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Abstract

We explore the large spatial variation in the relationship between population density and burned area, using
continental-scale Geographically Weighted Regression (GWR) based on 13 years of satellite-derived burned area
maps from the global fire emissions database (GFED) and the human population density from the gridded population
of the world (GPW 2005). Significant relationships are observed over 51.5% of the global land area, and the area
affected varies from continent to continent: population density has a significant impact on fire over most of Asia and
Africa but is important in explaining fire over < 22% of Europe and Australia. Increasing population density is
associated with both increased and decreased in fire. The nature of the relationship depends on land-use: increasing
population density is associated with increased burned are in rangelands but with decreased burned area in
croplands. Overall, the relationship between population density and burned area is non-monotonic: burned area
initially increases with population density and then decreases when population density exceeds a threshold. These
thresholds vary regionally. Our study contributes to improved understanding of how human activities relate to burned
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area, and should contribute to a better estimate of atmospheric emissions from biomass burning.
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Introduction

Fire is a natural process that has played a key role in the
maintenance of natural ecosystems for millions of years, and
regulates plant and animal population dynamics [1-3].
However, fire is also a tool used by people to transform the
natural environment [4-6]. Humans are the dominant influence
over most of the land surface today [7]. Prior to the industrial
revolution only ca 5 % of the ice free land surface was used for
agriculture and settlement. However, between 1700 and 2000
AD, the terrestrial biosphere transitioned from being mostly wild
to mostly anthropogenic, passing the 50% threshold early in
the 20th century [8]. This transformation makes it important to
consider human influence on modern fire regimes [9].

Guyette et al. (2002) [9] identified four ways in which human
influence the amount of land burnt (or the burned area
fraction): anthropogenic ignitions, fuel production, fuel
fragmentation and cultural behaviour. All these factors are
linked to population density. Many regional studies show a
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single-peaked relationship between human population and fire
extent and/or numbers of fires, with intermediate populations at
the peak of this parabola, after which different land use
activities and land cover types attenuate fire frequency and
reduces burnt area fraction [10-13].

The objective of this study is to investigate the influence of
population density on burnt area by exploring its spatial
variability using Geographically Weighted Regression, and try
to detect existence of critical thresholds in population density
for fire behaviour using quantile regression. We then interpret
the findings in the light of differences in major land use
management classes.

Data and Methods
Data
Satellite-derived burned area maps covering 13 years

(1997-2009) are available from the Global Fire Emissions
Database version 3 (GFED3: [14]) at 0.5° cell resolution for the
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whole globe (Fig. 1a), available at: http://
www.globalfiredata.org/. This spatial resolution can reveal first-
order global and continental-scale patterns in burnt area [15].
Giglio et al. (2010) [14] demonstrated that the GFED v3 data
used in this study has improved accuracy over version 2 in
Canada and the USA. Since active fire detection can capture
mush smaller events (sub-pixel) than burned area products,
GFED may indeed better represent area burned in small fires
than products that do not rely on active fire data. For 0.5°
spatial resolution burned area, GFED v3 uses either VIRS or
ATSR world fire atlas fire counts [14]. The input data for a
GWR are the centroids of the 0.5° cells. Cells that intersect
water bodies, ice and artificial surfaces are considered to be
non-combustible areas and were removed using a mask from
the Global Land Cover 2000 database [16]. The global
combustible area extent was calculated from the area of each
cell using a latitude correction. The annual mean burned area
(km?) for the 13 years of observations was used as the
response variable. Population density (persons per square
kilometre: p/km?) was obtained from the Gridded Population of
the World version 3 [17] at 0.5° spatial resolution (Fig. 1b)
available at: http://sedac.ciesin.columbia.edu/data/collection/
gpw-v3, and is used as the predictor variable. As both burned
area and population density are highly skewed toward small
values, we applied a decimal logarithmic transformation to both
variables.

To support the interpretation of our analyses of the human
influence on burned area, we use the anthropogenic biomes
(Anthromes) of the world [18] available at: http://ecotope.org/
anthromes/v1/guide/. This dataset classifies terrestrial biomes
based on the level of human influence, estimated as a function
of population density, land use and land cover. The 21
anthromes are grouped into 6 major anthrome types in the
original publication (Table 1; Figure 1c) and we use these
maijor types here to simplify interpretation of the GWR results.

Statistical Analyses

We initially computed the global linear relationship between
burned area and population density using Ordinary Least
Squares (OLS). The global OLS regression model assumes
that the studied relationship is stationary, i.e. the estimated
parameters do not vary spatially. To test the hypothesis that
the relationship varies spatially, we use Geographically
Weighted Regression (GWR). GWR estimates local parameter
values as in (Eq. 1) [19,20].

y=Po(uw)+ i b uv)X e (1)

Where (y,v) is the coordinate location and j is the number of
the explanatory variables of the X matrix, B is a matrix with the
regression coefficients and ¢ is a random error whose
distribution is N(0, o2l) [20].

We initially ran the GWR at 0.5° spatial resolution, which is
the original resolution of both the burned area and population
data sets, but also the resolution used by several Dynamic
Global Vegetation Models (DGVM). Other than such pragmatic
criteria, the choice of an appropriate level of spatial
aggregation for analyses of spatial relationships is essentially
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arbitrary [21]. The basic assumption of the GWR is that
observations closer to a target point have more impact on the
modelled relationship at that point than more distant
observations. A distance decay function centered on each
observation is used for this purpose, and this makes it
important to choose an appropriate level of aggregation. The
GWR procedure includes a step that assesses whether the
selected scale is appropriate. However, to assess the
sensitivity of the spatial relationship between population density
and burned area to the choice of spatial resolution, we used
Africa as a test case and re-ran the analyses for this continent
using 0.25° and 1.0° cells. The distance-decay depends on the
bandwidth of the spatial kernel used, which is the radius or the
number of observations around each point [19]. Here, we used
a continental space scale, defining the continents according to
political borders (M. Charlton, personal communication). We
used an adaptive Gaussian kernel, whose bandwidth varies
according to the density of the data, an approach usually
adopted when there is no prior knowledge of the studied
relationship [19]. The optimal bandwidth for each continent was
determined by minimizing the Akaike information criterion (AIC)
[22,23]. Due to the different extent of land of each continent
and the minimization of the AIC coefficient for the highest
adjusted R?, the bandwidth varies, but remains proportional at
5.1% of the total observations in all cases. The use of the AIC
ensures that we use the appropriate level of spatial
aggregation for each continent. The analysis is performed with
GWR version 3.0. (see 20).

A Monte Carlo permutation test is used to test the
significance of the spatial variability of local coefficient
estimates. We only map the statistically significant values of
the GWR output parameters (slope coefficients and intercept),
as determined by a t-test. As multiple hypotheses tests are
used, an alpha correction is employed to reduce type | errors
[23]. The parameter coefficients were tested for significance
according to the family-wise error rate ¢, by choosing

a= S )
I+p,— De
e np

where p, is the effective number of parameters, n is the total
number of observations and p is the number of parameters in
each model [23,24].

The relationship between population density and burned
area is expected to be non-linear and non-monotonic. To
examine whether there are abrupt changes in the nature of the
relationship switches, we fit a linear "broken stick" version of
quantile regression [25-28], using the package "quantreg" in R
(http://cran.r-project.org/web/packages/quantreg/index.html).
This technique makes no prior assumption of abruptness [29].
Since there could be more than a single slope in rate of change
because of interactions between factors [30], we consider the
50" and 90" burned area percentiles, to explore the impact of
human activities on area burnt.
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Figure 1. Input data sets. Average mean annual burned area (showed in cell area fraction instead of km? in order to help the
interpretation), based on data from the Global Fire Emissions Database version 3 (GFED3: Giglio et al., 2010) for the period
1997-2009; (B) Population density (persons per square kilometre: p/km?) from the Gridded Population of the World version 3
(Ciesin, 2005); and (C) The anthropogenic biomes (anthromes) of the world, mapped as the six major anthrome types (see Table 1)
defined by Ellis and Ramankutty (2008).

doi: 10.1371/journal.pone.0081188.g001
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Table 2. Percentage of statistically significant values per continent, AIC coefficients and adjusted R? for the OLS and the

GWR model.

Continent Number of observations % significant slopes % positive slopes  AIC (OLS) AIC (GWR) Adjusted RZ (OLS)  Adjusted R2 (GWR)
Africa 10647 61.3 75.5 52871.22 39362.11 0.27 0.80

Asia 23799 65.7 783 115337.97 101721.13  0.04 0.46

N. America 17192 429 55.1 76372.24 67573.16 0.24 0.55

S. America 6551 46.8 81.8 31317.89 26493.67 0.07 0.56

Europe 6899 21.44 68 32402.14 27009.41 0.11 0.60

Australia 3038 20.51 76.4 14508.43 11947.93 0.001 0.58

doi: 10.1371/journal.pone.0081188.t002

Table 1. Anthromes and major anthrome types defined by
Ellis and Ramankutty (2008).

Anthrome Major anthrome type

Urban Dense Settlement

Dense settlements Dense Settlement

Rice villages Villages
Irrigated villages Villages
Cropped and pastoral villages Villages
Pastoral villages Villages
Rainfed villages Villages
Rainfed mosaic villages Villages
Residential irrigated cropland Croplands
Residential rainfed mosaic cropland Croplands
Populated irrigated cropland Croplands
Populated rainfed cropland Croplands
Remote croplands Croplands
Residential rangelands Rangelands
Populated rangelands Rangelands
Remote rangelands Rangelands
Populated forest Forest
Remote forest Forest

Wild forest Wildlands
Sparse trees Wildlands
Barren Wildlands

doi: 10.1371/journal.pone.0081188.t001

Results

OLS versus GWR comparison

The relationship between log-transformed population density
and burned area estimated using OLS is poor, with R? values
varying from 0.001 (Australia) to a maximum of 0.27 (Africa).
The relation between the log-transformed population density
and burned area using the GWR models at 0.5° resolution is
significant for all continents; the proportion of variability in
burned area explained varies from 46% (Asia) to 80% (Africa).
Thus, GWR performs much better than OLS for every
continent. The GWR models also have lower AIC coefficients
than OLS model and much higher adjusted R? values (Table 2),
showing that the local model (GWR) is a significant
improvement on the global (OLS) model for all continents.
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The GWR analysis shows that there is no significant
relationship between population density and burned area over
48.5% of the total area of the globe. A significant relationship
between population density and burned area is found for ca
66% of the total area of Asia, ca 61% of Africa, ca 47% of
South America and 43% of North America. Less than 22% of
Europe and Australia are characterised by a significant
relationship between burned area and population density.

Spatial patterns

The relationship between population density and burned
area is non-stationary and shows patterns that differ both in
sign and magnitude (Figure 2a). The relationship can be
positive or negative, where positive relationships indicate that
human activities increase burned area and negative
relationships indicate that human activities have negative
influence on fire. The magnitudes of the slope coefficients are
different in different continents, so we focus on the sign in
regions showing significant relationships between population
density and burned area. The intercept can be an estimate of
the area burnt when population density is small (1 p/km?),
although absolute values are influenced by the slope
coefficient. However, for regions displaying similar slopes, the
intercept can be interpreted as a measure of the fire-proneness
of the landscape, where positive intercepts indicate that the
region is fire-prone and negative intercepts indicate that the
region is less likely to burn.

Africa

On average over the period 1997-2009, 69% of the global
area burned is in Africa. This is comparable to Tansey et al.’s
(2004) [31] estimate that Africa accounted for 64% of the total
area burned in 2000. The relationship between population
density and burned area is statistically significant over nearly
61% of the continental area, with positive relationships in the
Maghreb, the Sahel, the Horn of Africa, central Africa, and
south-western Africa (Figure 2a) and negative relationships in
the Sudanian savannah region and parts of eastern Africa
(Figure 2a). Over most of these areas, the slope coefficients
are >1 (or < -1), indicating that the impact of people becomes
progressively larger at higher population densities. Regions
with positive relationships between burned area and population
density generally occur in rangelands (Figure 1c), while the
areas with negative relationships have a higher incidence in
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Figure 2. Output parameters and local R2. The upper panel (A) shows results from the GWR analysis, showing the nature of the
relationship between population density and burned area for those regions where the relationship is significant at the 95% level (red
shows a positive relationship, blue shows a negative relationship). The slope coefficient classes are defined separately for each
continent; (B) Mapped patterns in the sign and magnitude of the statistically significant intercept values from the GWR analysis of
population density and burned area. Dark grey shows positive intercept values, where the area burned is large even at negligible
population density (i.e. where the landscape is naturally fire-prone), while light grey shows negative intercept values where climatic
or vegetation factors do not favour fire; (C) Showing the significant patterns for both intercept and slopes according to the sign of the
relationship, thus the four combinations show both out being positive (red), positive slopes and negative intercept (green), negative
slopes and positive intercept (yellow) and both being negative (blue) ;(D) Mapped patterns of the local R? for the regions where the
relationship between population density and burned area is statistically significant.

doi: 10.1371/journal.pone.0081188.9g002

areas of croplands and villages, and in forests. Absence of fire relationship associated with the high burned area (Figure 1a) in
(because of lack of fuel) explains the absence of significant the Angola-Congo-Zambia region is perhaps more surprising
relationships in the Sahara, but the absence of any significant (Figure 2a), given the general view that Miombo woodlands are

PLOS ONE | www.plosone.org 5 December 2013 | Volume 8 | Issue 12 | e81188



highly susceptible to anthropogenic fires (e.g. 32) and has
been identified as one of the highest fire incidence in the world
[15]. Population density in this region is rather low (5-15 people
per km?) and shows little spatial variability. This could partly
explain the lack of a significant relationship between burned
area and population. However, the region is characterised by a
mosaic of open, fire-prone savannah vegetation and it is likely
that both the high incidence and variability of fire is mainly
determined by variability in climate and vegetation.

About 40.1% of the regions showing a significant relationship
between burned area and population density have positive
values for the intercept (Figure 2b), most particularly the
Sudanian savannah region and parts of eastern Africa, where
the relationship between fire and population density is inverse
(Figure 2a). The positive intercept values indicate that these
regions are naturally fire-prone, and help to explain why
increasing population density should lead to lower area burnt.
In contrast, the regions with negative intercepts can be
interpreted suggesting that low fuel loads would normally limit
fire and human modification of the vegetation cover is
responsible for the relatively high levels of fire in these regions.
This is consistent with the finding that burned area increases
strongly (values > 1) with population density, because
landscape modification will also increase with population
density.

Asia

Asia is the continent with the largest area (over 49 million
km?) and the highest percentage (66%) of statistically
significant slope values (Table 2). There are three regions that
show a positive effect of population. The first extends from
Turkey and Saudi Arabia through Iran and across to
Afghanistan, Pakistan and northern India, the second is the
rangelands of Mongolia and northern China, and the third
occurs in the boreal parklands of Russia. Whereas the slope
coefficients of the first two regions are always >1 (Figure 2a), a
large part of the Russian parklands has slope coefficients <1,
showing that the largest effects on fire occur for small
population increments. Regions with significant negative slope
coefficients occur in southern India, Southeast Asia and
southern China, north-eastern China and Chukotka (north-
eastern Siberia). As in the case of Africa, the regions showing
positive relationships between burned area and population
density tend to be predominantly characterised by rangelands.
Regions characterised by villages and croplands, rangelands
with extremely high population densities (e.g. in northern India
and Pakistan, where populations densities are >250 p/km?) and
forested areas tend to show positive relationships between
burned area and population density.

About 14% of the area of the total significant intercept values
are positive (Figure 2b). Positive intercepts occur in southern
India, Southeast Asia and north-eastern China — all areas
where the relationship between burned area and population
density is negative (i.e. an increase in population leads to
suppression of fire). Areas with negative intercept values in the
region stretching from Turkey through northern India to
Mongolia show positive relationships between burned area and
population density. The relationship in the boreal parklands is

PLOS ONE | www.plosone.org

Human Influence on Global Burned Area

more complex, since although areas with positive slope
coefficients mostly have negative intercept values, there are
some limited areas with positive slope coefficients. However,
the R? values (Figure 2d) in these regions are low (< 0.25), and
the difference in the signals may not be robust. A different
relationship occurs in Chukotka (and indeed in parts of Alaska),
where negative relationships between burned area and
population density are characterised by negative intercepts.
Thus, in this not particularly fire-prone tundra region, increasing
population density can significantly reduce fire incidence.

North America

The relationship between population density and burned
area is statistically significant for over 43% of the area of North
America (Table 2a). Positive relationships are found in the
semi-arid (and mostly rangeland areas) of northern Mexico and
the Great Basin, and in the boreal parkland regions of Canada
and north-eastern Alaska. Negative relationships are found in
the forested and cropped landscapes of south-eastern U.S.A
(Alabama, Georgia, South Carolina), the forested regions of the
Pacific Northwest and southern Alaska, and the boreal forest
zone of central and eastern Canada (Figure 2a). Across
virtually all of North America, slope coefficients are between 1
and -1, a feature that is consistent with the high technological
levels of agriculture and contrasts strongly with regions of more
traditional agricultural practices, such as Africa.

Only 4.1% of the regions showing statistically significant
intercept have positive values. Positive intercept values (Figure
2b) are found in the south-eastern U.S.A., where the
relationship between burned area and population density is
negative, and in the boreal parklands of northern Canada
where the slope of the relationship is positive. Areas with
negative intercepts are characteristic of the southern boreal
forest in eastern Canada and southern Alaska, and the semi-
arid rangelands of the Great Basin and northern Mexico. The
relationship between slope and intercept in the rangeland
areas (positive slope coefficients, negative intercepts) is
consistent with what is observed in semi-arid rangelands in
other parts of the world; the relationship in the southern boreal
forests (negative slopes, negative intercepts) is distinctive.

South America

The relationship between population density and burned
area is statistically significant for 47% of the area of South
America (Table 2). The relationship is positive around the
margins of Amazonia, and in northern Argentina (Figure 2a).
Negative relationships are found in the Bahia state in Brazil
and, somewhat anomalously, in the rangeland area of central
Argentina. The areas characterised by negative relationships
between burned area and population density have positive
intercepts (Figure 2b), i.e. these are fire-prone areas where
increasing population leads to a reduction in fire. Most of the
regions where the relationship between burned area and
population density is positive are characterised by negative
intercept values. However, in some parts of the so-called “arc
of deforestation” on the southern side of the Amazon forest the
positive relationship between fire and population density is
associated with positive intercept values (Figure 2b), indicating
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Table 3. Summary statistics of the GWR analysis for Africa, comparing the results obtained using 0.25°, 0.5° and 1.0° grid

cell resolutions.

Continent Number of observations % significant slopes % positiveslopes AIC (OLS) AIC (GWR) Adjusted RZ (OLS) Adjusted R2 (GWR)
Africa (0.25) 40864 67.7 65.5 189463.45 138841.26  0.21 0.77
Africa (0.5) 10647 61.3 75.5 52871.22 39362.11 0.27 0.80
Africa (1) 2557 52.4 97.8 12261.02 8188.66 0.36 0.87

doi: 10.1371/journal.pone.0081188.t003

fire-prone landscapes where human activity is increasing the
amount of burning.

Europe and Australia

The relationship between population density and area
burned is significant in < 22% of Europe and Australia (Table
2). In Europe, the only areas showing statistically significant
negative relationships are in Poland, Ukraine and Belarus.
However, intercept values in this region are positive, indicating
some level of landscape susceptibility to fire. This feature most
likely reflects a pattern dominated by the forested landscapes
of e.g. the Carpathians, where natural forest fire regimes are
suppressed with increasing population. Positive relationships
between population density and burned area are found in some
forested parts of north-western Russia; the intercept values are
negative.

There are no significant relationships between area burned
and population density in the savannah and rangeland areas of
northern and western Australia characterised by the highest
incidence of fire in the continent (Figure 1a). Areas showing a
positive relationship between burned area and population
density are in the rangelands of the Murray-Darling basin, on
the northern margin of the Lake Eyre basin and to the south of
the Hamersley Range in Western Australia. These regions are
all associated with positive intercept values. Small areas
showing a negative relationship between burned area and
population density occur on rangelands of the Nullarbor Plain
and in the densely-settled region (Figure 2a) around Melbourne
in southern Victoria. The Nullarbor is characterised by negative
intercept values (Figure 2b), presumably because of the very
low vegetation cover and hence fuel loads in this region. In
contrast, the area around Melbourne is characterised by
positive intercept values — this is a fire-prone area where
human activities work to suppress fire.

Sensitivity to spatial resolution

As expected, the GWR is sensitive to the choice of spatial
resolution (Table 3). The extent of the area with significant
relationships decreases with spatial resolution, from 68% at
0.25° resolution to 52% at 1° resolution. Changing resolution
does not affect the conclusion that most of the relationships
between burned area and population density are positive, but
the proportion of positive values increases with increasing
resolution, reaching an unrealistically high value of 98% at 1°
resolution. This presumably reflects the increasing
homogenisation of grid cell values of burnt area and/or
population density with increasing resolution. The geographical
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patterns of significant values, and positive and negative
relationships, are not impacted by the change from 0.25°
resolution to 0.5° resolution, although areas showing negative
relationships between population density and burned area have
virtually disappeared in the analyses at 1° resolution. These
sensitivity tests suggest that the overall conclusions of our
GWR analysis would not be affected by running at finer than
0.5° resolution, but clearly information is likely to be lost in
analyses at coarser resolution.

Impact of land-use on the relationship between burned
area and population density

Both positive and negative relationships between burned
area and population density are found in every type of
anthrome (Figure 3). Wild lands represent a significant
proportion of the regions where there is a significant correlation
between burned area and population density, but nevertheless
the proportion showing positive or negative correlations is
about the same (29% of the total area showing positive, 31%
showing negative correlations). However, croplands and
rangelands are not equally represented in the two classes of
relationship: 37% of the area where there is a negative
relationship between burned area and population density is
cropland and only 10% is rangelands. Conversely, rangelands
account for nearly 40% of the area where there is a positive
relationship between burned area and population density, while
croplands account for only 11% of these regions.

Quantile regression analysis

Although regions may show an overall positive or negative
relationship between burned area and population density, the
nature and strength of the relationship is not necessarily
constant at different levels of population [33]. We examine
whether there are critical thresholds in population density at
which the relationship between population density and the
burned area extent changes using quantile regression,
focusing on four different regions in Africa, Asia and the
Americas (Figure 2a). Each region is characterised by close
bipolar patterns, thus displaying areas with both strongly
positive and strongly negative slope coefficients (Figure 2a).

In Asia, the relationship between population density and
burned area is monotonic (Figure 4, case 4): as population
density increases the impact on fire, whether positive or
negative, increases. This is true for regions with moderate
levels (50%) and at higher levels of burned area. In Africa and
South America, the relationship between population density
and burned area is non-monotonic: burnt area increases up to
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Figure 3. Proportion of Anthromes showing negative and positive relationship. Pie-charts showing the relative proportion of
the total area showing (A) positive and (B) negative significant relationships between burned area and population density, classified
according to the six major anthrome types defined by Ellis and Ramankutty (2008).

doi: 10.1371/journal.pone.0081188.g003
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a given threshold, reaches a peak and then declines (Figure 4,
cases 2-3). In both regions, the change point in the nature of
the relationship occurs at about 7 p/km? in both regions with
moderate and high levels of fire. The impact of changes in
population density on burned area becomes negligible at
population densities greater than ca 10 p/km? in both regions.
The relationship between burned area and population density
in North America is also non-monotonic (Figure 4, case 1). In
regions with only moderate levels of fire (as shown by the 50%
quantile regression), the relationship is similar to that observed
in South America and Africa: increasing population density
leads to increasing impact on burned area up population
densities of 7 p/km? and then becomes negative and the slope
becomes more gentle at population densities of > 12 p/km?.
However, in regions with higher levels of fire (as shown by the
90% regressions), the negative relationship at population
densities > 7 p/km? is reversed and becomes positive at
population levels > 30 p/km?2.

Discussion and Conclusions

This study quantifies the spatial variability in the relationship
between human activities (as measure by population density)
and fire (as measured by burned area). There is no statistically
significant relationship between burned area and population
density over more than 50% of the global land area. The
univariate relationship between population density and area
burnt is relatively unimportant in Australia and Europe: in the
case of Australia this supports the idea of a strong climate
control on fire regimes, while in Europe the lack of relationship
most likely reflects the closely managed nature of the
landscape. At a sub-continental scale, there are regions where
population density has little or no impact on burned area. In
Kazakhstan, for example, variability in burning shows no
relationship with population density despite the fact that this is
one of the biggest agricultural areas in the world [34] and the
country that contributes with highest amount of area burnt in
dry land ecosystems in central Asia [35]. A similar situation
pertains in the Miombo woodlands region of Angola-Congo-
Zambia, where variability in burned area is unrelated to
population density. The absence of a relationship between
population density and burned area over much of the globe
does not imply that human activities have no influence on fire
regimes. Several studies have shown, for example, that
humans can alter the timing [36] or the number of fires [13,37].
However, since it is burned area (rather than timing or number)
that is most important for the carbon cycle and pyrogenic
emissions, the lack of a strong relationship between human
activities and burned area over much of the globe, including
areas characterised by high levels of burning, is noteworthy.

In areas where there is a statistically significant relationship,
this relationship is positive (i.e. burned area increases with
population density) over 73.3% of the global land area.
However, there are substantial parts of the world, where the
relationship between burned area and population density is
negative (i.e. increasingly human activity leads to fire
attenuation). The relative proportion of the land area showing
positive/negative relationships varies from continent to
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continent. There has been considerable focus on the positive
relationship between human activities and burned area,
through using fire to clear land and as part of the agricultural
regime [34,38]. The impact of landscape fragmentation on
reducing fire in agricultural area has also been documented
[16,39,40].

About 30% of the regions where a significant relationship
between population density and burned area are classified as
wild lands, but the relative proportion of wild lands in the areas
showing positive or negative relationships between fire and
human activity is approximately the same. This is not the case
for all anthromes. Rangelands are over-represented in the
regions showing positive relationships between fire and
population, while croplands are over-represented in the regions
showing negative relationships between fire and population.
The distribution of rangelands is to some extent a reflection of
climate controls, with most rangeland areas occurring in semi-
arid regions and croplands occurring in more well-watered
regions, nevertheless these tendencies suggest that land-use
practices can have a significant impact of fire regimes.

The GWR analysis shows that, in general, regions which
display a negative relationship between burned area and
population density generally have positive intercept values, and
vice versa. In other words, in regions where climate and/or
vegetation create conditions where fires are likely (i.e. fire
prone landscapes), people tend to supress fire whereas in
regions that are less fire-prone because of e.g. lack of fuel,
people tend to increase the area burned. However, there are
regions where there is both a positive relationship between
population and burned area and the intercept is also positive.
One of these regions is the arc of deforestation on the southern
border of Amazonia, suggesting that deforestation is exploiting
a landscape that is already susceptible to the impact of fire.
This is not a new suggestion; Le Page et al. (2010) [41] pointed
out that this region experiences three to five months of low
precipitation which facilitates extended periods of burning.

In most regions of the world, the nature of the relationship
between population density and burned area is non-monotonic:
increasing human activity (as measured by population density)
initially lead to an increase in burned area but this peaks at
intermediate levels of population density and then declines.
The critical value in three of the case studies regions examine
here is around 7 p/km? and above values of 12 p/km? there is
no further impact of population density changes on fire. Our
results for Africa support previous findings [13,42] that suggest
that fire extent in this region displays a non-monotonic
relationship with anthropogenic variables. However, in areas of
North America characterised by high fire, there is a second
threshold at ca > 30 p/km? where increasing population density
leads to increasing burned area. The situation in Asia seems
anomalous in that increasing population density always leads
to an increased impact in burned area.

The GWR approach allows an appropriate spatial scale of
comparison to be selected continent by continent through the
choice of bandwidth combined with use of the AIC.
Fotheringham et al. (2002) [20] showed that the GWR
approach was more robust to the choice of spatial resolution
than models that do not take spatial non-stationarity into
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Figure 4. The relationship between burned area and population density at different levels of burned area (50 and 90%) for
the 4 case studies. (A) Case 1 in North America. (B) Case 2 in South America. (C) Case 3 in Africa. (D) Case 4 in Asia.
doi: 10.1371/journal.pone.0081188.g004
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account. Nevertheless, we examined the impact of the choice
of spatial resolution using Africa as a test case. The use of a
higher resolution than our baseline of 0.5° produces no change
in the geographic patterns of regions showing significant
positive or negative relationships between population density
and burnt area, although the percentage of grid cells showing
positive values declines slightly (and the percentage showing
negative values correspondingly increases). The overall impact
of increasing the resolution is slight, and this suggests that our
regional findings are robust. Most other studies of the controls
on burnt area have used coarser spatial resolutions (e.g.
12,43). Our sensitivity analyses show that decreasing the
resolution has a larger impact on the geographic patterns, and
particularly on the recognition of areas where the relationship
between population density and burnt area is negative. This
suggests that these earlier studies may miss important aspects
of the relationship between population density and burnt area
because of their choice of spatial scale. The selection of spatial
scale is can affect the conclusions about the nature of spatial
relationships, making it important to use a technique (such as
the AIC optimization) that allows this choice to be made
objectively.

Understanding the complexity of the relationships between
people and fire is important in a modelling context. Fire-
enabled dynamic vegetation models can be used to predict the
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