human settlements (e.g., cities) were assumed to be
related to poultry trade. The dataset for geo-referenced locations of major
human settlements was obtained through CIESIN (2004).

Poultry movement was regarded as a risk factor (Rappole and Hubalek,
2006). Total length of roads in a district was calculated and used for risk
analysis at district level. For village level analysis, the distance from the
village centre to the closest road was calculated and used for risk analysis.

- HPAI disease outbreaks in chickens and the amplification of H5N1 virus:

Poultry dataset was comprised of (1) provincial-level poultry numbers for
Indonesia and (2) district-level poultry data for the 168 districts in this
study (Statistik Peternakan, 2006). The densities of backyard (rural,
backyard), commercial broiler, and commercial layer chickens in a
district were calculated based upon the surface area of that district. Total
commercial poultry density was calculated by combining the layer and
broiler densities. Poultry density was log-normally distributed, and a log
transformation of poultry data was carried out and used in the models.

- HPAI disease and virus persistence in ducks:

Duck populations are seen as a major risk for HPAI in chickens (Gilbert
et al., 2006). District-level duck numbers and densities in 168 districts
were available for this study (Statistik Peternakan, 2006).

- Agro-ecological and environmental risk factors:

Free ranging ducks are associated with rice production as they feed on
post-harvested rice fields. Geospatial datasets of paddy rice and cropping
intensity (single-, double- and triple-cropping in a year) at 500-m spatial
resolution, derived from analysis of satellite images from Moderate
Resolution Imaging Spectroradiometer (MODIS) on board the NASA
Terra satellite in 2005, were used (Gilbert et al., 2008; Xiao et al., 2005,
2006).

Time-series satellite images were used to separate permanent (year-long
standing) surface water bodies from seasonally flooded water bodies
(including flooded rice fields) (Xiao et al., 2006). The percentages of
permanent surface water and permanent vegetation (e.g., evergreen
forests, scrubland) in a district were calculated and included in the risk
analysis.
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» Elevation had been identified as a significant risk factor in Thailand
(Gilbert et al., 2006) and Vietnam (Pfeiffer et al., 2007). High elevation
areas are usually dominated by forest and other natural vegetation types,
while low altitude areas (e.g., flat plains, river deltas and coastal areas)
are dominated by agriculture (Gilbert et al., 2004, 2008). The elevation
data from the 90 m resolution SRTM dataset was used (CGIAR, 2007).
The mean elevation and the range of elevation for individual districts and
villages were calculated and included in the analysis. A quadratic term of
elevation is used to explore a curvilinear relationship between elevation
and H5N1 risks.

2.3. Statistical analysis methods

The statistical and spatial analysis techniques used were similar to the methods used to
investigate the spatial distribution of HPAI outbreaks in relation to poultry, land use, and
other variables in Thailand (Gilbert et al., 2006), Vietnam (Gilbert et al., 2008) and
Indonesia (Pfeiffer, 2006).

The initial logistic model used all the variables shown in Table 1. Non-significant variables
(P> 0.05) were removed using a backward selection procedure. In a multivariate model,
colinearity between variability may influence the coefficient and significance of individual
variables. In order to check that the sign and significance of the variable did not result from
the presence of another variable in the model, each variable was tested in a simple model
containing the variable alone, or the variable and its quadratic term. Linear spatial statistical
models are affected by autocorrelation between response and predictor variables, i.e., the
tendency for the value of neighbouring points to be more similar than those from distant
points. This tendency, known as spatial autocorrelation, violates the assumption of
independence among samples replicated through space. Spatial autocorrelation in the
general model was accounted for by applying an autologistic approach (Augustin et al.,
1996), where the extent of the autocorrelation of the outcome/response variable was first
obtained from the range of the spatial correlogram p(/). This extent was then used to derive
an autoregressive term that was added as predictor in the logistic model. The autoregressive
term was also used in the models testing variables one by one.

Village level analysis was conducted on the islands of Java and Bali. Logistic regression,
with the binary outcome of PDS-defined HPAI detection or absence in a village, was
conducted. Applying logistic regression models to disease data with low prevalence values
for the response variable (<10%) tends to bias model performance metrics (McPherson et
al., 2004). To adjust for this, bootstrapping was applied at village level. All PDS-defined
HPAI case positive villages were selected and an equivalent number of randomly selected
HPAI negative villages. This operation was bootstrapped 500 times. This procedure was
used twice. Firstly; to obtain the range of the spatial correlogram (/) for the response
variable: the presence or absence of HPAI at village level, a bootstrapped estimate of the
semivariogram was used. Secondly; for each of the 500 village level auto-logistic models,
the coefficient of each variable and the Akaike’s Information Criteria (AIC) (goodness of
model fit) were estimated. The average of the 500 bootstraps were calculated and used in the
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final model. The performance of the village level models was assessed by determining the
area under the curve (AUC) of the receiver operating characteristics (ROC) plots. AUC is a
quantitative measure of the overall fit of the model that varies from 0.5 (chance event) to 1.0
(perfect fit) (Greiner et al., 2000).

District level analysis with as outcome the weighted ratio of the number of visits where
PDS-defined HPAI case was detected and the number of PDS visits without detection in the
district. In order to exclude districts with unreliable estimates of proportion of positives, and
those very small district essentially composed of surface water, districts with less than 25
PDS visits recorded or with more than 90% permanent surface water were excluded from the
analysis. The model used was a generalized linear model with a binomial response function.
It included an autoregressive term to account for spatial autocorrelation, but did not need to
account for strong bias in the proportion of positive, as the distribution of weighted ratios at
the district level did not present such unbalances compared to the village level. In order to
verify that the significance or sign of the risk factors was not influenced by the number of
visits, this variable was included in a separate model.

The performance of the model was assessed by estimating the correlation of the outcome of
the model with the actual PDS ratio. In addition, the predictive power of the regional model
presented in Gilbert et al. (2008) against the PDS data was evaluated.

All statistical models were carried out using R software (R Development Core Team, 2008)

In the study area and period (2006—-2007), 126,488 households in 168 districts were visited
and interviewed. During these investigations, a total of 4780 PDS-defined HPAI events were
recorded by a matching case definition and a positive antigen test in the field. The overall
disease detection rate (the number of PDS-defined HPAI cases divided by the total number
of PDS visits) during the investigation period was 3.8% with a 95% confidence interval (CI)
of 3.7% to 3.9%. The disease detection rates varied widely; the province of Yogyakarta
recorded the highest detection rates (16.5%, 95% CI: 15.3-17.7%) and the province City of
Jakarta the lowest (0.3%, 95% ClI: 0.2-0.7%).

Exploratory data analysis of individual risk factors at the district level showed that strong co-

linearity occurred among the poultry variables used in this study: “ducks density”, “broiler
density”, “layer density”, “backyard chicken density” and “commercial poultry density”
(combined broiler and layer). The correlation between the five variables was high (Pearson r
commercial poultry — ducks = 0.61; Pearson rcommercial poultry — backyard chicken =
0.66; Pearson rducks — backyard chickens = 0.68). The commercial poultry density variable
had the strongest association with the outcome at district level “PDS ratio”, and was the
variable kept in the model. The other variables were either not significant when added to the
model together with the “commercial poultry” variable, or changed from being a risk factor

to being protective.

At the village level, evidence of PDS defined HPAI cases were detected in 2310 villages
(8.8%) out of the 26,192 villages surveyed on the islands of Java and Bali. The bootstrapped
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estimate of the semivariogram of HPAI presence/absence data showed autocorrelation at
distances <0.40 decimal degrees, which was set as the maximum distance of the
autoregressive term. The significant variables (risk factors) identified by the autologistic
regression models were “human population”, “commercial poultry population”, “movement
(road length)”, “markets (settlements)”, “elevation” and “rice crop intensity” (Table 2). The
autoregressive term was highly significant, which confirmed the presence of spatial
autocorrelation in the data. The goodness-of-fit of the model of the (bootstrapped) AIC had a
mean of 5265 with a standard deviation of 44. The average, 500 bootstrapped, AUC was

0.671 £ 0.00571.

At the district level, the analysis included 150 out of the 168 districts initially surveyed,
where varying proportion of positives were observed (Fig. 1). The standardized
semivariogram showed evidence of spatial autocorrelation in “PDS ratio” at distances <0.20
decimal degrees (latitude/longitude), and this distance was set as the maximum distance in
estimating the autoregressive term (ArT). Significant variables (risk factors) identified by the
model were “human population”, “commercial poultry population”, “movement (road
length)”, “markets (settlements)”, “elevation” and the area of the district covered with rice
paddies (Table 3). Again, the autoregressive term was highly significant. The goodness-of-fit
of the model (AIC) was 4617. As measure of predictive power assessment the spearman
correlation between predicted and observed ratios was 0.309 (P< 0.001).

Both at the village and district level, the effect of each variable included in the multivariate
model remained significant, and with the same sign, when tested separately (Supplementary
Tables 1a and 1b). In complement, including the number of visits as a covariate had little
impact on the significance of the risk factors in the district multivariate model, with the
exception of human population density (Supplementary Table 2).

The prediction of the proportion of PDS positive visits for surveyed districts is shown in Fig.
2 (top). Previous predictions of the probability of HPAI presence (Gilbert et al., 2008) did
not correlate well to the prediction of our model, nor with the distribution of observed PDS
ratios (Fig. 2 bottom map).

4. Discussion

The results from this study showed that the risk factors “elevation”, “human population
density” and “cropping intensity” were significant in accounting for the spatial variation of
the PDS-defined HPAI cases in Java and Bali. “Elevation” and “human population density”
were significant for the statistical models at both district and village levels, “cropping
intensity” was significant for the statistical models at village levels. These findings were
consistent with earlier studies in Thailand and Vietnam (Gilbert et al., 2008). In addition
“human settlements” (Poultry markets have been identified as a major risk factor
contributing to the spread of HPAI in poultry (Indriani et al., 2010; Wang et al., 2006), but
no data on locations of approximately 13,500 markets in Indonesia were available) and
“road length”, which could be indicators of market locations and transport, were identified
as significant risk factors in the models at both district- and village levels. “Road length”
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was also identified as a significant risk factor in the province of West Java by Yupiana et al.
(2010).

This study partitioned total population into rural and urban human populations, and explored
their exposure risk to the H5N1 cases reported by PDS. The results showed that those areas
with very densely populated urban areas and very low levels of rural human occupation
tends to be associated to lower levels PDS-defined HPAI presence. In contrast, areas with
lower dense urban areas (peri-urban) and densely populated rural areas tend to statistically
associated to PDS-defined HPAI cases. This could be indicative of the high human and
poultry movements, number of markets, low distance to markets and high commercial
poultry production observed in peri-urban areas. “Road length” and “markets (centers of
urban areas)” and “settlements” were all found to contribute to the models predictive power.
Human population settlement was also correlated with elevation; high population density in
low elevation areas, but low population density in high elevation areas.

This study used the HPAI outbreak data from HPAI surveillance in backyard poultry, but
surprisingly, backyard poultry numbers as reported at the district level were not or not as
significant as the number of commercial poultry in the statistical model at the district level.
The strong correlations between commercial poultry and backyard poultry data in Indonesia
suggested that the district-level poultry data needs to be further evaluated for its sources and
quality. This may also explain why a smaller scale study identified poultry density
negatively associated with HPAI outbreaks in poultry in West Java (Yupiana et al., 2010). In
several previous studies, domestic backyard ducks had been identified as major risk factors
(Martin et al., 2006; Tiensin et al., 2007), but this study showed that ducks were apparently
comparatively less of an important risk factor compared to commercial poultry in Indonesia.
It is also interesting to note that rice paddies and rice cropping were significant in district-
and village-level analysis; as backyard duck production in rural families are closely coupled
with paddy rice agriculture, the significance of paddy rice in this study may indicate that
ducks did play a role in the spread HPAI infection that was not necessarily picked up
through the duck census data, an observation that has already been made in previous studies
(Gilbert et al., 2008). An alternative, and not exclusive, hypothesis is that high cropping
intensity corresponds to regions with high irrigation network where transmission through
water contamination would be facilitated.

Comparing the findings of this study with previous risk maps (Gilbert et al., 2008) did not
show results with much agreement in the distribution of risk areas (Fig. 2). Those
differences can largely be attributed to the result that duck distribution was the key variable
predicting the distribution of risk in Thailand and Vietnam, while the distribution of PDS
cases correlated much more strongly to the distribution of broilers and layers. The low
statistical association between duck numbers and PDS-defined HPAI cases in Indonesia may
be attributed to an actual comparatively lower role of the ducks in Avian Influenza
epidemiology in Indonesia as compared to other countries. One cannot exclude, however,
some possible discrepancies between duck census data and actual numbers in the field, as
the relationship with rice cropping partly suggests.
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Although many significant variables were identified in our models, considerable variability
remained unexplained by both models, although the predictive power is not that far from that
of previous studies that tried to understand spatial patterns of HPAI risk elsewhere. This may
have multiple causes. First, the analysis relied on the assumption that PDS defined HPAI
cases reflected the actual disease situation during the period, or at least that the omission
error was homogeneously distributed over the surveyed spatial units. PDS was only
conducted in villages (backyard poultry) while no information was available of HPAI
outbreaks in commercial poultry flocks. Second, the study assumed that villages were
randomly visited. If a significant number of inaccessible villages were not visited,
randomised sampling could not be assumed, resulting in bias study outcomes. Third, several
variables used in this model are only surrogate estimates of the true variable of
epidemiological interest (e.g. assuming that the live bird markets distribution follows that of
settlements, or that roads density is an indicator of poultry trade intensity). Having risk
factors more closely related to the true epidemiological variable of interest would be better
able to generate predictions closer to the observations. Fourth, in dynamic and seasonal
market chains implying both commercial and backyard production, good census data are
notoriously difficult to obtain, and one can expect a significant variability between the
poultry census data used in this study and the reality of the numbers of poultry actually
present in the field at the time of PDS surveys. Fifth, there may have been temporal disease
detection rate variations and fluctuations of livestock numbers, both possibly caused by
seasonal weather patterns during the study period and these were not accounted for. Finally,
other factors that may be important to HPAI spread and persistence were simply not tested in
the model. For example, the supply chain structure of the diverse poultry production
systems, contacts with migratory and resident wild birds, and environmental conditions
(humidity, temperature, sun hours, etc.) affecting persistence of the virus outside the host in
the environment (Brown et al., 2007) were not accounted for. Given all these possible
sources of variations, the fact that we found risk factors associated with PDS-defined cases
is in itself encouraging. These findings could assist the Government of Indonesia to target
surveillance and to concentrate response efforts in high priority areas and high priority
poultry production systems.

This study used surrogate estimates of the distribution of markets and marketing chains.
Further work should focus on collection of more detailed data on the distribution of the live
bird markets themselves, and on the flow of live poultry and poultry products that connect
these markets, so that patterns of possible transmission, and regions of particular risk could
be better inferred.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
District level distribution of proportion of PDS positive sites on the islands of Bali, Java (all

districts) and Sumatra.
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Fig. 2.

District-level predictions (top) of the proportion of PDS positives per district, and
predictions from Gilbert et al. (2008) (bottom) expressed as numbers of 500-m pixels with a
probability of HSN1 presence >0.5/km? (Spearman p = 0.117; N.S. with observed PDS
ratios).
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Table 1

Variables at district and village level.

Page 14

Variable code

District

Village

PDS-defined H5N1 case

vill_pop
vill_pop_dens
hpop_rural_log
hpop_rural_log?
hpop_urban_log
hpop_urban_log?
settlement

markets_km

roadlen
native_denlog
native_log

brla_dens_log

brla_log
duck_denslog
ducks_log
rice_area
cropmax
water_area
water_pct
water_pct?
vege_area
vege_pct
vege pct?
elev_avg
elev_avg?
elev_max
elev_min

elev_range

Ratio of PDS defined HPAI cases and non cases (positive
and negative visits)

Number of people per district
Number of people per square km
Log[number of people living rurally]
Log[number of people living rurally]?
Log[number of urbanised people]
Log[number of urbanised people]?

The number of urban centres in the district

Length of roads (km)

Log[Backyard chickens per square km]

Log [Commercial poultry (broilers and layers) per square
km]

Log[Ducks per square km]

Area covered in rice fields (square km)
Number of rice harvests per year

Avrea covered by water (square km)
Percentage of water

[Percentage of water]?

Avrea covered in evergreen vegetation (square km)
Percentage of evergreen vegetation
[Percentage of evergreen vegetation]?
Average elevation

[Average elevation]?

Maximum elevation

Minimum elevation

Elevation Range

PDS defined HPAI cases and non cases

Number of people per village
Number of people per square km
Log[number of people living rurally]
Log[number of people living rurally]?
Log[number of urbanised people]
Log[number of urbanised people]?
Distance to closest urban centre (km)

The distance (km) from the middle of the village to the
closest urban centre

Distance to closest road (km)

Log[Total number of backyard chickens]

Log [Total number of commercial poultry]

Log[Total number of ducks]
Area covered in rice fields (square km)

Number of rice harvests per year

Percentage of water

[Percentage of water]?

Percentage of permanent vegetation
[Percentage of permanent vegetation]?
Average elevation

[Average elevation]?

Maximum elevation

Minimum elevation

Elevation Range
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