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Abstract: The Pantanal is the world’s largest and most biodiverse continental sheet-flow wetland.
Recently, vast tracts of the Pantanal have succumbed to the occurrence of fires, raising serious concerns
over the future integrity of the biodiversity and ecosystem services of this biome, including revenues
from ecotourism. These wildfires degrade the baseline of natural ecosystems and the ecotourism
economy across the region. Local residents (“Pantaneiros”) anecdotally state that extensive cattle
herbivory can solve the contemporary flammability problem of the Pantanal by controlling vegetation
biomass, thereby preventing or reducing both fuel loads and fires across the region. Here, we examine
the covariation between the presence and density of cattle and the incidence of fires across the
Brazilian Pantanal. Variables assessed included bovine cattle density, SPI (Standardized Precipitation
Index), GPP (Gross Primary Productivity)/biomass estimate, and fire foci along a 19-year time series
(2001 to 2019). Our findings show that fire foci across the Pantanal biome are related to climatic
variables, such as lower annual precipitation and higher annual drought indices (SPI) rather than to
cattle stocking rates. Therefore, the notion of “cattle firefighting”, a popular concept often discussed
in some academic circles, cannot be validated because cattle numbers are unrelated to aboveground
phytomass. Gross primary productivity further invalidated the “cattle herbivory” hypothesis because
GPP was found to be strongly correlated with cattle density but not with the spatial distribution of
fires. Fires throughout the Pantanal are currently aggravated by the presence of livestock and result
from a combination of extreme weather events and outdated agricultural practices.

Keywords: biome; biomass; gross primary production; Standardized Precipitation Index

1. Introduction

The Brazilian Pantanal is considered one of the world’s major floodplains [1], char-
acterized as a shallow flood pulse ecosystem formed of a complex mosaic of vegetation
types [2]. The Pantanal is widely known for its wealth of charismatic Neotropical biodi-
versity and key ecosystem services, such as land-use revenues based on ecotourism. In
recent years, wildfires have intensively impacted vast areas of the Pantanal, with a record
of ~3.2 million hectares of vegetation burnt in September 2020, corresponding to 22% of the
entire biome [3], and an estimated mortality of some 17 million vertebrates [4]. Over the
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past two decades, the concentration of active fires reached its highest peak in September
2020, when 8106 fire conflagrations were detected, whereas 2887 fires were recorded during
the same period in 2019. Compared with the historical data, 18,223 fire foci were mapped
between January and September 2020—the highest rate recorded since 1998 during this
period [5]. This has raised serious concerns, both in Brazil and internationally, over the
future of the Pantanal wetland and its globally renowned wildlife [6].

Most of these fires are induced by humans, affecting ecosystems and degrading native
biodiversity, in addition to contributing to rising temperatures [7,8], reduced rainfall [9],
and the increasing occurrence of forest fires [7,10–12]. These changes in ecosystem flamma-
bility also led to greenhouse gas (GHG) emissions, detrimentally affecting air quality and
contributing to climate change at regional to global scales [13].

Changes in land use in the Pantanal biome, observed over the last century, are pri-
marily due to the prevalence of bovine livestock, the rearing of which has constituted one
of the main economic activities in the region since the earliest 17th century settlements
and which has been favoured by the baseline abundance of natural grasslands. However,
inadequate management, such as the use of fire for clearing pasture, results in irreversible
damage to the region and contributes to the emission of GHGs [14,15]. In Brazil’s last
(2017) agricultural and livestock census, the overall bovine sector in this biome exceeded
5 million head of cattle [16], making it the predominant economic activity across the region.
Moreover, to ensure higher livestock yields and greater profitability, native pastures across
extensive cattle ranches have been gradually replaced by an African grass species (Brachiaria
humidicola (Rendle) Schweick) that supports higher bovine stocking rates [8].

Increasing wildfire and deforestation rates coincide with the growth in livestock
farming across the region [8], for which fire is the cheapest and most traditional method of
clearing vegetation [7,17]. As bovine stocking rates across the Pantanal average only 0.5
to 0.8 head per hectare, increasingly larger areas are required; this represents a grass-fed
extensive cattle ranching model [14] which uses native and/or cultivated pastures [18].
However, in addition to biodiversity loss [4,19], fires affect the carbon cycle [13], degrade
natural habitats [20], and are affected by the amount of aboveground biomass [21]. Such
consequences directly contradict the COP 21 multilateral agreement signed in Paris to
reduce GHG emissions and mitigate global warming, in signing which Brazil committed to
reduce emissions by 43% by 2030 [17,22].

Remote sensing can be used to analyze and monitor both the proliferation of fires
and other biophysical variables that may increase fire risk. These variables include Gross
Primary Productivity (GPP), which can be used to estimate dry matter production through
a biophysical model [23] that characterizes the total amount of CO2 in photosynthesis [24].
Therefore, GPP can be used as a proxy of the growth of pastures in the Pantanal and other
biomes.

In the aftermath of increasingly severe wildfires in recent years throughout the Pan-
tanal, there has been much discussion over the drivers that either aggravate or suppress
fire risk in this biome. The “pantaneiros” (traditional Pantanal dwellers) anecdotally state
that the solution to avoid fires is to introduce bovine cattle or increase stocking rates, which
has been popularly referred to as the “firefighting cattle” hypothesis. The idea is that cattle
herbivory would reduce plant biomass and desiccated fuel loads and thereby prevent or
reduce fires across the region. Within a wider policy context, this would also justify further
occupation and transformation by livestock, as well as greater agrarian investments to
increase bovine yield intensification. Here, we test this hypothesis and examine whether
there is a positive correlation between the occurrence and density of cattle and the incidence
of fires across the Brazilian Pantanal over a 19-year time series (2001 to 2019).

2. Materials and Methods

The Pantanal biome extends over approximately 195,000 km2, including Brazil, Bolivia,
and Paraguay [25]. Its largest portion (140,000 km2) is in the Brazilian territory, distributed
across the states of Mato Grosso (49,000 km2, 35%) and Mato Grosso do Sul (91,000 km2,
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65%), covering 26 municipal counties that are totally or partially inserted within the biome
(Figure 1).
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ground biomass is expressed in Mg per hectare of data available from the Google Earth Engine 
platform (Google, https://earthengine.google.com/, accessed on 27 July 2022) through the dataset 
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2), with both El Niño and La Niña phenomena influencing the seasonality of floods and 
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Figure 1. Location of the study area focusing on the Brazilian Pantanal biome. Live woody above-
ground biomass is expressed in Mg per hectare of data available from the Google Earth Engine
platform (Google, https://earthengine.google.com/, accessed on 27 July 2022) through the dataset
available at ee.Image (“WHRC/biomass/tropical”).

With a humid tropical climate and an average temperature of 24 ◦C, the Pantanal
atmospheric systems are of tropical and extratropical origin, classified as Aw type—tropical
climate [26]. Average annual rainfall ranges between 1000 and 1250 mm (Figure 2), with
both El Niño and La Niña phenomena influencing the seasonality of floods and droughts
in the Pantanal [9]. The region’s geomorphology governs the spatial structure of the flood
regime, ensuring the creation of different habitats and ecological niches, thereby boosting
biotic beta-diversity [27]. The soils are hydromorphic, with alluvial deposits occurring on
the relief of fluvial and fluviolacustrine plains (slopes of 0% to 8%), and are primarily of
a sandy and clayey soil texture. These characteristics, combined with the climate, form a
unique macro-mosaic of habitats, essentially governed by the uptake, distribution, and
storage of water [28].

https://earthengine.google.com/
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2.1. Cattle Population Estimates

The recommended stocking rate for cultivated pastures in the Pantanal varies yearly,
depending on the duration and intensity of the seasonal flood pulse and drought. The
average annual beef cattle stocking rate is 0.8 animal units (AUs) per hectare of pastures.
During periods of higher rainfall intensity, stocking rates increase, reaching 1 AU per
hectare (one calf corresponds to 0.25 AU; one heifer or cow = 1 AU; and a bull = 1.25 AU).
Our numerical estimates of cattle head were based on bovine herd data available from
the national agricultural census, in which each livestock property is surveyed, consid-
ering the 2001 to 2019 time series. Annual estimates of the total cattle population were
obtained for each municipal county, taking into account areas both within and outside the
Pantanal biome.

2.2. SPI (Standardized Precipitation Index) and Rainfall

SPI [29] is used to quantify the rainfall deficit or surplus at different time scales and
was calculated on an annual scale (SPI-12) for the Brazilian Pantanal for the years 2001
to 2019 to identify drought events during the historical time series. The SPI calculation
was performed using the total cumulative precipitation records over 30 years fitted to
a probability distribution function, which is then transformed into a normal probability
distribution function. From this, the mean SPI value for a given location and period is set
to zero.

To determine the SPI, we initially used the calculation of the gamma distribution,
which was defined by the probability density function (PDF) given in Equation (1).

f (x) =
1

Γ(a)βa xa−1e−
x
β (1)

where α > 0 (α) is a shape parameter (dimensionless); β > 0 (β) is a scale parameter (mm);
x > 0 (x) is total rainfall (mm); and Γ (α) is a Gamma function = Γ(a) =

∫ ∞
0 xa−1e−xdx.

All parameters and the gamma PDF were fitted to the frequency distribution of
cumulative precipitation using remote sensing data. The parameters α and β of the gamma
PDF estimated for each of them were calculated at the above scales. The parameters α
and β were estimated through maximum likelihood estimation (MLE), which is the most
suitable method, according to Gois [30]. To find the cumulative probability of an observed
rainfall event for the adopted scale, calculations of the parameters α and β were performed.
The cumulative probability is given by Equation (2).

F(x) =
∫ x

0
f (x)dx =

1
Γ(a)βa

∫ x

0
f xa−1e−

x
β dx (2)
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From the annual SPI values for the Pantanal, wet and dry periods were classified
as: extremely wet (≥2.00), very wet (1.5 to 1.99), moderately wet (1.00 to 1.49), close
to normal (0.99 to −0.99), moderately dry (−1.00 to −1.49), very dry (−1.50 to −1.99),
and extremely dry (≤2.00) [29]. We used the CHIRPS dataset (Climate Hazards Group
InfraRed Precipitation with Station data) developed by the U.S. Geological Survey (USGS)
and Climate Hazards Group of the University of California, Santa Barbara. This is a
product combining pentadal rainfall climatology, near-global geostationary TIR satellite
observations of the CPC and National Climatic Data Center (NCDC) [31], atmospheric
model rainfall fields of the NOAA Climate Forecast System (CFSv2) [32], and in situ rainfall
observations [33]. In the first stage of the study, these products were used given the lack of
temporal data from in situ weather stations in the Pantanal and because they are available
from 1981 to the present, with a 0.05◦ (±5.3 km) spatial resolution and at monthly, pentadal,
and decadal temporal resolutions at a global scale [34].

2.3. Gross Primary Productivity

GPP (Gross Primary Productivity) was used as an available time-series basis to es-
timate aboveground plant biomass across the Brazilian Pantanal. Aboveground woody
biomass density data were obtained for the year 2012 from the “WHRC/biomes/tropical”
collection at a spatial resolution of 500 m [35]. This dataset was assembled from co-located
field measurements, LiDAR observations, and imagery recorded by MODIS sensor.

The 500 m-resolution MOD and MYD17A2 product related to GPP is a cumulative
composite of GPP values based on the efficiency of solar radiation use by vegetation (ε).
In this logic, primary production is linearly related to absorbed photosynthetically active
radiation (APAR), according to Equation (3). APAR can be calculated as the product
of the incident photosynthetically active radiation (PAR) in the visible spectral range of
0.4–0.7 µm, assumed to be 45% of the total incident solar radiation, and the fraction of
photosynthetically active radiation absorbed by the vegetation cover (FPAR) [36].

GPP = ε × PAR × FPAR (3)

One of the greatest challenges in using these models is obtaining the light use efficiency
“ε” over a large area due to its dependence on environmental and vegetation factors. A
solution is to relate “ε” according to its maximum value (εmax) plus the environmental
contributions synthesized by the minimum air temperature (Tminscalar) and the water status
of the vegetation (VPDscalar—water vapor pressure deficit) [37], according to Equation (4).

ε = εmax × Tminscalar × VPDscalar (4)

In this study, we used MODIS GPP version 5.0 from 2001 to 2019. Pixel values
referring to the digital numbers of MODIS images were converted into biophysical values
(Kg C m−2) by multiplying by a 0.0001 scale factor [36]. GPP values were also transformed
to the cumulative values for each year of the time series.

2.4. Counts of Fire Foci

Monthly data on fire foci were acquired between 2001 and 2019. Fire foci data were
calculated using the Moderate Resolution Imaging Spectroradiometer of the MODIS sensor
TERRA/AQUA. We used near real-time (NRT) MODIS Thermal Anomalies/Fire locations
(Collection 6) processed by NASA’s Land, Atmosphere Near real-time Capability for
EOS (LANCE) Fire Information for Resource Management System (FIRMS), using swath
products (MOD14/MYD14) rather than the tiled MOD14A1 and MYD14A1 products.
The thermal anomalies/active fires represent the center of a 1 km pixel flagged by the
MODIS MOD14/MYD14 Fire and Thermal Anomalies algorithm [38] as containing one
or more fires within that pixel. This characteristic is the most basic fire product in which
active fires and other thermal anomalies, such as volcanoes, can be identified. Data were
downloaded directly from FIRMS (https://firms.modaps.eosdis.nasa.gov/, accessed on

https://firms.modaps.eosdis.nasa.gov/
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27 July 2022) and arranged as a shapefile (https://earthdata.nasa.gov/active-fire-data,
accessed on 27 July 2022). The FIRMS Fire Map allows users to interactively browse the
entire global archive of active fire detections from MODIS and VIIRS. Near real-time fire
data are available within approximately 3 h of satellite overpass and imagery within 4–5 h.
The final database consisted of a file of fire_archive_M6 = MODIS standard quality Thermal
Anomalies/Fire locations processed by the University of Maryland with a 3-month lag and
distributed by FIRMS for the years 2001 to 2019.

2.5. Statistical Analysis

Initially, we plotted Standardized Precipitation Index (SPI) × count of fire foci, gross
primary productivity × aboveground live woody biomass, and total number of cattle
heads × gross primary productivity to examine the dispersion of these variables over the
time series and their Pearson’s correlation values. The Mann–Kendall test was applied to
examine variable trends over the time series, followed by the Pettitt test to identify the
likely point of change when the trend became significant. In all cases, a 5% probability
level was adopted for statistical tests. Subsequently, a principal component analysis (PCA)
was performed to interrelate all years and variables. All analyses were performed using
the R environment, supported by the packages “ggplot2”, “trend”, “MannKendall”, and
“factoextra”.

3. Results

This section may be divided by subheadings and should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

The biome-wide SPI time series shows that the years experiencing the most prolonged
droughts were 2002, 2010, and 2019. SPI was highly variable among areas affected by
drought and the years of occurrence, with the highest values being found for the southern,
northeastern, and central regions of the Pantanal in 2002, 2010, and 2019, respectively
(Figure 3). Consequently, the years 2014 and 2018 showed the lowest SPI values. When SPI
values were highly positive, there was a lower incidence of fires. This is consistent with the
lowest numbers of fire foci being found for particularly wet years (2014 and 2018; Figure 4).
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Fire foci were inversely related to rainfall. For example, the two wettest years (2014
and 2018) experienced the lowest numbers of fires, which was further supported by a
negative correlation between Fire Foci and rainfall (r = −0.80; Figure 5). GPP explained
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98% of the variation in aboveground live woody biomass (Figure 6). This relationship
can provide an accurate biomass estimate with GPP data over a long time series, made
necessary by the absence of LiDAR biomass data [35].
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The GPP longitudinal data showed increasing monotonic behaviour, the highest value
being attained in 2019 (Figure 7). However, there was only a weak correlation between
GPP and fire incidence (r = –0.24) over the time series examined here (Figure 5).



Sustainability 2022, 14, 10187 9 of 16Sustainability 2022, 14, x FOR PEER REVIEW 10 of 17 
 

 

 
Figure 7. Gross Primary Productivity (GPP) from 2001 to 2019 across the Brazilian Pantanal. Figure 7. Gross Primary Productivity (GPP) from 2001 to 2019 across the Brazilian Pantanal.



Sustainability 2022, 14, 10187 10 of 16

From 2002 onwards, cattle numbers in the Pantanal began to grow until 2005. The
overall size of cattle herds increased by 33% over the time series, presenting a positive
trend in relation to GPP, which also increased by ~260% from 2001 to 2019 (Figure 8).
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Figure 8. Relationship between the total beef cattle head and Gross Primary Productivity from 2001
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A correlation heatmap was generated to demonstrate the dispersion and the relation-
ship between the variables assessed over the time series (Figure 5). Fire incidence was,
again, negatively correlated with rainfall and SPI (r = 0.93), whereas GPP was positively
correlated with cattle density (r = 0.64).

The results of the trend tests are shown in Table 1. Fire foci, rainfall, and SPI showed
neither a positive nor a negative significant trend (p-value > 0.05) over the entire time
series. However, the number of head of beef cattle and GPP were positively correlated and
showed a significant upward trend (p-value < 0.05), with likely inflection points along the
time series in 2012 and 2009, respectively (Figures 5 and 8).

Table 1. P-value of the Mann-Kendall and Pettitt tests for the variables fire foci, cattle heads, gross
primary productivity (GPP), rainfall, and SPI evaluated from 2001 to 2019 in the Brazilian Pantanal.

Variable Mann-Kendall Pettitt Year

Fire Foci 0.33 0.68 -
Cattle heads <0.00 0.02 2012

GPP <0.00 0.00 2009
Rainfall 0.40 0.40 -

SPI 0.53 0.53 -

Figure 9 contains the PCA dimensions for the variables assessed over the time series.
In agreement with the Pearson correlations, it can be seen that the cattle and GPP vectors
converge onto the same quadrants; this is also the case for the rainfall and SPI vectors.
Our measure of fire incidence is, however, located in a different quadrant due to its low
and/or negative correlation with the other variables. In this biplot, we highlight the
proximity between fire foci and particularly dry years, such as 2002, 2010, and 2019, in
which the largest burnt areas were recorded. Accordingly, this is consistent with the spatial
distribution of fires across the Brazilian Pantanal in 2010 and 2019 (Figure 10). In both
of these years, the highest number of fire foci was detected in the southern region of the
Pantanal, located in Mato Grosso do Sul and bordering Paraguay.
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4. Discussion

Contrary to the hypothesis tested here, our results showed a negative (r = −0.22,
Figure 5) rather a than positive relationship between cattle density and the number of fires
in the Pantanal over a 19-year time series (Figure 5). This directly contradicts the notion
disseminated by Brazil’s current government and the powerful agribusiness sector that
rearing of bovine livestock serves to control ecosystem flammability by suppressing grass
and shrub biomass, thereby reducing fire intensity and continuity. Were this true, we would
expect fewer fire foci in areas occupied by larger numbers of cattle.

The results obtained here show that wildfires in this tropical wetland ecosystem are
instead related to weather events, particularly droughts. SPI variation across the Brazilian
Pantanal is associated with a higher occurrence of fire outbreaks. During the dry years
2002, 2010, and 2019, when the vegetation was desiccated and fire foci were more frequent
and widespread, the correlation between SPI variables and fires was markedly negative
(r = −0.78). The same was observed for rainfall correlates of fire foci, which showed an
inverse relationship across the entire time series. Those three exceptionally dry years (2002,
2010, and 2019) saw much lower annual rainfall, yielding a strong negative correlation
between overall precipitation and fire foci (r = −0.795), while both of these variables showed
no correlation with numbers of cattle. This, again, supports the alternative hypothesis that
fire incidence and spread are influenced by climatic factors and are most likely unrelated to
herbivory pressure exerted by domesticated livestock.

Climate change in the last decade has directly affected the hydrology of the Pantanal
biome by reducing precipitation and increasing temperatures [39]. Low rainfall and a
temporal shift of the wet season have been observed in the southern Amazon and the
Pantanal [40]. Climate change models developed by the Intergovernmental Panel on
Climate Change (IPCC) predict an increase of 5 ◦C to 7 ◦C in mean air temperature by
2100 [41], which, combined with a drier environment, suggests a future scenario in which
vegetation flammability could vastly increase across the Pantanal.

The argument for deploying “cattle to fight fires”, as professed in some policy arenas,
is not valid, since the main determinants of reduced fire incidence are declining overall
precipitation and prolonged droughts. For example, we highlight the severe recent droughts
of 2019 and 2020, which severely aggravated the spread of fires in the Pantanal and the
Upper Paraguay basin [42]. Therefore, regional scale climate change tends to tip the balance
towards drier and hotter episodes, which will likely aggravate the severity of seasonal
droughts in years to come [8,11], paving the way for more frequent and more intensive
uncontrolled fires with much greater impacts on flora and fauna across the Pantanal
ecosystem.

It is important to highlight that dry-season fires (May to September) are almost en-
tirely anthropogenic, since fires are deliberately lit as part of a widely used low-cost
method [43,44] to both clear vegetation [42] and renew pastures [8,44,45]. However, uncon-
trolled wildfires induced by agricultural practices are related to inadequate fire use, which
results in severe detrimental consequences for ecosystem integrity [22,46].

In this study, we noted that GPP explained 98% of the variation in woody biomass
(Figure 6) and that GPP was negatively correlated with fire incidence (r = −0.235). These
findings suggest that fires did not necessarily match the proxied availability of fuel loads,
even where plant biomass was elevated (Figure 7), which is again inconsistent with the
notion of “cattle firefighting”. Rainfall and SPI also failed to explain GPP increments
along the time series. Cattle numbers showed a positive correlation with GPP (Figure 5),
which also contradicts the notion that cattle effectively suppress fires, in which case we
would expect a negative correlation instead. On the other hand, we highlight that even the
most protected areas that are not grazed by cattle can be vulnerable to anthropogenic fires,
especially during extreme droughts. Another aggravating factor is that a 260% increase
in GPP where fires are most prominent will impact radiative forcing, raising the regional
atmospheric temperatures from biomass burning, as pointed out in the latest IPCC AR5
Report [47] and several studies [48–50].
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Axis 1 of the PCA (Figure 9) explained 56% of the variation in the total variance of
the variables evaluated over the time series and revealed two distinct clusters, in which
dry years (2002, 2009, and 2019) were strongly correlated with fire incidence, whereas
wetter years (2014 and 2018) were correlated with precipitation and SPI. The other years in
the time series are apparently uninformative with respect to the variables examined here.
Considering axis 2, cattle density and GPP were positively correlated with the year 2019,
while the correlation between these variables was negative for 2001. This can be explained
because there was considerable growth in cattle numbers and GPP during this period.
Although cattle abundance and GPP were positively correlated, they were uncorrelated
with fire incidence, SPI, and rainfall.

These results clearly indicate that the number of cattle heads does not directly influence
the number of fire foci throughout the Pantanal biome. Therefore, the widely professed
argument that cattle serve as a natural “firefighting” agent in the Pantanal wetlands cannot
be validated on the basis of available evidence. The Pantanal has been witnessing a gradual
decrease in seasonal floodwaters (i.e., total surface water area) which has further exposed
dry areas to increasingly severe fire susceptibility [4]. Public policies to prevent wildfires in
this region should be implemented on the basis of benign land-use practices that suppress
fires, informed by several other adverse effects, including eroding soil fertility, loss of
biodiversity, increasing GHG emissions, and economic losses to farmers [51].

5. Conclusions

The magnitude and spatial spread of wildfires throughout the Pantanal biome are
unrelated to cattle herd size, thereby clearly refuting the notion that cattle herbivory can
somehow suppress fires. Instead, the distribution of fires was clearly related to climatic
factors, such as lower overall annual rainfall and more severe annual hydrological deficits.
Cattle numbers were also unrelated to a strong proxy of plant biomass. The so-called
“firefighting ox”, as a general statement discussed in some policy and academic circles,
cannot be validated on the basis of current evidence. Plant primary productivity also failed
to support this hypothesis because it was uncorrelated with fire foci, while being strongly
correlated with cattle stocking rates. The contemporary spate of wildfires across the Pan-
tanal is driven by a pernicious combination of extreme weather events and inappropriate
agricultural practices that are becoming increasingly outdated. The Brazilian government
urgently needs to promote and enforce strong public policies to safeguard against fires
not only the biodiversity of the Pantanal wetlands but also the natural capital assets that
support the regional scale economy. If urgent measures are not taken, the Pantanal will
face an uncertain future in Brazil and neighboring countries, with globally significant loss
of the natural heritage of a unique biome.
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