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Abstract
Climatic change effects on crop yields are expected to be crop- and site specific.

Here, Decision Support System for Agrotechnology Transfer models were used to

evaluate climatic change effects and mitigation strategies on maize (Zea mays L.)

and soybean [Glycine max (L.) Merr.] yields in soils of the subtropical and semi-arid

region of Chaco. Simulations were performed for the DK747 and A8000 genotypes,

calibrated for the CERES-Maize model in a previous report and for the CROPGRO-

Soybean model in the present study, respectively. Both crops markedly differ in their

response to climatic change and putative levels of atmospheric CO2 concentration.

The observed significant reductions in maize yields in future climate scenarios (5–

42% compared with the baseline, 1986–2010) were more associated with increased

temperatures that shortened the crop cycle than with water stress. Delaying the sow-

ing date is a feasible strategy to mitigate this effect. Projected temperature increases

are expected to play a secondary role in determining soybean yields. Instead, water

stress will continue to be an important constraint to soybean yield in the context of

global warming, but this effect is strongly affected by rainfall regimes. Responses

to raising CO2 levels were more pronounced in soybean (+10–40%) than in maize

(+2–4%). Soil degradation exacerbated the negative effects of global warming on

crop yields, especially on maize, which highlights the importance of soil conserva-

tion practices. The observed high interannual climatic variability and the different

sensitivities of maize and soybean to climatic variables indicate that crop diversifi-

cation would be the key to improve the resilience of the agrosystems under the future

scenarios.

1 INTRODUCTION

Global climate changes are expected to continue in the future
if the current trajectory of anthropogenic greenhouse gas

Abbreviations: DSSAT, Decision Support System for Agrotechnology
Transfer; NRMSE, normalized root mean square error; RCP, IPCC
Representative Concentration Pathway
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emissions is maintained (Zhao et al., 2017). Agriculture is
one of the human activities most affected by global warm-
ing because crops are directly affected by temperature and by
other variables expected to change according to future sce-
narios such as rainfall and air CO2 concentration (Challinor
et al., 2014; Rose, Osborne, Greatrex, & Wheeler, 2016). It
is assumed that those effects are crop specific due to the
particular requirements of each crop (Teixeira, Fischer, van

Agronomy Journal. 2021;113:1381–1393. wileyonlinelibrary.com/journal/agj2 1381

https://orcid.org/0000-0002-9398-7224
https://orcid.org/0000-0001-8419-2473
mailto:rubio@agro.uba.ar
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/agj2


1382 CASALI ET AL.

Velthuizen, Walter, & Ewert, 2013). Current predictions also
indicate that the effects of climate change are site specific
and not uniform across latitudes and regions (Challinor et al.,
2014; Teixeira et al., 2013). Indeed, crops cultivated in sub-
tropical regions are expected to be more severely affected than
those cultivated in temperate regions (Amouzou et al., 2019;
Tao & Zhang, 2011; Teixeira et al., 2013). Therefore, it is crit-
ical to quantify the impact of climate change on crop yields to
assess the risks for food security and to identify strategies to
mitigate the expected adverse effects.

During the past decades, maize (Zea mays L.) and soybean
[Glycine max (L.) Merr.] crops have spread to areas previ-
ously considered marginal, such as the semi-arid and sub-
humid Chaco region, an extensive area in South America
that includes part of Argentina, Paraguay, Brazil, and Bolivia
(Casali, Rubio, & Herrera, 2018; Dominguez, & Rubio, 2019;
Fehlenberg et al., 2017; Giménez, Mercau, Houspanossian, &
Jobbágy, 2015). Along with the United States, Argentina and
Brazil are among the major world exporters of maize and soy-
bean. The expansion of the agricultural frontier was locally
favored by the increase in annual rainfall (∼18% in the last
decade) (Ricard, Viglizzo, & Podestá, 2015) and commod-
ity prices and by the adoption of no-tillage, which is a more
cost-effective practice than conventional tillage. The expan-
sion process was so dramatic that it made this area one with
the highest rates of deforestation in the world (Kuemmerle
et al., 2017). Global studies simulating the effects of climate
change on the productivity of maize and soybean show a high
level of uncertainty for the Chaco region (Elliott et al., 2014;
Rosenzweig et al., 2014). However, we did not find specific
studies focused on the Chaco region, where maize and soy-
bean provide the main economic support of the local commu-
nities. This lack of knowledge is particularly acute for those
management strategies intended to minimize economic risks
and diminish the impact of future yield constraints (Fodor
et al., 2017). Irrigation practices are currently almost non-
existent in the region, so their implications for crop yield
need to be considered as a potential strategy (Elliott et al.,
2014). Delaying sowing dates may also be a feasible strategy
to cope with climatic constraints (Saseendran, Ma, Nielsen,
Vigil, & Ahuja, 2005). For maize under current climatic con-
ditions, Maddonni (2012) reported that delaying the sowing
date would improve the water balance in the critical period,
but it could also increase the risk of heat stress during the
reproductive periods.

Climate change impacts on agricultural production may be
affected by the soil degradation process (Mullan, 2013). For
example, a rise in mean temperatures may increase soil water
evaporation and soil carbon losses, which, combined with
a higher frequency of extreme rainfall events, may increase
soil erodibility and reduce soil fertility (Lal, 2012; Nearing,
Pruski, & O’neal, 2004). Soils from subtropical and tropical
regions are in general more vulnerable to degradation than

Core Ideas
∙ We studied climate change by soil degradation

interactions on maize and soybean.
∙ Soil degradation exacerbated negative effects on

crop yields, especially on maize.
∙ Soil conservation practices help mitigate the

impacts of climate change.
∙ Crop diversification is essential to improve the

resilience to climate change.

those from temperate regions (Ross, 1993; Rubio et al., 2019),
especially in cases where native forests are converted to agri-
cultural land (Guillaume, Damris, & Kuzyakov, 2015). There-
fore, they may be more susceptible to the effects of global cli-
mate change, and considering putative soil conditions in the
future may enhance the accuracy in the predictions for the
agricultural consequences of climate change. Furthermore,
there is a growing urgent need to design agronomic practices
that mitigate the effects of climate change on crop yields and
preserve the soil capacity to provide ecological services.

Agronomic simulation models are a valuable tool for study-
ing the simultaneous effects on crop yields of multiple fac-
tors that otherwise would be very difficult to evaluate through
field experiments. For example, they are highly suitable for
predicting crop yields under climate change scenarios (Lobell
& Burke, 2010). The Decision Support System for Agrotech-
nology Transfer (DSSAT) is a platform that simulates crop
growth and development by integrating soil, climate, crop,
and management submodels. The DSSAT models CERES-
Maize and CROPGRO-Soybean have been successfully used
to assess the impact of climate change and/or climate variabil-
ity on agricultural productivity (e.g., Amouzou et al., 2019;
Battisti et al., 2017; Ma et al., 2017) and were evaluated for
different Argentine conditions with relatively low estimation
errors (e.g., Casali et al., 2018; Caviglia, Sadras, & Andrade,
2013; Merlos et al., 2015). Although DSSAT models were
originally developed in temperate regions, they have also been
used in tropical and subtropical ones (Amouzou et al., 2019;
Battisti et al., 2017; Liu et al., 2013).

This paper provides an evaluation and application of the
CERES-Maize and CROPGRO-Soybean models under dif-
ferent climate and atmospheric CO2 concentration scenarios
and crop management regimes with a focus on the semi-arid
Chaco region. Our objectives were (a) to evaluate the effect of
expected climate change and atmospheric CO2 concentration
scenarios on maize and soybean yields in soils with different
degree of degradation and (b) to evaluate the effect of irri-
gation and sowing dates as possible strategies to mitigate the
impact of climate change.
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2 MATERIALS AND METHODS

2.1 Study area

The study area is located at Quimili (27˚38′ S, 62˚25′ W), a
representative location of the semi-arid Chaco region. This
region exhibits one of the highest rates of deforestation in
the world (Kuemmerle et al., 2017) and is starting to show
increasing signs of soil degradation (Osinaga, Álvarez, &
Taboada, 2018). Historical average annual precipitation is
692 mm (Angueira, Prieto, López, & Barraza, 2007), follow-
ing a monsoonal pattern with higher precipitation in summer
(December–March) than in winter (June–September). Sum-
mer crops are frequently exposed to temperatures above 30 ˚C
during the late-vegetative and reproductive stages, making
them frequently affected by heat stress (Casali et al., 2018).
Agricultural soils are mainly Haplustolls and Argiustolls.

2.2 Calibration and validation of crop
models

The models CERES-Maize and CROPGRO-Soybean, which
are part of DSSAT v4.5 (Hoogenboom et al., 2010), were
used to assess the impact of climate change, soil degradation,
and agricultural practices on grain yields of maize and soy-
bean. The CERES-Maize model has been calibrated in the
study area for the cultivar DK747 in a previous report (Casali
et al., 2018), whereas the CROPGRO-Soybean model was cal-
ibrated for the cultivar A8000 as part of the present study.
The dataset for soybean calibration was collected from field
experiments managed by the National Agricultural Techno-
logical Institute located at La María (28˚03′ S, 64˚15′ W),
Las Breñas (27˚04′ S, 61˚04′ W), and Charata (27˚07′ S,
61˚13′ W). The experiments covered a wide range of sow-
ing dates (2 October to 13 January) and were fertilized to
avoid hydric and nutrient deficiencies. The fact that the exper-
iments included irrigated and rain-fed conditions and cov-
ered a wide range of environmental conditions resulted in
a wide variability in soybean yields (1,000–4,500 kg ha−1),
crop cycle length (107–207 d between sowing and full matu-
rity), number of grains (940–2,940 grains m−2), and aver-
age grain weight (0.10–0.18 g). Overall, the dataset used for
calibrating the A8000 cultivar covered 41 plots. Validation
of the calibrated cultivar was made with a second dataset
that was collected from farmer-managed field experiments.
This dataset covered a wide environmental and management
range and included the following sites: Capdevila (27˚23′ S,
61˚30′ W), Cejolao (27˚30′ S, 62˚17′ W), El Colorado (27˚53′

S, 62˚12′ W), Las Breñas (27˚6′ S, 61˚6′ W), Loro Blanco
(26˚48′ S, 61 ˚12′ W), Los Frentones (26˚23′ S, 61˚23′ W),
Otumpa (27˚6′ S, 62˚30′ W), Pampa del Infierno (27˚36′ S,

62˚23′ W), Pinedo (27˚18′ S, 61˚17′ W), Quimili (27˚36′ S,
62˚23′ W), and Roversi (27˚36′ S, 61˚53′ W). The data set
was obtained from field experiments belonging to the Guay-
acán and Gancedo-La Paloma farmers groups from CREA
(an association of farmers for improving techniques through
the exchange of experiences) and to the Soybean Cultivation
Evaluation Network from Aapresid (an association similar to
CREA, which focuses on conservation agriculture and sus-
tainability) and the National Agricultural Technological Insti-
tute. Sowing dates of these field experiments were concen-
trated in December and January. Precipitation during the crop
cycle varied from 315 to 790 mm. Plant density was between
20 and 30 plants m−2, and the distance between rows was
52 cm in most cases. The average grain yield was 3,095 kg
ha−1. The experiments that had one or more of the following
characteristics were not considered for the model validation:
(a) missing basic data such as precipitation, plant density, or
sowing date; (b) precipitation values 30% or more below the
average for the specific year; and (c) crop yield values 40%
or more below the average of others in the same environ-
ment (because it can be attributed to measurement errors or to
the incidence of pests or diseases). Overall, the dataset used
for validating the CROPGRO-Soybean model for A8000 cov-
ered 51 paddocks. The accuracy of the models’ outputs was
assessed by the RMSE, the RMSE expression as a percentage
of the observed average (normalized RMSE [NRMSE]) (Wal-
lach, Makowski, Jones, & Brun, 2014), the adjustment index
d (Willmott et al., 1985), and the R2 (Steel, Torrie, & Dickey,
1980).

2.3 Crop modeling and climate scenarios

Crop management practices used in our DSSAT simulations
were set to reflect the usual practices of local farmers. The
sowing date and distance between rows for both crops were
31 December and 52 cm, respectively. Crop density was
6 plants m−2 for maize and 24.5 plants m−2 for soybean. Soy-
bean was set as the preceding crop for soybean, and maize was
set as the preceding crop for maize. Maize and soybean culti-
vars were assumed constant for all climate scenarios. Crop
residues were not incorporated, assuming no-tillage, which
is the most widespread soil preparation practice in the study
area. Each simulation started at the harvest date of the pre-
decessor crop, approximately 6 mo prior to the sowing date.
Initial soil nitrate availability was set at 150 kg ha−1, based
on soil analyses conducted locally. The initial soil water avail-
ability was set at 60% of the soil water storage capacity.

Climate data for the crop simulations were derived from
a multi-climate model ensemble. We used mean values of
daily observations across four general circulation models,
with the best performance according to a previous report
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T A B L E 1 Original and modified soil parameters for the three soil profiles used in the simulations

Not degraded Moderately degraded Degraded
Horizon Ap IIAC IIC1 IIC2 Ap IIAC IIC1 IIC2 Ap IIAC IIC1 IIC2

Depth, cm 0–15 15–47 47–77 77–200 0–10 10–42 42–72 72–195 0–5 5–37 37–67 67–190
Clay, % 15 7 9 9 15 7 9 9 15 7 9 9

Sand, % 31 52 48 46 31 52 48 46 31 52 48 46

Organic C, % 1.32 0.58 0.32 0.32 1.18 0.52 0.28 0.28 1.06 0.47 0.2 0.2
Total N, % 0.13 0.09 0.05 0.04 0.13 0.09 0.05 0.04 0.13 0.09 0.05 0.04

Curve number 73 83 93

Note. Soil characteristics that were modified to generate the degraded soils are bolded.

in the study site (Secretaría de Ambiente y Desarrollo Sus-
tentable de la Nación, 2014). In this report, the perfor-
mance of 27 models belonging to the CMIP5 base (Stouf-
fer, Taylor, & Meehl, 2011; Taylor, Stouffer, & Meehl, 2012)
(available at 3cn.cima.fcen.uba.ar) was evaluated for sev-
eral Argentinean regions through the Unique Model Val-
idation Index approach. This index varies between 0 and
1, with values close to 1 indicating the best performances.
According to this approach, the four best models for our
study site were CNRM-CM5, CMCC-CM, CSIRO-Mk-6-0,
and MRI-CGCM3, with IUVM values of 0.9, 0.78, 0.71,
and 0.70, respectively. These models provide daily rainfall,
daily maximum and minimum temperature, and the other
climate data required to run DSSAT. The predictive capac-
ity of the multimodel ensemble was verified through cor-
relation analysis with data obtained from a local (Quimili)
meteorological station for the period 1994–2010. The results
were satisfactory (R2 = .99, .97, and .93 for monthly means
of maximum and minimum temperatures and precipitation,
respectively).

Our simulations were carried out in seasonal mode and con-
sidered three time horizons: (a) baseline climate (1986–2010),
(b) near future (2015–2039), and (c) far future (2075–2099).
We considered two IPCC Representative Concentration Path-
ways (RCPs) scenarios that modulate contrasting conditions
that may occur in the future: RCP 4.5 (which assumes some
stabilization in the emissions of greenhouse gases) and RCP
8.5 (which reflects the current trajectory of CO2 emissions)
(IPCC, 2014) (Figure 1). Because the model does not esti-
mate solar radiation values, they were calculated using the
Hargreaves and Samani (1985) equation. Simulations were
conducted under a baseline concentration of CO2 (360 μmol
mol−1) and under a range of higher concentration levels (van
Vuuren et al., 2011) (550, 425, 525, 450, and 800 μmol mol−1

in the scenario 1986–2010, 2015–2039 RCP 4.5, 2075–2099
RCP 4.5, 2015–2039 RCP 8.5, and 2075–2099 RCP 8.5,
respectively). The inclusion of CO2 treatments for the histori-
cal weather data was made only for comparative purposes and
to conduct statistical analysis that allows the proper partition
of variance.
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F I G U R E 1 (a) Average monthly temperature and (b) cumulative
monthly precipitation in Quimili in five climate scenarios generated by
the multi-model ensemble: baseline period (1986–2010), near future
(2015–2039), and far future (2075–2099) under two emission scenarios
(RCP 4.5 and 8.5)

2.4 Soils

The soil used for our simulations was an Entic Haplustol 7
de Agosto series, which is the main soil in Quimili accord-
ing to the Santiago del Estero Geographic Information Sys-
tem (SigSE) (Angueira et al., 2007). The pristine condition of
this soil, as described in the SigSE data base, was assumed to
represent nondegraded soils (Table 1). Two additional simu-
lated soils were generated to represent moderately degraded
and degraded soil conditions. For this purpose, the proper-
ties considered key to define the course of the degradation
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process due to agricultural activities (Seybold, Herrick, &
Brejda, 1999) were modified from the pristine condition (i.e.,
10 and 15% reduction in the percentage of organic C and 5 and
10 cm reduction in the depth of the surface horizon, respec-
tively, for the moderately degraded and degraded soil condi-
tion) (Table 1). Additionally, the curve number was increased
by 10 and 20 units for the two degraded conditions. This
curve number is a dimensionless soil-water retention param-
eter from DSSAT that varies from 0 to 100 and estimates the
infiltration and runoff rates (Ritchie, 1998).

2.5 Crop management strategies

Two crop management strategies were evaluated: sowing date
and irrigation. There were three sowing date treatments (con-
ventional, 31 December; early, 10 December; and late, 20 Jan-
uary) and two irrigation levels (nonirrigated and irrigated).
The irrigated treatment was generated with DSSAT through
automatic watering whenever soil moisture reached 50% of
the total water storage capacity, and the total water storage
capacity was brought to a value of 100%.

2.6 Statistical analyses

Factorial ANOVAs were performed considering the climate
scenarios, CO2 levels, soils conditions, sowing dates, and irri-
gation levels. The outputs of the model were analyzed sepa-
rately for current and elevated CO2 levels for the two irrigation
levels and for the three sowing dates.

3 RESULTS

3.1 Climate change scenarios

The multi-model ensemble predicted significant increases in
average monthly temperatures for the future climate scenar-
ios (Figure 1). Increases in maximum temperatures averaged
0.2 and 1.3 ˚C for the less dramatic (RCP 4.5) and 0.4 and
2.3 ˚C for the most dramatic scenario (RCP 8.5) in the near
and distant future, respectively. Regarding minimum temper-
atures, the multi-model ensemble predicted average increases
of 0.4 ˚C and an average increase of 1.6 ˚C for the RCP 4.5 sce-
nario in the near and distant future, respectively. For the RCP
8.5 scenario and the same periods, the increases are predicted
to be 0.5 and 3.1 ˚C, respectively. Regarding total annual rain-
fall, the predictions do not show clear trends across climate
scenarios and time periods. In terms of seasonality, climate
predictions for the future scenarios indicate rainfall increases
over the baseline period during the late spring and summer
months (November–February) (Figure 1).

3.2 Maize

Simulated maize yields were significantly affected by CO2
levels, climate scenarios, and soil degradation (Table 2).
The effect of CO2 enrichment was low (average +2.7%),
whereas the effect of climate scenarios was more promi-
nent (Figure 2). Compared with the 1986–2010 period,
the average maize yields under RCP 4.5 were 6 and 20%
lower in 2015–2039 and 2075–2099, respectively (Figure 2),
whereas under RCP 8.5 the average maize yields were 7
and 43% lower in 2015–2039 and 2075–2099, respectively.
These decreases in crop yields were associated with the
shortening of the crop cycle prompted by higher temper-
atures (Figure 3). For example, the crop cycle was 17 d
shorter (i.e., −16%) in the scenario of highest tempera-
tures (2075–2099; RCP 8.5) compared with the 1986–2010
period.

Soil degradation × climate scenario was the only sta-
tistically significant interaction between the studied factors
(Table 2). Whereas in the 1986–2010, 2015–2039/4.5, and
2015–2039/8.5 scenarios no significant effect of soil degrada-
tion was detected on maize yields, both RCP emission scenar-
ios associated with the distant future (i.e., 2075–2099) were
sensitive to the soil condition. In 2075–2099/4.5, maize yields
were 1 and 7% lower in moderately degraded and degraded
soil compared with the nondegraded condition, whereas
in 2075–2099/8.5 maize yields were 4 and 14% lower,
respectively.

Specific simulations were performed to evaluate the effects
of anticipating or delaying sowing dates 20 d before or
after December 31 (i.e., the sowing date considered opti-
mal nowadays) under rainfed conditions and 360 μmol mol−1

air CO2. Obtained results indicated a significant effect of
sowing date on the grain yield of maize and that climate
scenarios and soil degradation levels modified this effect
(Table 3). Delaying sowing dates led to significant increases
in maize yields. As compared with sowing on 31 Decem-
ber, sowing on 10 December and 20 January caused an 18%
decrease and an 18% increase in yields, respectively (Fig-
ure 4). The largest effect was observed in the 2075–2099/RCP
8.5 scenario, in which maize yield increased by 40% when
maize was sown on 20 January compared with 31 Decem-
ber. In contrast, in the 1986–2010 period, the yield differ-
ence between these sowing dates was 12%. The duration
of the grain filling period was also significantly affected
by the sowing date, which for the 2075–2099/RCP 8.5 sce-
nario rose from 31 d for those plants sown on 31 Decem-
ber to 37 d on those sown 20 d later. Regarding the inter-
action sowing date × soil, maize sown early (10 December)
showed a significantly lower yield (−15%) in the degraded
soil than in the other two soils. In contrast, no significant
effects of soil condition were observed in the other two sowing
dates.
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F I G U R E 2 Maize yields (+ SEM) simulated by the CERES-Maize model in three soils (not degraded, moderately degraded, and degraded)
under two irrigation treatments (rainfed and irrigated), five climate scenarios (baseline period, 1986–2010; near future, 2015–2039; far future,
2075–2099), and two emission scenarios for each future scenario (RCP 4.5 and 8.5). In all cases, the sowing date was 31 December, and the
simulations were run with the baseline level of CO2 (360 μmol mol−1) and with the increased levels (550, 425, 525, 450, and 800 μmol mol−1 in the
scenarios 1986–2010, 2015–2039/RCP 4.5, 2075–2099/RCP 4.5, 2015–2039/RCP 8.5, and 2075–2099/RCP 8.5)
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F I G U R E 3 (a) Crop cycle length simulated by CERES-Maize and (b) CROPGRO-Soybean under five climate scenarios (baseline period,
1986–2010; near future, 2015–2039; far future, 2075–2099) and two emission scenarios for each future time period (RCP 4.5 and 8.5). In all cases,
the sowing date was 31 December, and the simulations were run with the baseline level of atmospheric CO2 concentration (360 μmol mol−1) under a
nondegraded soil. Bars represent SEM. In the mean comparison test for each crop, a < b < c < d; the same letter indicates no significant differences
between the climate scenarios at a level of .05 using the Tukey test

3.3 Soybean

The simulated soybean phenological and yield data for the cal-
ibrated A8000 (Supplemental Table S1) were in good agree-
ment with the measured data. The NRMSE values were below
20% for the different simulated phenological and growth
variables (Supplemental Table S2), indicating a “good” to
“excellent” agreement between observed and predicted values
(Jamieson, Porter, & Wilson, 1991). In particular, the number
of days to R1 and R7 was simulated with great accuracy, with

NRMSE values of 10.9 and 4.1% and a difference of just one
day (Supplemental Table S2). Yield was simulated satisfac-
torily, with an NRMSE of 18%, an R2 of .69 and an over-
estimation of 9.4% of the observed average (Supplemental
Table S2).

Simulated soybean yields were significantly affected by the
climate scenario, CO2 level, soil degradation, and irrigation
treatments and by the interactions irrigation × climate sce-
nario and CO2 level × climate scenario (Table 2). Among
these factors and in contrast to maize, the level of CO2 was one
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F I G U R E 4 Simulated maize yield by the CERES-Maize model
for three sowing dates (10 and 31 December and 20 January) and five
climate scenarios (baseline period, 1986–2010; near future, 2015–2039;
far future, 2075–2099) and two emission scenarios for each future
scenario (RCP 4.5 and 8.5). In all cases, the simulations were run with
the current level of atmospheric CO2 concentration (360 μmol mol−1),
rainfed conditions, and under a nondegraded soil. Bars represent SE

of the main factors regulating soybean yield. In general, ele-
vated CO2 levels led to higher yields (Table 2; Figure 5). Com-
pared with the current CO2 levels, yield increased by 24, 10,
13, 22, and 40% in the scenarios 1986–2010, 2015–2039/RCP
4.5, 2015–2039/RCP 8.5, 2075–2099/RCP 4.5, and 2075–
2099/RCP 8.5, respectively (Figure 5). Given the important
effects of CO2 levels on soybean yields and that this fac-
tor showed significant interactions with the climate scenar-
ios (Table 3), we performed independent ANOVAs for current
and elevated CO2 levels (Table 4); accordingly, the results are
shown for each CO2 concentration.

3.3.1 Current CO2 level

Under the current CO2 level, irrigation effects on soybean
yields were modulated by the climate scenario (Table 4).
Irrigation significantly increased yields by 12 and 7% for
the 1986–2010 and 2075–2099/RCP 4.5 periods, respectively
(Figure 5), whereas no significant effects were observed for
the other climate scenarios. The positive effects of irrigation
on soybean yields were observed under the three soil condi-
tions (Table 4), averaging 4, 4, and 5% for the nondegraded,
moderately degraded, and severely degraded soils, respec-
tively (Figure 5). Averaging all treatments, degraded and mod-
erately degraded soil conditions decreased soybean yields by
3 and 2%, respectively. As mentioned above, the effects of the
different climate scenarios on soybean yields differed between
rainfed and irrigated conditions. Under irrigated conditions,
the 2075–2099 RCP/4.5 scenario was the only one in which
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T A B L E 3 F values and significance level of the effects of climate scenarios, soils, and sowing dates on simulated grain yield of maize

Climate
Scenario (C) Soil (S)

Sowing date
(P) C × S C × P S × P C × S × P

F value 457.3 16.3 591.5 0.75 13.2 6 0.22

p value *** *** *** ns *** *** ns

Note. The simulations were carried out under rainfed conditions and with the current level of CO2 (360 μmol mol−1).
***Significant at the .001 probability level.
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F I G U R E 5 Soybean yields (± SE) simulated by the CPOPGRO-Soybean model in three soils (not degraded, moderately degraded, and
degraded) under two irrigation treatments (rain-fed and irrigated), five climate scenarios (baseline period, 1986–2010; near future, 2015–2039; far
future, 2075–2099) and two emission scenarios for each future scenario (RCP 4.5 and 8.5). In all cases, the sowing date was 31 December, and the
simulations were run with the current level (360 μmol mol−1) and increased levels (550, 425, 525, 450, and 800 μmol mol−1) of CO2 in the scenarios
1986–2010, 2015–2039/RCP 4.5, 2075–2099/RCP 4.5, 2015–2039/RCP 8.5, and 2075–2099/RCP 8.5

soybean yields showed significant differences (a 9% reduc-
tion) compared with the reference period. Within the nonir-
rigated situations, soybean yield was 8 and 11% significantly
higher in the 2015–2039/RCP 4.5 and 8.5 treatments than in
1986–2010, respectively (Figure 5).

Sowing dates consistently affected soybean yields across
the different climate scenarios and soil degradation treat-
ments, as shown by the nonsignificant interactions between
them (Table 5). In contrast to maize, delaying soybean sow-
ing dates led to significant decreases in crop performance,
even though the duration of the crop cycle was not affected
(Figure 3). Compared with 31 December, sowing on 10
December or 20 January caused an increase of 6% and a
decrease of 19% in soybean yields, respectively (Figure 6).

3.3.2 Elevated CO2 levels

Soybean yields under high CO2 levels were significantly
affected by climate scenarios, irrigation, and the interaction
between them but remained unaffected by the soil condition

(Table 4). The effects of the climate scenario did not follow
a clear pattern in terms of RCP or in terms of the evaluated
period of years (Figure 5). In line with current CO2 results,
under elevated CO2, irrigation significantly increased yields
by 11 and 7% for the 1986–2010 and 2075–2099/RCP 4.5
scenarios, respectively, compared with rainfed conditions. In
the other climatic scenarios, irrigation effects were not statis-
tically significant (Figure 5). Under rainfed conditions, cli-
mate scenarios effects were only significant for the 2075–
2099/8.5 treatment, with a 14% yield increase compared with
1986–2010. On the other hand, under irrigated conditions the
climate scenarios 2015–2039/4.5, 2015–2039/8.5, and 2075–
2099/4.5 compared with the reference period showed yield
decreases of 12, 9, and 5%, respectively.

The effects of sowing dates differed between climate sce-
narios (Table 5; Figure 6). No differences between the 10
December and 31 December sowing dates were found in all
tested climate scenarios. Instead, sowing on 20 January com-
pared with 31 December decreased yields by 16, 20, 21,
16, and 15% in 1986–2010, 2015–2039/4.5, 2015–2039/8.5,
2075–2099/4.5, and 2075–2099/8.5, respectively.
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T A B L E 4 F values and significance levels of simulated soybean yield as a function of climate scenarios, soils, and irrigation

Climate Scenario
(C) Soil (S)

Irrigation
(I) I × C I × S C × S C × S × I

Current
CO2

F value 16.99 4.85 30.77 7.62 0.19 0.09 0.04

p value *** *** *** *** ns ns ns

Elevated
CO2

F value 69.24 1.83 28.98 7.74 0.17 0.08 0.04

p value *** ns *** *** ns ns ns

Note. The simulations were run with the current level of CO2 (360 μmol mol−1) and with a range of increased atmospheric CO2 levels (550, 425, 525, 450, and 800 μmol
mol−1 in the scenarios 1986–2010, 2015–2039/RCP 4.5, 2075–2099/RCP 4.5, 2015–2039/RCP 8.5, and 2075–2099/RCP 8.5. In all cases, the sowing date was 31 Dec.
ns, not significant.
***Significant at the .001 probability level.

4 DISCUSSION

The marked seasonality of the rainfall regime has determined
the historical prevalence of summer crops in the subtropi-
cal and semi-arid Chaco. According to the multi-model cli-
matic ensemble considered in this study, the advantages of
summer crops will be maintained in the future under the
expected global change, whereas winter crops will still have
little chance of success due to the extreme scarcity of win-
ter rains (Figure 1). Although no significant changes in the
total annual amount of rainfall are expected, the seasonal pat-
tern will be further accentuated according to climate predic-
tions, with an increasing rain concentration in summer. Cli-
mate models also predicted an increase in the mean maximum
and minimum temperatures, suggesting that crops will face a
greater heat stress and a larger water demand, especially in
summer (Figure 1).

Simulated maize yields in the semi-arid Chaco clearly
diminished under the evaluated RCP climate scenarios. Under
the extreme scenario (2075–2099/RCP 8.5), yield decline was
particularly severe: −43% compared with the baseline period.

This decline was more associated with increased tempera-
tures than with water stress because the rising temperatures
(Figure 1) led to shorter growing periods with fewer days for
grain filling (Figure 3) and lower yields (Figure 2). Because
certain limitations of the CERES-Maize model in simulating
the effects of heat stress have been reported (e.g., Gabaldón-
Leal et al., 2016), even a more severe effect of heat stress
than the one predicted here might take place. Evidence on the
prevalence of temperature over water deficit as the main fac-
tor responsible for future yields comes from the low impact
of irrigation in all future scenarios, contrasting with the
more pronounced positive responses in the baseline control
(Figure 2). In sharp contrast to maize, both RCP climatic sce-
narios exerted a relatively minor influence on soybean yield
(Figure 5). Mixed results appeared when analyzing the role of
water as a limiting factor for soybean yields. The robust and
positive response to irrigation observed in the baseline period
confirms that water availability has been the main local limit-
ing factor for soybean yields. However, the predicted increase
in rainfall in future scenarios would lead to a dilution of water
as a major constraint, which explains the lower response to

T A B L E 5 F values and significance level of the simulated soybean yield as a function of climate scenarios, soils, and sowing dates

Climate
scenario (C) Soil (S)

Sowing date
(P) P × C P × S C × S C × S × P

Current CO2

F value 15.35 5.41 238.8 1.9 0.08 0.14 0.02

p value *** *** *** ns ns ns ns

Elevated CO2

F value 43.89 3.96 211.5 2.19 0.17 0.15 0.02

p value *** * *** * ns ns ns

Note. The simulations were performed under rainfed conditions, and with the current (360 μmol mol−1) and elevated levels of atmospheric CO2 (550, 425, 525, 450, and
800 μmol mol−1 for the 1986–2010, 2015–2039/RCP 4.5, 2075–2099/RCP 4.5, 2015–2039/RCP 8.5, and 2075–2099/RCP 8.5 scenarios. ns, not significant.
*Significant at the .05 probability level.
***Significant at the .001 probability level.
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F I G U R E 6 Soybean yield simulated by the CROPGRO-Soybean model in nondegraded soil with three sowing dates (10 and 31 December and
20 January) and under five climate scenarios (baseline period, 1986–2010; near future, 2015–2039; and far future, 2075–2099) and two emission
scenarios for each future scenario (RCP 4.5 and 8.5). The simulations were performed without irrigation, with the current level of CO2 (360 μmol
mol−1) and with the elevated CO2 levels (550, 425, 525, 450, and 800 μmol mol−1) in the scenarios 1986–2010, 2015–2039/RCP 4.5,
2075–2099/RCP 4.5, 2015–2039/RCP 8.5, and 2075–2099/RCP 8.5. Bars represent SEM

irrigation. Moreover, no positive responses to irrigation are
predicted for the more severe scenario (RCP 8.5), which may
be associated with increased rainfall in the critical periods of
January and February (Figure 1). Our findings are in line with
previous works that identified temperature as the main factor
defining maize performance in the context of global change,
with a prevalence of declines in yields (Bassu et al., 2014;
Rose et al., 2016; Tao & Zhang, 2011). They are also consis-
tent with recent modeling and meta-analysis reports, which
observed a greater sensitivity to rising temperatures in maize
than in soybean (Justino et al., 2013; Rose et al., 2016; Zhao
et al., 2017).

Previous reports from both CO2 enrichment experi-
ments and modeling studies indicated that CO2 enrichment
enhanced maize (a C4 plant) yields under drought, but under
well-watered conditions yield responses were less consistent
(Meng et al., 2016; Twine et al., 2013). In our simulation with
maize, irrigation had a minor effect on yields, whereas CO2
levels had a very moderate effect (<3%). In contrast to maize,
soybean (a C3 plant) showed strong and positive responses to
elevated CO2 levels, with yield gains being up to 40% in the
2075–2099/RCP 8.5/800 μmol mol−1 CO2 scenario. The high
response of C3 plants to CO2 enrichment is well documented
and is related to the photosynthetic pathway (e.g., Fodor et al.,
2017; Twine et al., 2013). Substrate saturation of the photo-
synthetic enzymes from C4 plants occurs at about 400 μmol
mol−1, a value very close to the current ambient CO2 level
(Fodor et al., 2017). This C3/C4 difference in photosynthetic
behavior is captured by the DSSAT models (Hoogenboom
et al., 2010).

A particularly useful feature of DSSAT is the ability to
simulate soil water dynamics. For example, Liu et al. (2013)
showed that the CERES-Maize and CROPGRO Soybean
models provide reasonable predictions of water dynamics
and crop yields in Mollisols managed with either conven-
tional or conservation tillage practices. Our simulations con-
ducted in Mollisols indicated that soil degradation accen-
tuated the negative effects of climate change, especially on
maize yields (Figure 2). Compared with the baseline period,
maize grown on degraded soils showed yield reductions of 7,
8, 23, and 48% in 2015–2039/RCP 4.5, 2015–2039/RCP 8.5,
2075–2099/RCP 4.5, and 20752099/RCP 8.5, respectively.
The yield decline of maize in the degraded soils averaged
21%. Maize yields in nondegraded soils were on average 18%
lower compared with the baseline period in the corresponding
four future climate scenarios (6, 7, 18, and 40%). In contrast,
soil degradation effects on soybean yields were restricted
to the nonirrigated treatment in all climate scenarios, which
suggests that soil degradation impaired the water supply to
the crop and that irrigation would have masked that effect.
The higher impact of soil degradation on maize compared
with soybean might be explained by their higher nutrient and
water demand. Overall, the obtained results indicated that the
impact of soil degradation varied according to the magni-
tude of this degradation and to the climatic scenario. How-
ever, as clearly explained by Powlson, Stirling, Thierfelder,
White, and Jat (2016), soil conservation practices should be
seen as contributing to climate change mitigation, regardless
of their effect on crop yields. They deliver other services, such
as soil carbon sequestration and a consistent improvement
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in soil quality, which greatly increase soil resilience to cli-
mate change, avoiding irreversible damages such as soil losses
through erosion (Powlson et al., 2016). In the particular case
of the deforested soils of semi-arid Chaco, conservation prac-
tices seem to be imperative, taking into account their inherent
fragility and the need to ensure an appropriate physical envi-
ronment for water conservation and root exploration (Rubio
et al., 2019).

The date of sowing exerted remarkable effects on simu-
lated maize yields (Figure 4). The more extreme the climate
change scenario was, the greater the benefit of delaying the
sowing date among the range tested here. Delaying sowing
until 20 January increased maize yield by 29% compared with
10 December in the 1986–2010 period and by 27–134% in the
four future climate scenarios. Late sowing implies that maize
plants are exposed to lower temperatures and consequently
have a longer growth cycle and grain filling period (Saseen-
dran et al., 2005). Although in general the best soybean per-
formance was verified under the intermediate sowing dates,
in some cases early dates yielded more than the intermedi-
ate dates. The divergent effects of changing sowing dates on
maize and soybean yields are not unexpected given the greater
sensitivity of maize to the rising temperatures. The contrasting
results between both crops extend observations made by Ole-
sen et al. (2011) and Teixeira et al. (2013), which identified the
change in crop calendars as key adaptive solutions to reducing
the negative impacts of climate change on agriculture.

Effective mitigation of climate change is highly relevant
for maintaining agricultural production and future food
security, especially in areas where crop growing conditions
are expected to be less favorable. Several crop management
strategies emerge from our simulations as tools to alleviate
the consequences of climate change in the semi-arid Chaco.
As mentioned, delaying the sowing date arises as a relatively
simple tool to help in handling global warming for maize
cropping systems. Instead of changing sowing dates, irriga-
tion may be a tool for sustaining soybean yields depending on
the rainfall regimes, as shown by the RCP scenarios. In terms
of genotype selection or crop breeding, the obtained results
for maize show that traits associated with longer maturity
periods and higher grain filling rates should be introduced
to mitigate climate change effects (Ma et al., 2017). For
soybean, traits associated with drought tolerance, such as
deeper root systems or reducing sensitivity of grain filling
period to water deficit, are useful features that guide crop
breeders in developing new genotypes (Battisti et al., 2017).
Climate change adaptation strategies need to be locally
relevant to be viable. In this sense, the findings of this study
have important implications for climate change adaptation in
the Chaco region. They can be beneficial to assign priorities
for adaptation strategies, including alternative sowing dates
and adoption of irrigation and soil conservation practices,
for the two most grown crops. Insights presented here can be

used to set breeding goals for the development of new hybrids
and varieties, particularly to account for the multiple stresses
that soybean and maize will face in Chaco. Furthermore,
management strategies coping with climate variability proved
to be critical to cope with the threat of climate change in
this region. Our study also shows methodological limitations
that should be addressed. Future research will be supported
by the availability of more synergistic and holistic research
frameworks that include reliable quantification of uncertainty
and tools for performing simulation at appropriate levels of
spatial complexity. Such a framework, relying on modeling
and local characteristics will lead to better methods for
linking simulation to real-world adaptation options. For this,
it is also critical to increase the collection of local information
of the environment, such as weather data, from more sites
and the impact of rehabilitation practices for degraded soils.
Because diversification proved to be a key adaptation strategy,
local results from experiments testing alternative cropping
systems (e.g., integrated crop–livestock–forestry systems)
are currently lacking but may be highly helpful to extend the
scope of recommendations beyond maize and soybean.

5 CONCLUSIONS

In this study, we showed agricultural management practices
and crop breeding strategies to alleviate global change effects
in the subtropical and semi-arid Chaco region. Maize yields
were severely reduced in the predicted future climate scenar-
ios, and this appeared to be mainly related to temperature
increases that shortened the crop cycle. By reducing the expo-
sure to heat stress, delaying sowing date is a feasible manage-
ment strategy to mitigate those effects. Surprisingly, irriga-
tion had only minor effects on maize yield under the climate
change scenarios. Simulations with soybean indicated that,
unlike maize, the crop will benefit from a significant increase
in atmospheric CO2 concentration, even in the scenario with
higher temperatures (2075–2099/RCP 8.5). Projected temper-
ature increases are expected to play a secondary role in deter-
mining soybean yields. Instead, water stress will continue to
be an important constraint to soybean yield in the context of
global warming, but this effect seems to be strongly affected
by the rainfall regimes in the future scenarios. Finally, soil
degradation exacerbated the negative effects of global warm-
ing on crop yields. Obtained results highlight the importance
of soil conservation practices by offering evidence that global
warming consequences will be more severe in degraded soils.
The observed high interannual climatic variability and the
different sensitivity of soybean and maize to climatic vari-
ables indicates that monocultures should be avoided in order
to decrease the risk of severe crop failure all over the farm. In
this sense, cropping sequence diversification appears to be the
key to improve the resilience of the agrosystem and to increase
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the probability of harnessing favorable growing conditions, as
observed in other regions (e.g., Gaudin et al., 2015).

C O N F L I C T O F I N T E R E S T
The authors declare no conflicts of interest related to this
report.

O R C I D
Juan M. Herrera https://orcid.org/0000-0002-9398-7224
Gerardo Rubio https://orcid.org/0000-0001-8419-2473

R E F E R E N C E S
Amouzou, K. A., Lamers, J. P., Naab, J. B., Borgemeister, C., Vlek, P. L.,

& Becker, M. (2019). Climate change impact on water-and nitrogen-
use efficiencies and yields of maize and sorghum in the northern
Benin dry savanna, West Africa. Field Crops Research, 235, 104–117.
https://doi.org/10.1016/j.fcr.2019.02.021

Angueira, M. C., Prieto, D. R., López, J., & Barraza, G. (2007). SigSE
2.0. Sistema de Información Geográfica de Santiago del Estero (ver-
sión 2.0). (In Spanish.) Buenos Aires: INTA.

Bassu, S., Brisson, N., Durand, J. L., Boote, K., Lizaso, J., Jones, J.
W., . . . Baron, C. (2014). How do various maize crop models vary
in their responses to climate change factors? Global Change Biology,
20, 2301–2320. https://doi.org/10.1111/gcb.12520

Battisti, R., Sentelhas, P. C., Boote, K. J., Camara, G. M. S., Farias, J.
R., & Basso, C. J. (2017). Assessment of soybean yield with altered
water-related genetic improvement traits under climate change in
Southern Brazil. European Journal of Agronomy, 83, 1–14. https://
doi.org/10.1016/j.eja.2016.11.004

Casali, L., Rubio, G., & Herrera, J. M. (2018). Drought and temperature
limit tropical and temperate maize hybrids differently in a subtropical
region. Agronomy for Sustainable Development, 38, 49. https://doi.
org/10.1007/s13593-018-0516-4

Caviglia, O. P., Sadras, V. O., & Andrade, F. H. (2013). Modelling
long-term effects of cropping intensification reveals increased water
and radiation productivity in the south-eastern Pampas. Field Crops
Research, 149, 300–311. https://doi.org/10.1016/j.fcr.2013.05.003

Challinor, A. J., Watson, J., Lobell, D. B., Howden, S. M., Smith, D.
R., & Chhetri, N. (2014). A meta-analysis of crop yield under climate
change and adaptation. Nature Climate Change, 4, 287–291. https://
doi.org/10.1038/nclimate2153

Dominguez, J., & Rubio, G. (2019). Agriculture. In G. Rubio, R. Lavado
R, & F. X. Pereyra (Eds.), The soils of Argentina (pp. 209–238).
Cham: Springer International Publishing.

Elliott, J., Deryng, D., Müller, C., Frieler, K., Konzmann, M., Gerten,
D., . . . Best, N. (2014). Constraints and potentials of future irrigation
water availability on agricultural production under climate change.
Proceedings of the National Academy of Sciences of the U.S.A., 111,
3239–3244. https://doi.org/10.1073/pnas.1222474110

Fehlenberg, V., Baumann, M., Gasparri, N. I., Piquer-Rodriguez, M.,
Gavier-Pizarro, G., & Kuemmerle, T. (2017). The role of soybean pro-
duction as an underlying driver of deforestation in the South American
Chaco. Global Environmental Change, 45, 24–34.

Fodor, N., Challinor, A., Droutsas, I., Ramirez-Villegas, J., Zabel, F.,
Koehler, A. K., & Foyer, C. H. (2017). Integrating plant science and
crop modeling: Assessment of the impact of climate change on soy-
bean and maize production. Plant Cell Physiology, 58, 1833–1847.
https://doi.org/10.1093/pcp/pcx141

Gabaldón-Leal, C., Webber, H., Otegui, M. E., Slafer, G. A., Ordóñez,
R., Gaiser, T., . . . Ewert, F. (2016). Modelling the impact of heat
stress on maize yield formation. Field Crops Research, 198, 226–237.
https://doi.org/10.1016/j.fcr.2016.08.013

Gaudin, A. C., Tolhurst, T. N., Ker, A. P., Janovicek, K., Tortora, C.,
Martin, R. C., & Deen, W. (2015). Increasing crop diversity mitigates
weather variations and improves yield stability. PLOS ONE, 10(2).
https://doi.org/10.1371/journal.pone.0113261

Giménez, R., Mercau, J. L., Houspanossian, J., & Jobbágy, E. G. (2015).
Balancing agricultural and hydrologic risk in farming systems of the
Chaco plains. Journal of Arid Environments, 123, 81–92, https://doi.
org/10.1016/j.jaridenv.2014.09.004

Guillaume, T., Damris, M., & Kuzyakov, Y. (2015). Losses of soil car-
bon by converting tropical forest to plantations: Erosion and decom-
position estimated by δ13C. Global Change Biology, 21, 3548–3560.
https://doi.org/10.1111/gcb.12907

Hargreaves, G. H., & Samani, Z. A. (1985). Reference crop evapotranspi-
ration from temperature. Applied Engineering in Agriculture, 1, 96–
99. https://doi.org/10.13031/2013.26773

Hoogenboom, G., Jones, J. W., Wilkens, P. W., Porter, C. H., Boote, K.
J., & Hunt, L. A. (2010). Decision support system for agrotechnology
transfer (DSSAT) (version 4.5). Honolulu: University of Hawaii.

IPCC. (2014). Food security and food production systems. In C. B. Field,
V. R. Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea, T. E. Bilir,
M. Chatterjee, K. L. Ebi, Y. O. Estrada, R. C. Genova, B. Girma, E. S.
Kissel, A. N. Levy, S. MacCracken, P. R. Mastrandrea, & L. L. White
(Eds.), Climate change 2014: Impacts, adaptation, and vulnerability.
Part A: Global and sectoral aspects (pp. 485–533). Cambridge, U.K.
and New York: Cambridge University Press.

Jamieson, P., Porter, J., & Wilson, D. (1991). A test of the computer
simulation model ARCWHEAT1 on wheat crops grown in New
Zealand. Field Crops Research, 27, 337–350. https://doi.org/10.1016/
0378-4290(91)90040-3

Justino, J., Oliveira, E. C., de Ávila Rodrigues, R., Gonçalves, P. H. L.,
Souza, P. J., Stordal, F., . . . da Silva Lindemann, D. (2013). Mean and
interannual variability of maize and soybean in Brazil under global
warming conditions. American Journal of Climate Change, 2, 237–
253. https://doi.org/10.4236/ajcc.2013.24026

Kuemmerle, T., Altrichter, M., Baldi, G., Cabido, M., Camino, M.,
Cuellar, E., . . . Gasparri, I. (2017). Forest conservation: Remember
Gran Chaco. Science, 355, 465–465. https://doi.org/10.1126/science.
aal3020

Lal, R. (2012). Climate change and soil degradation mitigation by sus-
tainable management of soils and other natural resources. Agricultural
Research, 1, 199–212. https://doi.org/10.1007/s40003-012-0031-9

Liu, S., Yang, J., Zhang, X., Drury, C., Reynolds, W., & Hoogenboom,
G. (2013). Modelling crop yield, soil water content and soil temper-
ature for a soybean–maize rotation under conventional and conserva-
tion tillage systems in Northeast China. Agricultural Water Manage-
ment, 123, 32–44. https://doi.org/10.1016/j.agwat.2013.03.001

Lobell, D. B., & Burke, M. B. (2010). On the use of statistical mod-
els to predict crop yield responses to climate change. Agricultural
and Forest Meteorology, 150, 1443–1452. https://doi.org/10.1016/j.
agrformet.2010.07.008

Ma, L., Ahuja, L., Islam, A., Trout, T., Saseendran, S., & Malone, R.
(2017). Modeling yield and biomass responses of maize cultivars to
climate change under full and deficit irrigation. Agricultural Water
Management, 180, 88–98. https://doi.org/10.1016/j.agwat.2016.11.
007

https://orcid.org/0000-0002-9398-7224
https://orcid.org/0000-0002-9398-7224
https://orcid.org/0000-0001-8419-2473
https://orcid.org/0000-0001-8419-2473
https://doi.org/10.1016/j.fcr.2019.02.021
https://doi.org/10.1111/gcb.12520
https://doi.org/10.1016/j.eja.2016.11.004
https://doi.org/10.1016/j.eja.2016.11.004
https://doi.org/10.1007/s13593-018-0516-4
https://doi.org/10.1007/s13593-018-0516-4
https://doi.org/10.1016/j.fcr.2013.05.003
https://doi.org/10.1038/nclimate2153
https://doi.org/10.1038/nclimate2153
https://doi.org/10.1073/pnas.1222474110
https://doi.org/10.1093/pcp/pcx141
https://doi.org/10.1016/j.fcr.2016.08.013
https://doi.org/10.1371/journal.pone.0113261
https://doi.org/10.1016/j.jaridenv.2014.09.004
https://doi.org/10.1016/j.jaridenv.2014.09.004
https://doi.org/10.1111/gcb.12907
https://doi.org/10.13031/2013.26773
https://doi.org/10.1016/0378-4290(91)90040-3
https://doi.org/10.1016/0378-4290(91)90040-3
https://doi.org/10.4236/ajcc.2013.24026
https://doi.org/10.1126/science.aal3020
https://doi.org/10.1126/science.aal3020
https://doi.org/10.1007/s40003-012-0031-9
https://doi.org/10.1016/j.agwat.2013.03.001
https://doi.org/10.1016/j.agrformet.2010.07.008
https://doi.org/10.1016/j.agrformet.2010.07.008
https://doi.org/10.1016/j.agwat.2016.11.007
https://doi.org/10.1016/j.agwat.2016.11.007


CASALI ET AL. 1393

Maddonni, G. A. (2012). Analysis of the climatic constraints to maize
production in the current agricultural region of Argentina-a proba-
bilistic approach. Theoretical and Applied Climatology, 107, 325–
345. https://doi.org/10.1007/s00704-011-0478-9

Meng, Q., Chen, X., Lobell, D. B., Cui, Z., Zhang, Y., Yang, H., &
Zhang, F. (2016). Growing sensitivity of maize to water scarcity under
climate change. Scientific Reports, 6, 19605. https://doi.org/10.1038/
srep19605

Merlos, F. A., Monzon, J. P., Mercau, J. L., Taboada, M., Andrade, F.
H., Hall, A. J., . . . Grassini, P. (2015). Potential for crop production
increase in Argentina through closure of existing yield gaps. Field
Crops Research, 184, 145–154. https://doi.org/10.1016/j.fcr.2015.10.
001

Mullan, D. (2013). Soil erosion under the impacts of future climate
change: Assessing the statistical significance of future changes and
the potential on-site and off-site problems. Catena, 109, 234–246.
https://doi.org/10.1016/j.catena.2013.03.007

Nearing, M., Pruski, F., & O’neal, M. (2004). Expected climate change
impacts on soil erosion rates: A review. Journal of Soil and Water
Conservation, 59, 43–50.

Olesen, J. E., Trnka, M., Kersebaum, K. C., Skjelvåg, A., Seguin, B.,
Peltonen-Sainio, P., . . . Micale, F. (2011). Impacts and adaptation of
European crop production systems to climate change. European Jour-
nal of Agronomy, 34, 96–112. https://doi.org/10.1016/j.eja.2010.11.
003

Osinaga, N. A., Álvarez, C. R., & Taboada, M. A. (2018). Effect of defor-
estation and subsequent land use management on soil carbon stocks in
the South American Chaco. Soil, 4, 251–257. https://doi.org/10.5194/
soil-4-251-2018

Powlson, D. S., Stirling, C. M., Thierfelder, C., White, R. P., & Jat, M.
L. (2016). Does conservation agriculture deliver climate change miti-
gation through soil carbon sequestration in tropical agro-ecosystems?
Agriculture, Ecosystems & Environment, 220, 164–174. https://doi.
org/10.1016/j.agee.2016.01.005

Ricard, M. F., Viglizzo, E. F., & Podestá, G. (2015). Comparison of
adaptative strategies to climate variability in rural areas of Argen-
tine Chaco and US Southern Plains during the last century. Journal
of Arid Environments, 123, 68–80. https://doi.org/10.1016/j.jaridenv.
2014.10.009

Ritchie, J. T. (1998). Soil water balance and plant water stress. In G.
Y. Tsuji, G. Hoogenboom, & P. K. Thornton (Eds.), Understand-
ing options for agricultural production (pp. 41–54). Dordrecht, The
Netherlands: Springer.

Rose, G., Osborne, T., Greatrex, H., & Wheeler, T. (2016). Impact of
progressive global warming on the global-scale yield of maize and
soybean. Climatic Change, 134, 417–428. https://doi.org/10.1007/
s10584-016-1601-9

Rosenzweig, C., Elliott, J., Deryng, D., Ruane, A. C., Müller, C., Arneth,
A., . . . Khabarov, N. (2014). Assessing agricultural risks of climate
change in the 21st century in a global gridded crop model inter-
comparison. Proceedings of the National Academy of Sciences of the
U.S.A, 111, 3268–3273. https://doi.org/10.1073/pnas.1222463110

Ross, S. M. (1993). Organic matter in tropical soils: Current conditions,
concerns and prospects for conservation. Progress in Physical Geog-
raphy, 17, 265–305. https://doi.org/10.1177/030913339301700301

Rubio, G., Lavado, R. S., Pereyra, F. X., Taboada, M. A., Moretti, L. M.,
Rodriguez, D., . . . Panigatti, J. L. (2019). Future issues. In G. Rubio,
R. S. Lavado, & F. X. Pereyra (Eds.), The soils of Argentina (pp. 261–
263). Cham: Springer International Publishing.

Saseendran, S. A., Ma, L., Nielsen, D. C., Vigil, M. F., & Ahuja, L.
R. (2005). Simulating planting date effects on corn production using

RZWQM and CERES-Maize models. Agronomy Journal, 97, 58–71.
https://doi.org/10.2134/agronj2005.0058

Secretaría de Ambiente y Desarrollo Sustentable de la Nación. (2014).
Tercera Comunicación Nacional sobre Cambio Climático. Cambio
climático en Argentina: Tendencias y proyecciones. (In Spanish.)
Buenos Aires: Centro de Investigaciones del Mar y la Atmósfera.

Seybold, C., Herrick, J. E., & Brejda, J. (1999). Soil resilience: A funda-
mental component of soil quality. Soil Science, 164, 224–234.

Steel, R. G., Torrie, J. H., & Dickey, D. (1980). Principles and proce-
dures of statistics, a biometrical approach. New York: McGraw-Hill.

Stouffer, R. J., Taylor, K. E., & Meehl, G. A. (2011). CMIP5 Long-term
experimental Design. CLIVAR Exchanges, 56, 5–7.

Tao, F., & Zhang, Z. (2011). Impacts of climate change as a func-
tion of global mean temperature: Maize productivity and water use
in China. Climatic Change, 105, 409–432. https://doi.org/10.1007/
s10584-010-9883-9

Taylor, K. E., Stouffer, R. J., & Meehl, G. A. (2012). An overview
of CMIP5 and the experiment design. Bulletin of the Ameri-
can Meteorological Society, 93, 485–498. https://doi.org/10.1175/
BAMS-D-11-00094.1

Teixeira, E. I., Fischer, G., van Velthuizen, H., Walter, C., & Ewert, F.
(2013). Global hot-spots of heat stress on agricultural crops due to
climate change. Agricultural and Forest Meteorology, 170, 206–215.
https://doi.org/10.1016/j.agrformet.2011.09.002

Twine, T. E., Bryant, J. J., Richter, K., Bernacchi, C. J., McConnaughay,
K. D., Morris, S. J., & Leakey, A. D. (2013). Impacts of elevated
CO2 concentration on the productivity and surface energy budget of
the soybean and maize agroecosystem in the Midwest USA. Global
Change Biology, 19, 2838–2852. https://doi.org/10.1111/gcb.12270

van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson,
A., Hibbard, K., . . . Lamarque, J. F. (2011). The representative con-
centration pathways: An overview. Climatic Change, 109, 5. https://
doi.org/10.1007/s10584-011-0148-z

Wallach, D., Makowski, D., Jones, J. W., & Brun, F. (2014). Model
evaluation. In D. Wallach, D. Makowski, J. W. Jones, & F. Brun
(Eds.), Working with dynamic crop models (2nd ed., pp. 345–406).
San Diego, CA: Academic Press.

Willmott, C. J., Ackleson, S. G., Davis, R. E., Feddema, J. J., Klink, K.
M., Legates, D. R., . . . Rowe, C. M. (1985). Statistics for the eval-
uation and comparison of models. Journal of Geophysical Research
Oceans, 90, 8995–9005. https://doi.org/10.1029/JC090iC05p08995

Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D. B., Huang, Y., . . . Ciais,
P. (2017). Temperature increase reduces global yields of major crops
in four independent estimates. Proceedings of the National Academy
of Sciences of the U.S.A, 114, 9326–9331. https://doi.org/10.1073/
pnas.1701762114

S U P P O R T I N G I N F O R M AT I O N
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Casali L, Herrera JM, Rubio
G. Modeling maize and soybean responses to climatic
change and soil degradation in a region of South
America. Agronomy Journal. 2021;113:1–13.
https://doi.org/10.1002/agj2.20585

https://doi.org/10.1007/s00704-011-0478-9
https://doi.org/10.1038/srep19605
https://doi.org/10.1038/srep19605
https://doi.org/10.1016/j.fcr.2015.10.001
https://doi.org/10.1016/j.fcr.2015.10.001
https://doi.org/10.1016/j.catena.2013.03.007
https://doi.org/10.1016/j.eja.2010.11.003
https://doi.org/10.1016/j.eja.2010.11.003
https://doi.org/10.5194/soil-4-251-2018
https://doi.org/10.5194/soil-4-251-2018
https://doi.org/10.1016/j.agee.2016.01.005
https://doi.org/10.1016/j.agee.2016.01.005
https://doi.org/10.1016/j.jaridenv.2014.10.009
https://doi.org/10.1016/j.jaridenv.2014.10.009
https://doi.org/10.1007/s10584-016-1601-9
https://doi.org/10.1007/s10584-016-1601-9
https://doi.org/10.1073/pnas.1222463110
https://doi.org/10.1177/030913339301700301
https://doi.org/10.2134/agronj2005.0058
https://doi.org/10.1007/s10584-010-9883-9
https://doi.org/10.1007/s10584-010-9883-9
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1016/j.agrformet.2011.09.002
https://doi.org/10.1111/gcb.12270
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1029/JC090iC05p08995
https://doi.org/10.1073/pnas.1701762114
https://doi.org/10.1073/pnas.1701762114
https://doi.org/10.1002/agj2.20585

	Modeling maize and soybean responses to climatic change and soil degradation in a region of South America
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Study area
	2.2 | Calibration and validation of crop models
	2.3 | Crop modeling and climate scenarios
	2.4 | Soils
	2.5 | Crop management strategies
	2.6 | Statistical analyses

	3 | RESULTS
	3.1 | Climate change scenarios
	3.2 | Maize
	3.3 | Soybean
	3.3.1 | Current CO2 level
	3.3.2 | Elevated CO2 levels


	4 | DISCUSSION
	5 | CONCLUSIONS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


