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Brazil's leadership in soybean and maize production depends on predictable rainfall in the Amazon-Cerrado agricultural fron-
tier. Here we assess whether agricultural expansion and intensification in the region are approaching a climatic limit to rainfed
production. We show that yields decline in years with unusually low rainfall or high aridity during the early stages of crop
development—a pattern observed in rainfed and irrigated areas alike. Although agricultural expansion and intensification
have increased over time, dry-hot weather during drought events has slowed their rate of growth. Recent regional warming
and drying already have pushed 28% of current agricultural lands out of their optimum climate space. We project that 51%
of the region's agriculture will move out of that climate space by 2030 and 74% by 2060. Although agronomic adaptation
strategies may relieve some of these impacts, maintaining native vegetation is a critical part of the solution for stabilizing the

regional climate.

invested in innovation, technical assistance, public loans

and agricultural intensification—all of which have contrib-
uted to increasing grain production. Brazil now produces 32% of
the world’s soybeans and 8% of its maize', with agribusiness rep-
resenting ~21% of the country’s gross domestic product’ in 2019.
The Amazon-Cerrado region (ACR) is among the world’s largest
agricultural regions’, responsible for half of Brazil’s agricultural
output today and expected to increase by 30% in the next decade’.
Despite its meteoric growth, Brazil’s agricultural system also faces
substantial risks because it depends on a stable climate to sustain
crop production. With ~90% of its cropped area in rainfed produc-
tion®, agriculture in the ACR is highly vulnerable to droughts, heat-
waves and other climatic disruptions®.

Climate change—influenced by global heating and deforestation-
related disruptions to the hydrological cycle”*—could stymie Brazil’s
ambitions to increase crop production. De-intensification (that is,
fallowing or shifting from double to single cropping’) and declin-
ing crop yields will probably follow projected regional increases in
air temperature'’, air dryness'>'?, drought frequency and intensity,
and dry-season length". Recent droughts in the ACR offer impor-
tant insights into how Brazil’s agricultural frontier may respond to
such climate changes. Failure to adapt could have important adverse
effects on global food systems, given that Brazil produces a large
fraction of the world’s soybeans and maize®“.

In this Article, we investigate the climatic sensitivity of agricul-
ture in the states of Mato Grosso, Goids, Maranhao, Tocantins, Piaui
and Bahia (the latter four comprising the MATOPIBA region'’; Fig.
1 and Extended Data Fig. 1), where half of all Brazilian crops are
grown. We focus on three key questions: (1) Have recent droughts
influenced the rate of agricultural intensification, de-intensification
or agricultural yields? (2) Has recent expansion/intensification of
agriculture occurred in regions vulnerable to climate changes? (3)
To what extent have climate changes already affected agricultural
suitability, and how is that projected to change in the near term?

Over the past four decades, Brazil's agriculture sector has

Trends in cropland expansion

Since the early 2000s, agriculture has expanded to a broad swath
of the savannah-rainforest transition zone (Fig. la-f). Compared
with the long-term average (Methods), this expansion occurred in
areas with similar rainfall and higher vapour pressure deficit (VPD,
a proxy for atmospheric water demand; Fig. 1a—c), two important
predictors of crop yield'*". A total of 76,072 km? of new agricultural
land was added during 2001-2016 (Supplementary Table 1), which
can be divided into three phases. In the first phase (2002-2006),
27,380km? of cropland expanded into new areas with an average
growing-season rainfall of 1,540 mm and growing-season VPD of
1.33kPa. Although average precipitation was comparable to previ-
ous decades, the average VPD in areas added during 2002-2006 was
above the optimal range for soybeans (~2.0kPa (ref. ")) and below
that for maize (~1.7kPa (ref. *°), when water stress starts to severely
compromise maize yield; Supplementary Fig. 1). During the second
phase (2007-2011), 18,722km? of cropland expanded into regions
characterized by lower precipitation and higher growing-season
dryness (mean precipitation: 1,525mm, VPD: 1.41kPa) compared
with the long-term average. In the past expansion phase (2012-
2016), 29,970km?* of new agriculture expanded into areas with
higher precipitation (1,588 mm in the growing season) than the
long-term average and higher VPD (1.39kPa) compared with the
first phase.

Drought effects on agricultural yield

Our analyses show that droughts decreased crop yields for both
rainfed and irrigated systems (Fig. 2). In rainfed areas, soybeans
experienced modest production losses during droughts (—5kgha™
and —26kgha™ in the Cerrado biome and Mato Grosso state,
respectively), whereas the maize second crop experienced substan-
tial losses (—1,353 kgha™' and —892kgha™). For municipalities with
some irrigation, we observed much lower soybean yields during
droughts compared with municipalities without irrigation, probably
because regions with irrigation are generally drier (Supplementary
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Fig. 1| The historical distribution of agricultural fields and climate variables in the ACR. The ACR includes parts of midwestern, northern and
northeastern Brazil, including the states of Mato Grosso, Goias, the Federal District of Brasilia and Tocantins and western Bahia, southwestern Piaui and
southern Maranhéo. a-¢, VPD for the newly expanded areas in each period during the growing season. d-f, Precipitation for each period, also just for the
newly expanded agriculture areas, during the growing season. g-i, Double-cropping intensity or success rate (fraction), defined as the number of years
when double cropping occurred divided by the total number of years in each of the three periods: 2002-2006 (a,d,g), 2007-2011 (b,e,h) and 2012-2016
(c.fi). Cool colours represent higher cropping intensity; warm colours represent lower cropping intensity.

Table 2; Cerrado: —142kgha~'; Mato Grosso: —111kgha™'). In con-  ranked highest in explaining the yield variability of soybeans and
trast, irrigation apparently mitigated losses in maize yield during maize. A sensitivity analysis for Mato Grosso showed that (assum-
droughts, though more in the Cerrado (absolute loss of —24kgha™) ing mean rainfall: 230mm per month) for each 1.0 kPa increase
than in Mato Grosso (—665kgha™"). in growing-season VPD, soybean yields decreased by 48kgha™!

In general, monthly precipitation and VPD variations explained  (95% confidence interval (Cl,,,)=—88kgha™ to —9kgha™) in
a large portion of the variability in historical yields for soybeans non-drought years and by 152kgha™ (Cl,s=—-197kgha™" to
(1988-2019) and maize second crop (2003-2019). Together, they ~—107kgha™) during droughts. The same analysis for the Cerrado
explained 39% (Cerrado) and 48% (Mato Grosso) of soybean yield showed that (assuming mean precipitation: 180mm per month)
variability and 19% (Cerrado) and 52% (Mato Grosso) of maize for each 1.0 kPa increase in growing-season VPD, soybean yields
second-crop yield variability (Extended Data Fig. 2). Statisticalmod-  decreased by 50kgha™ (Cl,=—64kgha™ to —35kgha™) in
els including VPD and precipitation during the early growing period = non-drought years and by 106kgha™ (Cly,=—-126kgha™ to
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Fig. 2 | Soybean and maize yields for Mato Grosso and the Cerrado under normal and dry conditions and under rainfed and irrigated management.
a-d, Soybean (n=664) (a,b) and maize second-crop (n = 654) (¢,d) yields reported by IBGE from 1988 to 2019 for soybean and from 2003 to 2019
for maize second crop. The municipalities located in Maranhao, Tocantins, Piaui, Bahia and Goids were considered here as the Cerrado region (a,c), and
municipalities located in Mato Grosso, mostly within the Brazilian Legal Amazon (b,d). Municipalities with a reported occurrence of irrigation® were
grouped as ‘irrigated’, whereas the others were grouped as ‘not irrigated’. Drought occurrence is based on described years of intense and widespread
drought in the region according to the literature. Years of drought in the Cerrado region: 1984-1985, 1990-1991, 2007-2008 and 2015-2016. Years

of drought in Mato Grosso state: 1997-1998, 2005-2006, 2010-2011 and 2015-2016. Absolute numbers represented in the box plots are available in
Supplementary Table 2. Asterisks indicate significant difference between medians.

—86kgha™') during droughts. Early growing-season climate
variations had no clear effect on maize yields in Mato Grosso
(—13kgha™!, Cly,=—103kgha™' to 77kgha™') or the Cerrado
(—132kgha™!, Cl,=—399kgha™ to 135kgha™) in non-drought
years. During droughts, however, our models projected maize yields
in Mato Grosso to decrease by 825kgha™" (Clys, =—950kgha™ to
—699kgha') for each 1.0 kPa increase in VPD during the early
growing season. In the Cerrado, our models show that maize yields
decreased by 994kgha™' (Cl,s,,=—1,188kgha™" to —801kgha™) for
each 1.0 kPa in VPD in the early growing season. Hence, climate
variability during the early stages of plant development is a critical
determinant of crop yields, even in years that do not meet the statis-
tical thresholds typically used to define drought conditions.

Drought effects on agricultural intensification
Intensive industrial agriculture (for example, double cropping) has
expanded over time across the ACR (Fig. 3a). From 2001 to 2016,
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we observed an ~3,334km?yr~" average increase in the area planted
with two crops per growing season (Supplementary Table 3 and Fig.
3a). The total double-cropped area increased nearly tenfold from
8,409km? in 2001 to nearly 80,000km? in 2014 before falling to
61,855km? in 2016. Over the same period, the area planted with only
one crop per growing season decreased from 51,824 km? in 2001 to
34,191km? in 2016. The total double-cropped area surpassed the
area in single cropping by 2012 and has remained higher ever since.

Despite a clear trend towards increased double cropping across
the ACR, there was high spatial and temporal variability in crop-
ping frequency—the number of crops during a single growing
season. Double cropping was most consistently attempted (occur-
ring in >80% of years) in central Mato Grosso and western Goias
(Fig. 1g-i). In contrast, it was attempted in less than 40% of years
in southeastern Goids and across the MATOPIBA region, where
more extreme climate limited the ability to double crop—particu-
larly in the later period (2012-2016), when it was rarely attempted
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Fig. 3 | Land-use transition within the study area. a, Annual sum of land area (km?) under double cropping (grey) and single cropping (blue) from 2001
to 2016. b, Total area of agriculture de-intensification (yellow), which is the sum of double cropping to fallow (red) and double to single cropping (grey).
Total intensification (blue) represents the area moving from single to double cropping annually from 2003 to 2016. Land-use transition analysis started in
2003 because, in each case, we considered a two-year temporal filter to define the transitions. For the intensification trend analysis, just the pixels where
land-use transition occurred were analysed. Agriculture intensification: n=360,004; de-intensification: n=361,823.

(Fig. 1). Agriculture transitioned from single to double crops at a
steady rate of 2,349km? yr~'+153km?*yr~!, increasing from about
3,000km?yr~" in 2003 to more than 30,000km?*yr~" in 2014 (Fig.
3b). At the same time, every place where double cropping was
attempted (Methods) transitioned back to single cropping at least
once during the study period. This de-intensification process
increased from ~3,000 km?yr~! in 2003 to ~10,000 km?yr~' in 2012,
followed by a rapid increase thereafter (Fig. 3). By 2016, more than
32,000km? had temporarily shifted back to less-intensive agricul-
ture, about 4,616 km? greater than the amount shifting to double
cropping that year. These results show that the probability of agri-
cultural areas transitioning from double to single cropping (or fal-
low) has increased over time.

De-intensification of the cropping system was more likely to
occur in drought years and in areas with sandy soils (Extended Data
Fig. 3). Drought years were correlated with higher rates of transition
from double to single cropping and from single cropping to fallow
fields (that is, de-intensification; Fig. 3b). For example, during the
droughts of 2005-2006, 2010-2011 and 2015-2016, we observed
de-intensification of 11,933 km?, 16,095 km? and 32,564 km?, respec-
tively (Figs. 1g—j and 3b). The areas shifting to less-intense agri-
culture were associated with below-average rainfall (fallow lands:
—6%; double to single cropping: —6%) and higher VPD (fallow
lands: +17%; double to single cropping: +4%) compared with areas
intensifying from single to double cropping (Supplementary Fig.
2). For each 100-mm decrease in total precipitation, the probabil-
ity of double cropping decreased by 3.6%. Likewise, for each 1 kPa
increase in VPD, the probability of double cropping decreased by
30% (Extended Data Fig. 4 and Supplementary Table 4; R*=0.14).
The areas undergoing de-intensification also exhibited poorer soil
characteristics, including lower soil carbon, lower clay content and
higher sand content. Finally, the onset of the growing (rainy) sea-
son tended to be delayed in areas that de-intensified (fallow lands:
+25%; double to single cropping: +24%). Overall, these results point
to agricultural intensification and expansion having occurred in
areas with marginal*' climate and soils, which ultimately increased
the probability of crop failure during drought years.

Changes in climate space of the ACR

To quantify how climate has changed historically and may change
in the future, we used a set of climate variables to delineate the ‘cli-
mate space’ of agriculture, defined here by the relationship between
growing-season water availability (precipitation) and water deficit
(WD). In the 1970s, agricultural land in the ACR had a climate
space with average rainfall of 1,579 mm and a WD of —323 mm dur-
ing the growing season (September to June; Fig. 1). Since the 1970s,
the climate space over existing croplands in the ACR has become
substantially warmer (primarily) and drier (secondarily; Fig. 4).
Opverall, across the ACR, average precipitation decreased by —19 mm
and WD increased by —150 mm. As a result, 26,551 km? of agricul-
tural lands—approximately 28% of all areas cultivated in 2016—are
now in climate conditions notably outside the agricultural climate
space defined in the 1970s (Fig. 4 and Supplementary Table 5).
Considering precipitation and WD as two axes in a Cartesian plane,
we calculated the direction and speed of change (that is, Euclidian
distance) for each agricultural plot in a two-dimensional climate
space. On average, climate has shifted towards drier/warmer condi-
tions (191°C+0.3°C) at a rate of 5.7 mmyr~ (+0.05 mmyr™) from
1970 to 2019 (Fig. 5).

Future climate projections point to much of the ACR agricultural
land moving out of the most favourable climate space for rainfed
agriculture (that is, the climate space where agriculture developed
from the 1970s to the 1990s). Under an intermediate climate sce-
nario (representative concentration pathway (RCP) 4.5Wm™),
51.5% (49,506 km? Supplementary Table 5) of the current agricul-
tural area would move outside the optimum climate space for rainfed
agriculture by the 2030s (on the basis of the decadal mean climate),
given projected decreases in precipitation (—124 mm) and increases
in WD (—411 mm). By the 2060s, projected climate changes would
reduce growing-season rainfall by —145mm and WD by —594 mm
(compared with the 1970s), with 74% (71,105km?) of agricultural
lands falling outside the optimum climate space for rainfed agricul-
ture (Extended Data Fig. 5 and Supplementary Table 5). Under RCP
8.5Wm™2 59% of the current cultivated area (56,387 km?) would
have a climate less suitable for agriculture by the 2030s, and 91%
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Fig. 4 | Mean climate space of the ACR over four decades. The historic climate space (1970-1979, 2000-2009) was defined using historical data,

and the future climate space (2030-2039, 2060-2069) is based on the mean bias-corrected climate of 35 models taking part in CMIP5, scenario RCP
8.5W m™. a, Maps of the climate space distribution. Colours correspond to specific combinations of precipitation and WD (defined in b). b, Scatterplot

of all agricultural areas (n="503) as a function of their location in climate space. Each point on the scatterplot corresponds to one pixel on the maps. The
minimum convex hulls mathematically delimit the climate space that would be occupied by the current (spatial) location of croplands in any given decade.
¢, The total decadal mean cropland area (% relative to the initial area) falling within the ideal climate space defined by the 1970s climate (that is, the black

convex hull in b).

by the 2060s. These changes would occur at a rate of 18.8 mmyr!
for RCP 4.5 (average angle of the vector: 194°) and 38.1 mmyr for
RCP 8.5 (192° Fig. 5 and Extended Data Fig. 6). Such near-term
changes in climate would be faster and more intense than any
observed rate of historical change—nearly 1.5-times faster under
RCP 4.5 and 3-times faster under RCP 8.5.

Our results show that dry-hot years have led to sharp reductions
in crop yield since the 1980s. Although Brazilian agriculture has
expanded and intensified in the past 40 years, increased air dry-
ness and recent droughts have reversed some of this intensifica-
tion”, especially in drier-than-normal years. In addition, regional
warming and drying from 1980 to 2019 have pushed 28% of current
croplands out of the ideal climate space for rainfed agriculture. Most
of these negative impacts occurred in areas of recent agricultural
expansion (for example, southeastern Goids and the MATOPIBA
region), where climate approaches the dry boundary of the ideal cli-
mate space, and the soil has suboptimal properties. Future climate
change could shrink the land area within the ideal climate space by
over 51% as early as the 2030s. Under RCP 8.5 projections, 100%
of existing croplands would be outside the ACR’s preferred rainfed
climate space by the 2090s.

Although official Brazilian data® show that crop yields and pro-
duction have grown since the mid-1980s, our analyses suggest that
warming (primarily) and drying (secondarily) already pose seri-
ous threats to that system. Double cropping has been attempted
throughout the ACR®*, but recurring droughts and delays in the
onset of the rainy season'>’ have hindered its success, especially
outside central Mato Grosso* and western Goids. Consequently, the
average cropping frequency (that is, the proportion of years that a
property is double cropped since the first attempt) has decreased,
particularly in areas where it was established after 2010. Our results
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suggest that intensive rainfed agriculture (that is, expansion and
intensification) may be approaching its upper limit, confirming
previous results reported for Mato Grosso*.

We find that total annual rainfall alone is not the best criterion
for selecting agricultural areas that are resilient to near-term climate
changes. The greatest climate risk is associated with the increased
length and intensity of the dry season (as represented by VPD and
WD). Despite this, farmers generally base their decisions to expand
primarily on rainfall isohyets, which represent long-term historical
averages. Our results confirm that recent agricultural expansion has
focused in areas with higher average annual rainfall. Those same
areas have higher (and increasing) VPD, which greatly increases
crop water demand® and has been shown to impact maize yields*
(—27.5% per kPa (ref. '")). Under normal conditions, moving to
areas with higher average VPD would not affect soybean or maize
yields dramatically (observed decreases of 4-5kgha! for soybeans,
none for maize). However, as droughts become more frequent, areas
under higher average VPD (in this case, an increase of 0.08 kPa)
could see decreases between 12 kgha™! (Mato Grosso) and 34 kgha™
(Cerrado) for soybeans and 87 kgha™' (Mato Grosso) and 80kgha™
(Cerrado) for maize. Such an increase would also lower the double
cropping probability by 2.5%.

Despite the clear climate risks to production”, the Brazilian gov-
ernment has targeted precisely the most vulnerable region for future
expansion of cultivated areas**** (Fig. 4). This is largely because its
agricultural development projections are based on economic crite-
ria that fail to account for ongoing and future climate changes. By
considering only logistical constraints® (for example, soils, slope,
proximity to ports or markets, credit lines), the current model of
agricultural growth could be setting Brazil up for major losses in the
coming decades. Barring a different agricultural model or strong
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we calculated the direction, speed of change (that is, Euclidian distance) and climatological distance from the ideal agricultural climate spot for each
agricultural plot in a two-dimensional climate space for two RCPs of the IPCC (RCP 4.5W m~2 and RCP 8.5 W m™2). a, Predicted direction of change in
climate space for today's agricultural fields (as in 2016; n=503). The dotted line indicates the climatic threshold for different directions of change: 90° to
180° indicates a shift towards wetter/warmer conditions; 180° to 270° indicates a shift towards drier/warmer conditions. b, Speed with which agricultural
plots are expected to move in climate space over 30-year intervals. The dotted line indicates the threshold beyond which 95% of the points would travel
outside the most favourable climate space for rainfed agriculture. ¢, Distance from the ideal climate space (dotted line). Both negative and positive values
indicate the magnitude of the deviation from the ideal climate space, which is delineated by drawing a minimum convex hull around existing cropland
pixels. On average, climate has shifted towards drier/warmer conditions (191° +0.3°) at a rate of 5.7 mmyr~' (+ 0.05mmyr~") from 1970 to 2019.

adaptation strategies, Brazil’s agricultural sector will probably face
increasing crop losses from droughts, heatwaves and a lengthen-
ing dry season. Reducing these climate risks requires substantial
research and investments in climate adaptation, some of which are

already under way™.

Evaluating irrigation potential. Although irrigation could remedy
some of the climate changes described above, doing it at scale would
require immense investments to expand energy production and dis-
tribution infrastructure®. The Brazilian government is now advo-
cating for enormous irrigation expansion as a national priority’, but
the trade-offs associated with these investments have yet to be fully
evaluated. For example, large irrigation projects may lead to com-
petition for water and energy between producers and urban areas®,
exacerbating conflicts over these poorly managed resources®. Such
conflicts already exist in areas of recent, rapid irrigation expansion,
such as western Bahia®*.

Developing drought-tolerant crop varieties. New cultivars could
mitigate some of the projected losses associated with high VPD
but may require translation of knowledge developed in temper-
ate regions'”* for application in the tropics. Moreover, historical
strategies for plant genetic enhancement may already be hitting
the yield ceiling”**. Brazil has succeeded in adapting cultivars to
its varied edaphoclimatic conditions®, but the unprecedented speed
of climate change poses unexpected problems and exacerbates the

challenges inherent to tropical agriculture. Some yield losses (that
is, from decreasing water-use efficiency) could be partially offset by
CO, fertilization, but that would require finding germplasm capable
of maintaining high water-use efficiency under novel climate condi-
tions. For example, the positive effect of CO, fertilization has been
shown to increase soybean yields by 32-47% up to a ~2°C increase
above ambient temperature®. However, recent studies indicate a
100% probability that Brazil will warm by over 4°C before the end
of the century* under the current GHG emissions pathway***.
Under such harsh temperature conditions, crops in sandy soils will
probably experience heat stress that overrides any potential gains
from CO, fertilization.

Implementing climate-smart land and water management strate-
gies. Maintaining forests and other native vegetation will be criti-
cal to help buffer regional climate in the near term. Native forests
may improve crop yields by stabilizing regional temperature, VPD
and rainfall and by modulating the length of the dry season”'*".
Thus, maintaining existing forests and reforesting where possible
(or legally required) may help mitigate ongoing climate changes due
to increasing atmospheric GHGs.

Our results show that droughts have already had important
negative impacts on crop yields by changing the way temperature
affects the early stages of plant development. Climate change may
affect agricultural systems via several additional mechanisms that
are beyond the scope of this study (Supplementary Information).
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This study raises a potentially grave concern for the near future, as
crop yield gains plateau and the area with suitable climate for crop
production shrinks at an accelerating rate. Brazil is on a trajectory
to have 70% of its croplands in the ACR with suboptimal climate
in the next 30 years. Given that GHG emissions will probably
continue, irrigation, cultivar development and forest conserva-
tion may be the only near-term options for avoiding catastrophic
crop losses.
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Methods

Our analysis integrates data on changes in crop expansion, productivity,
intensification and climate space into a framework for evaluating climate shocks

to agriculture. Elucidating the effect of extreme droughts, precipitation, VPD and
irrigation on crop yields provides new insights into how climate informs where we
decide to grow crops; influences the likelihood of cropland intensification; and may
limit crop production in the near future. This approach could be applied elsewhere,
given that it relies on remotely sensed data and publicly available databases.

Trends in cropland expansion. The study area spans 2,003,386 km?, 68% of which
occurs within the Brazilian Legal Amazon—a political designation instituted by the
Brazilian government in 1953 to address economic underdevelopment in that part
of the country. Approximately 67% of the study area occurs within the Cerrado
biome, whereas ~27% occurs in the Amazon biome (the Legal Amazon and the
Cerrado biome have a 761,000 km? overlap; Extended Data Fig. 1*). Given this
geographic complexity, we refer to the study region as the ACR.

We focused our analysis in Brazil because it was the largest soybean producer
in the world as recently as 2020". Our specific focus on the states of Mato Grosso,
Goids and the MATOPIBA® region is rooted in four factors: (1) this area alone
produces more soybeans than Argentina, the third-largest producer in the world
(study area: 64,730,900 t, Argentina: 55,263,891 t)', (2) the region is where most
large-scale, export-oriented agriculture occurred over the past five decades, (3) the
Brazilian government has ambitious plans to expand agriculture in the region and
(4) consistent, accurate and validated crop-specific land-cover maps are available
for the entire region”"* (Fig. 1).

To quantify agricultural expansion and contraction, we used published
land-use maps for Mato Grosso*' and the Cerrado®. Those maps classified
cropping rotations on the basis of phenological characteristics derived from
the Moderate Resolution Imaging Spectroradiometer (MODIS) enhanced
vegetation index time series. Three major crops were mapped: soybean, maize
and cotton (Supplementary Fig. 3). As of 2016, cotton cultivation was limited
to the regions of western Bahia and Mato Grosso under different management
systems (Supplementary Fig. 4). Because of differences in growing-season length,
rainfed cotton in western Bahia is mostly single cropped. In Mato Grosso, on the
other hand, cotton may be cultivated either as a first (single-cropped) or second
(following soybean) crop. Altogether, the dataset identifies ten different land uses,
but the present study focuses on single-cropped soybeans, single-cropped maize,
double-cropped soy/cotton and double-cropped soy/maize because they are the
most prevalent and have the longest time series.

We defined agricultural expansion as any area that switched from another
use to some combination of soybean, cotton or maize in the target year. We then
mapped the expansion of these cultivated areas annually from 2001 to 2016. To
quantify changes in planted area over time, we compared the years 2002-2006 to
22001 baseline, 2007-2011 to 2006 and 2012-2016 to 2011 using the Wilcoxon
signed-rank test because the data are not normally distributed. This analysis
considered only pixels that were newly converted to agriculture and evaluated
climate variables (precipitation, VPD) associated with each.

Drought effects on crop yields. Using a linear mixed model, we evaluated the
effects of time, drought and monthly weather condition on agricultural outputs in
each state (Cerrado: Maranhio, Tocantins, Piaui, Bahia, Goids, the Federal District
of Brasilia; Amazon: Mato Grosso). We then compared soybean and maize yields in
time and space as a function of drought and irrigation status.

Agricultural outputs. We gathered the agricultural outputs (for example, planted
area, crop yields and total production) of maize second crop and soybeans from
the Instituto Brasileiro de Geografia e Estatiistica (IBGE) database on Municipal
Agricultural Production, which synthesizes data from 1974 to 2019. However,
soybean data are more consistently available after 1988, and maize first- and
second-crop data have been reported separately only since 2003. To account for the
positive trend in agricultural outputs, we included years as a random effect in the
model. The number of samples in each model varied depending on the number of
years that each municipality reported data to the IBGE.

Drought. Using published literature for the Cerrado*-** and the Amazon regions,
we first identified the years when climate deviated from the historical mean
towards drier and warmer conditions. On the basis of the literature, the Cerrado
region faced extreme drought conditions during 1984, 1990, 2007 and 2016,
probably due to El Nifio phenomena. The Amazon region, on the other hand, had
drought events in 1997-1998, 2005, 2010 and 2015*-*%. On the basis of drought
occurrence, we created a dummy variable (1, drought; 0, normal). We recognize
that representing drought as a binary variable may mask heterogeneity in drought
occurrence and intensity but our analysis was limited by the fact that crop yield
data were available only at the municipal scale. More detailed, spatially explicit data
on both the response (crop yield) and predictor (drought occurrence) variables
would be preferable. Since these data are currently unavailable, we carefully
searched the literature for records of droughts that affected the entire region/
biome. Despite these limitations, our analysis detected a response in crop yields.
Future studies are needed to identify not only the impact of drought occurrence

and intensity, but also the type and timing of drought impacts on yields and
relevant time lags in that response.

Irrigation occurrence. Irrigation occurrence was obtained by the Brazilian Water
Agency database’. The agency reported the irrigated area in each municipality

in 2014 and has updated data to July 2020. To eliminate potentially confounding
impacts of irrigation on yield, municipalities where irrigation infrastructure is
present were included as an ‘irrigated’ group and all others in a ‘not irrigated’
group. The available irrigation data identify only municipalities where some
irrigation infrastructure exists, without giving details on when it was installed, the
spatial extent or location in the municipality, how much irrigation took place or
what crop types are affected. Therefore, the ‘irrigated’ group should be interpreted
as indicating municipalities where some irrigation is possible but not necessarily
where it has occurred. The “non-irrigated” group represents those municipalities
where irrigation is not taking place and has not impacted yield.

Monthly weather conditions. We evaluated the effect of monthly weather (from
September to June) on crop yields for each municipality that grows soybean

and maize in the Amazon (Mato Grosso) and Cerrado (Maranhao, Tocantins,
Piaui, Bahia and Goids). We extracted total monthly rainfall from 1981 to 2019
(CHIRPS*: 0.05° latitude x 0.05° longitude) and monthly average VPD from 1981
to 2019 (Terra Climate™: 0.04° latitude X 0.04° longitude). We selected these two
different sources of climate data given their fine resolution, good data coverage and
robustness®. We first harmonized the different data resolutions using the functions
‘aggregating’ and ‘resample’ available from the raster package in R 3.6.1. Climate
data were obtained and pre-processed in the Google Earth Engine Platform™, and
all the analyses were performed in R.

Whereas precipitation is a measure of water availability, VPD is a measure of
aridity calculated on the basis of the difference between the actual air humidity and
how much water the air can hold (saturation minus actual water vapour pressure).
Changes in the physiological function of the vegetation depend strongly on the
atmospheric demand for water, which is driven by VPD and net radiation''. The
VPD increases exponentially as a function of temperature (at constant humidity)
and can thus lower water-use efficiency—defined as the amount of biomass (or
grain) produced per unit of water'®. By increasing the evaporative potential of
the surrounding environment, high VPD can become the dominant driver of
water losses from evaporation and transpiration'®. In this context, it is a better
surrogate of crop yields than temperature, affecting crop productivity via a variety
of mechanisms. A high VPD tends to increase plant transpiration and thereby
water demand. Under high soil moisture, this may increase crop yields if extreme
conditions are not exceeded. Under low soil moisture, increased transpiration may
lead to water stress and negatively impact crop productivity™.

Model structure. Crop yields of maize second crop and soybean were modelled
separately for the Cerrado and Mato Grosso because of differences in their timing
and management. A total of four linear mixed models were built and run using

the Imer’ function in R (package Ime4*). Response variables were modelled as

a function of time, drought occurrence and monthly weather (as fixed terms),
whereas municipality ID and year were included as random terms. We started with
a global model including all explanatory variables and then selected the best model
(using the function ‘dredge’ in R package MuMIn®).

Drought effects on agricultural intensification. We analysed the climate
conditions associated with specific land-use transitions in the ACR during 2001-
2016. Relying on the same crop time series**!, we applied a two-year temporal
filter to identify the following transitions during the study period: (1) single to
double cropping (intensification), (2) double to single cropping (de-intensification)
and (3) double cropping to fallow (contraction). For each pixel where cropping
frequency changed, we extracted the following associated edaphoclimatic variables:
precipitation (CHIRPS™), VPD (TerraClimate™), onset of the raining season
(calculated as described in Arvor®') and soil characteristics at 0.05m depth (bulk
density, clay and sand content (50-2,000 um), soil organic carbon content). All
physical and chemical soil properties were obtained from the SoilGrids database®
(version 0.5.3). Previous analysis has shown that soil texture was not affecting

the relative importance of precipitation and VPD, and so we opted to exclude

it from this analysis. We have tested two different depth soil layers: 0.05m and
0.30m, which has not changed the outcome of the analysis. Also, it is important to
highlight that SoilGrids is a statistical product; as such, its variation in depth was
found to be small, and the data do not vary substantially between soil layers in the
study area®. We then compared the edaphoclimatic properties for each type of
transition (intensification, de-intensification and contraction) using a Wilcoxon
test (‘stat_compare_means’ function in R package ggpubr). We also calculated the
residence time of double cropping from 2005 to 2016, defined as the total number
of years in double cropping (even if not consecutive) divided by the maximum
number of years since double-cropping first occurred. All codes and data are
available at Zenodo repository*’.

Changes in double-cropping probability. To calculate the probability of
double-cropping occurrence as a function of climate, we first masked out all areas

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE

ARTICLES

where double cropping could not occur (for example, water bodies, conservation
units, indigenous lands). For remaining areas classified as double cropping, we
extracted the total precipitation and mean VPD for the growing season of each
year. On the basis of those data, we ran two logistic regressions with a logit link in
two models. The first considered the occurrence of double cropping as a function
of precipitation, with the year as a co-variable. The second considered double
cropping as a function of VPD, with the year as a co-variable. We estimated the
parameters for each of the two models and compared them to understand the
relative importance of these two key climate variables in cropping decisions.

Changes in climate space in the ACR. The set of climate variables used to define
a favourable climate for agriculture delineates an ideal climate space. The WD
here is a measure of atmospheric water demand that relates closely to soil moisture
and plant water stress. It is most sensitive to changes in temperature, such that
increases in temperature cause a large increase in WD. We define climate space

as the optimal area for a given land cover/use, adapting the method described by
Malhi et al.”” and Castanho et al.”“. Here, WD is defined as the minimum value of
climatological water deficit (CWD) attained during the growing season (September
to June), where the monthly change in WD is the difference between precipitation
(PPT; mm per month) and evapotranspiration (ET,; mm per month) for tall crops.
For month n

CWD,, = CWD,_; + PPT,, — ET},;Max (CWD, = 0)

(1)
WD = max(CWDsept_yr05 ---» CWDjune yr1)

For the first month of the growing season, WD, _, was set at zero, so each
agricultural year’s WD is independent from the previous one. We modelled ET,,,
calculated on the basis of a Penman-Monteith equation®”:

0.408A (Ry — G) + 7 1375 2 Tmin)
rs = )

A+y(l+ Cyuz)

where ET,, is the standardized reference crop evapotranspiration for tall (>0.5m)
crop surfaces (mm per month); R, is the calculated net radiation at the crop surface
(MJm~2 per month); G is the soil heat flux density at the soil surface (MJm=2 per
month); T'is the mean monthly air temperature (°C); and u, is the mean wind
speed at 2 m height, which was fixed at 3ms. Since data on saturation and mean
actual vapour pressure (e, and e,) were unavailable, we used the minimum air
temperature (T;,,) calculated for monthly time steps, as suggested previously*’. A is
the slope of the saturation vapour pressure—temperature curve (kPa°C™); y is the
psychrometric constant (kPa°C~); C, is the numerator constant that changes with
reference type and time step and C, is the denominator constant that changes with
reference type and time step (sm™).

To delineate the historical and potential future climate envelopes for the ACR,
we summarized the total precipitation during the growing season and WD for all
pixels classified as cropland in 2016°. Historical and future precipitation during
the growing season (1970-2017) were obtained from an ensemble of the 35 global
circulation models from the Coupled Model Inter-comparison Project phase 5%
(CMIP5), whereas WD was calculated as described above. For the future climatic
data, we considered two scenarios, RCP 4.5 W m~ and RCP 8.5 Wm™ CMIP5
seems to be an adequate choice because our temporal scale of assessment is
decadal, a scale that CMIP5 has a good accuracy®.

Farmers from southern and southeastern Brazil first arrived in the ACR
in the 1970s. Although the exact location of agricultural lands at that time is
unknown, agricultural expansion in the region has occurred gradually and will
probably continue, given continued investments by the region’s producers and
Brazil’s ongoing agricultural policies™. Given this, we assume that today’s (2016)
agricultural fields encompass the areas where the agriculture began in the region.
On the basis of the climatic characteristics for soybean, maize and cotton fields
in 2016, we drew the minimum convex hull that defines the ideal area for rainfed
agriculture. To calculate the effect of historic and potential future climate changes,
we considered the relative location of agricultural pixels within climate space,
comparing the convex hull of the 1970s with that of the present day and future
climate scenarios.

To characterize the relative rate of climate change for each agricultural plot,
we calculated the vector of change from one time step to another, considering
both the magnitude (speed) and direction of change. The vectors represent the
difference in initial and final values for precipitation and WD, thus providing an
integrated picture of the combined changes stemming from the two variables.
Angles between 181° and 270° represented decreased precipitations and increased
dry-season intensity.

Data availability

All the raw climate datasets analysed in this study are available in the Google Earth
Engine repository*’. Raw land-use transition data that support the findings of this
section are from published sources®”'. These data were used under license for the
current study and are available from the corresponding author upon reasonable
request and with permission of S.A.S. (sspera@richmond.edu).
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Code availability

Processed and extracted variables used directly in the analyses are available at
GitHub (https://github.com/ludmilarattis/effect-of-climate-on--agriculture/tree/
Agriculture_Climate). The scripts and datasets used to analyse the effects of climate
on agricultural production, land-use transitions and climate space are also available
on Zenodo at https://doi.org/10.5281/zenodo.5363671.
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Extended Data Fig. 1| Location of the study area relative to Brazilian biomes. The study region location relative to the Legal Amazon and Cerrado biome.
Approximately 68% of the study region falls within the Legal Amazon. The region spans the Cerrado (67.2%), Amazon (~27%) (the Legal Amazon and the
Cerrado biome have a 761km? overlap), Pantanal (3.2%), Caatinga (1.7%), and Atlantic Forest (1.3%) biomes.
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Extended Data Fig. 2 | Predicting crop yields as a function of monthly weather conditions. Soybean and maize second crop yields as a function of
precipitation and vapor pressure deficit at early stages of development. We predicted soybean (A B) and maize second crop yields as a function of VPD

and precipitation in Mato Grosso (A and C) and Cerrado (B and D). The effects of monthly weather were tested in drought (on the left of each panel) and
in non-drought (on the right of each panel) conditions.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Edaphoclimatic conditions in areas where the agriculture has either intensified and de-intensified. Edaphoclimatic conditions
in areas where the agriculture has either intensified and de-intensified. Precipitation (A), VPD (B) and Sand Content (c) of the growing season. In red,
double-cropping to fallowing; in brown, double- to single-cropping and in orange,from signle- to double-cropping. Only transitions with a consistency of
two years were considered. We have tested if the groups presented differences among their means using Kruskal-Wallis test and present it for each year.
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Extended Data Fig. 4 | Predicting double-cropping occurrence as a function of monthly weather conditions. Predicted values of changes in
double-cropping occurrence as a function of A) the observed precipitation and VPD, B) using year as a random term in the agricultural plots from 2002 to
2016. For each 100 mm decrease in the total precipitation the chances of double-cropping decreased by 2%. For each 1KPa increase in VPD, the chances
of double cropping decreased by 30%.
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Extended Data Fig. 5 | Climate envelope for the Amazon Cerrado region according to RCP 4.5 W/m. The climate envelope for the last 50 years in
the Amazon Cerrado Region based on past observed data: 1970-1979 (solid line in black); 2000:2009 (solid line in pink); and on future modeled data
(CMIP5—RCP 4.5 W m~2): 2020-2029 (dotted line in salmon) and 2060-2069 (dotted line in purple). Each pixel on the maps (on the left) correspond to

one point in the scatterplot (on the right). The colors on map are the same as the point falls on the background of the scatter plot. The convex hulls delimit
the climate conditions in the represented decade.
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Extended Data Fig. 6 | Magnitude of change of climatic conditions of each agricultural plot in the Amazon Cerrado Region. Quantifying the magnitude
of change of climatic conditions of each agricultural plot in the Amazon Cerrado Region. Panels A, C and E show the distribution of distance in mm each
agricultural plot had changed from 1970 to 2010 (A), from 1970 to 2030 (C) and from 1970 to 2060 (E). The direction of those changes are shown
in panels B (1970-2010), D (1970-2030) and F (1970-2060). All agricultural plots became warmer. In yellow those moving to warmer and wetter
conditions. In red those moving towards warmer and drier conditions. one point in the scatterplot (on the right).
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