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ABSTRACT: Maize production in Brazil is notable for its high potential for agricultural 
expansion and extensive cropland areas. This study evaluated the current yield gap (Yg) 
in Brazilian maize production and investigated the potential impact of irrigation on closing 
this gap. Field experiments were conducted in three key maize-producing regions in 
Brazil to calibrate a crop model and obtain reliable data on yield potential (Yp) and water-
limited yield potential (Yw) across different environments. Data on river basin flows were 
employed to ensure that irrigation would not result in the depletion of water resources for 
other uses. Our findings suggest that Brazil’s average actual yield (Ya) is 55.4 % below 
the Yp. It was determined that increasing irrigation levels is a viable method for achieving 
the potential maize yield without compromising available water resources. The average Yg 
is approximately 5.2 Mg ha–1, indicating a potential production increase of 41.9 % without 
expanding cropland areas. Strategic planning is essential to balance increased production 
and expanded irrigation, particularly to avoid impacting regions with water scarcity. It is 
underscored that the focus should be on areas with sufficient water resources to close 
Brazil’s current maize Yg. The results from this study offer valuable data for decision-
makers and policymakers to enhance maize production sustainably. 
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Introduction

The world population is projected to increase by two to 
three billion people by 2050 (Foley et al., 2011; Godfray 
et al., 2010), with significant impacts on consumption 
patterns, particularly in developing countries with rising 
per capita income (FAO, 2016). Agricultural production 
must increase by 60 % by 2050 to meet these demands 
(Alexandratos and Bruinsma, 2012; Lobell et al., 2009), 
and meat demand is projected to double (Godfray et al., 
2018), thereby placing additional stress on grain supplies 
for livestock feed.

Maize is paramount for future food security 
(Tanumihardjo et al., 2020). Brazil, the third-largest maize 
producer and largest exporter (FAO, 2016; USDA, 2018), 
has a production of approximately 112 million Mg of 
maize annually in 2024, with nearly 50 million Mg of 
this quantity destined for animal consumption (CONAB, 
2024). The Brazilian Midwest is the main maize-producing 
region in the country, employing a soybean-maize rotation 
system. Approximately 73 % of the national maize 
harvest is produced on 13 million hectares. The yield of 
the off-season maize is more susceptible to fluctuations 
due to water shortages towards the end of the crop cycle 
(Andrea et al., 2018; Gouesnard et al., 2002; Llano and 
Vargas, 2016). In this sense, irrigation could mitigate these 
losses (Panda et al., 2004). Studies have indicated that the 
application of irrigation may result in a potential 60 % 
increase in yield (Nóia Júnior and Sentelhas, 2020). 

In light of impending water limitations, this 
study examines maize water productivity across diverse 
geographical regions, employing biophysical crop 
models to elucidate the underlying mechanisms of water 

consumption (Jones et al., 1986). The concept of water 
productivity, defined as the yield per volume of water 
lost to evapotranspiration (Passioura and Angus, 2010), is 
critical for sustainable intensification, given the constraints 
on the potential expansion of cropland (Phalan et al., 2013; 
Strassburg et al., 2014; Marin et al., 2022).

The yield gap (Yg), defined as the difference 
between the actual yield (Ya) and the yield potential (Yp) 
or water-limited yield potential (Yw) for rainfed cropping 
systems, serves as a strategic indicator for agricultural 
productivity (Lobell et al., 2009). In Brazil, the average 
maize yield is approximately 5.5 t ha–1, considered lower 
than contest yields, which exceed 13.5 t ha–1 (Andrea et 
al., 2018; Syngenta, 2017). This highlights the potential for 
significant yield improvement. The literature on the Yg 
for maize in Brazil is limited (Argenta et al., 2003; Andrea 
et al., 2018). Nevertheless, the few existing studies lack 
robust protocols for obtaining reliable and scalable results.

The objectives of this study were twofold: first, 
to estimate the potential area expansion for irrigated 
off-season maize in Brazil taking into account water 
availability; and second, to estimate the yield increase 
from irrigation across Brazilian regions. These insights are 
crucial for understanding the role of maize in competing 
for water resources and for informing policy and 
investment decisions.

Materials and Methods

Brief model description

To estimate Yp, we employed the process-based 
crop model Hybrid-Maize (Yang et al., 2004), which 
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integrates specific growth and development functions 
for maize with mechanistic processes that quantify 
photosynthesis and respiration. The for crop growth 
and development models are based on previous crop 
models that have been widely adopted and tested (Jones 
et al., 1986; Kropff and van Laar, 1993; van Ittersum 
et al., 2013). The computations include photosynthesis, 
light interception, and CO2 assimilation for each canopy 
layer, with temperature relationships adapted from those 
described by Kropff and van Laar (1993). The approach 
to maintenance and growth respiration is similar to that 
employed by INTERCOM (Kropff and van Laar, 1993). 
In this approach, the process for each organ is estimated 
as a fraction of live biomass daily. However, the growth 
respiration coefficients for leaves, stems, roots, and 
grains were derived from Penning de Vries et al. (1989). 
The grain-filling functions account for plant population, 
as individual grain weight decreases in cereal crops with 
increased plant density (Haegele et al., 2014). 

The water balance and soil water dynamics are 
calculated for each 10 cm layer in the rooting zone, 
from the top to the bottom. In the top layer, the daily 
rainfall/irrigation, water losses from runoff, and canopy 
interception are input values. For the other layers, the 
inputs are accounted for as drainage from the layer 
immediately above, as described by Kendy et al. (2003) 
for a tipping bucket soil water balance model.

Hybrid-Maize requires the utilization of only one 
hybrid-specific parameter in two different ways, which is 
employed in two distinct methodologies: the calculation 
of growing degree-days (GDD) from emergence to 
silking, or the summation of total GDD from emergence 
to maturity. This allows for the adjustment of a single 
generic genotype to represent phenotypic variations 
across locations by defining one GDD value that 
statistically matches simulation outputs with observed 
data from different regions. Generic coefficients for 
phenology and growth-related model internal parameters 
such as photosynthesis, respiration, leaf area expansion, 

light interception, biomass partitioning, and grain filling 
were used. These were made available by Yang et al. 
(2004) and adjusted for Brazilian cropping systems by 
Marin et al. (2022). 

Field experiments and crop model calibration

Two field experiments were conducted. The first was 
conducted under rainfed conditions and involved the 
sowing of the off-season maize on 06/09/2016 and its 
subsequent harvesting on 10/20/2016. The second 
experiment was conducted under both irrigated 
and rainfed conditions during the summer season 
and involved the sowing of maize on 11/29/2018 
and its subsequent harvesting on 03/27/2019. The 
experiments allowed for the evaluation of the efficacy 
of growth models in representing the impact of 
climate on plant development under distinct water 
conditions. Both experiments were conducted in 
the municipality of Piracicaba, São Paulo state, at 
the Departamento de Engenharia de Biossistemas of 
the Escola Superior de Agricultura Luiz de Queiroz 
of the Universidade de São Paulo (22°42’32” S, 
47°37’45” W, altitude 548 m). The experiments were 
conducted in a randomized block design with two 
blocks totaling four experimental plots. A weather 
station (WS) was installed near the experimental area. 
It was used to record global solar radiation (MJ m–2 
d–1), photosynthetic photon flux density (MJ m–2 d–1), 
air temperature (°C), relative humidity (%), wind 
speed at a height of 2 m above the surface (m s–1), and 
rainfall (mm d–1). Three additional experiments with 
similar designs and proximity to WSs over grass were 
conducted in the municipalities of Júlio de Castilhos 
and Tupanciretã (Rio Grande do Sul state), and Rio 
Verde (Goiás state). The details of these experiments 
are provided in Table 1 (Marin et al., 2022).

The calibration procedure was based on the 
methodology outlined by Marin et al. (2011). Given the 

Table 1 – Sources of experimental data used and climate characteristics for each site.

Site Coordinates Sowing
dates

Harvest
Dates

Maturity
Group Plant population Climate1 Soil2 Treatments

103 plant ha–1

Rio Verde, GO 17°47’50” S, 
50°54’00” W, 739 m 16 Feb 2019 16 June 2019 Early 51; 52 22.9 °C, 432 mm, 

Aw
Udox 
Oxisol Rainfed

Piracicaba, SP – 1 22°43’30” S, 
47°38’49” W, 524 m 09 June 2016 19 Oct 2016 Early

70
19.5 °C, 98 mm, 
Cwa

Hapludult 
Ultisols

Rainfed and
 Irrigated

Piracicaba, SP – 2 22°43’30” S, 
47°38’49” W, 524 m 29 Nov 2018 27 Mar 2019 Early 70

25.5 °C, 302 mm, 
Cwa

Hapludult 
Ultisols

Rainfed and 
Irrigated

Júlio de Castilhos, RS – 1 29°13’37” S, 
53°40’57” W, 513 m 28 Aug 2017 21 Jan 2018 Super-Early

 
75

20.8 °C, 762 mm, 
Cfa

Udults 
Ultisols Irrigated

Júlio de Castilhos, RS – 2 29°13’37” S, 
53°40’57” W, 513 m 07 Sept 2018 26 Jan 2019 Super-Early 60; 80

21.2 °C, 774 mm, 
Cfa

Udults 
Ultisols Irrigated

Tupanciretã, RS 28°36’0” S,
53°40’12” W, 427 m 28 Nov 2018 24 Jan 2019 Super-Early 80 23.4 °C, 410 mm, 

Cfa
Udults 
Ultisols Irrigated

GO = Goiás state; SP = São Paulo state; RS = Rio Grande do Sul state. 1Average air temperature during the experiments, accumulated rainfall, and Köppen 
climate classification, respectively (Alvares et al., 2013). 2USDA soil taxonomy.
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cultivar measurements and the distinct measurement 
strategies present within each dataset, the leave-one-
out cross-validation method (Makowski et al., 2006) was 
employed to simultaneously include all the variability of 
conditions and field measurements into the parameter 
estimation and model prediction evaluation. The leave-
one-out cross-validation procedure employed a factorial 
design whereby each run excluded one treatment at 
a time. The parameter sets derived from the cross-
validation above runs were employed for the evaluation 
of the predictions pertaining to phenological stages, 
above-ground biomass, and yield accumulation, as 
observed during the experiments. Subsequently, the 
aforementioned predictions were employed to calibrate 
the crop model parameters through eye-fitting, with 
the root mean squared error (RMSE), mean absolute 
error (MAE) (Loague and Green, 1991), the index of 
agreement (d) (Willmott et al., 2012), and the Nash-
Sutcliffe efficiency index (NSE) (Nash and Sutcliffe, 
1970) serving as measures of goodness-of-fit.

Spatial representation of soil, climate, and yield 
data

In order to reconcile the adequate representation of 
spatial variability with the available database and 
simulation time, we adopted the concept of a climate 
homogeneous zone (CZ) as suggested by van Wart et 
al. (2013). This entailed considering the distribution of 
WSs within a minimum radius of 100 km and selecting 
representative soils within a buffer zone around each 
WS, as Rattalino Edreira et al. (2018) recommended. 
Data essential for identifying regions with significant 
maize production were provided by the Automatic 
Recovery System (SIDRA, https://sidra.ibge.gov.br/) 
from the Instituto Brasileiro de Geografia e Estatística 
(IBGE).

We utilized the observed 20-year (2000-2020) daily 
weather data from the Instituto Nacional de Meteorologia 
(INMET) in Brazil for simulations. To address data gaps 
in the series, we utilized daily weather data obtained 
from the NASAPOWER API Client (Sparks, 2018). It 
was assumed that the municipality near the center of 
a given CZ with a WS would represent the entire CZ 

regarding climate variability. The reference and crop 
evapotranspiration data necessary for Hybrid-Maize 
were estimated by the methodologies proposed by Yang 
et al. (2004) and Allen et al. (1998).

The soil data were extracted from the Brazilian 
Soil Map (EMBRAPA, 2014) and correlated with each 
selected CZ. Only soils covering more than 10 % of the 
area were considered to avoid over-fragmentation and 
ensure regional representativeness. After identifying 
soil types, all information was cross-referenced with 
the WISE Global Soil Profile Database (Batjes, 2002) 
to determine the physical characteristics of the topsoil 
and subsoil necessary for crop model simulations. These 
include the soil hydraulic parameters down to 80 cm 
depth.

After completing crop model simulations, the 
outputs were organized, and information on Yp, Yw, 
and Yg was calculated for each representative maize 
production region in Brazil. This was achieved by 
averaging the estimated Yw and Yp, weighted by the 
proportion of soils within each buffer. The Ya was 
obtained from SIDRA by averaging data from the last five 
years in each CZ, to mitigate the effects of technological 
trends.

Criteria for selecting potential areas of expansion 

In order to address concerns regarding the minimization 
of the impacts on natural water sources resulting from 
the expansion of irrigated production, a framework 
established by Ferrarini et al. (2019) was employed 
to identify existing production areas and select the 
most suitable locations for potential expansion. The 
methodology involved defining criteria encompassing 
Brazil’s socioeconomic and agricultural diversity. 
The following criteria were used for the selection of 
municipalities where maize crop expansion should 
occur (Figure 1).

Each municipality is required to produce 
soybeans during the summer season. This criterion was 
selected for consideration of the economic feasibility 
of expansion, as farms that grow soybeans typically 
have the necessary production logistics, machinery, and 
inputs for maize cultivation. In regions where off-season 

Figure 1 – Four steps (A, B, C, and D) to quantify available water for potential new off-season maize areas by the defined criteria. 
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maize is cultivated, the area dedicated to maize must be 
equivalent to or smaller than that allocated for soybeans. 
The new off-season maize areas are to be established 
in locations where soybeans are already grown, thereby 
ensuring that the off-season crop area remains vacant. 
The data on maize and soybean production, cultivation 
area, and yield at the municipality level were provided 
by SIDRA.

Municipalities are required to have irrigated crops 
already. Not all locations meeting the aforementioned 
criterion are assumed to have water resources capable 
of supporting irrigated systems. Consequently, 
municipalities with existing irrigated areas would 
encounter fewer obstacles to irrigation or may already 
possess the necessary infrastructure for new off-season 
maize areas (Beare et al., 1998; Giannakis et al., 2016). 
The data for this criterion were obtained from the 
Brazilian Irrigation Atlas of the Agência Nacional de 
Águas e Saneamento Básico (ANA).

It is necessary to ensure that the estimated 
irrigated volume required for the crop is less than the 
limit of 95 % of the annual flow of the watercourse 
(Q95), which represents the irrigation capacity. In order 
to close production gaps, it is essential to consider 
environmental practices in the management of water 
resources (Grassini et al., 2011). ANA metadata library 
provides the water flow of river basins, which forms part 
of the Sistema Nacional de Informações sobre Recursos 
Hídricos (SNIRH, 2017). All datasets employed in these 
three criteria were considered over five year (2015 to 
2020), reflecting Brazil’s prevailing conditions of maize 
production in Brazil.

Once the aforementioned criteria were met and 
locations were clearly delineated for each CZ, crop 
model simulations were performed for each weather-
soil combination. Sowing dates and plant density for 
each location were based on governmental reports. 
Simulations were initially conducted to emulate a fully 
irrigated maize cropping system, and the resulting 
output files were then analyzed to determine the 
irrigated volume for each simulated day.

Subsequently, a new set of simulations was 
conducted with irrigation applied on the same days. 
However, the amount of water applied was stratified 
across 100 to 0 % of total irrigation in steps of ten 
percentage points, with the final representation being 
rainfed conditions. This approach was employed to 
generate simulations with varying irrigation levels, 
which could then be compared with water flow 
databases from river basins.

Water requirements and irrigated area 
quantification

Two distinct methodologies were employed to analyze 
the previously mentioned stratified irrigation amounts. 
The initial approach entailed the evaluation of the 
partially or fully irrigated yield potential (Ypi), which 

was obtained through the simulation of varying 
irrigation amounts and subsequently compared to Yw. 
This approach allowed for a detailed categorization 
of each prospective area with respect to the potential 
for irrigation-based water supplementation. The 
second approach estimated the available natural water 
resources for irrigation as a percentage of expandable 
new areas in the given CZ. By identifying the locations 
and sizes of potential new areas and the applied water 
in millimeters (i.e., L m–2), we matched this data with 
available water resources to determine the extent to 
which area in each CZ could be irrigated. This analysis 
initially considered only potential new off-season 
maize areas and the total areas where maize crops are 
cultivated.

We estimated the total expandable area under full 
irrigation based on the irrigation levels delineated for 
each CZ. We quantified the resulting increase in national 
production, thereby contributing to the closure of the 
maize Yg between Ya and Ypi, as documented in the 
Global Yield Gap Atlas (GYGA, https://www.yieldgap.
org/brazil). These estimates were then compared with 
publicly available data on irrigation expansion to assess 
how governmental policies would meet the requirements 
to properly fulfill future grain demands.

To compare differences in Ypi resulting from the 
specified irrigation levels in the context of the rainfed 
estimate, we performed the Tukey’s test (Tukey, 1953) 
at a significance level of 5 %. This approach evaluates 
the potential increase for water consumption in a single 
CZ to significantly enhance crop production, thereby 
estimating the required irrigation levels to facilitate the 
expansion and achieve the average yields necessary to 
bridge the Brazilian agricultural gaps for maize.

Results

The simulations demonstrated a high degree of 
correlation with the observed data, with a divergence 
of less than 1.21 Mg ha–1 for grain yield (Figure 2). 
For phenological data, the root mean squared error 
(RMSE) was higher but still within acceptable levels of 
agreement (Table 2). It was assumed that modern maize 
genotypes respond to environmental variability in a 
similar pattern. Therefore, differences among simulated 
yields, particularly in phenology, were inferred as 
residual deviations resulting from management actions 
at the experimental level, such as irrigation, planting 
dates, and soil properties.

Table 2 – Statistical measures of goodness-of-fit of the crop model 
validation.
Variable R2 RMSE MAE d NSE
Grain yield 0.95 1.2 Mg ha–1 1.0 Mg ha–1 0.88 0.91
Phenology 0.93 11.4 days 7.8 days 0.86 0.86
R2 = coefficient of determination; RMSE = root mean squared error; MAE 
= mean absolute error; d = Willmot index of agreement (Willmott et al., 
2012); NSE = Nash-Sutcliffe index of efficiency (Nash and Sutcliffe, 1970).
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The optimal estimates were obtained by modifying 
the standard value for the potential number of kernels 
per ear parameter in the Hybrid Maize model. The 
default setting of the model for this parameter is 675 
g per ear; however, a better representation based on 
experimental observations was achieved by setting it to 
736 g per ear. This figure was determined by evaluating 
95 % of individuals in a sample set of 304 ears obtained 
from the experiments. Additionally, setting the GDD 
model parameter to 1553 degree-days improved 
statistical indexes, achieving satisfactory agreement 
between observed and simulated data (Table 2).

A total of 25 CZs were identified as relevant 
for maize expansion in Brazil based on the specified 
criteria, representing at least 50 % of national maize 
production (Figure 3). The simulation results indicated 
that during the off-season, the producing regions of 
northeastern Brazil (CZs 3 and 4) exhibited reduced 
Yp due to prolonged periods of water stress in this 
cropping system (Figure 4A). In both the main season 
and off-season, the majority of producing regions were 
concentrated in Brazil’s Midwestern, Southeastern, and 
Southern regions of Brazil, with most CZs displaying a 
Yp above 10 Mg ha–1.

The analysis of the relationship between Ya and Yw 
reveals that the majority of producing regions during the 
main season are situated along the Center-South axis of 
Brazil, with achievable yields ranging between 60 and 80 
% of the potential. In contrast, for crops in the off-season, 
Ya values are below 40 %, indicating that water stress 
is a significant limiting factor during this period (Figure 
4B). Seasonal maize crops generally exhibited the highest 
Yp and the most notable differences in achievable yields. 
On average, the Ygs are nearly 5.2 Mg ha–1, suggesting a 
potential for expanding production by 41.9 % without the 
need to open new production areas (Table 2).

The most significant differences between the 
yields of Ya and Yw were observed in CZs 9 and 10, 
which highlight regions with considerable potential 
for crop intensification through increased investment. 
Conversely, the Yg was lower in specific regions, though 
this did not necessarily correlate with high reported 
yields (Table 1). CZs 18 and 20, represented by the Cruz 

Alta (Rio Grande do Sul state) and Encruzilhada do Sul 
(Rio Grande do Sul state) WSs, respectively, exhibited 
smaller Ygs. However, the simulated Yw was lower than 
other regions, indicating that these areas are closer to 
the genetic potential for maize crops (Table 3).

The estimated Ygs for off-season maize were 
smaller than for the main season, yet the potential 
for most regions was also lower. In numerous CZs, 
there is a considerable difference between Ya and 
Yw, highlighting the pronounced influence of water 
deficit. This is evident in CZs 11, 13, and 24, where the 
implementation of irrigation techniques could result 
in significant gains in crop yield. CZs 3 and 4, which 
represent productive regions in the northeast of Brazil, 
exhibit lower Yw values during the off-season. The 
observed differences between Yw and Ya in these areas 
are primarily attributed to genetic limitations of crops in 
developing in the aforementioned regions.

Figure 2 – Model performance evaluation on representing phenology (left) and grain yield (right) from the observed data across regions in 
Brazil. The two-dashed lines in each graph represent the 95 % confidence interval. DAS = days after sowing.

Figure 3 – Results of the buffer selections for all central maize-
producing regions in Brazil. Numbers next to each polygon 
represent the climate homogeneous zones described in Table 4. 
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Table 4 – Location of the hypothetical weather stations within climate homogeneous zones (CZs) with the number of soil types covered in 
a 100-km buffer.
Municipality/State Latitude Longitude CZ Soils Municipality/State Latitude Longitude CZ Soils
Primavera do Leste/MT 15°33’ S 54°17’ W 0 3 Balsas/MA 08°42’ S 46°42’ W 13 5
Ponta Porã/MS 22°32’ S  55°43’ W 1 2 Tasso Fragoso/MA 08°28’ S  45°45’ W 14 3
João Pinheiro/MG 17°58’ S 45°58’ W 2 3 Bom Jesus/PI 09°04’ S  44°21’ W 15 2
São Romão/MG 16°25’ S 45°25’ W 3 4 Ribeiro Gonçalves/PI 07°33’ S 45°14’ W 16 2
Buri/SP 23°33’ S  48°33’ W 4 5 Sebastião Leal/PI 07°33’ S  44°03’ W 17 3
Itapeva/SP 23°47’ S 48°47’ W 5 3 Barreiras/BA 12°08’ S  44°59’ W 18 1
Cristalina/GO 16°31’ S 47°31’ W 6 2 Rio Verde/GO 17°34’ S 51°34’ W 19 2
Brasnorte/MT 12°09’ S 57°59’ W 8 3 Campina da Lagoa/PR 24°35’ S  52°49’ W 20 1
Querência/MT 12°31’ S 52°31’ W 9 3 Corbélia/PR 24°47’ S  53°17’ W 21 5
Sorriso/MT 12°41’ S 55°41’ W 10 4 Cabixi/RO 13°29’ S  60°32’ W 22 4
Campos Lindos/TO 07°59’ S  46°52’ W 11 3 Pimenteiras do Oeste/RO 13°28’ S  61°02’ W 23 4
Alto Parnaíba/MA 09°06’ S 46°06’ W 12 3          
MS = Mato Grosso do Sul state; MG = Minas Gerais state; SP = São Paulo state; GO = Goiás state; MT = Mato Grosso state; TO = Tocantins state; MA = 
Maranhão state; PI = Piauí state; BA = Bahia state; PR = Paraná state; RO = Rondônia state.

Figure 4 – A) Water-limited yield potential for crops during season and B) off-season maize. Numbers next to each polygon represent the 
climate homogeneous zones described in Table 4. 

Table 3 – Description of water-limited yield potential (Yw), actual 
yields (Ya), yield gaps (Yg), and the ratio between Ya and Yw for 
climate homogeneous zones (CZs) for the off-season maize.
CZ Weather Station Yw Ya Yg Ya/Yw

------------- Mg ha–1 ------------- %
0 Poxoreo-MT 10.64 5.86 4.78 55.05
1 São José Rio Claro-MT 11.22 5.49 5.74 48.88
2 Gleba Celeste-MT 10.60 5.30 5.30 50.02
3 Monte Santo-BA 1.98 0.85 1.13 42.71
4 Cipó-BA 4.49 3.16 1.33 70.34
5 Rio Verde-GO 10.03 5.68 4.35 56.64
6 Patos de Minas-MG 7.54 5.07 2.47 67.23
11 Ponta Porã-MS 12.80 4.85 7.95 37.89
12 Ivinhema-MS 8.97 4.84 4.13 53.93
13 Maringá-PR 10.73 4.92 5.81 45.88
14 Campo Mourão-PR 12.25 5.44 6.81 44.43
22 Paracatu-MG 8.48 5.43 3.04 64.12
24 Cascavel-PR 12.65 5.58 7.08 44.07
Average 9.40 4.80 4.60 52.40
MT = Mato Grosso state; BA = Bahia state; GO = Goiás state; MG = Minas 
Gerais state; MS = Mato Grosso do Sul state; PR = Paraná state.

The application of the expansion selection criteria 
yielded 22 CZs (Figure 5A, Table 3), distributed across 
11 Brazilian states and encompassing 81 % of the area 
where off-season maize and soybean production is 
concentrated, with irrigation potential.

Despite the geographical proximity of the 
identified CZs in northeastern Brazil, the variability 
in nearby areas can be attributed to the transition 
zone that encompasses at least three biomes (Amazon 
Forest, Cerrado, and Caatinga). The highest prevalence 
of off-season maize production in the southern regions 
is observed at latitudes above –25° (Table 3), where 
temperatures and rainfall (Table 4) remain within the 
optimal ranges for sustaining crops throughout the 
autumn. In the midwestern region, production areas are 
concentrated near the WSs identified at latitudes ranging 
from –18° to –12° (Figure 5C), which also contain many 
river courses (Figure 5A). This suggests the presence 
of areas with greater suitability for irrigation without 
depleting water resources.
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Conversely, river water resources are more limited 
in Northeastern areas, which may present greater 
challenges in the incorporation of irrigated systems. 
As a result, crops in these regions may exhibit reduced 
yields due to water deficit stress. Across the country, the 
Yp for off-season maize ranged from 5 to 17 Mg ha–1, 
requiring an average of 20 to 180 mm of irrigation to 
achieve the desired grain production per cropped area 
(Figure 6B). The highest yields were identified in the 
southern latitudes, encompassed by CZs 6, 5, 4, 19, and 
20, where the estimated average yield reached values 
higher than 15 Mg ha–1 (Figure 6A).

The lowest yields were observed in the Northeastern 
production regions, where the average grain Yp of CZs 
17, 15, 16, 14, and 13 was below 7 Mg ha–1. The disparity 
between Ypi values in the Southern and Northern regions 
is primarily attributable to the poor physical properties 
of soils in the Northern region. Furthermore, the soil 
conditions in southern and midwestern croplands are 
more conducive to water storage, which benefits plant 

growth during period of low rainfall. Consequently, the 
irrigation requirements necessary to achieve Yp were 
lower in the Southern and midwestern locations than 
in the Northern and Eastern ones (Figure 6B). The CZs 
0, 8, 11, 14, 9, and 10 exhibited the lowest average of 
irrigation application rates, consistently below 35 mm per 
cycle. In contrast, CZs 18, 22, 23, 2, and 6 had the highest 
estimated irrigation requirements with rates exceeding 
100 mm per season.

The stratified analysis of irrigation capacity 
revealed significant variability in the extent to which 
rainfed and irrigated production were integrated (Figure 
7A). The CZs 18, 22, and 23 exhibited higher yield 
per irrigation (Ypi). However, it required significant 
irrigation, as water availability accounted for nearly 
100 % of the difference between Yw and Ypi. Conversely, 
regions represented by CZs 8, 14, and 11 showed minimal 
response to irrigation, with the Yw and Ypi differing by 
less than 15 %, indicating that rainfall alone provided 
adequate water supplementation throughout the season.

Figure 5 – A) Municipalities selected by the criteria for expansion area, with B) their respective water resources containing reported water 
flow data. Color variation only illustrated the different river watercourses inside the potential areas. C) Representative weather stations 
that cover selected representative soils in a 100-km buffer. D) Climate homogeneous zones (CZs) distribution across the selected maize 
producing municipalities in Brazil.
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In the remaining CZs, the yields from rainfed 
and total irrigation scenarios exhibited 50 to 70 % 
discrepancy, predominantly in locations with high Ypi 
under relatively lower water demand. The greatest 
increase in water demand was observed predominantly 
in the Northern and Northeastern regions (Figure 7B). 
However, in certain locations, the difference between 
Ypi and rainfed yields was less pronounced, suggesting 
that irrigation achieved only modest gains (e.g., CZs 15 
and 17).

A comparison of the grouped differences between 
crop water regimes revealed that CZs 8, 14, 16, and 17 
exhibited no significant statistical differences between 
Ypi and Yw (Figure 7B). However, for the majority of 
CZs, the achievement of significant production gains 
will necessitate irrigation above 50 % of the potential 
areas suitable for expanding the off-season maize 
cultivation. The results demonstrated that, in CZs 22 

and 23, significant yield differences from Yw were 
observed following the irrigation of only 30 % of the 
areas, indicating that the cropland areas in those regions 
are more responsive to irrigation.

In Brazil’s Midwestern and Southern regions, CZs 
1, 9, 10, 11, and 20 require irrigation at a depth below 
65 mm to achieve their Yp. However, Figure 7B shows 
notable differences between rainfed yields and irrigated 
fields only when irrigation is applied at depths exceeding 
70 %. This indicates that these regions have lower water 
requirements to attain the full potential of Yp.

The capacity of water resources to support 
irrigated off-season maize indicates that, for the 
majority of CZs, expanding off-season maize crops to 
areas currently occupied by soybeans in the summer is 
a viable proposition, provided that 10 to 50 % of the 
available water volume is utilized (Figure 7A). However, 
in CZ 18, only 20 % of the potential expansion areas can 

Figure 6 – A) Full-irrigation yield potential (Ypi) and B) average irrigation amount per cycle necessary to fulfilling water requirements in the 
field during the cycle.

Figure 7 – A) The ratio between full-irrigated yield potential (Ypi) and water-limited yield potential (Yw) by the gradual increase of irrigated 
areas (X-axis) in each climate homogeneous zone (CZ). B) Grouped difference between Ypi and Yw within in each homogenous zone, with 
the level wherein there is a statistical difference between them, according to color differentiation.
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be irrigated without exceeding the Q95 limit of available 
water resources. CZs 2, 3, and 6 were identified as regions 
with sufficient water resources to fully meet crop water 
requirements. However, despite the proximity of water 
reservoirs in these regions (Figure 3), the total water 
usage calculations are uncertain for this specific context. 
Similarly, CZs 11 to 17, with few river basins and soils 
with low water retention capacity, may still face water 
limitations for irrigation specific to their cropland.

The incorporation of maize-occupied areas during 
the summer months significantly changed the irrigation 
scenario for specific locations. In CZ 20, only 30 % of 
the areas could be irrigated without depleting resources, 
while in CZ 1, the capacity is reduced to a maximum of 
20 % (Figure 7B). Previously, CZ 19 could irrigate100 % 
of its area using only 17 % of the available water volume 
(Figure 8A). However, when additional areas (Figure 8B) 
are considered, the water usage exceeds 85 %. For CZ 
18, irrigation becomes infeasible as the water needed to 
irrigate even less than 10 % of the total area surpasses 
the Q95 limit, which threatens the water supplies for 
these regions.

Discussion

Brazil’s Northern and Northeastern regions are 
currently regarded as the most promising agricultural 
frontiers. However, notable concerns have been raised 
about the potential impact of water limitations on 
crop maintenance. Studies conducted on soybean in 
succession with off-season maize have shown a historical 
trend of rainfall shortages during critical periods, leading 
to significant yield losses for both crops (Reis et al., 
2020; Medina et al., 2019; Pires et al., 2016; Nóia Júnior 
and Sentelhas, 2020). The irregular climate observed 
in these regions represents a significant limitation to 
potential production, with yields of Yp below 6.5 Mg 
ha–1. Therefore, the achievement of such yields does 
not require the provision of substantial supplementary 
water, thereby rendering these regions a priority for 
the implementation of public policies and irrigation 
investments. Even with modest gains in grain yields, 

public investments returns can be assured by avoiding 
considerable losses in total maize production (Cunha et 
al., 2015; Souza et al., 2019; Martins et al., 2019).

In regions such as Barreiras (Bahia state), Cabixi 
(Rondônia state), and Pimenteiras do Oeste (Rondônia 
state) (CZs 18, 22, and 23, respectively), the potential for 
high yields is accompanied by a significant requirement 
for irrigation. Water stress represents a primary factor 
contributing to losses in grain yield, with Ygs largely 
attributable to water demands. However, the available 
resources are insufficient to irrigate the entirety of the 
potential new areas. Given the future scenarios wherein 
climate change will impose constraints on croplands, 
weather sensitivity is expected to account for over 50 % 
of yield variations, with water limitations identified as 
the primary cause of losses (Müller and Robertson, 
2014; Wheeler and von Braun, 2013; Frieler et al., 2017). 
Regions with limited water resources should be regarded 
as high-risk for food security, requiring concentrated 
efforts from policymakers and scientists to address these 
limitations.

The impact of water deficit on Yw has been 
extensively studied, with strategies to improve crop 
water productivity (Passioura and Angus, 2010). The 
implementation of mulching with plastic film and no-
tillage systems has been demonstrated to reduce water 
losses and enhance crop yields (Zhou et al., 2009; 
Baldé et al., 2011; Bergamaschi et al., 2010; Silva et al., 
2019; Delate et al., 2012). Techniques such as free-air 
CO2 enrichment and advancements in maize breeding 
programs for drought-tolerant genotypes also present 
viable solutions for addressing water deficits (Field 
et al., 1995; Wall et al., 2006; Manderscheid et al., 
2014; Cooper et al., 2014; Maazou et al., 2016; Ribaut 
et al., 2002). However, it remains unclear whether 
physiological gains will surpass temperature stresses in 
future climate scenarios (Antolin et al., 2021; Silva et 
al., 2021; Souza et al., 2019; Bassu et al., 2014; Marin 
et al., 2013).

Official reports indicate that by 2030, there will 
be an increase of approximately three million hectares 
(29.6 %) of irrigated maize in the locations identified 

Figure 8 – A) Comparison between official governmental data and estimates for the expansion of potential irrigated areas, including only 
municipalities within the selected regions. B) Grouped statistical difference among climate homogeneous zones. Black dots represent 
simulated data obtained in this study; blue dots represent official data from the Agência Nacional de Águas e Saneamento Básico (ANA); 
red dots were sourced from the Global Yield Gap Atlas (GYGA). 
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as potential areas for off-season maize in Brazil (Figure 
7A). However, our projections from GYGA indicate that 
there is still a gap for increasing yields by 55.4 % to 
achieve the Yp for current cropland areas. An average 
increase of this magnitude is estimated to be reached 
by irrigating approximately 7.8 million hectares (72.6 
%) of the selected potential areas (Figure 8A). The total 
amount of potential new areas is estimated at around 
10.7 million hectares.

The expansion of irrigation in Brazil is anticipated 
to result in a notable increase in the national average 
maize yield. Crop model estimates indicate that gains 
would only marginally surpass the current values 
obtained from rainfed crops (Figure 8B). Statistically, 
an increase of approximately 20 % in irrigated areas 
demonstrates no significant difference in yield gains 
compared to those obtained under rainfed regimes. 
Moreover, if agricultural objectives aim to close the 
Brazilian maize Yg, average increases in crop production 
would necessitate irrigation of at least 50 % of the 
potential areas intended for expansion.

It is imperative that public investments be made 
to meet future grain demands. An increase in water 
usage efficiency to the 20th yield percentile could 
ensure food provision for millions and significantly 
reduce domestic water consumption (Brauman et al., 
2013). The government’s projections indicate that the 
irrigated area will be 10 Mha for all crops by 2030, with 
nearly 3 Mha allocated for off-season maize. This falls 
below the required 7.8 Mha to close the maize Yg. It 
is, therefore, recommended that public projections be 
adjusted accordingly. The expansion of irrigated areas 
should be balanced against water scarcity levels to 
ensure sustainable crop production without depleting 
water resources (Multsch et al., 2020).

The identified CZ locations align with known major 
production regions, providing valuable information 
for decision-makers on strategies to close Ygs. It is 
imperative that scientists and policymakers collaborate 
to ensure the efficient use of natural resources and 
the sustainability of key crops that are essential for 
human food, livestock, and global economies. Given 
the prospective environmental changes and constrained 
crop land, the trade-off between increased production 
and irrigated area expansion should prioritize regions 
where water scarcity represents a substantial challenge. 
The transition to rainfed areas from other crops, such 
as soybeans, should be approached by implementing 
water efficiency measures to ensure meaningful yield 
increases and bridge the Ygs in regions with limited 
water resources.
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