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Brazil is currently one of the largest soybean and maize producers in the world. A dramatic increase in
total production of these grains was possible due to the implementation of double cropping systems (two
crops on the same land in the same agricultural calendar) in places where the wet season is sufficiently
long. Although several recent studies have assessed soybean productivity change in South America after
climate change, they have not considered important factors such as the decision whether or not to adopt

g"’y";‘l’rds" ) cult . double cropping systems and the incidence of diseases—both of which can influence planting dates.
sg;be:rf;(;ep lpdmg agriculture systems Here, we test five cultivars (expressed by total growing degree days) and 10 planting dates using two

crop models and four climate models to assess soybean productivity in Brazil after climate change. Our
results indicate that soybean productivity will increase in farms that choose to grow only one crop in the
agricultural calendar (planting dates occur usually in November-December). However, the productivity
of short-cycle cultivars planted in late September, typically sowed by farmers who chose to grow two
crops in the same agricultural calendar, may dramatically decrease. While delaying planting dates of
early planted cultivars can offset productivity loss, it may also compromise the possibility to plant a
second crop. Furthermore, additional deforestation can lead to increased productivity loss due to further
reductions in September and October rainfall. Urgent adaptation strategies are needed to maintain highly
productive double cropping systems in Brazil in the advent of climate change.

Crown Copyright © 2016 Published by Elsevier B.V. All rights reserved.

Climate change
Land use change

grain production in Brazil has been the extensive adoption of dou-
ble cropping systems, in which farmers sow a second crop (mainly

1. Introduction

Brazil is the second largest soybean producer and the third
largest maize producer in the world, contributing with 30% and 7%,
respectively, of the global harvest of these crops in 2013. Argentina
and Paraguay are also in the top six soybean producers. While
global production of these commodities nearly doubled from 1993
to 2013, soybean and maize production in Brazil and Argentina
increased three-fold. This enormous increase in production in the
last 20 years is even greater than the increase observed in the
United States, the main producer of these commodities worldwide
(FAO, 2014). One of the main drivers of these dramatic increases in
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maize, but cotton is also common) in the same space after soybean
has been harvested, optimizing the use of land and resources. Sec-
ond crop production was not particularly prevalent a decade ago,
but by 2014 it represented nearly 58% of the total area of harvested
maize (Conab, 2015).

Double cropping systems are favored by high annual rainfall, a
long wet season and a low variability of the onset of the wet sea-
son (Arvor et al., 2014). In most regions where double cropping has
been adopted, the wet season is about 6-7 months long and there is
very little margin for error in the timing of sowing and harvesting.
For double cropping to be viable, farmers need to ensure that the
soybeans are harvested in time for the second crop to mature while
climatic conditions are still favorable. Considering that sowing may
take as long as two to four weeks for a 10,000 ha soybean ranch in
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central-northern Brazil, farmers who aspire to use double cropping
systems typically choose to sow as soon as possible: at the end of
the sanitary break, when rainfall conditions are marginally favor-
able. The sanitary break, adopted by Brazil and Paraguay, is the 2-3
month period where soybean plants are absent from the fields as a
measure to control Asian soybean rust (Phakopsora sp). The break
typically lasts from June 15 to September 15/30 in Brazil. Sowing
soybean at the end of the sanitary break carries a relatively high cli-
mate risk but a low probability of rust infection, thereby reducing
the need to apply fungicides. Moreover, early harvested soybean
typically fetches higher market prices.

South American, and especially Brazilian, agricultural produc-
tion is projected to rise this century in order to meet part of the
increasing global demand for food. The FAO estimates that Brazil-
ian soybean and maize production may increase 37% and 13%,
respectively, in the next 10 years (OECD/FAO, 2015). Similarly,
the Brazilian Ministry of Agriculture, Livestock and Supply (MAPA,
from the acronym in Portuguese) estimates that the production of
these commodities will increase 33.9% and 26.3%, respectively. To
avoid negative environmental consequences, increases in Brazilian
food production should ideally not be achieved by a proportional
increase in the planted area, and double cropping agriculture sys-
tems might play an important role to achieve this objective.

The long-term viability of double cropping systems in Brazil is
critically dependent on future climatic conditions. However, recent
long-term climate assessments indicate that the wet season in
southern Amazonia is becoming shorter (Butt et al., 2011; Costa
and Pires, 2010; Fu et al., 2013) due to deforestation and changes
in atmospheric composition. Such changes in seasonality may be
incompatible with the adoption of double cropping systems (Arvor
et al, 2014).

Previous modeling studies of the impacts of climate change
on crop productivity often oversimplify the complex reality of
croplands (Rotter et al., 2011). For example, studies of soybean pro-
ductivity in South America after climate change typically consider
either fixed (Justino et al., 2013; Oliveira et al., 2013; Rosenzweig
et al,, 2014) or optimum planting dates (Rosenzweig et al., 2014)
and the use of only a single crop in the same agricultural calen-
dar. Critically, they have neglected the influence of plant infection,
oversimplifying the representation of soybean cultivars and plant-
ings dates that Brazilian farmers currently adopt and, by extension,
their likely adaptation to climate change. Even more recent stud-
ies, while overcoming some of the previous limitations, have not
incorporated the use of double cropping systems (e.g. Oliveira et al.,
2013; Rosenzweig et al., 2014). A more realistic model of Brazil-
ian agriculture needs to incorporate realistic representations of
cropping systems, planting dates and cultivars, all of which are
influenced by economic (e.g. profit) and biophysical (e.g. climate,
disease) factors.

Here, we use two gridded crop models and four climate mod-
els to assess how regional and global climate change may affect
soybean productivity until 2050 under the following realistic man-
agement options:

(i) farmers choose to plant short-cycle soybean cultivars immedi-
ately after the end of the sanitary break in order to grow two
crops in the same agricultural calendar;

(ii) farmers choose to sow soybeans only under favorable climate
conditions to obtain the highest productivity (one crop per agri-
cultural calendar).

Although our focus is soybean productivity in Brazil, we also
briefly discuss how the productivity of this commodity may change
in Argentina and Paraguay. The results presented here can con-
tribute to the development of effective solutions to mitigate the

negative effects of climate change in soybean productivity and to
maintain high levels of production in the region.

2. Methods
2.1. Gridded crop models description

We use two mechanistic gridded crop models (GCR) to evaluate
the change in soybean productivity after climate change (therefore
reducing the uncertainty related to model induced bias): the Light-
Use Efficiency Model—LUE (Costa et al., 2009; Oliveira et al., 2013)
and the Integrated Model of Land Surface Processes (INLAND, Costa
et al., manuscript in preparation). Even though the phenological
processes in both models are a function of temperature (accumu-
lated growing degree-days), they differ in complexity.

The simplest GCR is the LUE model, where carbon assimilation is
simulated using the concept of light-use efficiency. The intensity of
radiation, limited by temperature and the availability of soil water,
determines soybean daily dry matter net production. Total carbon
assimilation is allocated to leaf, stem, root or grains depending on
the phenological stage. Soybean productivity is estimated based on
the percentage of dry matter allocated to grains. The model oper-
ates in a daily time-step, and is fully described by Oliveira et al.
(2013).

The most complex crop model of our GCR ensemble is INLAND,
a fifth-generation land surface model that simulates the exchanges
of energy, water, carbon and momentum in the soil-vegetation-
atmosphere system, canopy physiology (photosynthesis, stomatal
conductance and respiration) and terrestrial carbon balance (net
primary productivity, soil respiration and organic matter decom-
position). Processes are organized in a hierarchical framework and
operate in time-steps of 60-min. This model is an evolution of
Agro-IBIS (Integrated Biosphere Simulator) (Kucharik and Twine,
2007) and has been developed as part of the Brazilian Earth Sys-
tem Model project, aiming to better represent Brazilian biomes (as
Amazon and Cerrado) and processes (fire, flooding and agriculture).
We use version 2.0, which includes the representation of four crops
in addition to 12 natural plant functional types.

Both models were run for the entire South America, with a grid
resolution of 1° x 1° (~110km x 110 km).

2.2. Experiment design

2.2.1. Planting dates and cultivars

In each individual simulation in this work (sets of simulations
are described in Section 2.2.2) we simulated 10 planting dates
(09/15, 09/25, 10/05, 10/15, 10/25, 11/05, 11/15, 11/25, 12/05 and
12/15) and 5 cultivars, that vary according to the accumulation of
growing degree-days (GDD) needed to achieve physiological matu-
rity — from the earliest to the latest cultivar: 1500, 1600, 1700, 1800
and 1900 GDD (base temperature 10°C), with typical total cycle
duration from 100 to 130 days. Therefore, for every model/scenario
we have 50 possible configurations of planting dates and cultivars
for each pixel. We then focus our analysis on two specific cases:

e ESOY: Short-cycle soybean cultivar (average cycle duration of
100 days) planted early right after the sanitary break (September
25th), to represent farmers who choose to harvest soybean in
time to plant a second crop in the same agricultural calendar;

e HSOY: Highly productive soybeans, representing farmers who
choose to plant only one crop in the same agricultural calen-
dar, and therefore can sow soybean under the most favorable
climate conditions. In this case, planting dates and cultivars at
each pixel are the ones that lead to highest yields among all of
the 50 simulated configurations.
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2.2.2. Land use and climate change scenarios

We conducted two sets of simulations, from 2011 to 2050, to
estimate the change in soybean productivity after climate change,
as follows.

2.2.2.1. Effects of land-use change and change in atmospheric com-
position on climate as in CMIP5 (RCP8.5). This group of simulations
accounts for the effects of land-use change and the change in atmo-
spheric composition on climate with both land use and atmospheric
composition according to the CMIP5 (Coupled Model Intercompar-
ison Project Phase 5) experiment. We assess the RCP 8.5W m~2
scenario (RCP8.5, Riahi et al., 2011) which assumes that climate
change leads to a radiative forcing of about 8.5Wm~2 in 2100, and
CO, concentrations increase from 387 to 541 ppmv from 2011 to
2050. This is considered a high emission scenario and, although it
is the most pessimistic among all four IPCC AR5 scenarios, it is also
the one that best represents the 2005-2014 emissions (Fuss et al.,
2014).

We run simulations for RCP8.5 with climate data from four
climate models: the Hadley Centre Global Environmental Model,
version 2 (HadGEM2-ES), the Model for Interdisciplinary Research
on Climate (MIROC-ESM), the Meteorological Research Institute
Coupled Atmosphere-Ocean General Circulation Model, version 3
(MRI-CGCM3) and the Norwegian Earth System Model, version 1
(NorESM1-M). Models ability to correctly simulate the onset and
the cessation of the wet season in soybean productive regions is
assessed in Appendix A. Although the models capture the spatial
patterns of precipitation compared to the Terrestrial Hydrology
Research Group (THRG) database (Sheffield et al., 2006), there are
tendencies to underestimate rainfall amounts and delays in model
wet season onset that ranges from 6 to 24 days, in the cropping loca-
tion studied. (see Appendix A). The following variables were used
as inputs for these simulations: mean, maximum and minimum
temperature (°C), precipitation (mm/day), incoming solar radia-
tion (W m~2), wind speed (m/s) and specific humidity (kgH, 0/Kgair)-
These simulations also consider the physiological effects of ele-
vated CO, concentration on carbon assimilation by soybeans. We
run simulations with input of all climate models, using both crop
models.

RCP8.5 provides a very comprehensive description of land use
change until the end of the 21st century, including the represen-
tation of transition from primary land to cropland, pasture, urban
areas and also the shift from all of these previous uses to the oth-
ers. However, regardless of the completeness of the transitions
depicted, each Earth System Model (ESM) implements land-use
differently, following the structure of their land surface models.

We examined land use data used in HadGEM2-ES and MIROC-
ESM (the main ESMs used in this study). In these models, the
amount of Amazonia and Cerrado deforested until the middle of
the century seems to be low: until 2050, total deforested area in
these biomes is smaller than 20% and 60%, respectively (Fig. 1), and
these levels of deforestation were already achieved in reality in the
early 2010’s. Such deficiency in land surface could also impact the
climate model data, including the time of onset of the wet sea-
sons used to drive the crop model simulations. Although Amazon
deforestation rates have dramatically decreased from 2005 to 2012
(Hansen et al., 2013), in 2013 the decreasing trends reversed and
started to increase again until 2015, according to PRODES (Projeto
de Monitoramento da Floresta Amazonica Brasileira por Satélite).
Even though deforestation has slowed down, currently there s little
evidence that agriculture expansion is coming to a halt in Cerrado
and Amazonia (Bowman et al., 2012; Lapola et al., 2014; Soares-
Filho et al., 2014; Dias et al., 2016). Therefore, we believe a second
evaluation with strong deforestation scenarios is needed to assess
the risk of land-use change its effects on climate. For this reason, we
run additional simulations to account for the biogeophysical effects

80
70 .
A
B0 :AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
aB
AAAAAAA

L 50 -
=
<
@
g 40 + .
B
£ 30 .
2
S
£
é’ 20 + .

10 OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
t + . I Il

0 f } f } f } f |
2010 2015 2020 2025 2030 2035 2040 2045 2050
Year

© Amazon - HadGEM2-ES
4 Cerrado - HadGEM2-ES

Amazon - MIROC-ESM
Cerrado - MIROC-ESM

©® Amazon - Pires and Costa (2013)

A Cerrado - Pires and Costa (2013)

Fig. 1. Scenarios of total Amazon and Cerrado deforested area according to RCP8.5
as implemented in models HadGEM2-ES and MIROC-ESM and in Pires and Costa
(2013).

of a more severe land-use change in Amazonia and Cerrado until
the middle of the century, as described below.

2.2.2.2. Effects of land-use change as in Pires and Costa (2013)
and change in atmospheric composition as in CMIP5 on climate
(LUCID +PC13). In a pioneer modeling study, Oliveira et al. (2013)
concluded that the isolated effects of a regional climate change
induced by intense land-use change in Amazonia could nega-
tively affect soybean productivity in a magnitude comparable to
the global climate change induced by a change in atmospheric
composition. Therefore, considering that CMIP5’s land use change
scenarios appear to be modest for central-northern South America
until 2050 (which could lead to underestimating the effects of cli-
mate change on soybean productivity), we chose to conduct a more
conservative analysis and assess a second group of simulations with
more intense land use trajectories.

In this set of simulations we use deforestation scenarios used in
Pires and Costa (2013), hereafter referred to as PC13,and CO, trajec-
tories according to CMIP5 experiment (RCP8.5 scenario). According
to a pessimistic perspective as RCP8.5, until 2050 deforestation
could reach ~40% in Amazonia and ~70% in Cerrado. We assessed
only four out of the 20 scenarios published by Pires and Costa
(2013): those that assume that deforestation in Pan-Amazonia will
reach 10%, 20%, 30% and 40% by 2050, combined with Cerrado
deforestation, ranging from 60 to 70%. The Amazon deforestation
scenarios are based on Soares-Filho et al. (2006) scenarios. The
A10Ceo (10% of Amazon deforestation and 60% of Cerrado defor-
estation) scenario is the control run, as it represents the average
situation in the period 1970-2000. Starting from an average 20% of
Amazon deforestation and 60% of Cerrado deforestation (AzqCgg)
in 2011-2020 period, we assume that by 2035, 30% of the Amazon
and 65% of Cerrado will be deforested (A39Cgs), and by 2050, 40%
of Amazonia and 70% of Cerrado will be deforested (A49C70).

Instead of using original CMIP5 simulations where the bio-
geophysical effects of land-use change are simulated (but
underestimated), we use CMIP5 simulations where land-use is
fixed so that climatic anomalies related to PC13 deforestation
scenarios could be added. Simulations with emissions according
to RCP8.5 and fixed land-use were previously run as a part of
the LUCID project (Land-Use and Climate, Identification of Robust
Impacts) (Brovkin et al., 2013), in the L2A85 experiment (atmo-
spheric composition of RCP8.5W m~2, but land-use fixed as in
2005). We use outputs for two models, HadGEM2-ES and MIROC-
ESM. To combine RCP8.5 and PC13, we adjusted LUCID climate
outputs (precipitation, temperature, wind speed, specific humid-
ity and solar radiation) to PC13 climate anomalies, as described in
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Appendix B, creating a new climate input—hereafter referred to as
LUCID +PC13. Even though adding the climate anomalies of two
different types of simulations (regional climate change and global
climate change) may miss interactions, second order processes or
feedbacks, it allows the representation of the most relevant pro-
cesses. Indeed, Costa and Foley (2000), who conducted a full climate
experiment to assess the effects caused by these different types of
climate change, concluded that the interaction between the two
processes is less than 10% of the sum of the individual processes.

Inputs for these simulations were also mean, maximum and
minimum temperature (°C), precipitation (mm/day), incoming
solar radiation (Wm~2), wind speed (m/s) and specific humid-
ity (kguoo/kgair) and the elevated CO, concentration (which also
directly affects soybean carbon assimilation). The changes of each
climate parameter in LUCID+PC13 as compared to RCP8.5 are
shown in Supplementary materia (Tables S1-S6). We run five
ensembles for each climate model (HadGEM2-ES and MIROC-ESM)
and for each GCR.

2.2.3. Significance tests

For each group of simulations described in Section 2.2.2, we
averaged the outputs of simulations of all ensembles (each indi-
vidual simulation of crop model forced by each climate model is
considered a member of the ensemble) and created an average
time-series (from 2011 to 2050) of soybean productivity, thereby
reducing uncertainty and model-related bias. We then tested the
hypothesis that the average soybean productivity changes from
the first to the last decade in the 2011-2050 period due to cli-
mate change. In other words, we test the hypothesis that soy
productivity in 2041-2050 (Y2041-2050) is different than the average
soybean productivity in 2011-2020 (Y2011-2020), being that differ-
ence related to the climate change that occurred between these
periods. We used the Student’s t-test, with a 5% level of signifi-
cance and n=10years to test this hypothesis, in the two groups of
simulations described in Section 2.2.2. We focus our discussion in
statistically significant changes in soybean productivity until the
middle of the century.

2.3. Productive regions

We individually evaluated the results of soybean productiv-
ity change in the main productive regions in South America
(Table 1), identified by the following acronyms: Mato Grosso (MT);
MATOPIBA, which aggregates results for Maranhdo, Tocantins, Piaui
and Bahia states; Central Brazil (CB), with results from Mato Grosso
do Sul, Goias, Minas Gerais and Sdo Paulo states; and Southern
Brazil (SB), for Paran4, Santa Catarina and Rio Grande do Sul. Even
though our focus is Brazil, we also briefly assess the changes in soy-
bean productivity for Argentina (AR) and Paraguay (PY). Together,
these regions accounted for about 95% of the soybean produced in

Table 1

MATOPIBA

MT

cs
20S —

sB

AR

PY

408 —

[
80W 60W 40W

Fig. 2. Analyzed productive regions. Each 1° x 1° pixel in Brazil shown here had
at least 5% of its area planted with soybean in 2012. For Argentina and Paraguay,
soybean planted area in 2000 is shown.

South America (Table 1) and 45% of the soybean produced world-
wide.

For Brazilian productive regions, we use the soybean planted
area from Dias et al. (2016), to filter pixels that have at least
5% of area planted with soybeans in 2012 (Fig. 2). For Argentina
and Paraguay, we used the soybean planted area in 2000, from
Monfreda et al. (2008).

3. Results
3.1. Effects of climate change in ESOY and HSOY productivity

The results of both the RCP8.5 and LUCID +PC13 simulations
indicate that the magnitude and direction of change in soybean
yield (Y)in South America varies spatially and in relation to planting
date (Fig. 3).

For short-cycle cultivars planted in rainfed conditions after the
end of the sanitary break (ESQY), Y is projected to decrease in
Central-Northern Brazilian regions until 2050 (Table 2 and Fig. 3a
and c). In these cases, according to both RCP8.5 and LUCID +PC13,
the physiological effects of an increased CO, atmospheric concen-
tration is not sufficient to offset a dramatic decrease in Y in response
to a more severe climate. This drop in ESOY productivity is induced
by a sharp decrease in precipitation during the transition from dry
to wet season when large-scale land-ocean interactions are less
influential (Lawrence and Vandecar, 2015). Costa and Pires (2010)

Main soybean productive regions in South America and their total production. Data for Brazilian states are from IBGE (2015). Argentina and Paraguay data are from FAO
(2014). Total South America and global production in 2012 was ~1.16 x 108 and 2.41 x 108 ton, respectively (FAO, 2014).

Region Acronym Production in 2012 (ton) % from total % from total
South America Global
production in production in
2012 2012

Maranhdo, Tocantins, Piaui and Bahia MATOPIBA 7.74 x 106 6.69 3.21

Mato Grosso MT 21.8 x 106 18.90 9.06

Central Brazil CB 17.6 x 106 15.26 7.32

Southern Brazil SB 18.0 x 108 15.54 7.45

Argentina AR 40.1 x 108 34.70 16.64

Paraguay PY 434 x 106 3.76 1.80

Total 1.10 x 108 94.85 45.49




290 G.F. Pires et al. / Agricultural and Forest Meteorology 228-229 (2016) 286-298
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Fig. 3. Percentage change in soybean yield from 2011-2020 to 2041-2050 after climate change. In (a) and (b) atmospheric composition and land use trajectories are according
CMIP5’s RCP8.5 scenario. In (c) and (d), atmospheric composition trajectories are according to CMIP5’s RCP8.5 scenario, but land use trajectories are according to Pires and
Costa (2013) tropical deforestation scenarios. Only pixels with statistically significant changes in productivity according to Student’s t-test (a.=5%) are shown.
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Fig. 4. Change in precipitation (%) from historical baseline (1985-2004) to the period 2031-2050 in RCP8.5 scenario for the months of September, October, November and

December for the different soybean productive regions considered in our study.

demonstrate the importance of both the native Cerrado and tropical
Amazon forest on the early onset of the wet season in these regions.
In fact, precipitation in MATOPIBA, MT and CB decreases more in
September-October than in November-December (Fig. 4a—c), with
sharper decreases in the LUCID +PC13 scenario. This event coin-

cides with the moment when double cropping farmers are sowing
soybean in these regions. This decrease in precipitation in transi-
tion months causes an increase in the dry season duration, and has
been widely reported in the literature, including modeling (Costa
and Pires, 2010; Fu et al.,, 2013) and observational (Butt et al., 2011)



Table 2

Change in soybean productivity from 2011-2020 to 2041-2050 for different South American productive regions, for short-cycle cultivars (1600 GDD) planted on Sep 25th (ESOY). In the second column, both atmospheric
composition and land-use change trajectories are according to RCP8.5. In the fourth column, atmospheric composition is according to RCP8.5 and land use change is according to (Pires and Costa, 2013). Cycle duration is longer
in southern regions due to lower temperatures.

Region ESOY productivity change according to RCP8.5 ESOY productivity change according to LUCID + PC13
Yrcps.s (2041 _2050)_YRCP8.5 (20] ]—2020) (%) Average cycle Yiucip+pcis (204]_2050)_YLUCID+PC13 (2011—2020) (%) Average cycle
duration (days) duration (days)

MATOPIBA —40.00 93 —-50.0' 90
MT -11.1 96 -30.0 93
CB -43 104 -11.8° 107
SB 11.9° 128 15.6° 129
AR 21.1 128 21.1 129
PY 0.0 99 0.0 100

" Statistically significant according to Student’s t-test, o =5% (n=10).

Table 3

Change in soybean productivity from 2011-2020 to 2041-2050 for different South American productive regions, for optimum cultivar and planting date (HSOY). In the second column, both atmospheric composition and land-use

change trajectories are according to RCP8.5. In the fifth column, atmospheric composition is according to RCP8.5 and land use change is according to (Pires and Costa, 2013).

Region HSOY productivity change according to RCP8.5

HSOY productivity change according to LUCID + PC13

MAX
YRCP8.5

(2041-2050)-Yjens 5(2011-2020) (%)

Average planting

Average cycle
duration (days)

YE/II.IAC)I(D+PC13(2041 _2050)_Y'|Yl[JAC)[(D+PC13

(2011-2020) (%

Average planting date

Average cycle
duration (days)

MATOPIBA
MT

CB

SB

AR

PY

10.8"
7.9
9.1

14.9
16.7°
0.0

Dec 05
Dec 05
Nov 15
Nov 05
Nov 15
Nov 05

127
124
127
138
126
112

39

22

9.4
15.7
11.5

6.7

Dec 05
Dec 05
Nov 25
Nov 05
Nov 15
Nov 05

127
121
132
137
131
113

" Statistically significant according to Student’s t-test, a=5% (n=10).
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studies. Regional assessment of CMIP5 scenarios indicates that a
longer dry season in these regions could become the norm through
the 21st century (Boisier et al., 2015; Fu et al., 2013). Moreover,
since CMIP5 scenarios may underestimate future changes in land
cover in South America and increases in the duration of the dry sea-
son have been associated with deforestation (Butt et al., 2011), the
CMIP5 projections for the increase in the duration of the dry season
in southern Amazonia are most likely underestimated.

Our simulations also show that MATOPIBA is predicted to be
the most affected region, and may lose 40% (50%) of ESOY pro-
ductivity according to RCP8.5 (LUCID +PC13). MT and CB ESOY
productivity are also negatively affected by climate change until
2050, and RCP8.5 simulations show a more moderate decrease (11
and 4%, respectively) than LUCID + PC13 (30 and 11%, respectively)
(Table 2). As LUCID + PC13 land-use scenarios are more severe than
those of RCP8.5 in central-northern Brazil (MT, CB and MATOPIBA),
the difference in productivity decrease between the two groups of
simulations is probably related to a stronger negative biogeophysi-
cal signal associated with tropical deforestation. In Southern Brazil
and Argentina, where the amount of deforested area is similar in
RCP8.5 and LUCID +PC13, both groups of simulations indicate that
ESOY productivity may increase by ~12-21% until the middle of
the century. In these cases, the change in precipitation after cli-
mate change is small (Fig. 4d-f), and this increase is most likely
due to higher levels of CO,.

For central-northern Brazilian regions, the results of the sim-
ulations are completely different if soybeans are planted under
optimum climate conditions. As mentioned before, HSOY planting
dates occur in November-December, when there are smaller neg-
ative effects of climate change in precipitation (Fig. 4). According
to both RCP8.5 and LUCID + PC13, HSOY productivity may increase
in South America until 2050 (Table 3), showing that adaptation
through changes in planting dates or cultivars can offset the effects
of climate change. In MATOPIBA, MT and CB, HSOY productiv-
ity may increase from ~8 to 11% to according to RCP8.5. CB may
increase by 9% according to LUCID+PC13 (Table 3). In general,
southern regions (SB, AR) are the most favored (from 11 to ~17%
increase). These increases in yield are most likely a consequence of
increased CO, atmospheric concentration.

3.2. Implications for double cropping systems in central-northern
Brazil

Our simulations strongly indicate that future climatic conditions
may be unfavorable to early-planted soybeans in central-northern
Brazilian productive regions. Specifically, ESOY productivity is
likely to decrease until the middle of the century, regardless of the
scenario. Nevertheless, although climatic conditions become worse
at the start of the crop calendar, Y improves for later dates (HSOY),
indicating that adapting planting dates has the potential to offset
soybean productivity losses caused by climate change.

Given that delaying planting dates improves productivity
responses after climate change, we assess the opportunity to main-
tain highly productive double cropping systems by delaying the
soybean planting dates to times of the year when the climate
may be more favorable. As previously mentioned, commodity agri-
culture in central-northern Brazil occurs on large ranches where
soybean cropland may be as extensive as 10,000 ha and the sowing
operation may take 2-4 weeks. To simplify this analysis, we there-
fore consider the duration of an average planting operation to be
20days.

We test new planting dates for short-cycle cultivars and choose a
threshold date at which soybean may reach physiological maturity
and can be harvested. We assume that farmers may take 20 days to
harvest soybeans and sow maize, and that maize cycle lasts about
120 days and must reach physiological maturity in May—by which

time the dry season has already started with potentially negatives
effects on productivity. We consider that there is a high proba-
bility that a double cropping system is viable if soybean reaches
physiological maturity by the beginning of January. Similarly, we
consider that there is medium probability that a double cropping
system is viable after climate change if soybean reaches physio-
logical maturity by the middle of January. After this date double
cropping systems are considered unviable.

Fig. 5 shows how productivity of early-planted soybean culti-
vars change in MATOPIBA (Fig. 5a) and MT (Fig. 5b) after adapting
the beginning of the planting operation from Sept-25 to Oct-5,
Oct-15, Oct-25, Nov-5, Nov-15, Nov-25, Dec-5 and Dec-15 after cli-
mate change. The 20-day sowing operation is marked by dashed
boxes with values greater than the unit indicating an increase in
yield. Black symbols indicate scenarios of high probability of suc-
cessful double cropping systems (physiological mature soybean by
January 1st), while grey symbols indicate medium probability of
success (physiological mature soybean by January 15th), and white
symbols indicate low probability of success (soybean reaches phys-
iological maturity after the dates mentioned above), and a second
crop would fail. As expected, progressively adapting planting dates
to later than September 25 gradually decreases productivity losses
(values smaller that the unit) and, at some point, Y starts to increase
(values greater than the unit). Considering such behavior, it is pos-
sible to broadly estimate the time of year that adapting planting
dates would lead to a minimum loss (or increase in Y) while there
is still high probability that double cropping is viable.

In MATOPIBA (Fig. 5a), according to RCP8.5 delaying the begin-
ning of the planting operation to October 5 in 2041-2050 may
lead to an increase of Y (relative to soybean planted in 09/25 in
the first decade—Ypg/25(2011-2020)) during almost all the plant-
ing operation. In this case there is medium to low probability that
double cropping is viable in this region by the middle of the century.
According to LUCID +PC13 delaying the beginning of the plant-
ing operation to October 5 in 2041-2050 may lead to a decrease
of Y in the first 10 days of the planting operation (as opposite to
RCP8.5) and to a moderate increase in Y for the last 10 days. Here,
a double cropping system would be viable in only half of the large
farms (those planted until October 15). Delaying the beginning of
the planting to later than October 15 still does not allow a second
crop, but soybean productivity is higher due to favorable climatic
conditions and increased atmospheric CO, concentration.

In MT (Fig. 5b) the scenario is more pessimistic. According to
both RCP8.5 and LUCID +PC13, even though delaying planting to
October 5 leads to improvement in Y, the probability to plant two
crops in the same agricultural calendar lowers (medium probabil-
ity) in nearly all farms. Starting planting after October 15 gives a
low probability to plant a second crop. Again, the main difference
between the two simulations is that LUCID + PC13 leads to lower
Y than RCP8.5. In summary, regardless of the scenario, the sus-
tainability of highly productive double cropping systems may be
threatened in Mato Grosso. In northern Mato Grosso, where the
wet season is slightly longer (7-8 months), the prognosis is more
optimistic. In these regions, starting planting on October 15 may
still be viable since there is medium to high probability to plant a
second crop and Y slightly increases (not shown). After this date, a
double cropping system is still unviable in northern MT.

4. Discussion and conclusions

Sowing short-cycle soybean cultivars after the sanitary break
is currently economically attractive for Brazilian producers for at
least three reasons: (1) the probability of infection with rust is low,
reducing the need to apply fungicides; (2) the market prices for
early harvested soybeanis higher thanin the peak of harvesting sea-
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Fig.5. Soybean productivity change [Y4(2041-2050)/Y09/25(2011-2020), where d are the planting dates assessed in this study] after climate change. Full black boxes (circles)
represent soybean planting dates that lead to a high probability that double cropping systems are still viable according to RCP8.5 (LUCID + PC13). Full gray boxes (circles)
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windows.

son, and; (3) there is the climatic possibility to plant a second crop
in the same agricultural calendar. For many farmers the possibility
of increased profit offsets the risk of sowing soybean under uncer-
tain climatic conditions (mainly precipitation) in the beginning of
the wet season.

The results of our assessment strongly suggest that the average
climate risk may increase for soybean planted after the sanitary
break in the main productive regions in central-northern Brazil
until 2050, regardless of the scenario, crop model or climate model
used. This result is mainly caused by the predicted reduction in
precipitation during the transition months from the dry to the wet
season, when double cropping farmers are sowing soybean. In con-
trast to the general expectation that soybean yield may increase in
an elevated atmospheric CO, concentration scenario (Porter et al.,
2014), our simulations strongly suggest that the positive physiolog-
ical effects of increased atmospheric CO, concentration may not be
sufficient to offset the negative effects of dryer conditions during
the cycle of early-planted soybean cultivars. Furthermore, contin-
uing deforestation may lead to sharper decreases in productivity
until 2050, indicating that the expansion of the agricultural frontier
may cause negative feedbacks for agricultural productivity.

Moving planting dates of short-cycle cultivars from September
25 to October 5 in MATOPIBA and MT may slightly increase soybean
productivity without recourse to any sophisticated technological
technique. However, adopting such a strategy will decrease the
probability of successful double cropping. Again, elevated levels
of deforestation are predicted to have negative impacts, limiting
productivity responses and leading to more modest increases in
productivity as compared to lower deforestation scenarios.

If farmers still choose to adopt double cropping in central
Northern Brazil, future sowing windows would have to narrow
substantially (to 10days, at maximum) for large farms that cur-
rently need several weeks to complete the planting operation. Our
simulations strongly suggest that the sustainability of double crop-
ping systems may be threatened in central-northern Brazil, and that
clearing additional areas to offset productivity losses may result in
negative feedbacks that further decrease productivity.

In contrast, sowing soybean in November-December when rain-
fall conditions are more favorable may reduce climate risk and
even increase productivity. This is because soybean photosynthetic
processes may be favored by higher atmospheric CO, concentra-
tions. Nevertheless, sowing later in November-December carries
an increased phytosanitary risk, higher production costs (through
the increased use of fungicides) and precludes double cropping.

Adopting such a strategy would therefore significantly decrease
total grain output (soybean + maize) and profits in these regions.

According to all simulations, the regions most affected (cur-
rently producing 25% of Brazil soybeans and 12% of global soy)
will be the major Brazilian production region (Mato Grosso) and
MATOPIBA, where the exploration has begun more recently. The
latter has attracted farmers from different parts of the country due
to low land prices and a topography that facilitates mechanization.
Indeed, MATOPIBA is one of the largest expanding agriculture fron-
tiers in the world, and is considered by the Brazilian Ministry of
Agriculture as strategic to the economic development of the whole
country. While the government intends to support the develop-
ment of local farmers (Decree 8.447), adaptation to climate change
has not been considered in the MATOPIBA development strategy.
Our results strongly suggest that such ongoing investment in the
region is a high risk strategy if the risks associated to global and
regional climate change are not adequately addressed.

In summary, soybean farmers in central-northern Brazil will
soon be forced into some difficult trade-offs. Either plant immedi-
ately after the sanitary break and lose productivity while retaining
the option to plant a second crop, or plant later and gain productiv-
ity at an increased risk of rust infection and losing the opportunity
to plant a second crop. In either case, our simulations suggest that
without further adaptation the current production of soybean and
maize may not be sustainable in some major productive regions
of Brazil. Effective and urgent adaptation strategies are required
to maintain highly productive double cropping systems until the
middle of the century, such as:

¢ technological solutions focused on the initial stages of soybean
cycle, especially for short-cycle cultivars when water deficit will
be larger (for example, new drought tolerant seeds to current
cultivars, or the development of new drought tolerant cultivars);

¢ investment in high-yield short-cycle soybean and maize cultivars
(90-100days cycle each)—such cultivars already exist, but have
low yields;

e incorporation of climate prediction in the Climate Risk Agri-
cultural Zoning (or Zoneamento Agricola De Risco Climatico, in
portuguese) recommendations. These recommendations, which
are criteria for agricultural credit in Brazil, are based on past cli-
mate time-series and may miss some of the dynamics introduced
by climate change, especially the shortening of the wet season.
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If these adaptation strategies fail and productivity losses caused
by the shortening of the wet season are confirmed, farmers may
decide to shift to areas with more favorable precipitation regimes
causing yet more deforestation. Such additional deforestation will
cause further reductions in the length of the wet season and in rain-
fallin September and October, feeding back again on yields. In other
words, large scale agricultural expansion in northern Brazil will
cause the degradation of the climate regulation ecosystem service
it relies on.

Itis clearly essential to anticipate risks related to climate change,
including climate change caused by the expansion of the agriculture
frontier. It is also important to reinforce measures to halt deforesta-
tion in Northern Brazil, both in Amazonia and the Cerrado—where
deforestation rates are high and there is weak conservation gov-
ernance. In addition to the obvious conservation benefits of such
measures, the preservation of tropical biomes in South America
may, ironically, be one of the key strategies to maintain highly
productive and globally important agricultural lands of Brazil.
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Appendix A. Climate models

With the objective to select suitable Climate/Earth System Mod-
els to represent future climate we chose to evaluate simulated
historical precipitation, a variable that is essential to simulate
rainfed agricultural productivity, but is one of the most poorly sim-
ulated physical processes in Earth System Models (ESMs).

Here we assess the historical simulations (1985-2004) of four
global models from the Coupled Model Intercomparison Project Phase
models 5—CMIP5 (Taylor et al., 2012) that contributed to the Inter-
governmental Panel on Climate Change Fifth Assessment Report (IPCC
AR5). Table A1 lists the models used in this study.

The seasonal climatology of simulated precipitation over South
America for the period 1985-2004 was evaluated based on the
Terrestrial Hydrology Research Group (THRG) database, published
by Sheffield et al. (2006). Fig. A1 shows the daily mean precipi-
tation (mmy/day) for different South American Monsoon System
(SAMS) phases (December-February (DJF), March-May (MAM),
June-August (JJA) and September-November (SON)) as in THRG
and as simulated by the selected CMIP5 models.

During the DJF and MAM periods, although general patterns are
similar to THRG, CMIP5 models show some deficiencies. MIROC-

ESM underestimates the South Atlantic Convergence Zone (SACZ)
and therefore is drier than THRG. MRI-CGCM3, NorESM1-M and
HadGEM2-ES models overestimate the intensity of the Inter Tropi-
cal Convergence Zone (ITCZ). However, models performance seems
to be better during the JJA period, with good agreement with THRG
in Central-South America. In SON, months that soybean is usually
sowed in Brazil, all the models slightly underestimate precipitation
in central Brazil, but represent it well it for Argentina and Paraguay.

According to the annual cycle for each productive region
(Fig. A2), models generally underestimate precipitation for nearly
all months in comparison to THRG. From all models, HadGEM2-ES
has the best performance in central-northern Brazilian productive
regions and is reasonably closer to THRG, although it slightly over-
estimates it from June to January.

In addition to the amount of water that precipitates monthly
in the main productive regions, it is also crucial to asses if mod-
els adequately capture the wet season onset and cessation in the
study region, especially in central-northern Brazil where double
cropping farmers rely on the onset of rainfall to plant the first crop
and also in the duration of the wet season to plant a second crop.
Although there are different methodologies to define the wet sea-
son, here we focus on Arvor et al. (2014) method which is based
on agronomic criteria. This method is based on the premise that,
in order to have good productivity levels, soybean plants cannot be
subjected to long dry periods after the beginning of the wet season.

We calculated the index of Anomalous Accumulation (AA),
whichis the cumulative difference between daily rainfall (R)in each
day (n) and a reference value (R.¢f) as in Eq. (A1):

t

AA() = (R(n) ~ Reey) (A1)

n=1

We considered R, as 2.5 mm/day, representing the minimum
water requirement of soybean plants in its early phenological
stages. The onset and the cessation of the wet season are defined as
the minimum and maximum values, respectively, in the AA series.

The wet season onset and cessation days in the baseline period
(1985-2004) are shown in Fig. A3. Models ability to correctly sim-
ulate these dates varies among regions. In all regions except for
PY models tend to delay the onset date in comparison to THRG.
In average, models tend to simulate a 20-day delay in MATOPIBA
(Fig. A3a), a 17-day delay in MT (Fig. A3b), a 16-day delay in CB
(Fig. A3c) and a 24-day delay in SB (Fig. A3d). Models performance
is better in AR and PY, where de difference in the onset dates are
restricted to a few days (6 and —8 days, respectively). In addition,
models simulation also tend to anticipate the cessation of the wet
season in comparison to THRG (12 days in MATOPIBA (Fig. A3a),
16days in MT (Fig. A3b), 32days in CB (Fig. A3c), 50days in SB
(Fig.A3d),26 daysin AR (Fig. A3e) and 29 days delay in PY (Fig. A3f)).

Table A1
List of CMIP5 models used in this study.
Model name Acronym Institute
Model for Interdisciplinary Research on MIROC-ESM Atmosphere and Ocean Research
Climate Institute (The University of Tokyo),
National Institute for Environmental
Studies, and Japan Agency for
Marine-Earth Science and Technology
Meteorological Research Institute Coupled MRI-CGCM3 Meteorological Research Institute
Atmosphere-Ocean General Circulation Model, (MRI)
version 3
Norwegian Earth System Model, version 1 NorESM1-M Norwegian Climate Centre (NCC)
(medium resolution)
The Hadley Centre Global Environmental HadGEM2-ES Hadley Centre

Model, version 2




G.F. Pires et al. / Agricultural and Forest Meteorology 228-229 (2016) 286-298 295

HadGEM2-ES

s W aow s N aow sV

2 4

MIROC-ESM

MRI-CGCM3 NoreSM1-M

o aow sow = 30w qow e 30V

6 8 10 mm/day

Fig. A1. Daily mean precipitation (mm/day) during the phases of the SAMS as in THRG (a-d) and simulated by HadGEM2-ES (e-h), MIROC-ESM (i-1), MRI-CGCM3 (m-p) and

NorESM1-M (g-t).

In addition to simulating a delayed onset and cessation of the wet
season in average, models also tend to underestimate the variabil-
ity of these dates (Fu et al., 2013). Among all models, HadGEM2-ES
performance is the most satisfactory in nearly all regions (Fig. A3).

This deficiency to correctly simulate the variability of the wet
season onset and end dates in Southern Amazonia may be related to
inability to correctly simulate changes in the convective inhibition
energy and the position of the Subtropical Jet over South America
in austral winter in IPCC AR5 models (Fu et al., 2013). Therefore,
IPCC AR5 models simulation may also underestimate the changes
in wet season onset and end dates in response to climate change
until 2050.

Appendix B. Climate input for LUCID + PC13 simulations

To combine RCP8.5 and PC13 to create synthetic time evolution
of global climate change with more severe land-use trajectories
than RCP8.5, we adjusted LUCID climate outputs (precipitation;

average, maximum and minimum temperature; wind speed; spe-
cific humidity and solar radiation) to PC13 climate anomalies,
creating a new climate input for crop models referred to in this work
as LUCID +PC13. More specifically, we adjusted LUCID daily data
(Brovkin et al., 2013) to the monthly difference (or ratio) between
adeforestation scenario of PC13 (A0 Ceo, A30Cs5 Asoc70) and A19Cep
(control) scenario.

For each month of the 2011-2050 period, we calculated the dif-
ference between the deforestation scenario and the control run for
mean, maximum and minimum temperature (°C):

Cdf = Cd:LUCID + (Cm:scenario - Cm;A]OCGO)

Cg4r=final daily climate input (emission +land use change sce-
nario);

Cg:Lucip = daily LUCID climate variable;

Cim:scenario = monthly mean Pires and Costa (2013) climate vari-
able (A59Cgp from 2009 to 2020; A39Cgs from 2021 to 2035; A40Co
from 2036 to 2050)



296

15 ——

_ (a) MATOPIBA

o 4

©

S 12 5

2 e

S 94 °

e *

B o

§ 6 - ] X

o

[0]

e

= - A

g 3 0

< y
0 +—T T F

15
— (c) CB
_§ )iy
Sz =
E F
c e X
g 9 A 1) x. I
g a d
2 e
S 0 a /Y
> @,
&
S 3 - / .
Z Q g I
R [
0 — T H

Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dec

15
- (d) AR
>
]
T 12 A -
£
£
S 91 -
S
=3
8 6 :
o ]
o g i
(<) < iy
o
o 3 é% B
>

0 T ‘-‘

Jan Feb Mar Apr May Jun JuI Ago Sep Oct Nov Dec

Months

G.F. Pires et al. / Agricultural and Forest Meteorology 228-229 (2016) 286-298

15
P (b) MT 5
1. X *

12 - =
2 -

9 * T
] p
i & 4

6 - -

3 - 8 -
] o L

0 o |

Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dec

15
| () sB »
12 =
9 - X S
AA -
X704 S
6 - Ot
o * oA A
] « 4| b
: OB O\_j
3 3 2 <
s} &= |
*oE_A 6
] 5 L
0 — T

Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dec

15
1 (e) PY Ensemble I
1 —THRG L
12 4 A-NorESM1-M L
| O-MRI-CGCM3 |

£-MIROC-ESM

1 X-HadGEM2-ES i
94 A -
X K

6

>x
PO X
t

w
JBthr
O
x
o)
X
£e)
O
T

0 T T 1 T T é T T 1 T
Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dec

Months

Fig. A2. Daily mean precipitation for each month of the period 1985-2004 as in THRG and as simulated by the models: MIROC-ESM, MRI-CGCM3, NorESM1-M and HadGEM2-
ES. The monthly averages are calculated over the soybean planted area in South America (Fig. 2).

Cm:a10ceo = monthly mean climate for A;oCgp Pires and Costa
(2013) scenario.

For precipitation (mm/day), incoming solar radiation (W/m?),
wind speed (m/s) and specific humidity (kgy,o/kgair) we used the
same approach described above, but calculated the ratio, instead
of the difference, between the climate scenario and the control run

(A10Cs0):

Cm:scenario

Car = Ca;ucipX
4 ’ Cin;a10c60

Even though adding the climate anomalies of two different types
of simulations (regional climate change and global climate change)

may miss second order processes or feedbacks, it allows the rep-
resentation of the most relevant processes involved. Indeed, Costa
and Foley (2000), who conducted a full climate experiment to assess
climate change caused by these different types of climate change,
concluded that the interaction between the two processes is less
than 10% of the sum of the individual processes.

Tables S1-S6 in the Supplementary material show the climate
change that occurs during soybean growing season of each climate
input simulated by RCP8.5 and estimated by LUCID +PC13, from
2011-2030 to 2031-2050, to all of the soybean productive regions
considered in this study.
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Appendix C. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.agrformet.2016.
07.005.
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