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Abstract

Intensification of animal production can be an important factor in the emergence of infectious
diseases because changes in production structure influence disease transmission patterns. In 2004
and 2005, Thailand was subject to two highly pathogenic avian influenza epidemic waves and
large surveys were conducted of the poultry sector, providing detailed spatial data on various
poultry types. This study analysed these data with the aim of establishing the distributions of
extensive and intensive poultry farms, based on the number of birds per holder. Once poultry data
were disaggregated into these two production systems, they were analysed in relation to
anthropogenic factors using simultaneous autoregressive models. Intensive chicken production
was clustered around the capital city of Bangkok and close to the main consumption and export
centres. Intensively-raised ducks, mainly free-grazing, showed a distinct pattern with the highest
densities distributed in a large area located in the floodplain of the Chao Phraya River.
Accessibility to Bangkok, the percentage of irrigated areas and human population density were the
most important predictors explaining the geographical distribution of intensively-raised poultry.
The distribution of extensive poultry showed a higher predictability. Extensive poultry farms were
distributed more homogeneously across the country and their distribution was best predicted by
human population density.
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Introduction

Intensive livestock production refers to elevated levels of inputs (for example concentrated
feeds, elevated levels of health care and increased mechanization), resulting in increased
outputs (meat, milk or eggs) per animal, and is often associated with large numbers of
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animals being concentrated on a small area of land. Intensification of livestock production
can be achieved through one or a combination of: improved breeds, the use of feed,
mechanization of labour, and investment in disease prevention and biosecurity (Otte et al.,
2007). In turn, this allows a high turnover of animals and improved productivity. These
innovations have enabled substantial increases in production to be realised since animal
domestication (Mazoyer and Roudart, 2002). Intensification of livestock production has
occurred particularly rapidly in recent decades, and some side-effects are of major concern
at global level. Intensification affects nutrient cycles (Vitousek et al., 1997); is associated
with deforestation, land degradation and water pollution (Berka et al., 2001); associated feed
production competes with food crops for arable land (Steinfeld and Gerber, 2006); and it has
been associated with emerging zoonoses such as Bovine Spongiform Encephalitis, Nipah
and influenza viruses (Matson et al., 1997; Weiss and McMichael, 2004; Steinfeld, 2004).
Characterizing and mapping the distribution of intensive livestock production is thus
important at a range of spatial scales, in order better to assess its potential impact on agro-
ecosystems (defined as units of agricultural activity in interactions with ecological,
technological, and socio-economic factors (Francis et al., 2003)).

In veterinary epidemiology, previous work has suggested that regions in transition towards
an intensified livestock sector may have greater susceptibility to disease emergence because
changes in the production structure modifies patterns of disease transmission (Slingenbergh
et al., 2004). Indeed, the evolutionary implications of intensive farming are receiving an
increasing attention (Mennerat et al., 2010). Highly pathogenic avian influenza (HPAI) is an
example of an important disease whose emergence can, in part, be attributed to rapid
changes in poultry farming conditions. Laboratory studies have demonstrated that HPAI
viruses can be produced from low pathogenic ones following consecutive passages through
chickens of the same breed, under conditions that would be encountered in very large flocks
of genetically homogeneous and susceptible birds raised in intensive production units (Ito et
al., 2001). Rapid increases in the number of large-scale production units, not necessarily
taking place with matching levels of increased bio-security, would hence favour the
emergence of highly pathogenic strains from a pool of low pathogenic viruses maintained in
wild or domestic birds. These conditions were encountered in the last few decades in several
Asian countries, and it is in this context that HPAI of type HSN1 emerged in China in 1996
(Li et al., 2004) following several years of intensification of chicken and duck production.
Since the HPAI H5N1 panzootic of 2004-2006, several studies have analysed the risk of
HPAI H5N1 and found it to be correlated with indicators of intensive production such as the
size of the flock (Otte et al., 2008) or the proximity between different livestock breeding
facilities (Graham et al., 2008).

Previous studies on HPAI H5N1 epidemiology have also highlighted the key role played by
domestic duck distributions (Anatidae can be healthy carriers of the HSN1 virus (Hulse-Post
et al., 2005)), in the geographical distribution of HPAI H5N1 in Thailand and Vietnam
(Gilbert et al., 2008), in India and Bangladesh (Gilbert et al. 2010) and in China (Martin et
al., 2010). Because of the central role played by domestic ducks in the epidemiology of
HPAI H5N1, efforts are been directed toward improving maps of duck distributions,
particularly in regions with scarce census data such as Myanmar, India and several Chinese
provinces (Van Boeckel et al., 2011). However despite these efforts to improve data,
detailed investigations of the potential roles of intensive production in the emergence and
spread of HPAI H5N1 have been prevented by a lack of detailed information on the spatial
distribution of intensive production. Whilst several studies have focussed on mapping
livestock distribution (Robinson et al., 2007; Wint and Robinson, 2007; Neumann et al.,
2009; Prosser et al., 2011; VVan Boeckel et al., 2011), only one published study distinguished
extensive from Intensive production systems in the mapping procedure (Gerber et al., 2005).
This first attempt was however limited by the spatial resolution and quality of the available
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data, and the authors were forced to make a number of simplifying assumptions; for
example, any production falling between radii of 40 to 200 Kilometres from an urban area
was classified as intensive, resulting in sharp transitions in predicted densities that did not
reflect the more gradual nature of the actual distributions.

During the HPAI H5N1 epidemic, Thailand implemented massive disease surveillance
programmes which were referred to as “X-Ray surveys”, involving hundreds of thousands of
inspectors searching door-to-door for evidence of disease presence and collecting detailed
poultry population data. This has resulted in very detailed data on poultry in Thailand,
opening up the possibility to analyse separately the distributions of extensive and intensive
poultry farms and thus overcoming this limitation to previous studies.

The present analysis used the 2007 X-Ray survey data in order to disaggregate poultry data
by extensive and intensive production systems, using the number of birds owned per holder
as the discriminating variable. Subsequently, environmental and anthropogenic predictors of
the spatial distributions of both extensive and intensive production systems were identified.

Material and Methods

Census Data

Predictors

The 2007 X-Ray survey dataset contained the number of birds and number of holders in
every sub-district (administrative level 3) of Thailand. More recent data were available, but
2007 was the last year when the distinctions were made among the 8 major classes of
poultry. These included 3 types of chicken-broilers, layers, and Thai indigenous chickens
(native); and 5 types of ducks- meat typed (MTD), egg typed (ETD), Muscovy (MD), meat
typed free-grazing ducks (MTFGD), and egg typed free-grazing ducks (ETFGD). In
subsequent years, some of these categories were pooled. Data were available for a total of
7,410 sub-districts with a median size of 16 km2. For each of these types, the respective
number of holders was also known. Figure 1 of the supplementary information (SI) shows
the relative composition of the chicken and duck sectors in 2007. Figure 1 shows the spatial
distributions of four of these categories.

Predictor variables were chosen in order to include the most important anticipated predictors
of poultry farming: i) availability of cheap feed available throughout the year (cropping
intensity and irrigated areas), ii) access to markets (human population and travel time to
main cities), and distribution of local producers/consumers (rural population). Furthermore,
all variables were taken from global or regional datasets to ensure that the approach
presented here could be replicated in other countries and the results compared. The variables
investigated as predictors of intensification are listed in Table 1. The number of crops
cultivated per year (Xiao et al., 2006; Biradar and Xiao, 2011) was derived from remote
sensing measurements and predicts the number of cropping cycles. The percentage of
irrigated areas (Siebert et al., 2007) is based both on remote sensing and sub-national water
statistics. The human population densities were derived from the Global Rural Urban
Mapping Project (GRUMP) database (CIESIN et al., 2005). Estimated travel times
(accessibility) to Bangkok and to the closest provincial capital were derived from friction
surface produced by Nelson (2008). Pre-processing of the predictors involved: i) re-
sampling the irrigation database to 1 km resolution by nearest neighbour assignation, ii)
averaging each predictors by sub-district.
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Disaggregating survey data

Exploratory analysis suggested that log10 transformed numbers of birds per holder was the
best variable to discriminate intensive from extensive production systems for each poultry
type, since a clear bimodal distribution of the number of birds per holder was observed for
the poultry types for which intensive production is most important (Figure 2). Two distinct
frequency distribution patterns were observed in the log10 transformed numbers of birds per
holder.

First was a unimodal distribution with a peak of low numbers of birds per holder (e.g. MD
and native). In this case, animals were categorized as being extensively produced without

further analysis. This was supported by the observation that any increase in the number of
birds per sub-district was in proportion to an increase in the number of holders (e.g. native
chickens Figure 2g, see also the regression line in Figure 2 SI).

Second was a bimodal distribution, shown by the 6 poultry types: broiler, layer, MTD, ETD,
MTFGD, ETFGD (e.g. Figure 2a & 2f). These poultry categories were disaggregated using
four consecutive steps: i) sub-districts with mixed production were separated from those
dominated by either extensive or intensive farms, ii) the groups dominated by one or other
systems were used to estimate the average number of birds per holder in extensive (Ag) and
intensive (A) systems, iii) the Ag and A| parameters were fed into linear equations to
predict the respective number of birds and owners in each (extensive and intensive) system
in all sub-districts, and iv) numerical adjustments were applied for impossible values (e.g.
negative numbers, non integer values). This procedure is detailed in protocol S1.

Finally, all chickens and ducks categorised as extensive or intensive were aggregated into
four categories: intensive chickens, extensive chickens, intensive ducks and extensive ducks.

To assess the added value of using bimodal distributions for broilers, layers, MTD, ETD,
MTFGD and ETFGD compared to a simple unimodal distribution, we used the difference in
the Akaike Information Criterion (AIC):

AIC=2k — 2LogLik

where k is the number of parameters and LogLik the natural logarithm of the likelihood of
the model used to fit the data. Both unimodal and bimodal models were fitted using
maximum likelihood estimation. The difference in AIC (AAIC in Table 2) was defined as
follows:

AAIC=AIC pimodal — AIChimodal

Positive values indicate that bimodal fitting performed better then unimodal fitting as
regards the relative number of parameters

Statistical Analysis

Statistical models were built in order to analyse at the sub-district level the relationships
between the densities of chickens and ducks by production system (birds km=2) and selected
predictors.

Poultry classified as intensive showed a zero inflated distribution (ZI1D). Therefore two
separate sets of analysis were carried out. Firstly, a logistic regression was used to identify
predictors associated with the presence (> 0) of animals raised in intensive systems.

Agric Ecosyst Environ. Author manuscript; available in PMC 2013 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Van Boeckel et al.

Results

Page 5

Secondly, in sub-districts where intensive production was present, the log10 transformed
number of birds was analysed using a regression model assuming a normal distribution of
errors.

Preliminary analyses indicated that the four categories (intensive chickens, extensive
chickens, intensive ducks and extensive ducks) showed distinct levels of spatial
autocorrelation (SA) (Figure 3). Exponential variograms, including a nugget component,
were used to quantify the level of SA in the model residuals. No significant SA was found in
the residuals of the logistic regression models used to analyse the presence or absence of
intensively-raised birds, whereas high levels of SA were observed in the residuals of the bird
density regression models. Accounting for SA was achieved through a mixed simultaneous
autoregressive model (SARM) (Bivand et al., 2008) for the following reasons: first, SARM
was recently shown to provide better estimates of coefficients than the classic autocovariate
method (Dormann, 2007); second, SARM would converge in a reasonable time, despite
having a relatively large dataset; third, SARM accounts for SA both within the response
variable and within the predictor variables, within most of which there was assumed to be
considerable SA. For computational reasons, SARM was applied to a sub-sample of each
category. Two thousand points were randomly distributed over the entire territory and, at
each location, the bird density from the corresponding sub-district was extracted.

Since the average radius of a sub-district was 3.82 km, the neighbourhood radius value used
in the SARM was 20 km around each sub-district’s centroid to ensure that the closest
neighbours of a sub-district would contribute to the autoregressive term. Finally, the stability
of the values of the estimated coefficients was assessed by repeating the analysis for five
sub-samples of 2,000 randomly distributed observations.

A selection of goodness of fit (GOF) indices was derived from fitted values of the models to
measure the overall degree of agreement of each model. More specifically, a correlation
coefficient (COR), and root mean square error (RMSE) were estimated for the SARM
models. Two GOF indices were calculated to measure the accuracy of the multiple logistic
regressions: Cohen’s Kappa and the area under the curve (AUC) of the receiver operator
characteristic (ROC) curve. The AUC is a measure of the capacity of the model to predict
correctly the absence or presence of poultry, its value can range from 0.5 (random
prediction) to 1 (perfect prediction). To calculate Cohen’s Kappa a cut-off value was first
applied to the predicted probabilities of presence of poultry to classify these into two classes
(present or absent). The threshold value chosen was the optimal cut-point probability
obtained from the ROC curve, since this value represents the best possible cut-point (where
the rate of true positives is optimized, compared to that of false positives). Finally, the
relative contribution of each predictor to the model was quantified by the difference in
deviance (DD) after sequential exclusion of each predictor from the model including all
predictor variables.

All analyses were implemented in the open source software R x 64 2.12 (R Development
Core Team, 2010)

The delta AIC of the unimodal vs. the bimodal test of poultry categories presented in Table
2 (except native and MD) was always positive and the likelihood ratio test was highly
significant in all cases, indicating a bimodal pattern and justifying their disaggregation into
extensive and intensive production. The results of these disaggregations and the ensuing
spatial distribution of ducks and chickens in intensive and extensive systems are presented in
Table 2 and Figure 4. Figure 3 presents the semi-variograms of ducks and chickens in
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intensive and extensive production systems, and Tables 3a and 3b present the result of the
regression models.

Intensive chicken production showed a highly heterogeneous distribution, with production
concentrated in a limited number of sub-districts (Figure 4a). Sub-districts with high levels
of intensive chicken production were located around Bangkok and close to the main
consumption and exportation centres (Port of Bangkok and Port Laem Chabang, in
particular). Intensive chicken production included several categories presenting very high
numbers of birds per holder (Table 2), such as broiler chickens (A = 4,829 birds). The semi-
variogram model of intensively-raised chickens shows a relatively short range of spatial
dependence compared to other poultry (Figure 3), which quantitatively confirms the short-
range patchiness that can be observed in the distribution map. The main predictor associated
with the presence of intensively-produced birds was the number of crop cycles, followed by
the human population density and accessibility to Bangkok (Table 3a); whilst the main
predictors associated with the abundance of raised birds were the human population density,
the accessibility to Bangkok and percentage of urban area (Table 3b). Predictability of both
the presence and abundance was low to moderate, with an AUC of 0.644, and a correlation
coefficient of predicted vs. observed numbers of 0.568.

In contrast, extensive chicken production was found to be more homogeneously distributed
throughout the country with a few notable exceptions such as the Khorat Plateau in the
NorthEastern Region and a few high density spots around the provincial capitals of Chiang
Rai, Nan and Kanchanaburi (Figure 4b). The number of birds per holder was relatively
constant across the poultry types with values close to 10 birds per holder with the exception
of 17 birds per person for the native chickens (Table 2). The semi-variogram model of
extensive poultry numbers had a much wider range, confirming the more homogeneous
pattern of distribution. The main predictor associated with the abundance of extensively-
raised chickens was human population density (Table 3b). One can note that the difference
of deviance (DD) associated with the removal of the human population density in the model
ranged from 17 to 18 times the values associated with removing the next most important
predictor variables: the accessibility to Bangkok and the urban areas. The predictability of
the number of extensively-raised chickens was considerably greater than that of intensively-
raised chickens, with a predicted vs. observed correlation coefficient of 0.879.

An unexpected result was the intensive nature of free-grazing duck farming; with mean
numbers of Ai = 2,109 and Ai = 2,157 for meat type and egg type free-grazing ducks
respectively, and with spatial distributions differing markedly from those of chickens.

Intensively-raised ducks were found to be mainly distributed in a large area located in the
central floodplain of the Chao Phraya river (Figure 4c). There was considerable spatial
clustering over a relatively short range, as quantified by the range of the semi-variogram
model (Figure 3). The most important predictor of the presence of intensive duck production
was the population density, followed by the percentage of irrigated areas and accessibility to
Bangkok. The main predictors associated with the abundance of intensively-raised ducks
were the human population density, percentage of irrigated areas and cropping intensity
(Table 3b). Predictability intensively-raised ducks was moderate, and higher than that of
intensively-raised chickens but lower than for extensively-raised chickens.

Finally, extensively-raised ducks were distributed more homogeneously than intensively-
raised ducks, occurred at lower densities in general, with a relative abundance in the north-
eastern part of Thailand (Figure 4d). The semi-variogram model had a very long range,
again confirming the spatial homogeneity apparent in the distribution map. The main
predictors of the abundance of extensively-raised ducks were human population density, the
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percentage of irrigated areas and urban areas. Predictability was good; slightly lower than
for extensive chickens, despite the relatively low number of significant predictor variables.

Discussion

This study aimed (i) to produce maps of chicken and duck population densities,
distinguishing intensive from extensive production based on the number of birds per holder,
and (ii) to explore the associations between the densities of birds in each category and some
anthropogenic predictor variables.

The vast majority (>99%) of ducks in Thailand are raised in the free-grazing production
systems and were categorized as intensive using this approach. This may seem surprising
since the practice of free-grazing is usually thought to represent a low-input, low-output
system. However, beyond the number of birds per holder, used here as index to allocate
birds to the intensive production category, other arguments support the results that free-
grazing duck production in Thailand is more intensive than extensive: i) free-grazing
production systems involve flocks of several thousands of individuals and tens of duck
herders clustered on small areas of land; ii) the movement of the ducks from one field to
another involves motorised transportation (Songserm et al., 2006; Henning et al., 2009); iii)
ducklings are purchased in high numbers from dedicated intensive producers (Minh et al.,
2010); and iv) the management of eggs produced by millions of free-grazing ducks, laying
daily, requires intensive logistics; as does the transportation, processing and storage of duck
meat products (Heft-Neal et al., 2008). The main factors in free-grazing duck farming that
fall outside the definition of intensive production presented in the introduction are the
absence of high investments in bio-security, and that bought feed is not provided. The
absence of bio-security measures associated with high production levels of free-grazing
duck products had important epidemiological consequences in term of risk of HPAI H5N1
transmission (Otte et al., 2006; Paul et al., 2011).

Most of Thailand’s intensive poultry farming was seen to be clustered in the central region
of the Chao Phraya, corroborating conclusions drawn from previous works on Thailand’s
poultry sector (Costales, 2004). However different distribution patterns were observed for
chickens and ducks. Intensive duck production was concentrated in the Chao Phraya river
central flood plain, mainly because this supports multiple rice production cycles per year (a
condition necessary to sustain free-grazing duck production (Gilbert et al., 2007)). Intensive
chicken production was a lot more scattered throughout the country (Figure 4), but with
highest densities in provinces surrounding Bangkok: the largest market for national
consumption, but also an important commercial hub for exports. Broiler production is
primarily located close to hatcheries, feed mills and processing plants while large integrated
layer farms are distributed more evenly across regions (Costales, 2004; NaRanong, 2007).

These observations were further supported by the results of the regression analyses. The
strong relationship between intensively-farmed chickens and human population density and
proximity to Bangkok reflects the huge demand for chicken meat in the Thai capital and the
importance of Bangkok as an exportation hub. For intensively-raised ducks, human
population density was also found to be an important predictor; but so was the number of
crop cycle per year, reflecting the importance of available feeding resources, provided by
proximity to paddy fields with multiple cropping as reported in previous studies (Gilbert et
al., 2007). Unexpectedly the number of crop cycles showed a negative correlation with the
presence of intensively-raised chickens, whereas a positive contribution from the percentage
of irrigated areas was observed (Table 3b). Intensive chicken farming is less closely
associated with the land than is intensive duck farming. The counterintuitive sign of both
coefficients may be explained by the fact that intensive chicken farming occurs within the
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broad area of the central floodplain, i.e. an area with a high proportion of land under
irrigation, but not right next to the paddy fields themselves. This observation could also have
arisen due to scale: the percentage of irrigated area is derived from a 10 km resolution
image, whilst the number of crop cycles was derived from a 500 m resolution image (Xiao et
al., 2006). Both were subsequently aggregated to 1 km pixels. More surprising was the fact
that sub-districts dominated by urban areas supported large numbers of intensively-raised
poultry, possibly corroborating the idea that intensive poultry farming is increasingly urban
in nature (Rushton et al., 2005).

Intensive production was found to be strongly clustered (as indicated by the short range of
semi-variogram models), and difficult to predict through regression analysis. Both results
can be interpreted relatively easily. Firstly, a wide range of parameters influence decisions
on where to set up intensive or industrial farms (Neumann et al., 2009). This includes
variables such as the cost of the land, local government incentives or tax regimes, which are
difficult to integrate into this type of modelling because of a lack of detailed data. Secondly,
from a producer perspective, the geographical concentration of production units results in
economies of scales for the provision of inputs (low-cost feed and day-old chicks or
ducklings) and the collection and transportation of outputs. For two sub-districts which are
equally suitable for the establishment of a chicken farm, the decision to set up a farm may
have depended initially on some unknown factor such as the availability of a parcel of land
to buy. Then subsequent farm establishment may occur in the vicinity of that original farm
in order to benefit from economies of scale. Over time, this would result in two sub-districts
with apparently identical conditions (in terms of accessibility to Bangkok, etc.) but one
having a cluster of intensive production units whist the other may have none. This situation
would typically result in a clustered distribution of production, whose distribution may be
difficult to predict using spatial, environmental variables. This is further exacerbated by the
fact that chicken production can be fully detached from the land resource, which restricts the
extent to which its distribution can be explained by environmental variables (Naylor et al.,
2005).

Extensive production showed a much more homogeneous and predictable distribution for
both chickens and ducks, and was found to be strongly correlated with human population
density and much less influenced by the accessibility to Bangkok and other urban areas. This
supports the idea that extensive production mostly comprises subsistence farming in rural
areas. Extensive production still dominates Thailand’s poultry sector in terms of number of
holders (Poapongsakorn et al., 2003) and their competitiveness with respect to larger-scale
producers may be explained by their ability to maintain low production costs, often using
family labour and with reduced overhead costs. Among the rural population, which
represent about 66% of the total, 73% of poultry farms (UN, 2010) are traditional, low-
input, backyard farms, rearing native chickens and fighting cocks in free-range systems
(Otte et al., 2006). Only recently have native chickens started to be produced by larger
commercial producers (Chang et al., 2004).

The relatively good predictability of extensive production, with few spatial predictor
variables, opens up the possibility for separating extensive from intensive production in
other countries that do not have detailed census data such as is available for Thailand.
Indeed, given the weight of human population in the prediction of extensively-raised
poultry, it could be realistically assumed that extensive poultry production could be
predicted based solely on rural population maps, and that the amount of intensively-raised
birds could then be deduced from the difference with census totals. Approaches based on
these principles are reviewed in Robinson et al. (2011) and call for detailed follow-up
studies to test and validate them.
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The approach developed in this paper could be improved in several ways. First, the
methodology would benefit from the addition of information derived from expert opinion
and, if available, from a selected sets of livestock-oriented, socio-economic predictors. One
example is the value of the land, which could be an important factor in deciding where farms
should be established. Second, the SARM method used to investigate links between the
densities of the different poultry categories and a suite of predictor variables raised some
issues. First, models were based only on a sub-sample of 2,000 locations randomly
distributed across the country, possibly missing some important relationships. Second, the
SARM does not explicitly account for possible interaction among predictor variables. There
remains considerable scope to evaluate other modelling approaches such as, for example,
Boosted Regression Trees (Elith et al., 2008), which may better be able to describe nonlinear
relationships between poultry densities and covariates.

Poultry data broken down by production system have rarely been used in epidemiological
risk factor analyses. An important follow-up to this work will be to look at data on historical
HPAI H5N1 epidemics in Thailand in relation to detailed poultry systems information.
Poultry data, broken down by production systems, could also be used in knowledge-based
approaches such as multi-criteria decision analysis (MCDA), in order to characterize better
the regions where the interactions between people and poultry are highest.

Beyond these epidemiological applications, such poultry maps disaggregated by production
system have a wide range of potential uses, in fields such as: soil and water pollution (Long
et al., 2004), modelling nutrient transport (Karr et al., 2001), environmental planning (Haas
et al., 2001), conservation policy, and economic geography (Pritchard, 2000). This calls for
complementary studies extending the work reported here to other countries and regions, and
adapting the methodology to other species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Population density for: (2) broiler chickens, (b) egg type ducks, (c) native chickens, and (d)

egg type free-grazing ducks per sub-district. Scale = Log10[(birds/km?) + 1])
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Page 16

Semi-variogram of for: (a) intensive chickens, (b) intensive ducks, (c) extensive chickens,
and (d) extensive ducks. Extensive systems show a higher degree of spatial autocorrelation.
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Population densities of poultry disaggregated by production systems: (a) intensive chickens,

(b) extensive chickens, (c) intensive ducks and (d) extensive ducks.

Figure4.
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