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Sustainable land management must balance environmental,
economic, and social concerns at multiple scales (Daily and Ellison,
2002). Many developing countries are expanding biofuel produc-
tion as a strategy to reduce their dependence on petroleum,
increase opportunities for the agricultural sector, and mitigate
global warming (Dufey, 2006; WWI, 2007). The area planted to
biofuel crops has been growing rapidly but the environmental and
social consequences of a widespread adoption of biofuel produc-
tion remain largely unexplored: There are questions about the
potential effect of expanding biofuel crop areas on the world’s food
production and food security (Muller et al., 2007); the feasibility of
basing agricultural development plans on agro-energy as opposed
to food and fiber production (Charles et al., 2007); the impacts of
land use change on the natural resource base and on biodiversity
(Hill et al., 2006; Raghu et al., 2006; Fargione et al., 2008); and the
potential effect of biofuel crop expansion on land tenure and the

livelihoods of small farmers (Mol, 2007). These issues are currently
being viewed as opportunities by some and as threats by others
throughout the developing world. Although the recent swings in
prices for oil may slow down these recent increases in supply and
demand, production of biofuels from food remain profitable above
$50/barrel making the biofuel market viable.

From a global perspective, there is little support for biofuel
cultivation as a strategy to either mitigate anthropogenic carbon
emissions or meet predicted world energy demand (Giampietro
et al., 1997; Dias de Oliverira et al., 2005; Righelato and Spracklen,
2007; Crutzen et al., 2007; Fargione et al., 2008). However, political
and economic considerations at a regional and national level have
generated a considerable amount of enthusiasm for the use of
biofuels as a short- to mid-term solution (Goldemberg, 2007; Nass
et al., 2007). Typically, studies undertaken at this scale have
analyzed the potential of particular energy policies to reduce
dependency on foreign oil, or have explored the implications of
biofuel expansion on job and income generation (e.g., Moreira and
Goldemberg, 1999; Kivronos and Olarreaga, 2006; WWI, 2007;
Goldemberg, 2007). Comprehensive analyses of the social and
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A B S T R A C T

Recent increases in the price of oil have generated much interest in biofuel development but the social

and environmental impacts of large scale adoption of biofuels at both regional and national scales remain

understudied, especially in developing economies. Although the recent swings in prices for oil may slow

down these surges in supply and demand, production of biofuels from food remain profitable above $50/

barrel making the biofuel market viable. Here we use municipality-level data for the state of São Paulo in

Brazil to explore the effects of fires associated with sugarcane cultivation on respiratory health of elderly

and children. We examined the effects of fires occurring in the same year in which respiratory cases were

reported as well as chronic effects associated with long-term cultivation of sugarcane. Across the state,

respiratory morbidity attributable to fires accounted for 113 elderly and 317 child cases, approximately

1.8% of total cases in each group. Although no chronic effects of fire were detected for the elderly group,

an additional 650 child cases can be ascribed to the long-term cultivation of sugar cane increasing to 5.4%

the percent of children cases that can be attributed to fire. For municipalities with greater than 50% of the

land in sugarcane the percentage increased to 15% and 12%, respectively, for elderly and children. An

additional 209 child cases could also be attributed to past exposure to fires associated with sugarcane,

suggesting that in total 38% of children respiratory cases could be attributed to current or chronic

exposure to fires in these municipalities. The harmful effects of cane-associated fires on health are not

only a burden for the public health system but also for household economies. This type of information

should be incorporated into land use decisions and discussions of biofuel sustainability.
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environmental consequences of bio-energy expansion at a regional
or national scale are generally lacking (but see Hill et al., 2006;
Martinelli and Filoso, 2008). Yet, this type of analysis is essential to
fully evaluate the actual costs of biofuel programs and to inform
decision making.

Labor costs, land prices, and the amount of solar radiation all
suggest that developing countries in the tropics would have much
to gain from an increase in worldwide biofuel consumption.
Moreover, tropical or subtropical countries with fast-growing
economies depend critically on cheap energy and can also benefit
from reducing their dependency on oil imports. Current trends in
biofuel expansion support these assertions. For instance, ethanol
production in India increased from 665 million liters in 2005 to 823
million in 2007 (WWI, 2007). In addition, large areas are being
planted with oilseed crops. Clearly, cheap biofuel can foster
economic development in these growing economies, but at what
social and environmental costs? One potential consequence of
biofuel expansion is that agricultural productivity increases at the
expense of environmental health and fair labor practices.
Incorporating these and other externalities into existing analysis
is particularly crucial for developing countries with high indices of
social inequality, vulnerable populations, and either weak or
unenforceable environmental and labor regulations.

Brazil, the world’s leader in ethanol production from sugarcane
(Saccharum L.), stands to profit greatly from the recent boom in
biofuel markets (Martines-Filho et al., 2006). In 2007 alone, it
produced 19 billion liters of ethanol from sugarcane, a quantity
similar to that of corn ethanol in the United States. Over 50% of the
sugarcane harvest is exported. The history of sugarcane in Brazil
has been documented extensively (Moreira and Goldemberg,
1999). In brief, the sugarcane boom occurred in the late 1970s, a
response by the military government to the oil crisis of 1973. The
aim was to replace a significant percentage of fossil-fuel
consumption with ethanol produced from sugarcane. Initial price
subsidies from oil revenues, mandatory regulations determining
the amount of ethanol to be mixed with gasoline, and funding for
an aggressive research and development program led to wide
adoption of ethanol as a fuel source and lowered production costs.
By 2004, ethanol subsidies had been removed and ethanol became
competitive with gasoline in the market (Moreira and Goldemberg,
1999). In recent years, renewed interest in alternative energy
sources has fostered an expansion in the area planted to biofuels,
especially to sugarcane. From 2006 to 2007 alone, the area planted
in sugarcane increased by 10.6% relative to the previous year with
concomitant decreases in the area of pastures and other crops
(IBGE). Brazil’s unique position in the biofuel market and the
availability of extensive social and environmental data provides us
with a unique opportunity to evaluate some of the social and
environmental consequences of biofuel production, particularly in
the light of the growing global interest in biofuels.

Sugarcane can be harvested mechanically or manually, though
the majority of global harvesting is currently done by hand. Manual
harvesting begins with burning of the field to remove dry and dead
growth. The cane is then cut with machetes. Mechanical harvesting
utilizes a specialized chopping machine, a combine. The machine
cuts the stalks and removes the leaves. However, mechanical
harvesting is a low-efficiency procedure, which results in greater
levels of sugar loss from cut cane, and therefore lower revenues
than from manually harvested cane. In Brazil, most of the
sugarcane is produced in the northeast or south central regions.
The State of São Paulo accounts for 60% of production of both sugar
and ethanol and for 70% of exports. Cane is harvested continuously
from May to October (the dry season). Almost 80% of the Brazilian
harvest is manual (UNICA, 2008).

Sugarcane production in Brazil has been associated with a
number of unsustainable environmental and social outcomes.

These include atmospheric pollution from fires used to facilitate
harvest (Martinelli et al., 2002; Santos et al., 2002; Allen et al.,
2004; Lara et al., 2005), soil degradation (Cerri et al., 1991; Ceddia
et al., 1999; Oliveira et al., 1995, 2000; Pereira-Netto et al., 2004),
pollution of aquatic ecosystems (Ballester et al., 1999; Martinelli
et al., 1999; Oliveira et al., 2002; Filoso et al., 2003; Gunkel et al.,
2007), loss of biodiversity (Ometto et al., 2000; Dotta, 2005;
Gheler-Costa, 2006), and exploitation of cane cutters, mostly
migrant workers from northeastern Brazil (Costa and das Neves,
2005; Rodrigues, 2006; Alves, 2006; see Martinelli and Filoso,
2008, for a comprehensive review).

Pre-harvest burning of sugarcane also affects human health in
areas where it is the major land use. In addition to the particles
produced as byproducts of biomass burning, pre-harvest fires
have been related to increased levels of carbon monoxide and
ozone in the agricultural region and cities where sugarcane is
produced (Kirchhoff et al., 1991). Epidemiological studies in two
municipalities in São Paulo concluded that sugarcane burning led
to low air quality and increased incidence of respiratory morbidity
(Arbex et al., 2000, 2007; Cançado et al., 2006). These two studies
were conducted in municipalities where sugarcane accounts for
over 50% of land cover, so it remains unclear to what degree
sugarcane burning contributes to respiratory illness at the state
level. Here, we collect state-wide data for São Paulo to determine
the magnitude of sugarcane expansion in the state. Using this
data, we examine the spatial and temporal links between current
and long-term sugarcane cultivation, occurrence of fires, and
respiratory health. Finally, we take our analysis one step further to
make predictions about the effects of recent expansion of
sugarcane cultivation on fire occurrence and respiratory health
outcomes.

1. Methods

1.1. Study area and data collection

We focused our analyses in the state of São Paulo, Brazil.
Agricultural land use in the state is dominated by sugarcane
plantations (Fig. 1) and pastures, with the former being more
prevalent in the northwestern part of the state and the latter on the
eastern region. To understand spatial variation in sugarcane
cultivation across the state and its overall importance in total
agricultural production, we collected annual data on the area in
cultivation for each major crop as well as production statistics for
each municipality (1990–2006) from the Brazilian Institute of
Geography and Statistics (IBGE).

We obtained fire occurrence data for 2003 from INPE, the
Brazilian National Space Agency (http://www.dpi.inpe.br/proarco/
bdqueimadas). These data are derived from images collected by
polar orbit satellites that can detect fires >30 � 1 m under clear
conditions (consult INPE website for a detailed description of the
limitations of the fire data used in the analyses). The number of
fires observed was standardized by the area of each municipality.
For a subset of the municipalities (46 out of 645), we also collected
monthly air quality data, namely concentration (in mg/m3) of
smoke, inhalable particles (PM2.5), SO2, and total suspended
particles (<50 mm in diameter). These data are available from the
São Paulo Environmental Agency (CETESB accessed January 2008).
Smoke, inhalable, and suspended particles all affect respiratory
health directly. In the sugarcane cultivation region, the main
source of suspended particles is sugarcane burning (Martinelli
et al., 2002; Lara et al., 2005).

To investigate the effects of fire and air quality on respiratory
health, we first extracted disease data for 2003 from the government
health agency DATASUS accessed January 2008, Brasilia, Brazil. We
considered only hospital admissions, and excluded patients who did
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not reside within the municipality that housed the attending facility.
We selected respiratory disease cases for children (�10 years of age)
and the elderly (�60 years of age) using standard codes from World
Health Organization International Classification of Diseases 10th
revision (Codes J00–J99) (WHO, 2007). Probabilities of respiratory
disease were standardized in our statistical model (see below) by
population numbers in these same demographic classes from the
2000 census (IBGE, 2005).

São Paulo has subtropical weather; it is humid with dry winters
and low temperatures are rare. Since respiratory health is linked to
weather, meteorological data were obtained from the state of São
Paulo network of agro-meteorological stations (CIIAGRO accessed
January 2008). Low temperatures may foster respiratory disease
directly by increasing crowding and reducing indoor ventilation
(Hajat et al., 2004). However, heat can also result in respiratory
distress (Shek and Lee, 2003). High relative humidity has also been
positively correlated to greater respiratory morbidity, particularly at
high temperatures, but the relationship may be reversed at low
temperatures (Viegas et al., 2004). Lower humidity and temperature
may also impair dispersion of air pollutants, affecting respiratory
health indirectly (Tanner and Law, 2002). For our analyses, we used
total monthly precipitation and average monthly maximum
temperature for 2003. Data were collected from agro-meteorolo-
gical stations evenly spread throughout the state. Depending on the
month, data were available for 98–101 of the 645 municipalities in
the state. In cases for which data were not available, we used an
ordinary kriging procedure to estimate missing values. Kriging was
performed using a Gaussian random field model fit to centroids of
municipalities for which we had data (Ribeiro and Diggle, 2001).

Respiratory health is also affected by urban pollution (e.g.,
Gonçalves et al., 2005) and social and economic status (Roseiro,
2002). Urban development and socioeconomic development
indices are highly correlated in the state of São Paulo, with rural
areas having lower GDP per capita, a higher percentage of people
living in poverty, and lower development indicators (e.g., Human
Development Index, GINI economic inequality index) (data not
shown). To account for these effects, we included the percent of
inhabitants considered rural as a predictor of respiratory disease in
our statistical model. Data were obtained from IBGE.

1.2. Statistical analyses

Admissions for children and elderly were modeled separately
for all of 2003. We used a mixed effects logistic regression model to
understand the dependence of respiratory health on air quality and
meteorological variables as well as selected demographic and
economic indicators.

The likelihood of a respiratory admission in municipality i in
month j for the full respiratory health data set across all M

municipalities in the state over 12 months for a given age class is:

pðwjsÞ
YM

i¼1

Y12 p

i¼1

Binomialðwi jjsi jÞ (1)

where the population counts (s) in the demographic class (i.e.
elderly/young) was the number of ‘‘trials’’ and the number of
admittances (w) were considered ‘‘successes’’.

The probability of a patient being admitted to a health facility is
the logit:

logitðsi jÞ ¼ Xi jb (2)

where Xij is the design vector of factors and covariates, and b is the
corresponding vector of parameters. Since weather patterns can
affect fire detection, we smoothed the number of fires in each month
by averaging values from the previous and current months.
Precipitation and temperature are known to have a delayed effect
on respiratory morbidity, so we lagged these variables for the
analyses by averaging values for previous and current months (Braga
et al., 2002). For each municipality, we included as fixed covariates
fires per hectare, total precipitation, mean maximum temperature,
and percent of inhabitants who live in rural areas. Humidity may
affect respiratory health directly, with greater respiratory distress
under dry conditions (Gonçalves et al., 2005), and indirectly, through
the transport of pollutants (Tanner and Law, 2002). To account for
these effects, we included interactions between precipitation and
temperature (a proxy for humidity), and the three-way interaction
between weather variables and fire occurrence. We expect that the
effect of fires on respiratory health will be greater at low humidity.
Beyond the effects of the focal year fires on respiratory health,
repeated annual burnings can have chronic effects on respiratory
morbidity. We also included the amount of land in sugar cane in
1995 to our regressions in an effort to account for the potential
effects of past fires associated with sugar cane cultivation on chronic
respiratory problems. Municipality was included as a random effect
to account for differences amongst these administrative units that
are not captured by the fixed covariates (e.g., quality of care). To
facilitate interpretation, all estimated parameters were standar-
dized by centering them on their mean and dividing by two standard
deviations. We tested model residuals for spatial autocorrelation
using a variogram fitting procedure and calculating Moran’s I using
the centroids of the municipalities. We found no significant
spatial autocorrelation in the data (Young: Moran’s I =�0.01,
z-score = �0.16, p-value = 0.56; Elderly: Moran’s I = 0.03,
z-score = 0.36, p-value = 0.359).

Fig. 1. Percent of total land area in São Paulo municipalities cultivated for sugarcane in 1990 and 2005. GIS municipality data were downloaded from IBGE (www.ibge.gov.br).
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Ultimately, our intent is to predict the effect that expansion of
sugarcane production will have on respiratory morbidity. How-
ever, we encountered two problems. First, fire data for 2003 and
later periods were collected using different satellites so they were
not directly comparable. Second, a complete respiratory health
dataset was not available for 2004–2007. To circumvent these
limitations, we modeled the occurrence of fires in the 2003 data
using a zero-inflated negative binomial process and used this
model to generate predictions of fire occurrence in 2007 as a result
of actual expansion in sugarcane cultivation area. The probability
of observing c fires in municipality i in month j was calculated as:

pðci jÞ� zi j þ ð1� zi jÞ � NegBinð0jli j; kÞ for c ¼ 0 (3a)

pðci jÞ� ð1� zi jÞ � NegBinðci jjli j; kÞ for c>0 (3b)

where z, the zero-inflated part of the probability function is linked
to predictors through a logit link as in Eq. (2), and l and k, the mean
and clustering parameter of the negative binomial part of the
probability model is linked to predictors in Eq. (2) through a log
link. We then used actual data for municipality-level expansion in
sugarcane area from 2003 to 2007 to quantify the expected
increase in the number of respiratory cases for the two vulnerable
populations. All analyses were conducted using R statistical
software (R Development Core Team, 2008).

2. Results

2.1. Sugarcane cultivation

The spatial extent of sugarcane cultivation in São Paulo
increased from 1.8 Mha in 1990 to 3.28 million in 2006 (Fig. 1).
This increase reflects both an expansion in cultivated area in the
traditional sugarcane region (e.g., Ribeirão Preto and Piracicaba)
and the replacement of pastures with new sugarcane fields in the
western, less developed region. Sugarcane accounted for nearly
60% of total agricultural production value in 1990 increasing to 75%
by 2006 (IBGE). Total value of sugarcane production was negatively
correlated with that of soybeans, reflecting fluctuations in world
market prices for these two commodities.

2.2. Fire

Both the spatial and temporal patterns of fire occurrence
indicate that sugarcane cultivation is the major cause of burning in
the state (Figs. 2 and 3). Air quality data collected at selected
monitoring stations further suggest that burning of sugarcane
fields leads to greater concentrations of pollutants associated with
fires such as smoke, inhalable particulate matter, and total level of
suspended particulates (Fig. 3). The marked seasonal fluctuations
in the concentrations of these pollutants, which align with the cane
harvesting seasonal, stands in stark contrast to the largely
aseasonal concentrations of air quality indicators associated with
fossil-fuel emissions (e.g., SO2, Fig. 3).

2.3. Respiratory morbidity

During 2003, there were 5196 admissions due to respiratory
disease for the elderly group and 18,052 admissions for children
under 10. The average number of cases per month for both groups
combined was 2040 for the burning season (May–October) but
only 780 for months outside of the cane harvest period (January–
April, November–December). Over the course of the year, the mean
number of respiratory admissions per thousand individuals was
2.83 for children in contrast to 1.83 for the elderly group, reflecting
the high vulnerability of children to respiratory disease.

Overall, our statistical model provided an excellent fit to the
data (Elderly: R2 = 0.90, F = 1, 6683, p < 0.00001; Children:
R2 = 0.92, F = 1, 6683, p < 0.00001). Table 1 presents detailed
results of the statistical analyses. Monthly variation in fire
occurrence was positively associated with respiratory morbidity
for both age groups even after controlling for precipitation and
temperature. Fire incidence had stronger effects on respiratory
health of the elderly relative to the children group. Fig. 4 presents
the estimated number of hospital admissions for both children and
elderly, as derived from the results of the regression that can be
attributed to cane burning practices. Across the state, respiratory
morbidity attributable to fires accounted for 113 elderly and 317
child cases, each�1.8% of total elderly and child cases. Although no
chronic effects of fire were detected for the elderly group, an
additional 650 child cases can be attributed to the long-term

Fig. 2. Percent of total land area in São Paulo municipalities cultivated for sugarcane and number of fires detected in 2003, R2 = 0.42.
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cultivation of sugar cane raising to 5.4% the percent of cases of
respiratory disease in children that can be attributed to fire.
Furthermore, for municipalities with >50% of the land allocated to
sugarcane the percentage of cases attributable to current fire
increased to 15% and 12%, respectively, for elderly and children
(elderly: 16 out of 109 cases, children: 93 out of 768 cases). An
additional 209 child cases could also be attributed to past exposure
to fires associated with sugarcane, suggesting that in total 38% of
children respiratory cases could be attributed to current or chronic
exposure to fires.

Lower precipitation was also associated with impaired respira-
tory health in both groups (Table 1). This effect was particularly
marked at high temperatures, possibly representing the negative
effects of low air humidity on respiratory health. A closer look at
the three-way interactions between precipitation, temperature,
and fire suggested that the effects of fires are most marked at high
temperatures or low precipitation levels. Finally, municipalities
with a higher percentage of rural inhabitants tended to have a
lower probability of respiratory morbidity, with this covariate
possibly acting as a proxy for lower levels of air pollutants

associated with urban centers (e.g., industrial and automotive
emissions).

2.4. Effects of sugarcane expansion on respiratory disease

We used data on sugarcane area (IBGE see above) expansion by
municipality from 2003 to 2007 to simulate the increase in fires
from 2003 levels. Results of simulated fire events overlaid on
actual fires for 2003 are shown in Fig. 5 and parameter estimates
are provided in Table 2. We estimate that the expansion in area of
sugarcane from 2.82 Mha to 3.66 Mha from 2003 to 2007 would
lead to 672 additional fires assuming similar weather patterns.
This represents an increase of 19% relative to the 2003 numbers.
Although the predicted total number of fires for 2003–2007 is not
directly comparable to observed increases because the satellites
collecting the data have changed, our method estimate is still
within the range observed by the new satellites. As we stated in
above, we then used the simulated fire data to predict the increase
in occurrence of respiratory hospital admissions that can be
attributed to fire. Results are shown in Fig. 6 and based on the mean

Fig. 3. Monthly occurrence of fires (open bars indicate total for 1999–2005) on concentrations (black dots) (in mg/m3) of (A) smoke, (B) inhalable particles (<2.5 mm in

diameter), (C) total suspended particles (<50 mm in diameter), and (D) sulfur dioxide. Sugarcane is burned from May to October.

Table 1
Results of binomial model applied to respiratory data for children and elderly group. Covariates were standardized by centering them on their mean and dividing by two

standard deviations.

Parameter Estimate S.E. z-Value Pr(>jzj)

(A) Children (<10 years of age)

Intercept �8.97 0.048 �185.6 <2e�16

Fires/km2 0.195 0.026 7.65 2.0e�14

Maximum temperature �0.022 0.032 �0.69 0.49

Precipitation (PPT) �0.072 0.024 �3.03 0.0025

Percentage of rural �0.72 0.11 �5.80 6.6e�09

PPT �maximum temperature �0.56 0.053 �10.49 <2e�16

Maximum temperature � PPT � fires/km2 �0.83 0.14 �5.86 4.7e�09

Sugarcane in 1995 (km2) 0.23 0.08 2.76 0.0057

(B) Elderly (>60 years of age)

Intercept �10.1514 0.0772 �131.6 <2e�16

Fires/km2 0.2944 0.0544 5.4 6.2e�08

Maximum temperature �0.1869 0.0594 �3.1 0.0017

Precipitation �0.3113 0.0473 �6.6 4.7e�11

Percentage of rural �0.8842 0.1765 �5.0 5.4e�07

PPT �maximum temperature �1.0864 0.1143 �9.5 <2e�16

Maximum temperature � PPT � fires/km2 �0.9994 0.3226 �3.1 0.0020
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of 1000 simulations. The recent expansion of sugarcane led to an
average of 253 additional cases for the elderly group and 561
additional respiratory cases for the children group (on top of the
cases attributed to current fire in 2003 and not including any
increase in chronic effects). At the state scale, these increases
account for 4.8% and 3.0% increases in total cases; however, these
cases represent 224% and 177% increases in the number of cases
attributable to fire between 2003 and 2006.

3. Discussion

The rise in oil prices worldwide has boosted the competitive-
ness of renewable energy and resulted in unprecedented expan-
sion in total biofuel production. Unlike previous periods of high oil
prices, which were generally driven by short-term political or
military conflict, this latest spike is demand-driven, fueled
primarily by rapidly growing middle-income economies (Dufey,

2006; US DOE, 2006; Coyle, 2007). Although the recent swings in
prices for oil and agricultural commodities call projections of any
kind into question, one authoritative, near-term outlook for oil
prices suggests a period of continued high prices relative to the
1990s, even if not at the unprecedented 2007–2008 levels (World
Bank, 2009). The report states that at oil prices above $50 a barrel,
production of biofuels from food crops—even without subsidies—
will remain profitable. Given the likely increase in biofuel demand,
it is essential to understand the full social and environmental costs
of biofuel production and to impose sustainability goals to this
fast-growing industry.

The sugarcane-based ethanol program in Brazil with its positive
energy balances and low production costs has been touted as an
example for other developing economies (Goldemberg, 2007). Yet,
a full accounting of the social and environmental costs of ethanol
production is lacking (but see Martinelli and Filoso, 2008). One of
these unaccounted effects is that of sugarcane burning prior to
harvest, a common practice in Brazil. In 2006, 3.4 Mha were
harvested to produce both sugar and alcohol. Only 900,000 were
harvested mechanically and, despite regulations to reduce the
extent of burning, the number of fires in São Paulo state increased
by almost 25% in 2006 relative to 2005 (www.inpe.br).

Like previous studies, our analyses have shown that biomass
burning in cane fields is detrimental to respiratory health of two
vulnerable populations, children and the elderly (Arbex et al.,
2000; Cançado et al., 2006). The added value from our study is that

Fig. 4. Estimated hospital respiratory admissions directly attributable to fires by

municipality for elderly and children (units = number of cases per 10,000

individuals). Effects include both current (2003 for elderly and children) and

chronic effects (for children) of fires associated with sugar cane.

Fig. 5. Simulated and observed fire events in 2003 by month. Fires were simulated

using a zero-inflated negative binomial process with total area, area in a sugarcane

cultivation, and precipitation (R2 = 0.72, F = 1610, d.f. = 1, 641, p < 0.00001).

Table 2
Parameter estimates for zero-inflated negative binomial model developed to

predict fire occurrence. Covariates were standardized by centering them on their

mean and dividing by two standard deviations, see Eq. (3).

Parameter Estimate S.E. z-Value Pr(>jzj)

(A) Coefficients for negative binomial model with log link portion of model

Intercept 0.1680 0.0762 2.21 0.027

Area in sugarcane 0.4567 0.0400 11.43 <2e�16

Precipitation �0.7699 0.1321 �5.83 5.7e�09

(B) Coefficients for binomial with logit link portion of model

Intercept 1.4582 0.0943 15.46 <2e�16

Precipitation 2.5434 0.1654 15.38 <2e�16

Area not in sugarcane �1.1434 0.1154 �9.91 <2e�16

Area in sugarcane �1.9110 0.1540 �12.41 <2e�16
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it provides quantitative and municipality-specific predictions for
the total number of cases (and associated uncertainty) that can be
attributed to cane fires rather than meteorological or municipality-
level variables. For instance, a quick look at Fig. 4 points to
municipalities that should be prioritized for mechanization.
Production of sugarcane is highly concentrated spatially because
the limiting factor is transport to the mill. Therefore, we expect
that for municipalities that have a high percentage of their land in
sugarcane and the adequate infrastructure (i.e., mills) to process
the cane, it makes economic sense to continue the expansion
leading to more severe effects on respiratory health. However,
economic analyses should include the increases in public health
expenditures associated with incremental respiratory morbidity
generated by these fires and compare them to potential profit
losses (e.g., Rittmaster et al., 2006). The harmful effects of fires on
health are not only a burden for the public health system but also
for household economies. This type of information should be
incorporated into land use decisions and discussions of sustain-
ability. Without a thorough assessment of pros and cons, a scenario
in which biofuels provide a solution to one specific problem while
creating others becomes a very real possibility (Dufey, 2006).

Law 11,241 adopted in the state of Sao Paulo in 2002 requires a
gradual mechanization of areas currently harvested manually. The
law is poorly respected and its implementation has been pushed
back repeatedly (Moreira and Goldemberg, 1999). In response to
recent public pressure, municipalities have been pressing sugar-
cane producers to stop the burning. According to the law,
mechanizable areas (<12% slope and >150 ha) must be converted
by 2020. Non-mechanizable areas are expected to be phased out of
production by 2030. Additional environmental legislation requires
that riparian vegetation on both margins of a river must be

preserved at a minimum of 10 m for streams and a maximum
500 m for rivers. We used 2005 cane GIS maps from INPE together
with geo-referenced river maps (WWF, 2008) and digital elevation
maps (Farr et al., 2007) to calculate the total area that would need
to be abandoned based on these criteria. It amounts to
approximately 28% of total area in cultivation in the state with
a 500 m river buffer (976,301 ha) and 4% with a 50 m buffer
(127,302 ha). Whether it will be abandoned remains to be seen. If
so, the costs of restoring abandoned riparian buffer areas have
recently been estimated at $3350/ha (Silva et al., 2007). Judging by
recent increases in the number of fires, expansion of manual
sugarcane cultivation is proceeding faster than mechanization.
Moreover, the introduction of mechanized harvesting per se does
not guarantee the end of fires in the cane fields, because the yield
can be up to 30% greater with burnt cane and burning also reduces
the cost of transport to the mill (Scopinho et al., 1999; Alves, 2006).
There are other issues associated with the abandonment of manual
harvest including an estimated loss of 300,000 jobs, primarily of
low-skilled laborers (Conab, 2008). Enforcement of mechanization
should be complemented with programs of agrarian reform to
settle at least part of these workers.

Our model examines the importance of specific drivers on the
incidence of respiratory disease at the municipality level and
allows for the implementation of adequate healthcare strategies
and practice guidelines. The analyses point to low relative
humidity as a strong driver of respiratory disease. Both low
precipitation and high temperatures led to greater respiratory
morbidity (Table 1). The positive effect of temperature on
respiratory disease contradicts results from previous studies
which attributed the higher rate of respiratory disease in winter
months to overcrowding conditions of susceptible individuals (e.g.,

Fig. 6. Predicted additional occurrence of fires, elderly, and children respiratory admissions for 2004–2007 that can be attributed to increases in sugarcane area during the

same time period. Units are number of cases per 10,000 individuals in the relevant age group.
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Viegas et al., 2004; Hajat et al., 2004). However, the negative effects
of temperature on respiratory morbidity may be primarily relevant
to temperate regions. In São Paulo, a region with subtropical
weather, air humidity may be a more important determinant of
respiratory disease (Gonçalves et al., 2005). Indeed, a number of
studies, including one in the São Paulo metropolitan region, have
found associations between high temperature, atmospheric
pollution, and health (Kalkstein, 1991; Chestnut et al., 1998;
Braga et al., 2000). Low humidity has also been linked with high
rates of respiratory disease in milder climates (Panagiotis and
Matzarakis, 2006).

Current fire policies in the region lend support to our analysis.
The government of São Paulo has forbidden diurnal fires from July
until the middle of October. This measure is intended to avoid
degradation in air quality during the winter, when relative
humidity is at its lowest and respiratory stress at its highest.
The resolution also stipulates that fires will be forbidden altogether
if the relative humidity goes below 20%. These policies must be
carefully managed because cane is typically harvested in dry
periods to maximize yield (Aguiar et al., 2007). Balancing profit and
potential health effects of cane harvest will depend on meteor-
ological parameters that vary between municipalities.

As the biofuel market continues to expand, the Brazilian
government is working on zoning that would prevent sugarcane
cultivation in ecologically sensitive areas like Amazonia and the
Pantanal. Priority for planting in Brazil is in degraded pastures
although there is concern among conservationists that this will
lead to degradation of the cerrado, a highly valuable and
endangered ecosystem. These plans for expansion are consistent
with an economic development model that fosters agricultural
development of monocultures, primarily for export. Land use
policies should consider the consequences of this model for
environmental degradation, social welfare, employment, and
concentration of wealth. A recent World Bank study found that
a 10% increase in sugar world prices would lead to reduction in
poverty of 1% in sugarcane growing regions of Brazil and an
increase in labor wages (Kivronos and Olarreaga, 2006). Given the
instability of the energy markets, potential effects of decreases in
sugar prices must also be considered. Furthermore, short-term
reliance on biofuels may potentially inhibit the development and
maturation of long-term technologies that have greater potential
to correct the harmful effects of fossil-fuel dependence. In this
light, policy instruments currently employed or proposed by
governments in developing nations to promote biofuels in the
short-term appear questionable (Charles et al., 2007).
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