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Recent trends in African fires driven by cropland
expansion and El Niño to La Niña transition
Niels Andela* and Guido R. van derWerf

Landscape fires are key in African ecosystems1–3 and the
continent is responsible for ∼70% of global burned area and
∼50% of fire-related carbon emissions4,5. Fires are mostly
human ignited, but precipitation patterns govern when and
where fires can occur6. The relative role of humans and
precipitation in driving the spatio-temporal variability in
burned area is not fully disentangled but is required to predict
future burned area7,8. Over 2001–2012, observations indicate
strong but opposing trends in the African hemispheres4. Here
we use satellite data and statistical modelling and show
that changes in precipitation, driven by the El Niño/Southern
Oscillation (ENSO), which changed from El Niño to La Niña
dominance over our study period, contributed substantially
(51%) to the upward trend over southern Africa. This also
contributed to thedownward trendovernorthernAfrica (24%),
but here rapid demographic and socio-economic changes
were almost as important (20%), mainly due to conversion
of savannah into cropland, muting burned area. Given the
economic perspective of Africa and the oscillative nature of
ENSO, future African savannah burned area will probably
decline.Combinedwith increasingglobal forestfireactivitydue
to climate change9–11, our results indicate a potential shift in
global pyrogeography frombeing savannahdominated tobeing
forest dominated.

Landscape fires form an integral part of the African savannah
ecosystem1. Savannas, which evolved around 8 million years ago,
mostly consist of grasslands interspersed with fire-tolerant trees12.
In the (sub)tropics, fire occurrence in xeric savannas is limited by
a lack of fuel as a consequence of reduced productivity, whereas in
more mesic regions the main limitation is the short dry seasons13.
In Africa, dry-season length gradually increases when moving away
from the Equator14. The highest annual burned area has been
observed in savannas with intermediate levels of precipitation and
productivity, and distinct wet and dry seasons13 (Fig. 1a). Most of
the fire emissions originate from these savannah ecosystems on
the continent5. Although not net contributors, African savannah
fires are a source of inter-annual variability of atmospheric CO2
concentrations and in addition emit substantial amounts of other
greenhouse gases including CH4 and N2O (ref. 5).

On millennial timescales, burned area is thought to be largely
dependent on climate and CO2 concentrations as they drive
vegetation patterns7,15. Although climate (mostly precipitation
patterns) also plays an important role in shaping current fire
regimes, human activities are also important. Humans modify
the ignition probability and timing, and impact the type and
amount of vegetation (fuels) available to burn, for example, by
introducing cattle in the landscape16,17. Within African savannas,
humans use fires to recycle nutrients to improve grasslands that

support grazing, attract wildlife for hunting, and for agricultural
purposes. Frequent fires, which reduce fuel loads, also protect
settlements fromoccasional uncontrolled large fires18. Fire also plays
a crucial role in the competition between woody and herbaceous
species, and without the occurrence of frequent fires many African
savannas might have been covered by forest2. Burning is thus used
as an active management strategy in many African savannas18.

Traditionally, many savannas were used for extensive grazing
and hunting by their semi-nomadic inhabitants. More recently,
the mobility of livestock has been reduced by ongoing socio-
economic development and lack of institutional appreciation
for traditional ways of living19. In large parts of sub-Saharan
Africa, communal pastures are diminishing as a consequence of
increasing population density, the introduction of land ownership
and increased agricultural activity, leading to a general shift from
nomadic pastoralism towards settled (pastoral) farming19,20. Land
management is known to impact annual burned area locally6,16,17,
but the extent to which recent socio-economic developments affect
annual burned area on a continental scale remains unknown. Here
we study recent trends observed in African annual burned area,
and disentangle the role of humans versus precipitation in driving
variability in African burned area.

As a result of the large study area and spatio-temporal variability
in fire occurrence, satellites are the preferred way to monitor land-
scape fires. The data sets from the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument on-board the Terra satel-
lite yield the highest-quality data according to assessments starting
from the year 2001 (refs 21,22). The 2001–2012 observations from
the MCD64A1 algorithm22 indicate the spatial pattern in burned
area (Fig. 1a) and an increase for most of southern Africa, whereas
burned area decreased in northern Africa over the same time period
(Fig. 1b). We developed a statistical model based on multiple lin-
ear regression (equation (1)) with precipitation (monthly Tropical
Rainfall Measuring Mission (TRMM) 3B43v7 data23) and cropland
extent (annual MCD12C1.51 data24) as explanatory variables to
better understand their impact on the observed trends in burned
area. Precipitation–burned area relations are not straightforward;
increased precipitation can increase annual burned area by in-
creasing productivity and thus fuel available for burning, or limit
burned area by shortening the dry season13,25. Therefore, the model
allows for both a positive or a negative response of burned area to
precipitation variation for each grid cell (Methods; equation (2)). In
addition, we explored the impact of ENSOon the observed variation
in annual burned area. We focused on grid cells receiving between
400 and 1,500mmof precipitation annually wheremost burned area
(92%) is observed in Africa (Fig. 1a).

In southern Africa, trends in observed andmodelled burned area
agreed reasonably well, especially inmore arid regions (for example,
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Figure 1 | Annual burned area: mean, recent trends and drivers, for areas with precipitation rates between 400 and 1,500mmyr−1 based on 2001–2012
data. a, Observed mean annual burned area. b, Observed trend in annual burned area. c, Observed trend in cropland extent. d, Observed trend in
precipitation. e, Modelled trend in burned area driven by trends in cropland extent. f, Modelled trend in annual burned area driven by precipitation.

Namibia and Botswana; Fig. 1b,f). A net increase in annual
burned area of 10.5% was observed in southern Africa over the
study period, of which about half (51%) could be explained by
precipitation (Fig. 1b,f and Supplementary Table 2; Methods). In
northern Africa, annual burned area declined by 25.7% over the
study period. Only about a quarter (24%) of this decline could be
explained by precipitation according to our model. The underlying
reason behind the opposing response of burned area to changes
in precipitation between southern and northern Africa is that
increasing precipitation mostly occurred in more mesic parts of
northern and more xeric parts of southern Africa (Fig. 1d,f).

In grid cells with high annual burned area in northern Africa,
where savannas were converted into cropland, the observed decline
was substantially larger than we estimated with the model based
on changes in precipitation alone (Fig. 1). We estimated that about
20% of the observed decline in annual burned area over northern
Africa can be explained by cropland expansion, so precipitation and

land cover conversion to cropland contributed almost equally to the
net decrease in annual burned area observed in northern Africa.
Remaining trends may be partly caused by simplifications within
the model and the short time series available, but also by second-
order processes that were not incorporated in our model. Changes
in land use are widespread in this rapidly changing part of the world;
in about a third of the grid cells with frequent burning (defined here
as having more than 10% of area burned yr−1) in northern Africa
agricultural area increased by more than 5% over our study period.

Additional support for the key role of socio-economic and
demographic factors in driving fire variability comes from the
spatial distribution of fires. The impact of conversion of savannas
into agricultural land in northern Africa derived from spatial
information (the annual average over our 12-year time period) is
demonstrated in Fig. 2a. Particularly interesting is the sharp initial
decline when agriculture is introduced in the landscape, with a
stronger response than found in our model (Fig. 2b). This suggests
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Figure 2 | Impact of cropland extent on annual burned area. a, Distribution of mean annual burned area for di�erent cropland extent bins for northern
Africa (<1%, 1–20%, 20–40%, 40–60%, 60–80% and>80%). The abbreviations indicate the mean values for various countries and include: Burkina Faso
(BFA), Cameroon (CMR), Central African Republic (CAF), Chad (TCD), Ethiopia (ETH), Ghana (GHA), Mali (MLI), Nigeria (NGA) and former Sudan
(SDN). Savannas were defined as land cover classes ‘grassland’, ‘savannah’ and ‘woody savannah’ of the University of Maryland classification
(MCD12C1.51) and all grid cells were included that contained at least 90% savannah and cropland combined. b, Modelled response of annual burned area
to a 1% increase in cropland extent for each cropland–precipitation bin based on all grid cells in the study region; bins containing less than 25 grid cells are
shown in white and separated by the black line.

that our model might be on the conservative side with regard to
the contribution of cropland expansion in lowering burned area
(Supplementary Information). This rapid initial decline suggests
that agricultural activity does not affect burned area only in the
land that is actually converted, but also in the remaining savannas.
Although burning continues after conversion to agriculture, large
uncontrolled fires are less likely to occur owing to changes in fire
management and lower fuel continuity due to, for example, more
developed road networks18. Vegetation patterns and fire regimes
are therefore likely to be affected by proximity to agricultural
activity and settlements. More developed and/or densely populated
savannas (for example, Nigeria and Burkina Faso) show far lower
annual burned area than regions where traditional pastoralist
lifestyle partly survives (for example, in Central African Republic
and former Sudan; Fig. 2a and Supplementary Table 1).

Our results thus provide new evidence that part of the decline
in burned area in northern Africa was caused by socio-economic
developments. A key question is what caused the precipitation-
driven trends, and we found that ENSO played an important role.
ENSO is known to have a considerable impact on climate and
vegetation growth for several African regions26,27, and thus also
on fire. The effect of ENSO on precipitation is most profound in
December, January and February with lower ENSO values (LaNiña)
causing increased precipitation in both northern and southern
Africa27. Southern Africa is more strongly impacted and ENSO
influence continues in March, April and May27. To investigate
the effect of ENSO on burned area, we calculated the correlation
between the annual mean Multivariate ENSO Index28 (MEI) and
annual burned area anomaly (Methods). Correlation was mostly
negative for southern Africa and positive for northern Africa
(Fig. 3). Thus, a declining MEI (transition from El Niño to La Niña
dominance) during the study period resulted in a decrease in burned
area in northern Africa but an increase in southern Africa through
ENSO regulating precipitation (Supplementary Information).

For Africa as a whole, over the study period the net positive
trend in annual burned area caused by ENSO over southern Africa
was counterbalanced by the net negative trend caused by ENSO in
northern Africa. Our model estimated a 5.4% increase in annual
burned area in southern Africa and a 6.2% decrease in northern
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Figure 3 | Pearson’s r between annual burned area anomaly and
Multivariate ENSO Index. Regions with precipitation below 400 or above
1,500 mm yr−1 are masked grey.

Africa over the study period due to precipitation; total annual
burned area for both hemispheres is about equal. The relation
between ENSO and annual burned area depends both on the effect
of ENSO on precipitation and on the antecedent precipitation–
burned area response, and is further discussed in the Supplementary
Information. Althoughwe cannot conclusively attribute all variation
in precipitation to ENSO alone, strong correlation between annual
burned area and ENSO suggests that the possible effect of climate
change was probably much smaller over the study period.

In conclusion, we are able to explain a substantial part of
the opposing trends in burned area in northern and southern
Africa with changes in precipitation and socio-economic changes
represented by changes in cropland extent, the latter being especially
important in northern Africa. The changes in precipitation were
mostly related to ENSO, which moved from El Niño to La Niña
dominated over the 2001–2012 period. Trends in burned area that
are directly related to ENSO are cyclic (no long-term trend) and will
probably shift again and have a limited effect on African annual
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burned area over the next decades. For the future it is therefore
likely that trends in annual burned area and fire emissions in
Africa are for a large part dependent on socio-economic changes.
Climate change may amplify or dampen some of these trends
depending on how climate changes7,8 but its effect for African
savannas is probably smaller than the trends we found as a result
of cropland expansion, especially for northern Africa. Given that
socio-economic developments have been going on for several
decades, it is likely that in the past burned area was considerably
higher for large parts of African savannas, especially in West Africa
with its relative high population density. This is in line with other
studies that found that global emissions from landscape fires have
been declining rather than increasing during recent history29.

Globally, the current paradigm is that burned area is expected
to increase as a result of climate change7,8, although accounting
for demographic and land use changes may suppress some of this
signal8. Themost pronounced changes are expected in the temperate
and boreal regions owing to warmer conditions9,10, and in tropical
forest areas owing to drier conditions11. Our results indicate that
in African savannas, at present responsible for most global burned
area and about half of global fire carbon emissions4,5, burned area
is likely to decline in the coming decades. Northern African annual
burned area has declined by more than 5% over the study period
owing to land use changes that are expected to continue in the
future. African population is expected to nearly double by 2050,
and increasing demand for food will be met both by expansion and
intensification of agriculture30. In the long-term, this suggests that
global pyrogeography may shift from being savannah dominated to
forest dominated.

Methods
Monthly burned area (BA) data22 (MCD64A1; 08-2000 onwards) and annual land
cover information24 (MCD12C1.51; 2001 onwards) were scaled to the 0.25◦
resolution of the monthly precipitation data23 (TRMM 3B43 version 7; 1998
onwards). Our study domain included all African grid cells with annual
precipitation rates between 400 and 1,500mmyr−1 precipitation to focus on
savannah regions. We developed a statistical model that aimed to explain
variability in annual BA using antecedent precipitation (API) and changes in
cropland extent (dCROP) for each grid cell. As input for the statistical model, we
removed the mean seasonal cycle from the BA and precipitation data
(Supplementary Information). We calculated the annual BA anomaly for each
grid cell not on the basis of calendar years but as the sum of the BA anomaly
from 5 months before the month of peak burning until 6 months after, to
circumvent issues in northern Africa where the peak fire season is in December
and January. We used data from August 2000 until June 2013, resulting in 12
annual cycles for all grid cells.

Building on earlier work25, a multiple linear regression model was used to
explain the BA anomaly for each grid cell (x ,y) and year (t):

BAx ,y,t=βi ∗dCROPx ,y,t+b0x ,y ∗APIx ,y,t+b1x ,y+εx ,y,t (1)

where β , b0 and b1 are optimally fitted parameters to minimize the sum of
ordinary least squares of the errors (ε). Positive dCROP values indicate
conversion of natural vegetation into cropland. The impact of dCROP on annual
BA was found to vary mostly with actual cropland extent and mean annual
precipitation. To prevent overfitting we clustered grid cells into cropland
extent–mean annual precipitation bins, and determined the slope βi for each bin
(i) separately (Fig. 2b). The BA–precipitation response was more variable and the
slope b0x ,y was therefore optimized for each grid cell individually. We included an
intercept that varied between grid cells (b1) as done in ref. 25, representing the
initial annual BA. Both explanatory variables are discussed below and in more
detail in the Supplementary Information.

Antecedent precipitation is often thought to be the single most important
driver of inter-annual variability of BA in savannas13,25. For each grid cell, the
effect of precipitation on annual BA was explored by calculating Pearson’s r
between antecedent precipitation and annual BA using averaging periods from 1
up to 24 months. In general, for a given grid cell short averaging periods will be
negatively correlated with BA as precipitation shortly before the burning season
increases fuel moisture; whereas longer averaging periods will be positively
correlated with BA through the process of fuel build-up25. It is therefore possible
that precipitation has both a positive and a negative effect on annual burned area

for each grid cell. However, we found that both effects are rarely important at the
same time (∼3% of the grid cells when p<0.1; see Supplementary Information).
Therefore, we include only one precipitation–BA response variable per grid cell in
the model, based on the strongest absolute response (positive or negative). API
may therefore be estimated for each grid cell (x ,y) and year (t) using:

APIx ,y ,t=
∑i=m

i=m−Tx ,y+1 p
′

x ,y ,i

Tx ,y
(2)

where T is the averaging period (ranging from 1 to 24 months) for API that led
to the highest absolute correlation (Pearson’s r) between the running mean of the
monthly precipitation anomaly p′ and the annual BA anomaly and m is the
month of maximum burning (Supplementary Fig. 1 and Section 2). As the effect
of API may be positive or negative and is based on different T for each grid cell,
we decided to optimally fit b0 for each grid cell. Although we used a statistical
model and did not investigate underlying processes in more detail, confidence
in our model may be derived from the strong correlation between API and
the annual BA anomaly and from the clear spatial patterns in optimal T
(Supplementary Fig. 1).

Including dCROP in the model is a logical step because the distribution of
croplands has a considerable impact on current BA distribution in northern
Africa (Fig. 2a), and because strong trends were observed over our relatively
short study period. Owing to the limited confidence in inter-annual variation of
the land cover product, we used the linear trend derived from the whole 2001 to
2012 study period.

As explained above, the short study period (2001–2012) constrains the
number and ways that explanatory variables can be included in the multiple
linear regression model, which is further discussed in the Supplementary
Information. Trend maps (Fig. 1) are shown for all significance levels, because in
general the less significant trends were part of spatial systems of significant and
larger trends. Outliers may have affected some of the trends computed, especially
trends observed in regions of high inter-annual climate variability, but this effect
is thought to be marginal (for further details see Supplementary Information).

To investigate the role of ENSO as a driver of inter-annual variation in BA,
we calculated for each pixel Pearson’s r between the annual BA anomaly (as
defined above) and the mean MEI index over the same period (from 5 month
before the peak burning until 6 months after; Fig. 3). We then computed mean
inter-annual variation separately for positively and negatively correlated areas of
northern and southern Africa (Supplementary Fig. 3).
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